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ABSTRACT: Hyperpolarization (HP) of nuclear spins is
critical for ultrasensitive nuclear magnetic resonance (NMR)
and magnetic resonance imaging (MRI). We demonstrate an
approach for >1500-fold enhancement of key small-molecule
metabolites: 1-"*C-pyruvic acid, 1-C-sodium lactate, and
1-"*C-acetic acid. The "*C solution NMR signal of pyruvic acid
was enhanced 1600-fold at B = 1 T and 40 °C by pre-
polarizing at 14 T and ~2.3 K. This “brute-force” approach
uses only field and temperature to generate HP. The noted 1 T
observation field is appropriate for benchtop NMR and near
the typical 1.5 T of MRI, whereas high-field observation scales
enhancement as 1/B. Our brute-force process ejects the
frozen, solid sample from the low-T, high-B polarizer, passing
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it through low field (B < 100 G) to facilitate “thermal mixing”. That equilibrates 'H and "*C in hundreds of milliseconds,
providing *C HP from 'H Boltzmann polarization attained at high B/T. The ejected sample arrives at a room-temperature,
permanent magnet array, where rapid dissolution with 40 °C water yields HP solute. Transfer to a 1 T NMR system yields *C
signals with enhancements at 80% of ideal for noted polarizing conditions. High-resolution NMR of the same product at 9.4 T
had consistent enhancement plus resolution of '*C shifts and J-couplings for pyruvic acid and its hydrate. Comparable HP was
achieved with frozen aqueous lactate, plus notable enhancement of acetic acid, demonstrating broader applicability for small-
molecule NMR and metabolic MRI. Brute-force avoids co-solvated free-radicals and microwaves that are essential to competing
methods. Here, unadulterated samples obviate concerns about downstream purity and also exhibit slow solid-state spin

relaxation, favorable for transporting HP samples.

B INTRODUCTION

There is broad interest and prominent recent development in
hyperpolarization (HP) of nuclear spins. By dramatically
increasing signal intensities, HP can greatly extend the
analytical reach of nuclear magnetic resonance (NMR) and
open new areas of magnetic resonance imaging (MRI) for
medical diagnosis and for evaluation of therapeutic efficacy.
This huge potential is best underscored by the most general of
current HP techniques: dynamic nuclear polarization (DNP),
as applied in both solids NMR"* and its solids-into-liquids
counterpart, dissolution DNP (d-DNP).? Solids DNP offers up
to several-hundred-fold sensitivity gains, enabling high-
resolution NMR of challenging biomolecules,* surfaces,” and
pharmaceutical formulations.® Meanwhile, d-DNP can enhance
sensitivity more than 10 000-fold in solution-state measure-
ments near room temperature. That opens the door to an array
of new applications, including measurement of the real-time
kinetics of enzymes’~” via HP substrates and living polymers'®
via HP monomers, drug discovery from assays of HP
1igands,“’12 studies of cell metabolism,"?
characterization using HP water,"* and ultrafast collection of
multi-dimensional spectra for applications to mass-limited
samples."

biomolecular
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In MRI, hyperpolarization enables imaging of dilute
compounds and nuclei with a low gyromagnetic ratio (y).
For example, '*C-enriched metabolites provide background-free
detection and sufficient spin lifetimes to be tracked during
circulation and uptake. This has been possible only via gains
from HP by d-DNP or other, more chemically specific
approaches, such as those based on chemical transfers of HP
from parahydrogen.'®™>' The most prominent imaging
applications of d-DNP are for cancer screening. This has
enabled MRI-tracked uptake and conversion of HP *C-labeled
metabolites,”* for example, revealing the telltale elevation of
pyruvate-to-lactate conversion in breast cancer*> and lympho-
ma.** Most significantly, the first human diagnostic MRI study
with HP '*C-pyruvate recently succeeding in identifying
prostate cancer in 31 of 31 patients tested.” This included
identifying cancerous regions missed by standard methods.

In spite of these successes, the alternative method of “brute-
force” HP offers several advantages over d-DNP, parahydrogen,
and other**™*" strategies. Brute-force utilizes just two factors to
hyperpolarize a molecule: low temperature (T) and high
magnetic field (B). As in d-DNP, brute-force HP is targeted to
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NMR or MRI experiments following dissolution of the sample at
near room temperature. Unlike d-DNP, no free-radicals,
microwave excitation, or co-solvents are needed. Two obvious
advantages result. First, radicals are unwanted contaminants, so
their absence avoids the need for downstream filtering and
quality assurance. Second, brute-force may be more general,
relying only on Boltzmann-law polarization rather than
secondary chemistry or physics. These advantages are similar
to those over parahydrogen techniques, which utilize catalytic
metals for chemical transformation of,16 or transient association
with,"® the molecular targets of HP.

A further advantage is that the extraction of samples pre-
polarized by brute force is unhampered by radical-induced spin
relaxation, a particular concern in the solid state and/or at the
low fields traversed when removing a sample for measurement.
Manageable relaxation in radical-free samples can enable
transport of HP molecules held at modest B and T. For
example, we found that frozen 1-'*C-pyruvic acid near 50 K and
2 T has a longitudinal relaxation time T;(**C) of ~1 h, and
~24 h if dropping to 10 K. Thus, it could be delivered to
imaging facilities as a HP agent, avoiding barriers to use such as
cost of and expertise with the polarizing apparatus. Widespread
precedent for similar off-site production exists in positron
emission tomography (PET) using 2-deoxy-2-(**F)fluoro-p-
glucose (1.8 h halflife).*

Finally, the absence of microwaves expands the scalability of
production by avoiding sample confinement to an excitation
cavity. Ultimately, this may be a key to overcoming the main
drawback of brute force: waiting. Although long T values favor
transport, values exceeding 100 h in sub-kelvin regimes can
prohibit high-throughput production. Parallel production of
multiple samples can combat that and is workable with our
method. High-B, but low-homogeneity, large-bore (here, 103
mm) magnets can accommodate many samples cooled in a
single cryostat. [See also the Supporting Information (SI)
discussion on cryogenic considerations for multi-sample
cooling in the mK regime.]

Here we demonstrate our approach to brute-force polar-
ization, followed by solid-state extraction and conversion to
solution-state HP. Warming the sample while in the solid state
presents unique challenges. Key unknowns to overcome here
include (a) crossing the minimum of T; vs T, known as the
“valley of death”, where polarization obtained under cryogenic
conditions rapidly dissipates, and (b) transferring 'H—'C
polarization by “thermal mixing” as the ejected, warming
sample traverses fields down to 0.02 T in ~1 s. Remarkably, the
combined steps succeeded with at most 20% loss of the
polarization produced in the cryostat. This is in spite of the fact
that relaxation in the noted T valley occurs on a time scale <1 s
for temperatures 75—150 K, even for fields 100-fold larger than
that experienced during thermal mixing.

The overall process we used is shown schematically in Figure
la, where the caption describes steps for low-T polarization,
ejection combined with 'H —"C polarization transfer (low-
field thermal mixing, LFTM), and finally dissolution for NMR
observation. Each step following polarization increases the
sample temperature, and so we overlay the steps on a plot of
the thermal equilibrium values of 'H and *C spin polarizations
vs T. Without HP, room-temperature samples exhibit just ppm
advantages of spin-up vs spin-down populations. This is due to
tiny energy differences between these states (42.6 and 10.7
MHz/T for 'H and "*C). Brute-force HP combats this problem
by making ultra-low-temperature (ULT), high-field polarization
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Figure 1. Polarization curves and schemes for solids-to-liquids
hyperpolarization (HP). (a) Brute-force HP, with polarization (P) vs
T for 'H and *C in a 14 T pre-polarizing field. The overlaid process
depicts ultralow temperature (ULT) polarization of protons and then
ejection of the cold, solid sample through conditions (B < ~100G) for
low-field thermal mixing, which equilibrates "*C spins with the pre-
polarized protons. Next is dissolution and then measurement of '*C
HP in a detection field from the shaded range (green), pertinent to
MRI (1.5, 3 T), or from benchtop to high-resolution NMR (1-9.4 T).
(b) Dissolution DNP, similarly depicted, at its typical 3.35 T. °C
polarization may be achieved by direct DNP from electron—"*C
coupling, or by "H DNP plus CP to *C to significantly reduce buildup

. 32,33
times.™™

levels available for observation at the warm temperatures and
range of fields typical to solution NMR (shaded green region in
Figure 1a). This covers from 1.5 T in conventional MRI to
about 9.4 T, representative of fields for solution NMR. Further,
the low-field end, down to 1 T, is relevant for benchtop NMR,
which is an increasingly valuable tool for chemical analysis."
The benefits of pre-polarizing at much lower T (and higher
B) are obvious from the plot. For example, samples near 100
mK and at 14 T have natural equilibrium polarizations 4—5
orders of magnitude higher than at the B and T values targeted
for NMR observation. Even relatively modest cryogenics (1—4
K) can enhance sensitivity by factors of 10°~10". As shown in
Figure 1b, d-DNP yields such gains at more modest T. But that
requires a vertical connection to highly polarized radical
electron spins using resonant microwaves (i.e., DNP), 3possibly
in concert with 'H—"3C cross-polarization (CP).>**> Brute-
force incorporates neither the gains nor the drawbacks of those
methods, yet it offers noted advantages of scalable sample
production and the potential for transportable HP.

B RESULTS AND DISCUSSION

Sensitivity gains >1500X at 1 T, relevant to imaging or
benchtop NMR, and ~150X for 9.4 T, high-resolution NMR
were obtained by the process summarized in Figure 1la. Systems
and methods used are detailed in the Experimental Section. In
brief, frozen samples were held at cryogenic T and B = 14 T for
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Figure 2. Brute-force HP *C NMR from 1-*C-pyruvic acid. (a) *C
echo train at By = 1 T and 40 °C from the dissolution product of a
sample polarized at 2.1-2.5 K and 14 T. Inset: signal-averaged
reference from the same sample, equilibrated to 1 T, 40 °C using 128
scans at 200 s recycle delay. (b) High-resolution *C spectrum at 9.4 T
from a separate aliquot of the same dissolution product. (c,d) Zoom to
peaks of pyruvic acid and pyruvate hydrate near 175 and 165 ppm,
respectively.

a period of pre-polarization. Next, pneumatic ejection removed
samples to a room-temperature station for dissolution into
warm water. *C NMR proceeded after the solution was
transferred to a 1 T or 9.4 T NMR system. Gains on the latter
are ~10X lower than at 1 T.

Results from neat 1-'*C-pyruvic acid, pre-polarized near 2.3
K and 14 T, are shown in Figure 2a. The HP *C signal at B, =
1 T was measured within 3 s of dissolution. It is an echo-decay
profile, where each point i is the integration of a 0.25 ms echo
window in a train from the sequence (7/2),~[7—(%),~7],
with 7 = 1.5 ms, t, = 40 ps, and n = 3800. The HP “magnitude
signal” (explicitly defined in the Experimental Section) is a
factor € = (1630 + 180) times larger than the average result
from four single-shot reference signals collected at intervals of S
min (~5 X T,). This corresponds to a polarization, P(**C) =
0.13%, that is 80% of the ideal achievable had *C fully
equilibrated to pre-polarization conditions. A signal-averaged
reference (Figure 2a, inset) was also collected over the
subsequent 8 h. Its initial echo intensity is 2500X that of the
HP signal. Larger apparent enhancements were typical from
signal-averaged vs single-shot references. However, that is likely
due to destructive interference of co-added scans, and we prefer
the conservative result from averaging several single-shot
references.

The apparent losses (~20%) are incurred during (a) the
several 100 ms ejection, including passage through low-field (20
G minimum), (b) a subsequent 2—3 s of ambient warming in
the 2 T dissolution station, and (c) the final solution-state
transit through Earth’s field on the way to measurement. The
latter appears to account for the majority, i.e., 15% loss (see SI
Figure 1), and might be lessened by transfer in a modest field**
(>100 G) and/or by adding an O, scavenger to the dissolution
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water.*® Finally, another pair of results indicates that losses
before ejection are insignificant. Both were obtained from pre-
polarization at 1.9 K and 14 T, for € = (610 + 40) and (690 +
40). The slightly larger value came despite tripling of the 50 s
typically experienced at T =~ 10—12 K in preparation for
ejection. Thus, re-equilibration is negligible during a T rise of
that scale and duration.

We also detailed chemically resolved enhancements for the
aqueous equilibrium between pyruvic acid and pyruvate
hydrate. Figure 2b is a high-resolution "*C spectrum (9.4 T,
100 MHz "C frequency) collected from an aliquot split-off at
dissolution of the same sample that gave the 1 T result of
Figure 2a. The aliquot for high-resolution NMR arrived 20 s
after dissolution. Accounting for the added ~17 s decay in
transit (SI Figure 1), the ratio of integrated HP and reference
spectra yielded high-field enhancement consistent with that at 1
T.

At the pyruvic acid peak (~165 ppm, Figure 2d),
enhancements were reproducibly 15—18% larger than from
pyruvate hydrate (~17S ppm, Figure 2c). The HP peak from
pyruvic acid is also shifted and broadened relative to its
reference peak (single-shot spectrum, collected S min after the
HP result). This reproducible distinction may be due to
incomplete mixing and equilibration prior to collection of the
HP signal. The hydrate shows no such change and may be less
susceptible to inhomogeneities, e.g., of T, pH, viscosity, etc.
Origins of the noted differential enhancement are less clear, as
the two species appear to have matching relaxation during the
Earth’s-field transit to the NMR magnet. [For example, see SI
Figure 1, but note, it reports relaxation measured on an
equilibrated sample.]

Polarization for ~10 h appears sufficient to achieve these
enhancements, although T data are not yet available for exact
quantitation. Results in Figure 2 followed much longer
polarization (70 h near 2.3 K). However, in a separate run,
just 13 h near 3.0 K yielded similar £ = (1170 + 70) for *C at 1
T. That corresponds to P(**C) = 0.10%, which again is 80% of
ideal for polarizing conditions.

Finally, a similar approach with sodium 1-'*C-lactate
(aqueous, 20% w/w) yielded ¢ ~ 500—700X from ~2.7 K
for 4 h in one instance and ~20 h in another. These correspond
to P(*C) ~ 0.05%, or ~40% of ideal from these conditions. We
also succeeded in our single attempt with 1-"*C-acetic acid (2.6
K for 17 h), but obtained only & ~ 60X, for P(**C) = 0.005%,
or ~4% of ideal. [HP and reference signals for lactate and acetic
acid are provided in SI Figure 2.]

These results demonstrate potential broader applicability of
brute-force HP. However, further study is required to define
whether conditions should be tailored for better performance
by mitigating unique losses on ejection and/or in the solution
state. For example, we observed aqueous 1-'*C-acetic acid and
sodium 1-"*C-lactate with twice the loss rate at B = S G that
aqueous 1-"*C-pyruvic acid exhibits. That loss might be avoided
by maintainin‘g ~500 G during transfer between dissolution and
NMR steps.>* In addition, losses on ejection may differ from
those of pyruvic acid due to distinctly located T; minima vs T
ranging 4—200 K. The minima are set by the freedom of methyl
rotations, which are known to vary vs physical preparation of
the sample® and thus expected to vary somewhat vs molecular
structure.

The efficiency of "*C buildup in our approach leverages the
relatively rapid development of 'H polarization (e.g, T;("H) ~
0.1 x T,("*C) for polarizing conditions of Figure 2).

~
~
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Equilibration into "*C occurs subsequently in the process
known as low-field thermal mixing (LFTM).*”*® Pneumatic
sample ejection through a region with B < ~100 G activates
LFTM as the field drops to a threshold where 'H and *C are in
spectral overlap. The cutoff is set by the local, dipolar field,
which dominates their line widths. LFTM brings heteronuclei
to a common “spin temperature” determined by the level of
pre-polarization in each spin I; and their “spin specific heats”,

G = p,'Ii(Ii + 1)(7’,)2 (1)
where p; is the fractional sample content of spin I; with
gyromagnetic ratio y, Neat, 99%-enriched 1-'*C-pyruvic acid
has normalized C; values for 'H at methyl and carboxylic sites
of 0.738 and 0.246, compared to a remarkably small 0.016 for
B3C (in spite of full isotopic enrichment at C;). Dominant 'H
specific heats mean that LFTM establishes essentially the full
'"H pre-polarization level on both nuclei. [See also discussion in
the SL] This buildup of P(**C) with retention of P(*H) can be
an advantage over more-familiar transfer schemes, such as CP.
LFTM also avoids confinement to an NMR coil, which
simplifies scalability to multiple samples. A second advantage is
that P("H) can be sourced either intermolecularly, as from
methyls in neat pyruvic acid, or from protic solvents, e.g., water
in our HP of 1-"C-lactate. A disadvantage is that LFTM does
not add enhancement by y;;/yx as in CP. Rather, LFTM yields
no more polarization on the low-y nucleus than could have
been achieved by waiting out direct equilibration to pre-
polarizing conditions.

Though LFTM has been understood for over 50 years,>”>*
recently other groups have also recognized its value for HP
transfer.”*' There, LFTM was performed on stationary
samples by cycling from a high polarizing field to near zero for
mixing, and then back up for NMR detection. Tens of minutes
are typically needed for such field cycling, whereas our ejection
process requires <1 s and is a natural fit with solid-state
extraction of brute-force HP.

Finally, we explored potential for further brute-force gains,
including the possibility of reaching enhancements on par with
d-DNP. That entails pre-polarization in sub-Kelvin regimes,
where continued 1/T scaling is expected down to ~30 mK for
'Hat 14 T (to ~10 mK for *C). The main challenge is a T}-
imposed waiting time, and, when polarizing near 500 mK, we
obtained only modest returns. Using 24 h pre-polarization,
these dissolution products exhibited no more than & & 600 at 1
T [P("*C) = 0.05%)]. Figure 3 plots output vs polarizing T to
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Figure 3. "*C enhancements vs pre-polarization T in 1-"*C-pyruvic
acid, as observed by pre-polarizing for £, & 24 h, and scaled to that
common time assuming P was in its linear phase of growth (tpol < T)).
The trend to reduced efficiency in attaining € as T drops is especially
clear when representing the same data as percent of the ideal &
achievable (blue squares) at the given polarizing T.
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reveal fading &4, below ~2 K for 1-C-pyruvic acid. Loss
profiles on ejection are independent of the polarizing T, so this
must be attributed to slower pre-polarization. In other words, as
T drops in the 0.5-3 K regime, T,("H) grows more quickly
than the equilibrium polarization, whose profile follows P =
tanh(yBy/2ksT) « (1/T), as in Figure la.

In spite of the excellent 2—4 K performance, Figure 3 reveals
a remaining challenge for brute-force HP. We have proven the
most efficient approach to achieve low-y HP without resorting
to irradiation or spin relaxation agents. The latter are ideally
avoided both for potential loss contributions during extraction
and as unwanted contaminants. Another point against
relaxation agents is that they would diminish the time available
for storage/transport of HP samples. Instead, the challenge of
long polarization times can be tackled by re-engineering to
accommodate multi-sample production.

Nonetheless, increasing absolute throughput may be
desirable in spite of the trade-offs of relaxation agents. In key
recent work, Gadian, Owers-Bradley, and co-workers reduced
T, by ~10X for '"H and "*C in frozen aqueous 1-"*C-sodium
acetate admixed with chelated lanthanides. There, Dy- and Ho-
based agents were effective down to 1 K.**** Better results
followed with Cu nanoparticles, giving >100-fold drops across
temperatures ranging 20 mK to ~1 K.* Because such agents
can be quantitatively filtered and exhibit limited effects on
solution relaxation, they are promising for combination with
the methods presented here. Other approaches, such as
application of mere monolayers of *He, to reduce T of nuclei
in a high surface-to-volume sample, also offer increased
throughput. For example, Friedman et al. discovered a 10-
fold drop in "F T, for fluoropolymers in low-T, high-B
conditions,** while Owers-Bradley found a similar effect from
*He as a relaxation switch when polarizing *’Xe near 200
mK.* With *He, removal is straightforward, even prior to
sample ejection.

Bl CONCLUSIONS

Brute-force polarization, solid-state extraction, and conversion
to solution-state HP offer a new approach for the fields of
NMR and MRIL We reached 10°-fold gains at a field relevant to
both MRI and emerging benchtop solution NMR applications,
as well as 10>-fold gains for high-resolution NMR. Furthermore,
this was achieved with the lone molecule of demonstrated
diagnostic value in HP imaging.25

A key milestone here is our crossing of the T, “valley of
death” with no more than 20% loss, and simultaneously passing
'H polarization onto *C by low-field thermal mixing. The
generality and simplicity of low-T, high-B polarization
combined with LFTM and dissolution provides several
advantages to complement dissolution DNP. Ciritically,
extracting brute-force polarization in the solid state opens the
door for transport of HP on slowly relaxing low-y nuclei. For
example, in a 2 T field achievable from permanent magnets,
T,(**C) is nearly 1 h at 50 K and up to 24 h near 10 K in 1-"*C-
pyruvic acid. For context, this is 10 times longer than the '*F
half-life utilized for transport in PET imaging.

Although the best enhancements from d-DNP remain much
larger (~100x), these initial brute-force results are already
sufficient for many applications. For example, '*C imaging in
animals at ~8 uL voxel size (well within the preferred range of
1-27 uL) is possible even at 1 T. Imaging at 3 or 7 T can push
to 1 L voxels, while polarization of larger samples could enable
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human imaging. These estimates assume a doubling of HP
losses en route to the sample (e.g., an in vivo tumor) and a §
mM concentration of 1-"*C-pyruvic acid at the imaged site. For
BBC NMR, >1000-fold gains are immediately noteworthy as 10
times the value available from isotopic enrichment. In
combination with multi-sample handling (to reduce the per-
sample throughput), this could enable new applications in
mixture/component analysis and evaluation of sample-limited
compounds (e.g., in natural products synthesis). The promise
of HP is also widely acknowledged across surface science,
medicinal chemistry, in-cell metabolism, and chemical or
biomolecular structure, dynamics, and kinetics.***” Here, it
can be delivered at moderate cost relative to d-DNP, without
the challenges and limitations of co-added radicals and
microwaves, and with far greater generality than current
parahydrogen or optical methods.

Our brute-force approach should also be extensible beyond
present small molecules, in which motions of methyl groups
establish time scales of polarization buildup and loss. Proteins
and a variety of polymer chains are loaded with methyls, and
similar 'H,"*C results are thus expected. Meanwhile, other
chemical functionality may likewise facilitate efficient brute-
force HP (e.g., 3¢, BN-, or 31P-bearing groups containing or
vicinal to protons). As with other HP methods, the main
challenge for biomolecules will likely be in combining complex
multi-dimensional NMR with the “single-shot utility” of HP.
Nonetheless, that problem can be overcome by encoding
different time steps for multi-dimensional NMR in distinct
spatial regions of the solution NMR sample.*®

B EXPERIMENTAL SECTION

The Polarizer. The polarization environment was controlled using
a Kelvinox 400 (Oxford Instruments) dilution refrigerator (DR) with a
magnet operating up to 14 T. The apparatus to handle sample
insertion, polarization, and ejection is shown in Figure 4a. This “U-
tube” insert to the DR was built to our design by ICE Oxford Ltd. It
consists of one arm connected to our gas-handling system (GHS),
with 99.999% He source (*He only). As shown in the inset to Figure
4a, the sample and a “wad” (to assist pneumatic ejection) rest on a
cross wire just on the other side of the U-turn, in the adjoined insert/
eject (I/E) arm. Calibrated Cernox sensors (Lakeshore Cryotronics)
were placed at several locations, including on heat exchangers at ~125
K and ~6 K and on the exterior of oxygen-free, high-thermal-
conductivity (OFHC) Cu segments at the U-tube base.

On the I/E arm, T ranges from 5 to 10 K over ~90% of its 1.8 m
length, as measured during light flow (2.7 L/min of He at 3 bar) with a
sensor held in the path. Cooling the I/E arm is key to mitigating
polarization losses on ejection. We achieved it via a series of 3-in.-long
copper clasps soldered to the exterior of the stainless-steel I/E arm.
Clasps reside between pairs of baffles along the helical upper section
and are joined by OFHC braids. This arrangement is ultimately
coupled to the DR’s 4 K plate (not shown), which is even with the 6 K
heat exchanger depicted in Figure 4a.

Sample Preparation. Samples were prepared in a N, drybox by
injecting ~40 uL of neat, deoxygenated 1-'*C-pyruvic acid (Cam-
bridge Isotope Laboratories) into a mold with a Teflon-coated pin to
push the sample onto the interior wall of a polycarbonate shuttle
(Figure 4b). Samples were frozen over a period of hours by placing the
mold into a —30 °C (243 K) freezer integrated to the drybox. After
being extracted from the mold, samples were removed from the
drybox for further handling or direct loading to the polarizer using a
“magazine” at —30 °C. This insulated the sample from room
temperature and provided airtight fittings to admit the sample to the
polarizer without air exposure.

Sample Introduction. Samples were introduced to the U-tube
under slight positive pressure (2.7 L/min flow). First, a Teflon wad
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Figure 4. Sample-handling systems. (a) U-tube cryogenic insert.
Helical coiling at the top prevents radiative transmission to the
bottom, where the sample region is centered in the B field. Sample and
wad rest on a support wire (inset). Condensed “He in the U-tube and
an external solid bar couple the sample to cooling power from the
mixing chamber (MC) of the DR, and to higher T stages via plates
(not shown) between the MC and the 6 K heat exchanger. The 125 K
and 6 K exchangers cool gaseous He (99.999%) for pneumatic
ejection, as facilitated by a solid Teflon wad behind the open
cylindrical sample. (b) Sample geometry and support shuttle.

was dropped in to facilitate eventual pneumatic ejection. Then, a
loaded magazine was attached to the I/E arm. Within 20—30 s of
exposing this apparatus to room temperature, the frozen sample was
released, falling to its rest position (Figure 43, inset). The I/E arm was
then capped, and a volume of *He was condensed to the U-tube as the
sample space cooled to below 4 K. Typically, this was achieved by
equilibrating an 11.4 L, room-temperature reservoir containing ~1/3
atm of 99.999% helium, providing ~5 mL of liquid He at the base of
the U-tube. Although that is less than the 11 mL needed to submerge a
sample, contact from either vapor-phase He or a superfluid film was
sufficient to thermally sink the sample to cooling from DR
components. The latter were coupled to the base of the U-tube by
an OFHC rod (Figure 4a) connected to the plate holding the
He/*He mixing-chamber (MC) of the DR. Both arms of the U-tube
are also coupled to higher-temperature DR stages (not shown) via
OFHC copper braids. These include plates in the DR for *He/*He
distillation, a 1 K pot, and the previously noted 4 K plate. The latter is
also coupled into the bath of liquid He in the cryostat holding the
surrounding 14 T magnet.

Sample Ejection and Dissolution. Figure Sa shows the system
configured to eject a sample. The path starts near the bottom of the
DR cryostat, whose top half appears in the foreground. The I/E arm
leads vertically to the top of the DR, where it mates with a vacuum-
jacketed bent tube (Figure Sa, top right), in which the indicated low
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Figure S. Ejection and dissolution systems. (a) Upper half of DR
cryostat in foreground. He flows from the gas-handling system (GHS)
to the U-tube described in Figure 4a. A pre-cooled (~80 K) bent tube
completes the eject path from the U-tube to a dissolution station at 2
T. The 2040 G fields on the bent path facilitate LFTM. (b)
Dissolution apparatus placed in the ~25 X 15 X 15 mm magnet bore
(top view), with adjacent sample tube to receive the solution-state
product. (c) Dissolution apparatus (titanium body), in which ejected
samples arrive along path 1. Sliding the center piece (Vespel) then
moves the sample along path 2, stripping off the wad. Finally, a
dissolution pin is inserted along path 3, into the open center of the
sample shuttle. Syringe injection of ~2.1 mL of water typically yields a
1 mL solution with near-quantitative transfer.

fields (<S50 G) activate LFTM, as described in the Results and
Discussion. The bent tube terminates at a dissolution station (detailed
below) in the center of a 2 T permanent magnet array (Dexter
Magnetics).

Preparation for ejection is initiated before the bent tube is put in
place, ie, when the U-tube is closed with sample at polarizing
conditions. To begin, the I/E arm is brought to positive pressure (1
psi) over ~5—10 min, first by boiling off condensed liquid He using a
heater on the exterior of the base of the U-tube. That process requires
~5—10 min [<«T,('H)], during which sample T gradually increases to
S K. Following this, 2.7 L/min is added from the GHS, which is
continuously joined to the other arm of the U-tube at the top of the
DR cyrostat. That further increases the sample T to ~10 K in ~45 s.
Meanwhile, the interior of the bent tube has been pre-cooled to ~80 K
using forced liquid N,. (HP signals were not obtained without this
cooling, whereas forced liquid He did not improve results.) When 1
psi relief occurs on the U-tube, 2.7 L/min flow is maintained, and we
then connect the pre-cooled bent tube both at the top of the DR and
at the dissolution station. Before ejection is actuated, 30—60 s
[«T,("H)] typically goes by with the sample T near 10 K.

Sample ejection was typically driven by a 0.9 s pulse of 120 L/min
of He at 3 bar. Time to sample arrival at the dissolution station varied
from ~0.4—0.8 s, depending on the path T encountered by the gas.
The station sits at 2 T to maintain polarization until the dissolution
step. Figure Sb shows the dissolution apparatus inside the 2 T bore,
while Figure Sc provides a full view. The caption details the process of
sample arrival followed by successive steps for manual actuation of a
slider (sample positioner), a dissolution pin, and a syringe of
deoxygenated Chromosolv water (Sigma-Aldrich). Those steps
typically require ~3 s, triggered by the sound of the sample’s arrival.
Aqueous output was collected in 10 mm NMR tubes for measurement
at 1 T, or occasionally split at a T-junction for simultaneous collection
of a second aliquot in a S mm tube for high-field, high-resolution
NMR. Sample concentrations (typically 200—300 mM) were
determined by analysis of integrated signals from high-resolution
spectra vs a standard series.
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NMR Measurements. High-resolution *C spectra were collected
on a Bruker Avance III 400 MHz spectrometer (100.6 MHz “*C
frequency) using a simple (7/2)-(detect) sequence with 8.3 us pulse,
1.3 s acquisition, and 24 kHz spectral width. The HP spectrum was
manually initiated after loading the sample with the standard I/E
mechanism.

Spin—echo results were obtained on a Bruker MiniSpec mq40 1 T
spectrometer (10.06 MHz '3C). The pulse sequence (z/2),~[7—
(ﬂ)y—T]n was employed, with 7 = 1.5 ms, t,/, and t, = 19.2 and 39.2 ps,
and n = 3800. Acquisitions of HP signals were triggered by an optical
sensor tripped when a sample tube was pushed into the NMR probe.

Echo trains were detected on resonance with quadrature sampling
(120 kHz) of the central 250 ps (30 points) of each echo. Decay
profiles (Figure 2a) were computed as

30
S(t) = Z (aj,kz + bj,k2)1/2
k=1 ()

where ¢ is the time at the center of the jth echo, consisting of k = 1-30
complex values, (a + ib)jyk. We report “magnitude signals” to indicate
the absolute signal intensity in an echo train. This is obtained by first
computing a weighted average of echoes,

3800
echo,,, = Z (g + iby 1) ) = {(a,g + ibyy)} .
j=1

where the exponential constant, 7 = 6.5 s, was used as a reasonable
match to the natural decay in all experiments. The magnitude signal is
then the single value resulting from

30
Sma = ( (aav ) > + (bav ) 2)1/2
g ; g/k g’k 4)

Constant offsets vs receiver gain were accounted using carefully
calibrated measurements on the empty spectrometer. An advantage of
the magnitude signal vs decay profiles is that even the non-HP
reference yields a reproducible value above the noise in a single scan.
In contrast, the decay profile is not discernible in the reference without
resorting to hours of signal averaging.

After initial HP measurement, samples were capped to limit O,-
induced relaxation. Single-shot references collected immediately
following the HP signal did not differ significantly from those
collected following hours-long, signal-averaged reference scans. This
indicates that apparently larger enhancements from signal-averaged
references were not due to chemical change.
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