ABSTRACT

NELSON, CHRISTOPHER AUGUST Understanding and Creating RASER, Systems (Under the
direction of Dr. Thomas Theis)

Magnetic Resonance (MR) is a powerful, non-destructive, and non-invasive analytical tool
used in research and medicine. However, NMR and MRI are inherently insentive, due to the low
polarization of nuclear spins. Additionally, the precision of signals is limited by signal decoherence,
known as T5. This dissertation focuses on overcoming this fundmatal precision limit by creating
conditions needed for Radiofrequency Amplification by Stimulated Emission of Radiation (RASER).
RASERs are long-lived, coherent signals that arise from a inverted hyperpolarized state, which is

generated through hydrogenative-Parahydrogen Induced Polarization (h-PHIP).

This document details the creation of a robust flow-chemistry system for the continuous
production of PHIP-RASER signals, enabling mHz precision measurements of 'H NMR signals
and J-coupling constants across multiple hydrogenation products. Additionally, the first published
example of a *C RASER is detailed, a crucial step due to the 3C nucleus’s larger chemical shift

dispersion and longer relaxation time, which are highly desirable for clinical applications.

Furthermore, this work introduces novel methods for controlling the RASER signal, demon-
strating that the activation of stimulated emission can be manipulated by small changes in sample
homogeneity (capillary removal) or by spin system manipulation (decoupling). This control mecha-
nism allowed for the mHz scale measurement of J-couplings in the coupled *C RASER spectrum
of ethyl [1-13C] acetate. Finally, the inherent nonlinearity and self starting nature of the RASER
phenomenon is exploited to demonstrate a quantum sensing mechanism capable of monitoring
real-time chemical transformations with zero background. Here the signal effectively acts as a
threshold-based switch, turning on only when the hyperpolarized concentration of the product
molecule exceeds the RASER threshold. These results show the reaction or metabolic information
could be acquired on small scale benchtop NMRs or conventional clinical MRI scanners without

need for complex RF excitation pulses.
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Hyperpolarized ethyl [1-3Clacetate (0.5M) without an initial pulse or decoupling pulse
applied. The high concentration of the sample allows for RASER signals of multiple
frequencies, coming from the splitting due to J-coupling. Six sections of time are isolated
and Fourier transformed, with the corresponding frequency data and the FWHM shown
for the strongest signal peak ineach. . . . . . . . . .. ... ... ... ... ...
Line narrowing in '3C NMR spectra. The displayed data is from a subsequent, 65 s
acquisition with the same parameters run immediately following the acquisition shown in
Figure 6.11. The signal is barely above the RASER threshold. a) The magnetic field drift,
was identified and removed, producing a corrected signal with a FWHM of 0.095 Hz. b)
A thermal acquisition (4096 scans) of neat ethyl acetate with '3C at natural abundance
was acquired for comparison. c¢,d) Simulations matching the experimental RASER and
thermal data. To achieve good agreement between experiment and simulation mHz
precision on J-couplings was needed. The line broadening for the simulations of the
thermal data is 14 times larger than the line broadening for the RASER simulation.
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analyzed using a 1.4T NMR instrument. i) The starting substrate was isotopically enriched
vinyl [1-13C] acetate, which produced a RASER signal. ii) The starting substrate was
natural abundance vinyl acetate, which produced a hyperpolarized spectrum but no

RASER signal. . . . . . . .

Longitudinal '3C relaxation time T; of 1 M natural-abundance HP ethyl acetate at
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angle (9°). From a mono-exponential decay function fitting to the data, the time constant
Ty =728 0.1swasextracted. . . . . . . . . . . ..
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Reaction monitoring with conventional 13C Nuclear Magnetic Resonance (NMR) spec-
troscopy using natural-abundance '3C-hyperpolarized samples. (A) Schematic of the
chemical transformations of pairwise parahydrogen (pHz) addition to vinyl acetate re-
sulting in ethyl acetate using the Rh-based catalyst followed by Magnetic Field Cycling
(MFC)) to transfer pHa-derived spin order to the target [1-13C]-nucleus of acetate (in-
dicated with a green asterisk). KOH addition hydrolyzes HP ethyl acetate resulting in
production of ethanol and HP acetate (the HP [1-'3C| nucleus is indicated with a blue
asterisk). (B) Kinetics of 13C Parahydrogen Induced Polarization (PHIP) hyperpolariza-
tion of ethyl acetate (0.5 M) monitored by conventional '3C and 'H NMR spectroscopy.
(C) 13C NMR spectra of HP ethyl acetate before (green trace) and 30 s after (blue
trace) the start of the saponification reaction with KOH solution. 'H NMR data of
the substrates and products from which concentrations were calculated are presented in
Figure 7.3. All presented data were recorded at 15 MHz '3C resonance frequency using a
1.4 T SpinSolve Carbon 60, Magritek spectrometer. (D) Bi-exponential model governing
the observed experimental kinetics [60, 79] (shown in display B, green circles) of the HP
13C signal as a function of pHs bubbling time (hydrogenation; curve fitting shown by the
solid green line). . . . . . ...
Chemical transformations and 'H NMR, analysis. (A) schematic of chemical transforma-
tions studied, consisting of the hydrogenation of n.a. vinyl acetate with parahydrogen
(p Hg2) to ethyl acetate in presence of a rhodium-based catalyst. Upon base addition
(potassium hydroxide, KOH) hydrolysis is started and the ethyl side arm is cleaved under
consumption of HyO forming ethanol and potassium acetate. (B) 'H NMR spectra of
500 mM vinyl acetate precursor (top), ethyl acetate after p  Ha addition (measured
5 min after bubbling for 12 s; center), and ethanol + potassium acetate acid 3 min
after the base addition (bottom). (C) and (D) show magnifications of the same spectra
to show the hydrogenation yield ( 100%, display C) and the hydrolysis yield ( 90%,
display D). All protons spectra were recorded after sufficiently long time delay to achieve
thermal proton polarization required for quantification. Spectral assignment vinyl acetate:
since all three vinyl protons are magnetically non-equivalent, vinyl C-H appears as a
doublet of doublets, and vinyl -CHj region shows two spectral resonances (one for each
non-equivalent proton); each methylene proton resonance appears as a doublet of doublets.
Note the peak appearing at  4.20 ppm (gold trace 1) and at 4.08 ppm (green trace 2)
is due to residual ~OH of the solvent and residual moisture in the sample (this peak
merges with formed ethanol —OH resonance after hydrolysis at  4.48 ppm (blue trace 3),

therefore additionally confirming that this is exchangeable proton). . . . . . . . . . ...
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Conventional 13C NMR spectroscopy of HP ethyl acetate hydrolysis using KOH (see the
main text for details including the timing of the events as shown in Figure 4). (A) 13C
NMR spectra of natural-abundance HP ethyl acetate (1 M) before and after addition of
KOH hydrolyzing the agent (note the timing of spectra acquisition). (B) '3C NMR signal
dependence (integrated peak values) of natural-abundance HP ethyl acetate reagent and
HP acetate product. The data-points are obtained from integration of the spectra of
display A, over the integration regions hinted by the colored rectangles. All data was
acquired using 1.4 T NMR spectrometer using broadband 'H decoupling (Spin Solve
Carbon, Magritek, Wellington, New Zealand). . . . . . .. ... ... ... ... .....
13C RASER sensing of HP ethyl acetate hydrolysis. (A) Schematic explaining the
appearance of 13C RASER signals during the chemical reaction of HP ethyl acetate to
acetate. Note that the RASER threshold can potentially be adjusted by the experimental
parameters (field homogeneity, Q-factor of the RF detector, etc.). (B) Time-domain 3C
RASER signal of the reaction mixture before, during, and after addition of KOH to HP
ethyl [1- B3Clacetate. (C) Representative FT of the time-domain intervals shown in (B)
by green trace, HP ethyl acetate, and blue trace, HP acetate. The '*C RASER spectra
were observed at 170.37 ppm (ethyl acetate) and at 179.22 ppm (potassium acetate) with
a FWHM of 0.41 and 0.31 Hz, respectively. See Figure 7.6 for details on the effect of
window selection on the spectral profile. The time-domain data presented in 7.5B are
also presented in the frequency domain, as shown in 7.9, where individual time windows
of the full trace are Fourier-transformed. . . . . . . . . . . . ... ... ... ... ...
RASER signal processing and field drift correction pipeline. Displays (A-F) are repeated
for two different time windows. (A) Real part of time domain of RASER reaction signal,
overlaid with grayed lines indicating the time window used. (B) Peak position obtained
from spectrograph (black), which signal is fitted with a parabola over the time window
used (displayed in red). (C) In grey is shown the unprocessed time domain signal of
reaction RASER, in blue is shown a scaled Hann window used for apodization and in black
the apodized signal within the time window used. (D) The residuals of the polynomial
fitting of peak position displayed to evaluate the fitting efficiency. (E) Apodized time
domain signal in black without field-drift correction, and apodized time domain signal
with field-drift correction in red. (F) Spectral domain of the two time-domains shown in
display E, zero filled with 16374 points. Note that the field-drift correction narrows the

spectrum by 1% or less. . . . . . . . ..
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7.7

7.8

7.9

7.10

Effect of window selection on spectral profile. (A) The real part of the RASER signal
recorded during the reaction of KOH with [1-13CJethyl acetate, superimposed with the
window used for inserts B and C. (B) Real part of the time domain of the RASER
signal only over the window selected, apodized with a Hann window. (C) '3C spectrum
obtained by applying a Fourier transform on the signal displayed in B. Note that the
spectra are centered on 0 Hz. When the time window excludes the end of a RASER
burst, the spectrum obtained is analogous to a Lorentzian distribution, while if the end
of a RASER burst is included, the spectrum is distorted and less intense. . . . . . . ..
Analysis of the data presented in Fig. 7.9. (A) Spectrograph of the reaction RASER
signal. With a 1 second shifting window over the time domain, the signal is apodized
with a Hann window and zero-filled to 16384 points and then Fourier transformed to
frequency domain. Note that the intensity of the spectrograph is in logarithmic scale.
(B) Unprocessed time domain signal of *C RASER signal. One shifting window used for
obtaining of spectrograph is displayed as a black rectangle. (B,C,D) are obtained from
processing of each time point of spectrograph. (C) Maximum intensity of spectrograph
along the frequency axis. (D) Peak FWHM. (E) Chemical shifts (4) as function of time
during the quantum sensing of the transformation of HP ethyl [1-13C]acetate to HP
[1-13CJacetate. . . . . ...
Nonlinear RASER sensing of hydrolysis reaction. (A) FT 2D 3C-RASER (using time-
domain data shown in 7.5B) as a function of frequency and time, showing the high
intensity, background-free RASER signals detected from HP ethyl [1-13Clacetate before
and from HP [1-13Clacetate after KOH addition. (B) Waterfall plot representation of
the '3C RASER data presented in display A showing the maximum intensity projections
(selected FT spectra are presented in black to guide the eye). (C) Surface plot of the
spectrograph. Note the logarithmic scale in displays A and C, emphasizing low-intensity
signals. . . .o L e
Hydrolysis reaction kinetics using 1D and 2D RASER sensing for two replicate experiments.
(1a) 1D time-domain RASER signal of the same reaction obtained in a replica experiment,
where KOH was added 10 seconds earlier compared to the data set presented in the main
text. (1b) corresponding 2D Fourier-transformed RASER spectra of the time-domain
data from 1a. (2a) 1D time-domain RASER signal of HP ethyl [1 '3C] acetate hydrolysis
before, during, and after addition of KOH, shown for the same dataset presented in Figure
7.5B for comparison. (2b) 2D Fourier-transformed RASER spectra of the time-domain
data in 2a (the data shown in 2b is the same dataset presented in Figure 7.9A of the
main text). The similarity between the two experiments is evident, with product RASER

signal emissions starting around 30 seconds after KOH addition in both cases. . . . . . .
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7.11

7.12

7.13

Additional '*C RASER data obtained using the same experimental design described in
the main text with the only difference of using different KOH concentration solution
employed for hydrolysis reaction. Figure sections 1, 2, and 3 correspond to hydrolysis
experiments of HP ethyl [1-'3C|acetate with KOH concentrations of 1.5 M, 2.25 M, and
6.0 M, respectively, added in 200 pL of D2O at room temperature. Displays 1la, 2a, 3a
and 1b, 2b, 3b show the 1D time-domain RASER signals obtained in two consecutive
65.5-second-long acquisitions of each experiment from the same sample. Displays lc,
2¢, 3¢ and displays 1d, 2d, 3d show the corresponding 2D Fourier-transformed RASER
spectra obtained in the corresponding two 1D time-domain acquisitions (e.g., displays 1lc
and 1d are 2D FT of the data shown in displays la and 1b, respectively). The product
RASER signals start at different times after KOH addition, with longer delays observed
for lower KOH concentrations. At 1.5 M and 2.25 M KOH concentrations, the product
RASER signal starts around 60 seconds after KOH addition, and is only detected in the
second acquisition. At 6.0 M KOH, the product RASER signal starts approximately 35
seconds after KOH addition, which is longer than the 30-second delay observed for 3.0 M
KOH (see Figure 7.10). This longer delay may have been caused by catalyst precipitation,
which was present in this sample after adding the strong base, effectively slowing the
rate of product formation. . . . . . . .. ...
Simulations of ¥C RASER signal dependence on the population inversion. The inset
shows the selected region of logarithmic scaling to emphasize the near zero signal below
the threshold level. Notice that 100 spins in the transverse plane are used to induce
spontaneous stimulated emission. The following parameters are chosen in the simulation
to approximately reflect the experiment: wy = 15 MHz, y13C = 10.7 MHz/T, V5 = 0.1 mL,
~ =1.05457181710 3* J/Hz, uo = 1.256637062110 6 ;me, Q=32, T5=1.4 s, and T;=66

s. The simulation also includes a small additional pumping term given as = 0.1(2%,
which is required to include the experimentally observed RASEIR bursts. With all these
0~ 13¢c-! 1y

parameters, the factor gm and km were calculated as gm = Ve 9 and Km=q-
Next, with those parameters, it is then possible to estimate the population inversion
threshold, din, for RASER as diy = 9?2“}—2, which results as 5.8810'7 spins. . . . . . . .
Schematic of the experiment and setup. (A) Multi-step procedure consisting of the pHs
bubbling to conduct vinyl acetate hydrogenation, MFC for '3C polarization, sample
transfer, and KOH base addition; [1-'3C]-labeled (99%) hydrogenation substrate was
employed for RASER studies, and the natural abundance (1.1% '3C) hydrogenation
substrate was used for non-RASER studies. (B) Sequences of the corresponding events.
(C) Schematic of experimental setup for pHs pairwise addition to unsaturated substrate,
polarization transfer to the *C nucleus via MFC, and RASER quantum sensing of

chemical reactions at 1.4 T. . . . . . . .

Xvi



Symbols

dih Population Inversion threshold required for RASER.
By Applied Magnetic Field.
~v Gyromagnetic ratio.
d(t) Population Inversion.
A(t) Amplitude of Transverse Component of Magnetization.
gm Magnetic Coupling Constant.
km RASER Resonantor change rate.
o Magnetic susceptibility.
wo Angular Larmor Frequency.
Vs Volume of sample inside coil.
Q¢ Quality Factor of the Coil.
am Transverse Component of Magnetization.
o Pumping rate.
(t) Overall Phase Offset, which is the difference of two individual frequency phases.

T5 Effective Transverse Spin Relaxation rate.
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Acronyms

[Rh(dppb)(COD)|BF, |[1,4-Bis(diphenylphosphino)butane](1,5- cyclooctadiene)rhodium(I) tetraflu-

oroborate.
PASADENA Parahydrogen And Synthesis Allow Dramatically Enhanced Nuclear Alignment.
ALTADENA Adiabatic Longitudinal Transport After Dissociation Engenders Nuclear Alignment.
SABRE Signal Amplification By Reversible Exchange.
FT Fourier Transform.
RASER Radiofrequency Amplification by Stimulated Emission of Radiation.
FWHM Full Width at Half Maximum.
p Hy para-hydrogen.
NMR Nuclear Magnetic Resonance.
MFC Magnetic Field Cycling.
PHIP Parahydrogen Induced Polarization.
MR Magnetic Resonance.
MRI Magnetic Resonance Imaging.
SEOP Spin-Exchange Optical Pumping.
DNP Dynamic Nuclear Polarization.
h-PHIP hydrogenative-PHIP.
FID Free Induction Decay.
MRSI Magnetic Resonance Spectroscopic Imaging.

sccm Standard Cubic Centimeters per Minute.
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1
Magnetic Resonance

1.1 Uses and Limitations

Magnetic Resonance (MR) is a powerful analytical tool in research settings as well as medicine. As
opposed to other types of analysis, MR is non-destructive, non-invasive, and without the need for
ionizing radiation.This has led to MR to be used widely in the medical field to gain information
without the need to draw samples for each round of tests. Unfortunately, the current technology has
many draw backs: The cost and maintenance of high end MR instruments are expensive. Additionally,
Magnetic Resonance Imaging (MRI) acquisition times can be anywhere from 30 minutes to 2 hours,
while NMR analysis of complex systems could be much longer, especially at low concentrations.
These shortcomings can be linked to the fundamental flaw in MR, it relies on inherently unfavorable
statistics to gain usable information. To explain the basis behind this, first we must identify the
properties that govern the systems analyzed through MR. Note that the information provided here is
summarized from the following textbooks; Spin Dynamics|1|, Physical Chemistry|[2], Fundamentals
of NMR and MRI [3], and The Physical Basis of Chemistry|[4].

Nuclei that are MR active must have a non-zero nuclear spin number, I, which is determined

by the number of protons and neutrons. This in turn governs the number of spin states available, J,
through the relationship

J=2I+1 (1.1)

The 'H and !3C, and N nuclei all have I = 1/2, meaning they have two available orientations,
or spin states. In the absence of a magnetic field, the two states are degenerate. When placed into
a magnetic field, these nuclei begin to precess around the axis of the applied magnetic field. The
precession frequency, or Larmor frequency, wy, is directly related to the strength of the magnetic
field, By by

wo = 7Bo (1.2)

Here, v is the gyromagnetic ratio, an intrinsic property of nuclei. The v values for 'H, 13C



and N are 42.577 MHz/T, 10.708 MHz/T and -4.316 MHz/T respectively.[1] The spinning nuclei
either become aligned to or anti-aligned against the applied magnetic field, leading the two originally
degenerate states to diverge (Figure 1.1, this is called the Zeeman effect. The spins that align with
By are in the lower 'ground’ state, which is called the "spin up" or jai state, with I = +1/2. Likewise
the anti-aligned spins are in an excited state, called "spin down" or jgi, with I = 1/2. The energy

difference between these two states can be calculated using Equation 1.3.

E = ’}/hB[) (13)

with h representing Planck’s constant. This dependence on v leads to differing sensitivity levels
for different nuclei. As «y1y is more than 4 times larger than visc, and 10 timnes larger than
Y15y, resulting in increased sensitivity to magnetic field change. The plot of the Zeeman effect
demonstrates the jal and j8i nuclear states decrease and increase in relative energy, respectively, as

the strength of the magnetic field increases.
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Figure 1.1: Plotting Equation 1.3 to illustrate the Zeeman effect. The jai and jgi states for 'H,
13C and N diverging as a function of increasing magnetic field.

Using Eq. 1.3, Boltzmann population statistics can be used to determine the fractional

magnetization, or polarization (P), of the system, as well as an expression of the ratio between the

number of spin up, N , and spin down at given conditions.

N N N/N 1

P=N+~N "N /N +1 (14)
N _ 7~Bo
N = exp T (1.5)



T and kg are the temperature and the Boltzmann constant respectively. Combining Eqgs.

1.4 and 1.5, gives the following.

_ exp (y~Bo)/(ksT) — tanh 7~Bo 7v~Bo (1.6)
exp ( v~By)/(kgT) +1 2kgT 2kgT

Lastly, the high temperature approximation can be applied, which is valid for all conditions
above tens of Kelvin when describing MR systems due to the small energy difference between the jald
and jBi states. Using Eq. 1.6, the polarization of a solution of hydrogen at 298K and 1T is 6.8 1076,
or 0.00068%. As MR signal comes from the ensemble magnetization, this level of polarization means
that any signal acquired from the sample conditions outlined above is from 6 out of every 1 million
hydrogen nuclei. When detecting signals from carbon or nitrogen, sensitivity becomes worse for two
reasons. The smaller gyromagnetic ratios lead to a lesser energy gap, so population difference is
smaller for carbon and nitrogen systems. Also, the most abundance isotopes, '2C and '“N, have
16 % Carbon-12 has a spin of I = 0 and is therefore NMR silent. Thus, MR analysis relies on
the 1% of 13C (at natural abundance) for any signal. Taking into account the abundance and the
lower population difference, NMR signal at 1T is generated from 18 out of every 1 billion carbon
nuclei. Nitrogen has the same sensitivity issue for a different reason. The nitrogen-14 nucleus has
a spin of I = 1, known as quadrupolar. This greatly broadens the signals generated to the point
of being impractical in nearly all cases. So signals generated in most nitrogen NMR experiments
come from N, which is only ~ 0.3% of naturally occurring nitrogen nuclei. For both carbon and
nitrogen analysis, it is common practice to isotopically label the nucleus of interest to increase the

usable signal during heteronuclear NMR analysis.

1.2 Detection of Magnetic Resonance Signals

As an ensemble of spins in a sample is placed into a magnetic field, they all begin to precess at the
Larmor Frequency (Equation 1.2), while aligning with the applied field. The applied field direction
is commonly denoted as the +z direction. NMR instruments have a detection coil that detects
magnetization in the xy-plane, called the transverse plane. To get signal, first an electrical pulse
is applied that pushes the ensemble of spins into the transverse plane. The ensemble immediately
begins to realign with the magnetic field, moving back towards the +z-axis, but will oscillate around
the z-axis during the realignment process. This oscillation in the transverse plane generates an
electrical current in the detection coil. The raw time domain signal of the ensemble oscillation is the

data acquired in NMR, shown below.
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Figure 1.2: Time domain NMR signal.

Fourier Transformation (FT) is applied to the time domain data, converting it to frequency

domain. Note that the amplitude of the signal decays exponentially at a rate of

t
Amplitude = exp T (1.7)
2

Where t is time and T35 is the transverse relaxation rate. Due to the properties of FT,
the longer an oscillation is present in the time domain, the sharper the corresponding peak in the
frequency domain. So a signal with a short 75 will have a time domain signal that decays quickly,

resulting in a wider frequency peak. The impact of T3 on peak width is illustrated in Figure 1.3.

J[ ) \ )

Frequency (MHz) Frequency (MHz)

Figure 1.3: NMR peaks after Fourier Transformation (FT).

The transverse relaxation rate is also known as spin-spin relaxation because interactions
between dipoles in the sample causing the ensemble of spins to dephase. The rate of relaxation due

to dipole-dipole interactions is proportional to the strength of a nucleus’s dipole moment.

p=~I (1.8)

As stated before, the yiy > y13c > 715y, which means C and >N NMR have the small
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advantage of slower relaxation. But the peak widths (commonly reported as FWHM), and thus

precision for NMR analysis for all three nuclei is limited by 715

FWHM = — 1.9
T (1.9)

1.3 Radiation Damping

In the previous Section, the basics of NMR detection were introduced. But with any system, there
are limitations and interactions that impact signal detection. For instance, just like the oscillating
spins in the sample can induce a current in the detection coil, that same current can in turn create
a weak magnetic field acting back on the sample. The effect of a strong signal leading to a back
action from the coil onto the sample is known as radiation damping.|5, 6] Radiation damping occurs
when polarization, and thus sample magnetization, is large, generating a feedback loop from the
detection coil that is 90° out of phase with the sample magnetization. This ’damping field’ exerts a
torque on the sample magnetization, pushing it back to equilibrium aligned with the +z-axis, and
accelerating the decay of the signal. Generally, radiation damping negatively impacts NMR, analysis
and research has been conducted to compensate for or lessen the impact of damping.|7-10] However,
Erwin Hahn|11] noted that if polarization is high enough to cause radiation damping and the sample
magnetization is in an inverted, or aligned more in the -z direction, the torque exerted from the
detection coil would push the sample magnetization away from the +z-axis. This would in effect
hold the magnetization in the detection plane, thus elongating the time an oscillation is acquired,

which in turn improves peak precision.

Creating this signal elongation requires three things; 1) a high degree of polarization, 2) the
ensemble of polarized spins is temporally coherent, and 3) the ensemble is anti-aligned with the
applied magnetic field. If all three conditions can be achieved, theoretically an NMR time-domain
signal could continue to oscillate indefinitely, meaning the precision of NMR would only be limited by
the acquisition time and no longer 75 In the following Chapters, I will address how each condition

can be met.
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(b) Radiation damping decreasing the rate which
(a) Radiation damping increasing the rate which the magnetization (M) realigns with the magnetic
the magnetization (M) realigns with the magnetic field (+z). This enlongates the time M spends in
field (+z). This shortens the signal acquired the transverse plane, allowing for longer detection

of signal.

Figure 1.4: Simplified illustration of radiation damping. In both A) and B), By (red) is the vector

from the detection coil, M (blue) is the ensemble magnetization, and 7 (black) is torque applied on
M.



2
Methods of Hyperpolarization

As described in Chapter 1, a system in an applied magnetic field will have some polarization which
is determined partially by the field strength and the temperature (Equation. 1.6). This is also
known as a thermally polarized sample. Hyperpolarization is defined as a nuclear spin system that
is not at thermal equilibrium values. There are a multitude of ways researchers can hyperpolarize
systems. Some of the most commonly used are PHIP, Spin-Exchange Optical Pumping (SEOP),
and Dynamic Nuclear Polarization (DNP).

DNP initially creates a highly polarized electron spin population. Due to having a gyro-
magnetic ratio that is three orders of magnitude higher than any nucleus, electrons are easier to
polarize to high values. Microwave irradiation is then applied to transfer the polarization from the
electrons to the nucleus of interest.[12] The method was proposed in 1952 by Alfred Overhauser
and demonstrated experimentally in 1953.[13] While an incredibly effective technique, specialized

equipment is required that can be cost prohibitive for smaller institutions.

SEOP is a multi-step process that results in hyperpolarized noble gas systems. First, angular
momentum from circularly polarized light is transferred to a gaseous alkali metal, typically rubidium.
The light is tuned to the frequency that corresponds with the electronic transition, transferring this
polarization to the unpaired electrons on the metal. Through gas phase collisions, spin information
is transferred to a noble gas such as Xenon-129.[12, 14, 15] Through advances in accumulation and
storage techniques, liter quantities of 12?Xe can be polarized to above 50% with relaxation T! values
of several hours to days.|16] Unfortunately, noble gases provide little to no chemical shift information,

due to their extremely low reactivity.

PHIP is a technique that exploits the spin isomerism of molecular hydrogen to enhance
the nuclear polarization of hydrogen atoms in molecules. Diatomic molecules have the necessary
symmetry properties to act as a source of hyperpolarization, though diatomic hydrogen is particularly
well suited as will be explained in the following Sections. Para-hydrogen maintains its spin information
through chemical addition as long as the time scale of the reaction is significantly faster than the

relaxation time scale of the nucleus, which is the basis for hydrogenative-PHIP.[12] Alternatively,



the spin information can be catalytically and reversibly passed to other nuclei under the correct
conditions. As para-hydrogen is the main source of spin order in this work, Section 2.1 will expand
upon PHIP background and methods.

2.1 Para-hydrogen: Discovery, Generation, and Use

In 1927, Heisenberg first postulated the existence of ortho- and para-hydrogen states in diatomic
hydrogen gas.|17, 18] That same year, Hund postulated nuclear spin was responsible for the two
states.[19] Through analysis of the rotational specific heat of molecular hydrogen, Dennison cor-
rected the previous assumption that symmetric and antisymmetric terms in wavefunction were
interchangeable.[20] This work also identified a 3 to 1 ratio of ortho- to para-hydrogen and hy-
pothesized the possibility of the system converting completely to one of the two spin states at low
temperatures. In 1929, Bonhoeffer and Harteck isolated para-hydrogen and documented ortho-,

para- interconversion.|21]

All of these advances were centered around quantum restrictions outlined newly postulated
Pauli Exclusion principle.[22| This states the wavefunction of the hydrogen molecule (Eq. 2.1)
must be antisymmetric with respect to exchange. The Wavefunction ( Total) can be separated
into translational (1), electronic ( g), vibrational ( v ), rotational ( r), and nuclear spin ( Ns)

components.

Total= T E V R NS (2.1)

The translational, electronic, and vibrational components are symmetric with respect to exchange,
leaving either the rotational or nuclear spin components to be antisymmetric. This entangles the
two components so if one is symmetric, the other must be antisymmetric, and vice versa.|[1, 23|
Rotational states are symmetric when J = even, and antisymmetric when J = odd. Therefore, if a
molecule’s nuclear spin state is antisymmetric with respect to exchange, the molecule must have an
odd rotational state. The energy of different rotational states is calculated using Equations 2.2 and
2.3.124]

Ey=J(J+1)B (2.2)
h2
B= (2.3)

Where Ej is the energy value of the rotational state J and B is the rotational constant of a molecule.
Using values for dihydrogen, the difference between the J =0 and J = 1 levels is 3.3  107%2J. At

standard conditions, the J = 1 state and the higher energy levels are readily accessible.

For a system of two identical spin 1/2 particles, there are four possible configurations. When

the two spins are magnetically equivalent, or nearly so, the spins are entangled, giving rise to
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superpositions. The four configurations are either symmetric with respect to exchange, called Triplet

states, or anti-symmetric with respect to exchange, called the Singlet state.

8
ST, i = jaai

Ortho- _jTyi = J5jai +jai (2.4)
“iT-i = BB
n

Para- jSoi = Ljafi  jsai (2.5)

The singlet spin state is antisymmetric, so it must occur with even rotational states (J =
0,2,4...).[1, 18, 23| With the energy of the Hy rotational spin states defined along with the entangled
spin states, Boltzmann statistics can be used to determine the relative amounts as a function of

conditions. Equation 2.6 calculates the ratio of para- to ortho-hydrogen at a given temperature.|18]

+ J(J+1)B
Npara J 7even(2<] 1) exp (I(Bi'l')
North — + JI3+1) (2.6)

At standard temperature (298K), calculations predict a 1 to 3 ratio of para- to ortho- states,

as originally observed by Dennison.[20] Plotting equation 2.6 as a function of temperature gives the

curve shown in Figure 2.1.
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Figure 2.1: Percentage of para-hydrogen at thermal equilibrium as temperature varies (adapted
from Schmauch 1964[23]). The fractional population of para-hydrogen is 0.52 at liquid nitrogen
temperatures ( 77K). This fraction reaches 94% of the population at liquid helium temperatures

( 34K)

This shows that lowering the temperature of hydrogen gas leads to the para- state becoming

more thermodynamically favorable. However, the ortho-para transition is forbidden, so simply
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cooling hydrogen gas is not sufficient to convert between the ortho- and para- spin states.[23] In
order to create an allowable transition, the symmetry of the molecule must be disrupted. This
can either be done chemically, by breaking then reforming the bond, or physically through some
magnetic interaction. The second method is the approach used for the experiments detailed in later
chapters. Diatomic hydrogen is exposed to the surface of a paramagnetic solid, the gas can adsorb
to the metal, forming a complex and breaking the symmetry of the gas (Equation. 2.7). When the
gas leaves the surface, the thermal energy available influences the rotational state of the reformed

symmetric diatomic gas, and by extent the nuclear spin state.[23, 25]

2M + pHy & 2MH $ 2M + oH, (2.7)

Since the magnetic interaction is what makes this transition allowable, highly paramagnetic
substances, like iron oxides, are commonly used in para-hydrogen generators.[26] In the following

chapters, different ways to utilize para-hydrogen in NMR, will be explored.

2.1.1 Para-Hydrogen Induced Polarization Experiments

In 1987, Bowers and Weitekamp showed that p  Hs could be used to amplify NMR signals. The
method involved adding para-enriched hydrogen gas to an unsaturated hydrocarbon followed by a
pulse-acquire sequence, while inside an NMR spectrometer.[27, 28| Since then, methods to expand
applications have combined hydrogenative-PHIP (h-PHIP) with polarization transfer, using either
specifically designed pulse sequences[29, 30| or magnetic field cycling[31, 32|, to hyperpolarize
heteronuclei. However, all h-PHIP experiments relied on chemical addition of p  Hs, which
limited application to hydrogen accepting compounds. In 2009, a new approach allowed transfer
of polarization from p Hs to protons on a substrate by a reversible interaction. This process,
named SABRE, was first demonstrated on pyridine.[12, 18, 33-35] In 2015, with the addition of
magnetic shielding, heteronuclei were directly hyperpolarized using SABRE,|[36] allowing for the
hyperpolarization of many metabolites and other clinically relevant compounds, such as pyruvate.|37—
39]

The SABRE process involves creating a temporary complex between para-hydrogen, the
substrate, and the catalyst. By optimizing external conditions, such as temperature and magnetic
field, polarization can be reversibly transferred to the nuclei of interest on the target substrate.
Varying conditions can allow for the selection of which nuclei can be targeted. As this is not within

the scope of this research, the finer details of how this method works will not be included here.

PHIP experiments often utilize transition metal catalysts to speed up hydrogenation.[40] The
catalyst used for the experiments discussed in this document is |1,4-Bis(diphenylphosphino)butane|(1,5-
cyclooctadiene)rhodium(I) tetrafluoroborate (Figure 2.2), and will be denoted as [Rh(dppb)(COD)|BF4

for the rest of the document. The hydrogenation mechanism is shown below.[41-43]
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Figure 2.3: Mechanism of alkene hydrogenation using [Rh(dppb)(COD)|BF,4. Ph represents phenyl-
groups.[41-43]

Once para-hydrogen is added to a compound, the symmetry of the spin state is broken,
becoming NMR active. If this occurs at high magnetic field, the process is refered to as a PASADENA
experiment.|28, 44] The resulting spectrum typical shows two antiphase signals (Figure 2.4)[12,
18]. If hydrogenation occurs at low magnetic field (either in magnetic shields or at earth’s field),
and the sample is subsequently brought into a strong magnetic field for detection, the process is
referred to as ALTADENA (Figure 2.4).[45] During this transport, which is considered adiabatic,
the system favors the lower energy spin state (denoted a5 in Figure 2.4). As a result, only two
transitions can happen during the NMR measurement, resulting in an NMR spectrum showing two

signals: a positive peak in the downfield region, and a negative peak in the upfield region.[12, 18,

11



45| Figure 2.4 illustrates the underlying spin transitions and the resulting spectral features observed
in PASADENA and ALTADENA experiments.
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Figure 2.4: a) Hydrogenation of an unsaturated hydrocarbon with para-hydrogen. b) Experiment
under PASADENA conditions, and the illustration of the changes and transitions of the energy
levels resulting in the double antiphase pattern.|28] ¢) Experiment under ALTADENA conditions
and illustration of the changes and transitions of the energy levels and the typical resulting NMR
signals.[45] (Adapted from Eills et. al. [12])

Note that in both PASADENA and ALTADENA experiments, the addition of p Hs creates
a system with a high degree of polarization over a well defined energy gap. This fulfills two of the
three conditions for signal elongation outlined at the end of Chapter 1.3; strong polarization of a

coherent ensemble of spins.
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2.1.2 Mathematical Representations of PHIP systems

To understand how the populations of different states are affected by the PASADENA and AL-
TADENA methods, we will examine the density matrix representations of each process. The
derivation of the spin states below follows the method of Green et al.[18] This analysis begins with

the possible spin states of a single nucleus (Equation 2.8).

1
jai = 0 and A1 = 2 (2.8)

To extend this to a two-spin system in the Zeeman basis, one must construct the direct
(Kronecker) products of the single-spin states. This yields four basis states: aa, af, Sa, 83, each

represented as a four-dimensional column vector as shown in Equations 2.9
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Recalling the four possible spin states of para-hydrogen (equations 2.4, 2.5), both |Tyi and
|Spi are a linear combination of two of the above states. Combining equation 2.9 with equations 2.4
and 2.5 gives the following representations of the spins states of hydrogen gas in the singlet-triplet

basis:
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Triplet States:

o 1
1
. 0
JT4 1 = Jaal =g 0 g
0
OO 1 O 11 o 1
0 0 0
N 1. ... 1 1 0 1 1
Thi = B= + =P + = p= 2.10
JToi &21045' jBai %Eéog Elgg %glg (2.10)
0 0 0
O 1
0
L 0
T 1= 1=
i o
1
Singlet State:
OO0 1 O 11 (0] 1
0 0 0
1 1 1 0 1 1
jSoi = P=jaBi  jBai= P= = p= 2.11
JSi = pojapi  jfoi %ggog glgg &25 1§ (2.11)
0 0 0

The Singlet state wave function (¢), can be used to construct the corresponding density
matrix by taking the direct product of the singlet state with it’s complex conjugate as shown in
Equation 2.12.

o) 1 o) 1
0 0 0 0 O
1 1 1 1Bo 1 10
So) = jSoihSoj = P= — 01 10 == 2.12
p(So) = jSoihSoj 1&25 1§ P Zéo 11 OE (2.12)
0 0 0 0 O

This matrix reflects the quantum superposition of the singlet state (jaSi  jBai) state as
the corresponding locations on the diagonal are non-zero. The non-zero diagonal elements indicate
population in this state, while the off-diagonal terms represent quantum coherence between the two
basis states. If hydrogenation occurs in a magnetic field, these off-diagonal elements start to evolve
incoherently because the nuclei are no longer magnetically equivalent. This incoherent evolution of
all particles in the system will cause the off diagonal elements to average out to zero. The resulting

density matrix then becomes diagonal (Equation 2.13).
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00O00O
0100

= + =j ih j+j ih | 2.13

%oo 10§ ( )= ] j+] j (2.13)
0000

The resulting density matrix proves PASADENA experiments result in an equal population
inthej i andj i states, as illustrated in Figure 2.4b.

For ALTADENA experiments, the population is in a superposition of the j i andj i
after hydrogenation. The two density matrices, after taking the direct product with each state's
complex conjugate, are shown in Equations 2.14 and 2.15.

0 1 0 1
0 0000
1 0100
=j ih j= 0100 = 2.14
( )= j %OE %00 oog (2.14)
0 0000
0 1 0 1
0 0000
0 0000
=j ih j= 0010 = 2.15
I Boooof
0 0000

Determining which state becomes populated depends on which of the two levels is energetically
favored.[46] In this work, h-PHIP is used to generate high levels of inverted polarization, with the
ultimate goal of producing elongated NMR signals. The conditions for such signals are better
achieved under ALTADENA conditions as noted in Yang et al.[47] With the ideal hyperpolarization
method identi ed, Chapter 3 will detail the exact conditions and outline the mathematics that
govern such systems.

15



3
RASER

3.1 Elements of RASERSs

Stimulated emission of radiation is a speci c type of emission caused by a photon perturbing a system
with a population inversion resulting in a photon with the same phase and direction being emitted.
This concept was originally proposed by Albert Einstein in 1916[48] with the rst experimental
demonstration achieved in 1947 at Columbia University by Willis Lamb and Robert Retherford.[49]
Expanding on this work, Charles Townes theorized a continuous, self-sustaining signal could be
created if the population inversion was placed in a cavity of the correct dimensions. If these emitted
photons can be redirected back through the sample, more emissions will be stimulated, eventually
leading to ampli cation of the signal. In 1954, Townes succeeded in creating a stable frequency source
of microwave emissions from ammonia, the rst MASER.[50] Six years later, Theodore Maiman
produced the rst LASER system using a synthetic ruby crystal as the light source.[51].

In order to achieve any stable _ASER system, three components are needed. A population
inversion must be established over an energy gap corresponding to the desired emission wavelength.
The system must be placed in a cavity capable of acting back onto the sample. Lastly, some way of
maintaining the population inversion is essential, or the stimulated emission will cease. An optical
cavity consisting of full and partial mirrors is ideal for a LASER system. The damping e ect coming
from the NMR detection coil provides the required back action on the sample. An illustration of how
the components of LASERs and RASERs compare is published by Appelt et al. (Figure 3.1).[52]

In a LASER, light waves bounce o the mirrors on either side of the optical cavity, redirecting
them back through the system. In the case of RASERSs, initial radiation produced by nuclei oscillations
in a magnetic eld induce a current in the detection probe when they relax. This induced current
can then cause re-excitement of ground state nuclei, which can undergo stimulated emission again,
continuing the cycle.

The rst RASER e ects were shown in 1978 usingH.[53] Later, noble gas RASERs were
created in systems ofHe and 1?°Xe atoms and used SEOP to generate the high levels of population
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Figure 3.1 : (a) A schematic of a 4 level optical LASER resonator. The population inversiond,
is generated across the energy levels 1 and 2 and is pumped at a rate ¢fwith a relaxation rate
of . (b) Spectrum of a multi-mode LASER, including the threshold and mode separation. (c)
A Schematic of a RASER resonator where the population inversiondy,, is pumped at a rate of

m by SABRE. The relaxation rate , = 1=T, is the e ective transverse relaxation rate, which
1=T, = 1=T, + . (d) Theoretical multi-mode signals produced from a system of°N-labeled
pyridine hyperpolarized to exceed the threshold for a RASER signal.

inversion requisite for RASER.[54] However, noble gases have limited interactions with other atoms
or molecules, so their usefulness is limited for NMR applications.

The rst example of a RASER produced through PHIP used SABRE to reversibly transfer
polarization from parahydrogen to protons on pyridine and acetonitrile.[55] Further publications
outlined mathematical expressions used to describe these phenomena.[52, 56]. The system of
di erential equations constructed by Appelt et al.[52] is described here, and is used as the basis for
constructing simulations of single and multi-mode RASER systems.

3.2 Mathematics of RASERS

3.2.1 One-mode RASER

Section 2.1.1 showed how h-PHIP experiments create a population inversion. Once this excited state
is placed into a magnetic eld, the overall magnetization will seek to relax to thermal equilibrium
by realigning with the magnetic eld, Bg. The rate of this process is outlined by the di erential

17



equation below.

d(t)

- .2
Q= 2 gap? 19
T

m

(3.1)

Where d(t) is the inverted population, A(t) is the amplitude of the transverse spin component,
Om is the magnetic coupling constant and n, is the rate of change of the RASER resonatorgy, and
m are de ned as:

On = 2 gh! g=4Vs (3.2)

= = (3.3)
Qr
Om is dependent on the gyromagnetic ratio (), the magnetic vacuum permeability constant
( o), Planck's constant, the Larmor frequency ( o), and the sample volume inside the resonator,
(Vs). m factors in the quality factor of the coil (Qs). Higher coil quality factors provide slower
rates of change.

The scalar quantity A(t) lacks phase information of the transverse spin component,,. The
full expression of , is:
m(t) = A(t) exp i (t) (3.4)

Where (t) is the phase over time. The time evolution of p, is given by

ioni® ey L (3.5)

0 -
nO= @ SR £

Using Eq. 3.5 and Eg. 3.4, the amplitude and phase components can be separated into
individual di erential equations.

Al = J9E G Ti A(t) (3.6)
m 2
=1, 3.7)

Where ! ; is the o set frequency of the spin in the rotating frame. Using Equation 3.5, the
initial inverse polarization, d(t), required to start a RASER signal by setting the value inside the
paratheses equal to zero and solving fad(t). Plugging in the expressions folg, and ., gives the
expanded expression for the RASER threshold.
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dth: .m - = (38)

Here, the impact each of the factors has on the threshold is clear. The threshold increases
with the sample volume (Vs). o and h are both constants. The threshold is inversely proportional
to the gyromagnetic ratio ( ), the spin number density (ns), and the transverse relaxation rate {T,),
which are dependent on the chemical system, not the instrument setup. The quality factor of the
coil (Qs), and the lling factor ( ) are both determined by the instrumental setup. The Quality
factor of an NMR instrument is a dimensionless indicator for the loss mechanisms in the coil,[57]
and can be found using equation 3.9.

|
' X
= — 3.9
O = FWHM wooe 59
Where! x is the frequency at which nucleusX resonates in MHz, whileFWHM yoppie is the
peak width at half-maximum (or half-depth) of the wobble curve when tuning/matching the probe
for nulceus X. The lling factor of the coil , which must be0O< < 1, is added as a correction

factor given that the volume of sample inside the coil is not equal to the volume of the coil itself.[56]

Equation 3.1 assumes that the population inversion value is highest at = 0, and decreases
towards thermal polarization levels, however it is possible to replenish the polarization. Adding a
population pumping term, g, into Equation 3.1 gives:

o
d¥t) = ( t)(do d(t) JngJ

Here the pumping rate is a function of time either increasing ((t)) or decaying ( q(t)), depending
on the experimental setup.

4A(t)?

d(t)
- (3.10)

p()= o 1 exp( t=p) (3.11)

d(t)= o exp( t= g) (3.12)
Where | is the rate of increase if pumping has been turned on, andy is the rate of decay after
pumping has been turned o. ¢ is the maximum pumping rate.

The system of di erential equations 3.10, 3.6, and 3.7, can be solved numerically. FT was
applied to the resulting Free Induction Decay (FID)s and the FWHM for the signal was calculated.
Only the initial value for the population inversion was modi ed, as the phase and the transverse
magnetization values don't a ect the resulting transients. The starting values for d(t) were chosen
to be below and above the threshold determined from Eq. 3.8. The resulting spectra are plotted in
Figure 3.2. The conditions and the corresponding FWHM values are also included in Table 3.1
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do pumping? | FWHM (Hz)
40 10° no 0.0853
6.0 10° no 0.0299
1:0 108 no 0.0132
40 10° yes 0.0843
6:0 10° yes 0.0135
1.0 1C° yes 0.0120

Table 3.1: Initial population inversion values for one mode RASER simulations and the FWHM
calculated from the resulting spectra

Figure 3.2 : Simulated NMR data using equations 3.10, 3.6, and 3.7. The inverse polarization
threshold for RASER isdy, =5:8 10°. The simulation included a decaying pumping term for plots
a-c, and a constant pumping term for d-f.

As seen above, simulations that started with population inversions above the threshold
signals have a sharper peak in the resulting FT spectrum. Having a non-decaying signal, not only
leads to a increase of signal intensity, but decreases the linewidth by almost a full order of magnitude.

3.2.2 Two-mode RASER

The above equations only apply to a system that has one nuclei with su cient population inversion
to produce a RASER signal. If there are multiple highly polarized nuclei, the equations describing
the overall system must be adjusted to account for how this e ects the evolution over time. The
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equations 3.10, 3.6, and 3.7 updated for a two mode RASER system are

dt) = ( H(do  d(t)) @ A9 1 4 cos (1) (3.13)
1 m
|
Al = J9E G Ti A+ 1908 gty Ticos (1) (3.14)
m 2 m 2
W=(1, 1) 3% 40 sin (b (3.15)

As there are now two frequencies! ; and! ,, the phase no longer changes at a constant rate.
Thus the overall phase, now denoted ag t), is the di erence between the two o set frequencies.

(t)="11 1! (3.16)

Any interaction between these two frequencies has some e ect on the evolution of both the
population inversion, d(t), and the amplitude of the transverse magnetization,A(t). This e ect
results in a sinusoidal term dependent on( t) added into the two mode equations.

Using the set of di erential equations 3.13, 3.14, and 3.15, the system can be modeled
to probe the impact of initial population inversion on the evolution over time. Similarly to the
single mode system, spectra were simulated with initial population inversions below and above
the threshold. The FWHM for these spectra were calculated and are listed in table 3.2, and the
simulated spectra are shown in Figure 3.3.

do pumping? | FWHM (Hz)
4:0 10 | decaying 0.1509
6:0 10° | decaying 0.0219
1:.0 10° | decaying 0.0130

4.0 10° | constant 0.0791
6:0 10° | constant 0.0112
1:0 10° | constant 0.0103

Table 3.2: Initial population inversion values for two mode RASER simulations and the FWHM
calculated from the resulting spectra

In both the one mode and two mode cases, the signals seen are symmetric around zero. This
happens because any frequency contains the sum of equal and opposite frequencies, hence the positive
and negative signals seen in the simulation.[58] However, unique to the two mode simulations, a
frequency comb can emerge when RASER conditions are met, as demonstrated by Appelt et al.[52,
56] The spacing and amplitude of the signals is dependent on botti(t) and the di erence between
the two frequencies in the system(; ! ).
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Figure 3.3 : Simulated NMR data using equations 3.13, 3.14, and 3.15 The inverse polarization
threshold for RASER isdy, =5:8 10°. The simulation included a decaying pumping term for plots
a-c, and a constant pumping term for d-f.

In this work we will use h-PHIP to achieve and maintain the necessary population inversion
for a RASER to occur. After achieving high levels of polarization, the detection coil of a typical NMR
provides the resonating cavity required for the radio waves to pass through the sample repeatedly,
thus causing stimulated emission.
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4
Experimental 1H RASER systems

4.1 Experimental H RASER Systems Using Flow Chemistry

As noted in section 2.1, the rst h-PHIP experiment involved bubbling gas through the reaction
solution to dissolvep H».[28] Since then dissolution methods have expanded to include pressurizing
a container with para-hydrogen, then shaking the solution before analysis,[59] to more sophisticated
bubbling systems to better control ow rate.[33, 60, 61] However, these methods have poor, irrepro-
ducible, mass transfer of gas into solution.[62] Additionally, due to disruption of sample homogeneity
during shaking or bubbling, data cannot be acquired while the system is being pumped.[62]. h-PHIP
RASER systems have been produced for extended periods of time using bubbling, but the acquisition
was paused while gas was owing.[61] When analyzing the data, FT can only be applied to data
acquired between these pauses.

In 2021, Patrick TomHon demonstrated the Spin Transfer Automated Reactor, with the
ability to acquire SABRE hyperpolarized spectra for pyridine and pyrazine repeatedly for hours.[62]
This work utilized a semi-permeable membrane in construction of a tube-in-tube reactor, allowing
for gas transfer to occur without the need for shaking or bubbling. | have constructed a similar ow
reactor system for the production of h-PHIP RASER systems. This would expand the application
of hyperpolarized ow reaction to include any compound that can be hydrogenated.

Using Teon™ AF 2400 tubing from Biogeneral @, a tube-in-tube ow reactor was
constructed (Figure 4.1), in which pH, gas would counter- ow over the reactant-catalyst solution at
a higher pressure, dissolving the gas into solution. The ow rate op H; is controlled by a mass
ow controller. The solution is pumped through the reactor using an HPLC pump. The full setup
can be seen in Figure 4.1.

A solution containing a target substrate and [Rh(dppb)(COD)]|BF 4 catalyst in degassed
acetone is prepared under Argon ow and loaded into a reservoir, which is then pressurized with
inert gas (N2). The p H» gas regulator was set to be 10 psi higher than liquid solution pressure
to allow for dissolution. In the tube-in-tube reactor, p H, passes through the te on membrane
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Figure 4.1 : A) Schematic of ow reactor system. B) The full experimental setup. C) Detailed
illustration of the tube in tube reactor owing into the resonator. D) lllustration of the sensitive
region of the NMR instrument showing the system emitting a signal and the back action from the
detection coil.

and dissolves in solution, where it can react with the substrate, forming the hyperpolarized product.
The solution then ows into a small 1T (43.26MHz) NMR for analysis, with an estimated Q factor

of 32. The magnetic eld and the probes in the NMR provide the conditions needed for stimulated
emission of the radio waves. Transients can repeatedly be acquired for as long as there is sample
remaining. However, due to instrument limitations, the maximum acquisition time is 65.5s.

4.1.1 Drift Correction

Due to variations in temperature, and limitations in the spectrometer and controlling software,
the magnet experiences drift throughout the experimental run. Therefore, the signal after Fourier
Transformation (FT) to be broad, as seen in Figure 4.2 This drift can be identi ed, tto a curve,
then corrected for, leaving a drift-compensated data set. Fast Fourier Transform (FFT) can then
be applied to give a sharp RASER peak. This method relies on small slices of the overall RASER
spectra to generate a compensation equation. All operations for the data processing are performed
using Mathematica. The process is detailed, and the results are shown for a 65.5s RASER acquisition
at 1.0 T. To begin, a simple code is used to slice up a RASER spectrum in the time domain, allowing
for each slice to be transformed and plotted in the frequency domain separately. To smooth the
FFT of each slice and allow for identi cation of the peak frequency, we apply additional zero- lling

to each of the 128 slices of the 32768-point time domain such that each slice has 32768 pts. Figure
4.3 shows the FT of 16 out of the 128 time slices.
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Figure 4.2 : Fourier Transform of a 65s RASER signal acquisition from a sample of propargyl
alcohol

Figure 4.3 : Fourier Transforms of 16 out of the 128 slices from the acquired data. The magnetic
drift is easy to see here, as each of the peaks are shifting 10Hz

These signals are close enough that the drift causes the peaks to overlap, so each slice needs
to be further split to isolate each peak. Once each peak is isolated and the slice maximums are
identi ed, the resulting data set can be tted to identify the magnet drift. Below the process is
detailed speci cally for analysis of propargyl alcohol, but the same process is applied to RASER
signal data acquired from vinyl acetate.

From each FFT slice, peak frequency is extracted, identifying the frequency of the NMR
peak with respect to the time as acquisition continues. This process is repeated for each peak. The
identi ed values are then plotted with respect to the median of the time of each slice (e.g. where
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the transform is from 0-0.512 s, the median time for the plotting frequency drift is 0.256 s), as seen
in Figure 4.4. These drifting maxima are t to linear, quadratic, and polynomial functions. The
resulting linear and quadratic t equations are displayed in 4.4.

Figure 4.4 : The frequency of the maximum signal recorded from each time slice after FT. Model
tting function of Mathematica was used to obtain the best t functions based upon this data.

Minimization of the residuals yields a quadratic t for the magnetic eld drift. Here, the
intercept (  67.08 Hz) is rst position of the RASER line. (The linear and quadratic terms have
units of s-2 and s-3, respectively. To correct the time domain data with the ts identi ed above, the
complex data is multiplied by an exponential factor containing only the drift, which then leaves only
the signal frequency.

datacor = exp( i(! o+ mt + nt?t) exp(i(mt + nt?)t) 4.
datacorr = exp( i! ot) '

With m and n being the tting coe cients identi ed in equations in 4.4. The linear and
quadratic drift correction factors are applied to the original data. This process was repeated twice,
using the each of the two peaks to identify the drift correction factors for each compound. Regardless
of which peak was used, the correction factors agreed within a data set. Figure 4.5 shows the FT of
the corrected data.

The resulting NMR signals from allyl alcohol product (Figure 4.5b,c) have a FWHM of
0.019Hz, which within 1% of the theoretical limit, given the acquisition time and strength of the
magnetic eld. To probe more about the system, a tool developed by Dr. Vineeth Thalakottoor was
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Figure 4.5 : 65s RASER acquisition from Allyl Alcohol. a) Time domain of the acquisition after
applying drift correction with two di erent sections isolated. b) Two overlaying frequency graphs.
The FFT of all the data is shown in black, while the FFT of only the rst 30s is shown in red.
¢) The overlaid FFT of the entire acquisition (black) and the time segment of 30s to 65s (green).
Graphs b) and c) are nearly identical indicating the allyl alcohol RASER system is stable and both
peaks persist throughout the acquisition

used to highlight and probe the signals present during di erent time sections. As seen in Figure 4.5,
both signals are present and stable throughout the experimental run.

Several other unsaturated compounds were tested for RASER activity using traditional
bubbled h-PHIP experiments.[28, 45, 61] Three other compounds produced RASER signals during
bubbling experiments, thus would be likely to produce RASER signals in the continuous ow system:
vinyl acetate ! ethyl acetate, 3-butyn-2-ol! 3-buten-2-ol, and butyl acrylate ! butyl propionate.
While the scope of this work is limited to these four compounds, with some minor adjustments in
experimental conditions this method could be expanded to other chemical systems. Changes such as
optimizing the temperature for hydrogenation, using a di erent solvent or catalyst, or increasing the
length of the tube-in-tube reactor are some of the possible improvements.

The goal for each compound was to measure a two mode RASER signal originating from
the terminally added proton. J-coupling between the emitting proton and the neighboring protons
split the signal, so the two signals allow forJ -coupling determination. Additionally, the extended
time frequency signal is acquired drastically improves precision. Due to the high RASER signal
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Figure 4.6 : 16s NMR acquisitions of hyperpolarized ethyl acetate at di erent ow rates. (Left)

Time domain signal showing increasing amplitude with increasing ow rate. (Right) Frequency
domain data after Fast Fourier Transform (FFT). The precision of the signal, as determined by full
width at half maximum (FWHM) stays fairly consistent, while J-coupling value increases with an

increase in ow rate.

stability, the ethyl acetate system was used to determine the impact of changing ow rate on the
values measured. 16s acquisions were acquired at varying ow rates, and the data was drift corrected
and plotted in Figure 4.6.

In the Figure above, we see that increasing the ow rate does lead to a higher amplitude
of signal during acquisition. Additionally, the measured J-coupling value also increases. This
matches previously established literature showing that thel -coupling of a system will increase as
the polarization increases as long as the system remains in one RASER regime.[47] It is important to
note that the uctuations in J-coupling are less than 1 Hz, and the changes observed are measurable
due to the high precision of the frequency peaks, which is an inherent bene t of RASER spectroscopy
over traditional NMR measurements. Less than one hour is needed to acquire all the ow rate data
shown in Figure 4.6
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Figure 4.7 : 65s RASER acquisition from 3-Buten-2-ol. a) Time domain of the acquisition after
applying drift correction with two di erent sections isolated. The FWHM for the peaks at -4 Hz and

4 Hz are 124 mHz and 57 mHz respectively after FT and drift correction of all 65s of data. b) Two
overlaying frequency graphs. The FFT of all the data is shown in black, while the FFT of only the
rst 10s is shown in red. This shows both frequencies are present in the rst 10s of the acquisition.
c) The overlaid FFT of the entire acquisition (black) and the time segment of 10s to 50s (green).
The frequency at -4 Hz does not persist beyond the rst 10s of the acquisition, while the signal at 4
Hz is present nearly throughout the acquisition.

RASER singals from 3-buten-2-ol and butyl propionate were also acquired. While the stability
of these two systems was poor, both chemical shift and-coupling information were determined to
mHz precision (Figures 4.7 and 4.8).

To identify the nucleus responsible for the RASER signals observed, the data from PASADENA
bubbling experiments were used. The acquisitions used a 4pulse in order to maximize the signal
acquired. The acquisitions for allyl alcohol and ethyl acetate experiments shown in Figures 4.9 and
4.10.

As seen in Figure 4.5, the two RASER signals acquired with the ow reactor were 10Hz
apart on the allyl alcohol sample. This corresponds to thel-coupling value expected after cis-
addition of p Hy. These two signals being 10Hz apart indicates there is a single RASER source
on the molecule that is being split by a nearby proton. The two thermal signals that have a
similar splitting as seen in Figure 4.9c are the peaks at 5.95ppm (proton 3) and 5.03ppm (proton
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Figure 4.8 : 65s RASER acquisition from Butyl Propionate. a) Time domain of the acquisition
after applying drift correction with two di erent sections isolated. The FWHM for the peaks at -3.5
Hz and 4 Hz are 110 mHz and 86 mHz respectively after FT and drift correction of all 65s of data.
b) Two overlaying frequency graphs. The FFT of all the data is shown in black, while the FFT of
only the rst 20s is shown in red. This shows both frequencies are present in the rst 20s of the
acquisition. c) The overlaid FFT of the entire acquisition (black) and the time segment of 20s to
65s (green). The lower frequency (shown at -3.5 Hz) does not persist beyond the rst 20s of the
acquisition, leaving only the signal at 4Hz.

1), with a J* 3-coupling constant of 9.9Hz. So the source of the RASER active nucleus must be
in either the 1 or 3 location, and both locations produced a RASER signal during a PASADENA
bubbling experiment (Figure 4.9a). The two hyperpolarized protons being cis relative to each other
is supported by the hydrogenation mechanism shown in Figure 2.3. Lastly, as ow reactor setup is
an ALTADENA hyperpolarization method with the transfer to high- eld occurring adiabatically
after the hydrogenation, only one location would have the population inversion needed for a RASER
signal. The system would arrange itself such that the negatively polarized nucleus would be the
lower of the two energy levels available. Signals that appear 'up eld' correspond to lower energy
transitions. In the case of allyl alcohol, the terminal location 3 is lower in energy than location 1
(Figure 4.9). So the RASER signal acquired using the ow reactor with propargyl alcohol as the
initial substrate must be from the terminally added proton on allyl alcohol.

Using the same reasoning applied above, the RASER signal acquired during the ow
experiment conducted on vinyl acetate must also be on the terminal location. Looking at d-f in
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Figure 4.9 : Identi cation of peaks in sample of propargyl alcohol hydrogenated to allyl alcohol.
(a) 6.5s acquisition after 10s of bubblingp H» through the sample inside the magnet. A RASER
burst is visible after then initial FID signal decays. The corresponding FT of the transient is shown
below. (b) The same acquisition is truncated to remove the RASER burst seen after 4s. The FT of
this truncated data set reveals negatively polarized signals where the RASER signals would later
arise. (c) A thermal spectrum of allyl alcohol with the peaks labeled.

Figure 4.10 : Identi cation of peaks in sample of vinyl acetate hydrogenated to ethyl acetate. (a)
6.5s acquisition after 10s of bubblingp  H, through the sample inside the magnet. A RASER burst

is visible after then initial FID signal decays. The corresponding FT of the transient is shown below.
(b) The same acquisition is truncated to remove the RASER burst seen after 4s. The FT of this
truncated data set reveals negatively polarized signals where the RASER signals would later arise.
(c) A thermal spectrum of ethyl acetate with the peaks labeled.
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Figure 4.5, the two RASER signals are 7Hz apart. The protons in locations 2 and 3 in Figure 4.10c
both have a splitting of 7.5Hz. Peak 2 is centered at 4.12ppm, while peak 3 is at 1.26ppm, and the
bubbling experiment generated a RASER signal in both locations (Figure 4.10a). Given that these
are two possible sources of the RASER signal seen in Figure 4.6, the ALTADENA experimental
method again favors the population inversion to be in the terminal location. Thus, the RASER
signal acquired during the ow reactor experiment with the substrate vinyl acetate must be coming
from the terminally added proton on ethyl acetate.

4.2 Conclusion

Though RASER NMR has been around for decades, there are few h-PHIP examples in the literature.
In this chapter, construction of a robust experimental setup capable of producing RASER signals
across di erent chemical compounds is detailed. Such a system presents the opportunity to increase
the catalog of PHIP RASER systems. As increased precision is one bene t RASER signals give,
it is important to ensure the chemical shift and J-coupling remain accurate. Research has shown
that J-coupling change when polarization levels are signi cantly higher than the RASER threshold
(Eg. 3.8.[47, 52, 56] The delity of the J-coupling and chemical shift is high at low RASER levels.
The HPLC pump allows control of ow rate, which impacts polarization levels. This means the
design allows for determining ow rates that give the highest delity data, while elongating the FID
beyond the T, limit. Work improving the experimental setup to acquire more stable RASER signals,
and to expand the catalog of RASER data is ongoing.
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5

Parahydrogen-Induced Carbon-13
Radiofrequency Ampli cation by
Stimulated Emission of Radiation

The works in this Chapter have been previously publishedAngew. Chem. Int. Ed, 2022, 62(5).
doi:10.1002/anie.202215678.

5.1 Preface

In previous chapters, | described the elements and conditions needed to produce a RASER signal.
In Chapter 4.1, | show howp H> bubbling experiments lead to the detection of'H RASER signals.
However, as described in Chapter 3.1, the applicability of these systems can be limited by a few
factors. First, the chemical shift scale for'H nuclei is an order of magnitude smaller in NMR. So
changes in chemical composition are better able to be detected for bofC and 1°N. Second,3C
and °N both have a much longer T; relaxation times than 'H, especially when in carbonyl and
nitro functional groups. The 1H nucleus interacts more with the surrounding environments due to
larger , leading to faster relaxation rates.[63] The longer-lived states and the higher sensitivity to
chemical changes maké3C and ®N RASER systems desirable for potential clinical applications.
This Chapter details the work creating and observing the rst published example of a RASER signal
on a!3C nucleus. Chapters 6 and 7 expand on this work by testing the capacity of this system to
undergo suppression or chemical change and still generate a RASER signal. All three Chapters use
the same substrate, catalyst and polarization method.

The experiments were conducted jointly by Christopher Nelson, Andreas B. Schmidt, and
Isaiah Adelabu, with some assistance from Shiraz Nantogma and Abubakar Abdurraheem. The
results were analyzed by Christopher Nelson, Andreas B. Schmidt, Isaiah Adelabu, Valerij G. Kiselev,
Henri de Maissin, Séren Lehmkuhl, Stephan Appelt, Thomas Theis, and Eduard Y. Chekmenev. The
manuscript was written by Christopher Nelson, Andreas B. Schmidt, Isaiah Adelabu, and Eduard Y.
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Chekmenev, and edited by Valerij G. Kiselev, S6ren Lehmkuhl, Stephen Appelt, Thomas Theis, and
Eduard Chekmenev.

5.2 Introduction

Carboxyl carbons of biocompatible molecules are typically employed as the carriers of hyperpolariza-
tion because of their ability to retain hyperpolarized states for minutes and the lack of background
signal in-vivo. [64 67] Moreover, these'3C sites o er a large chemical shift dispersion of the resonance
frequencies in the NMR spectra, enabling di erentiation and mapping of the downstream metabolic
products in vivo.[63, 66, 68] Despite the major success of hyperpolarizédC MRI in the preclinical
and clinical research setting,[68 73] it faces a number of translational challenges for widespread
clinical utility. These translational barriers include limited spectral and spatial resolution, and
additional hardware requirement: most notably for the excitation of 13C spins on clinical MRI
scanners that are only equipped with proton-related electronics. Becaus€C resonates at vastly
dierent (4 times lower) frequencies compared to protons, excitation ofC spins is hardly possible
with conventional clinical MRI scanners

The pairwise parahydrogen p-H,) addition to vinyl [1- 13 C]acetate,[74] was performed
in acetone-g¢ using a homogeneous Rh-based catalyst (1,4-bis(diphenyl-phosphino)butane(1,5-
cyclooctadiene)rhodium(l) tetra uoroborate), 4-10 mM concentration. Hydrogenation was performed
at 8 bar of total p-H» pressure (>98% para-enrichment [75]) at a ow rate of 150 standard cubic
centimeters per minute (sccm). Thep-H, gas was delivered via a PTFE catheter with 0.9 mm outer
diameter placed in 0.6 mL of substrate- and catalyst-containing solution residing in a standard
5-mm NMR tube. The hydrogenation reaction was performed at elevated temperature in the Earth's
magnetic eld. The para-hydrogen addition incorporates singlet spin order into the host molecule,
where the symmetry of the parahydrogen-derived protons is broken by thd -coupling network,[27]
such that polarization spreads to neighboring protons, Figure 5.1. Next, a magnetic eld cycling
procedure was employed for polarization transfer from HP protons to thé3C nucleus.[31] In this
procedure, the sample was quickly moved into ultra low magnetic eld (<20 nT) inside, -metal
shields. A custom-built solenoid coil was employed to adjust the eld with the help of a 3-axis
uxgate magnetometer. The sample was then manually pulled ( 5s duration) out of the shields to
adiabatically pass through the energy level anti-crossings between the polarized proton states and
the target 13C nuclear state,[76] which renders polarization transfer to the'3C nucleus. Finally, the
sample was depressurized from-H, overpressure, thep-H»-bubbling catheter was removed, and for
13C signal readout the sample was manually positioned in the bore of a benchtop NMR spectrometer,
Figure 5.1.

In our methods, we employed h-PHIP [52, 77, 78] to produce batches of hyperpolarizédC
of ethyl [1-13Clacetate, as depicted in Figure 5.1. Here, all experiments were performed with a
relatively low-Q RF detection coil operating at room temperature with a quality factor Q of 32.
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Figure 5.1 : (top) schematic of pairwise parahydrogen p-H,) addition to vinyl acetate (VA)
precursor followed by polarization transfer from nascenp-H;,-derived protons to the ethyl acetate
1-13C nucleus via magnetic eld cycling (note the optional 3C labeling shown with asterisk); (bottom)
schematic of experimental setup fop-H, pairwise addition to unsaturated substrate, and polarization
transfer to the 13C nucleus via magnetic eld cycling[60]

Prior to RASER studies, kinetic optimization of the hydrogenation and hyperpolarization
procedure was performed using natural-abundanc®C (ca. 1.1%) vinyl acetate precursor, which
intentionally decreases NMR active nuclei (Eq.3.8) by over 90-fold compared to an isotopically
enriched sample. In this case, thé3C signals were detected using a 90RF excitation (Figure
5.2a). Note the 13C population inversion in the HP state manifesting in a 180 phase shift of the
hyperpolarized resonance compared to the thermally polarize¢®C reference (neat [113C] acetic
acid, 99%*3C enrichment, Figure 5.2a). Comparison of the'3C signal intensity from the HP samples
with the 13C reference signal, allows for quanti cation of F-3 [77]. All samples were warmed in a
water bath for 15s and kept in the heating bath during p-H, bubbling. Temperature optimization
was performed with 0.5M VA and 10 mM catalyst in acetone-d at a xed p-H, bubbling duration
(thya) of 10 seconds, revealing #::c maximum between 75-100 C. Figure 5.2¢ shows polarization
(P1s¢) kinetics as a function of the p-H, bubbling duration under otherwise identical experimental
conditions, showing fast formation of the HP product. The curve maximum is governed by the
reaction rate (proportional to 1/T nyq), and the relaxation of the HP singlet proton state in the
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Figure 5.2 : a) ¥3C NMR spectra of HP natural-abundance ethyl acetate (0.5M, red trace) prpared
via p-Haddition and magnetic eld cycling, and thermally polarized 13C signal reference of neat [1-
13C] acetic acid (17.5M, blue trace); b) hydrogenation kinetics of 0.5 M vinyl acetate (VA) substrate
conversion to HP ethyl acetate at 80 C with 10mM catalyst concentration; c) temperature
dependence ofPic at 1M VA, 10 mM catalyst concentration and thyg of 10 seconds; d)Pisc
dependence on the VA precursor concentration (note the color coding of three di erent hydrogenation
durations, thyq); €) molar 3C polarization (de ned as the product of Pxsc and concentration[80, 81])
dependence on VA substrate concentration (the asterisks denote extrapolated data points assuming
the Pis¢ value of the 0.25M sample fort,yg=10s). Note that in (d) and (e) correspond to the same
dataset and that for these experiments, the ratio of substrate-to-catalyst was kept constant at 100:1.
All presented data were recorded at 15 MHZ3C resonance frequency using 1.4 T SpinSolve Carbon
60, Magritek spectrometer using p-H bubbling rate of 150 sccm in acetone-lsolvent.

Earth's magnetic eld (T (¢, Figure 5.2).[79] Pz reaches maximum of 6% at a p-Hy bubbling
duration of 8-12 seconds for 0.5 M substrate.

We have measured thet3C polarization levels at 0.25M, 0.50M, 0.75M, and 1M substrate
concentration (Figure 5.2d)-the product of Pisc and molar concentration is shown in Figure 5.2e
(0.063M and 0.125M data points use the sam®Pis¢ value obtained for 0.25M concentration), clearly
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demonstrating that higher-concentration samples provide greatensP, which is required to exceed
the RASER threshold discussed in Eqg. 3.8.

All RASER studies were performed using-3C-enriched (99%) VA. The 13C detection sequence
employed no3C RF excitation pulse however, H decoupling was turned on throughout the 65.5-
second-long signal acquisition period to collapse th&C-1H line splittings. Figure 5.3 shows three
13C RASER signals in the time domain and FT of selected regions. The three transients show
di erent RASER behavior. Figure 5.3a shows an acquisition far above the polarization thresholdg,
(Eq. 3.8), and displays highly non-linear behavior. Figure 5.3b shows more regular RASER bursts
at lower d(t), and Figure 5.3c corresponding toP13c only slightly above dy, indicating a single,
highly extended, de-damped induction decay. Finally, Figure 5.3d, shows a usual (hon-RASER) FID
recorded using RF excitation pulse withPi3c below di, for comparison.

In case of Figure 5.3a acquired on 1M HP sample witlisc 6%, the 13C RASER signal
characterized by non-linear signal bursts in the time domain, which persisted for the entire duration
of the rst acquisition. Because of the acquisition card limitations, a maximum acquisition time
was 65.5 seconds. However, we immediately performed follow-up scans without moving the sample
or repolarization, which revealed the slow decay of the RASER, as seen below in Figure 5.5. The
13C RASER persisted for approximately 3 minutes. During this time, P1sc decays according to*3C
T1 (66.0 0.2 seconds, Figure 5.4) and eventually falls below the RASER threshold resulting in the
disappearance of the RASER signal.

Close inspection of the FT RASER signal (processed in the magnitude mode) shown in
Figure 5.3 reveals substantially narrowed"3C resonance line width: FWHM of 0.37 mHz (compared
to non-RASER FWHM of 0.50 Hz (Figure 5.3d) using the same processing parameters). It should
also be noted that the presented RASER spectra were recorded using samples with relatively large
nsP. As a result, the HP sample exhibit substantial dipolar elds, that cause complex dynamics
during RASER signal evolution in time domain[55] resulting in frequency shifts, which are the most
notable in the 1M sample (Figure 5.3a) leading to e ective line broadening in frequency domain,
when FT of the entire time series is performed. This observation is not necessarily the limitation
of the approach since we envision the ultimate implementation of this technology using high-Q
detectors and operation at much lowemgsP, where substantially lower dipolar elds are present.

Under conditions close tody, (Figure 5.3c), the extended signals can be used to obtain
ultra-narrow signals. The data was frequency corrected (using method outlined in Chapter 4.1.1) for
the magnetic eld drift of the magnet to give a linewidth of 37 mHz, i.e., well beyond the typical T,
limit (Figure 5.3d). *3C RASER signals were recorded for samples of HP vinjlL 13 C] acetate at 1
M, 0.5 M, 0.25 M, and 0.125 M-concentration, Figures 5.6, and né3C RASER signal was detected
from a 0.063 M sample.

This limit of RASER detection or threshold is in qualitative agreement with several-fold
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lower (40 mM) detection limit of detection for 'H RASER[82], which is rationalized via 4-fold
lower 13C (Equation 3.8). While the 3C RASER detection limit demonstrated here is relatively
high (c P13 0:7M %), which is a clear limitation of this pioneering report, no e orts were
made to optimize the detector Q of 32 due to limitations of our commercial setup. This current
detection limit is well above physiologically relevant concentrations for'3C contrast agents, including
acetate studied here. However, MRI detectors with ultra-high Q of overl0Q® are feasible using
external high-quality-factor (EHQE)[83] resonators and super-conducting RF coils.[84, 85] Moreover,
parametric pumping can boost the Q of virtually any MRI detector by orders of magnitude - indeed,
MRI imaging using detectors with Q> 18000 have been shown at 63 MHz[86], which far exceethC
frequency at 3T, and thus covering> 99.9% clinical MRI scanners. Therefore, it becomes potentially
possible to substantially decrease the RASER detection limit of P3¢ to potentially below 1 mM%,
(per Equation 3.8). We envision a wide range of applications above this limit including in vivo
imaging. Particularly, 3C RASER detection of injected HP [1 13 C] pyruvate metabolism maybe
within reach because (i) tumor lactate concentration may reach as much as 30 mM[87], and (ii)
P1sc at the time of the detection in vivo far exceed 1% after injection of exogenous HPL 12 C]
pyruvate contrast agent.[67, 68] However, achieving such lo#*C RASER detection limit will require
developing next-generation specialized detection coil hardware, which can be potentially deployed
with stand-alone signal recorders, thereby enabling the utility ofHP-3C contrast agents on virtually
any clinical MRI scanners.

In summary, we have successfully demonstrated the feasibility dfC RASER creation using a
bolus of HP ethyl [1 '2C] acetate, a biomolecule endogenously present in many organisms including
fruits, vegetables and products of fermentation (most notably the "fruit avor" in wine). Moreover,
HP [1 13C] acetate moiety has been employed as in vivo contrast agent for brain,[88] kidney[89]
and heart studies.[90] We anticipate that'3C RASER detection of other 13C HP biomolecules,
including most notably of [1 12 C] pyruvate is also possible. Furthermore, the recent demonstration
of RASER imaging[91] and potential use of ultra-high Q resonators bode well for future translation
of 13C RASER as a viable tool for in vivo studies to improve spatial and spectral resolution of HP
13C MRI, and to make HP 3C MRI more accessible on clinical MRI scanners - ongoing work in our
lab.
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Figure 5.3 : Proton-decoupled*C NMR RASER spectroscopy of solution-phase PHIP of ethyl
[1-13C] acetate P 6%, 0.5 M in acetone-@) detected at 1.4 T using'3C resonator with Q of 32.
(ac) Time-domain 13C RASER signals and FT spectra recorded without an RF pulse but with'H
decoupling for 1 M, 0.5 M, and 0.25 M samples respectively (additional RASER acquisitions are
shown in Figures 5.5 5.8.(d) 13C spectrum of HP ethyl acetate with total magnetization well below
the RASER threshold (recorded using a 10 RF pulse under otherwise similar detection conditions):
FWHM=0.23 Hz, and 3*C T, 1.4 seconds
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Figure 5.4 : 13C T, decay measurement using the HP sample of ethyl acetate (EA, natural abundance
of 13C) in acetone-ds. The sample was placed inside 1.4 T NMR spectrometer, and the signal decay
was monitored by a series ofl4 RF excitation pulses. The mono-exponential model was employed to
extract the 13C T, value of 66:0 0:2 seconds. Although the e ect or magnetization depolarization
due to RF-pulse excitation is negligible, it was taken into account for'3C Ty tting
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Figure 5.5 : Proton-decoupled®C NMR RASER spectroscopy of solution-phase PHIP of ethyl
[1-13Clacetate Pz 6%, 1 M in acetone-d;) detected at 1.4 T using3C resonator with Q of 32.
(a, top) Time-domain 13C RASER signal recorded without a RF pulse but with 1H decoupling (one
additional follow-up acquisition, which still detected 13C RASER is shown in displayb below. (a,
bottom) Fourier spectra of the regions outlined by color-coded boxes, respectivelyn) corresponding
data set of the second RASER acquisition.
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Figure 5.6 : Proton-decoupled*C NMR RASER spectroscopy of solution-phase PHIP of ethyl
[1-13CJacetate Pisc 6%, 0.5 M in acetone-@) detected at 1.4 T usingC resonator with Q of
32. a) Time-domain 13C RASER signal recorded without a RF pulse but with *H decoupling (two
additional follow-up acquisitions, which still detected 23C RASER are shown in in displaysb and

¢ below. The Fourier spectra of the regions outlined by color-coded boxes below the time domain
spectrum. b) corresponding data set of the next (second in total order) RASER acquisitiong)
corresponding data set of the last (third in total order) RASER acquisition.
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