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ABSTRACT: Hyperpolarized (i.e, polarized far beyond the
thermal equilibrium) nuclear spins can result in the radiofrequency
amplification by stimulated emission of radiation (RASER) effect.
Here, we show the utility of RASER to amplify nuclear magnetic
resonance (NMR) signals of solute and solvent molecules in the
liquid state. Specifically, parahydrogen-induced RASER was used to
spontaneously enhance nuclear spin polarization of protons and
heteronuclei (here '°F and *'P) in a wide range of molecules. The
magnitude of the effect correlates with the T relaxation time of the
target nuclear spins. A series of control experiments validate the
through-space dipolar mechanism of the RASER-assisted polar-
ization transfer between the parahydrogen-polarized compound
and to-be-hyperpolarized nuclei of the target molecule. Frequency-

RASER
(rCn)
para-H, + enhanced
@ X NMR
enhanced
'H NMR ‘ /NOE\\‘ ’
standard standard
IHNMR A\ < =) i__XNMR
T T T T T T T 1 T T T 1T T
76 7!411 72 70 NMR signal 70 _-74  -78
& “H (ppm) & *F (ppm)

selective saturation of the RASER-active resonances was used to control the RASER and the amplitude of spontaneous polarization
transfer. Spin dynamics simulations support our experimental RASER studies. The enhanced NMR sensitivity may benefit various
NMR applications such as mixture analysis, metabolomics, and structure determination.

B INTRODUCTION

Inherently low sensitivity is seen as a significant limitation of
NMR spectroscopy and imaging. The most efficient way to
improve NMR sensitivity is to create nuclear spin hyper-
polarization, ie., highly nonequilibrium population of the
nuclear spin states."”” At the moment, several hyperpolarization
techniques are available, including dissolution dynamic nuclear
polarization (d-DNP),’™° spin-exchange optical pumping
(SEOP),*™® parahydrogen-induced polarization (PHIP),” !

and signal amplification by reversible exchange (SABRE).'*"
d-DNP and SEOP are currently used for human biomedical
applications with astounding results.*'°~"® However, d-DNP
and SEOP require sophisticated and expensive equipment
limiting their widespread use and suffer from the long time
needed for production of a hyperpolarized (HP) sample and
the low duty cycles. In contrast, PHIP and SABRE are the
faster and more affordable alternatives. Both methods employ
parahydrogen (p-H,), the singlet spin isomer of dihydrogen, as
a spin order source. The PHIP technique is based on the
pairwise addition of p-H, to an unsaturated precursor at high
or low magnetic fields (PASADENA”" and ALTADENA™’
experiments, respectively). In SABRE, both parahydrogen and
substrate molecules undergo reversible exchange on a metal
complex; within the complex, nuclear spin polarization is
transferred from the p-H,-derived hydrides to a coordinated

© 2022 American Chemical Society

7 ACS Publications

15010

substrate via spin—spin couplings.'**' PHIP and SABRE allow
one to obtain more than 50% nuclear spin polarization within
seconds’>”® and with high duty cycles.”* However, these
techniques are substrate-specific. PHIP polarizes only com-
pounds for which the corresponding unsaturated precursors
exist. For SABRE, the substrate should transiently coordinate
to the metal complex.””>® The recently proposed SABRE-
Relay”®™** and PHIP-X* approaches expand the scope of
polarizable compounds to those with exchangeable protons,
although the currently attainable target polarization levels are
significantly lower than those for compounds directly polarized
by PHIP or SABRE.

The radiofrequency amplification by stimulated emission of
radiation (RASER) effect was previously shown for optically
pumped *He and '®Xe and in DNP experiments.*'—>*
Recently, RASER was also demonstrated in SABRE and PHIP
experiments.”> ™" The detailed description of the RASER
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theory can be found elsewhere.’” In brief, RASER is a result of
a nonlinear interaction of negatively hyperpolarized nuclear
spins with the resonant circuit of the NMR probe. The RASER
emission starts if population inversion is high enough and
continues as long as high population inversion is maintained.
The Fourier transform (FT) of the RASER NMR signal can
result in dramatically narrowed NMR lines with the full width
at half-maximum (FWHM) of several mHz.>**> The RASER
emission can be triggered or starts spontaneously so that the
MR signal can be acquired without the application of a
radiofrequency (RF) pulse allowing for background-free
detection of HP compoundg.41 Also, the small difference in
the initial population inversion density inducing RASER can be
employed as a source of contrast for magnetic resonance
imaging (MRI).*

Another phenomenon related to hyperpolarization techni-
ques is the spin polarization-induced nuclear Overhauser effect
(SPINOE)—spontaneous transfer of polarization from HP
species to other molecules in solution via dipole—dipole
interactions.”” SPINOE was previously demonstrated with
optically pumped '*Xe*™* and with [1,4-"*C,]fumarate
hyperpolarized by d-DNP.*® Recently, optical polarization of
pentacene-doped naphthalene crystals was also employed as an
efficient SPINOE hyperpolarization source.”” SPINOE was not
reported for PHIP and SABRE effects alone. However,
recently, Korchak et al. demonstrated that if PASADENA
hyperpolarization is high enough to initiate the RASER
activity, 'H resonances of the solvent or the solute (shown
on the example of N-acetylated amino acid) are enhanced via
dipolar interactions.*® This effect was called PRINOE
(parahydrogen and RASER-induced NOE).** Herein, we
investigate the efficiency of PRINOE hyperpolarization of a
broad range of substrates. We show that the PRINOE
approach can be employed for hyperpolarization of other
nuclei beyond protons (eg, '"F and *'P). Moreover, we
demonstrate that both ALTADENA and PASADENA RASERs
can provide PRINOE effects, and we propose the use of
saturation of the RASER-active resonances with the train of
soft RF pulses for increasing the PRINOE efficiency.

B EXPERIMENTAL SECTION

Here, the typical procedure of the PHIP RASER experiments is
described. In several experiments, we made some modifications
to this typical procedure—these specific experimental details
can be found in the Supporting Information (SI). Commer-
cially available vinyl acetate (Sigma-Aldrich, >99%), bis-
(norbornadiene)rhodium(I) tetrafluoroborate ([Rh(NBD),]-
BF,, NBD = norbornadiene, Strem 45-0230, >96%), 1,4-
bis(diphenylphosphino)butane (dppb, Sigma-Aldrich, 98%),
methanol-d, (CIL, 99.8% D), and ultrapure hydrogen
(>99.999%) were used as received. Hydrogen gas was enriched
with p-H, to a 98—99% content using a parahydrogen
generator based on a closed-cycle helium cryostat (CryoPribor,
CFA-200-H2CELL) and a cryocompressor (Sumitomo,
Zephyr HC-4A). Hydrated iron oxide FeO(OH) (Sigma-
Aldrich, 371254) was used in a cell as a spin conversion
catalyst. For the sample preparation, vinyl acetate (VA) was
dissolved in CD3;0D, and the obtained solution was added to
the mixture of [Rh(NBD),]BF, and dppb. The amounts of
reactants were calculated to get concentrations of VA and Rh
complex of 0.8 M and 10 mM, respectively; dppb was taken in
a ~2% excess with respect to Rh. The solution was left for ~30
min with periodic mixing to ensure formation of the

[Rh(NBD)(dppb)]BF, ([Rh]) complex. The resultant sol-
ution (0.6 mL) was placed in a standard S mm Wilmad NMR
tube tightly connected with a 1/4 in. outer diameter PTFE
tube. Optionally, the required amount of the target compound
(e.g, benzene) was added to provide a 0.8 M concentration.
The scheme of the experimental setup is presented in Figure
1b. The gas lines were purged with p-H, for ~1 min. The
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Figure 1. (a) Reaction scheme of vinyl acetate hydrogenation with p-
H, to yield HP ethyl acetate. (b) Scheme of the experimental setup
used for RASER and PRINOE experiments. (c) Event sequence in
RASER and decay protocol experiments. In the RASER protocol, the
"H NMR signal was acquired for 59 s without the application of an RF
excitation pulse. In the decay protocol, a series of "H NMR spectra
were acquired after the application of 2° RF excitation pulses with a 2
s repetition time.

sample was connected to the gas lines and pressurized to 6.2
bar (regulated by a 75 psig safety valve) while the bypass valve
(see Figure 1b) was opened. The sample was heated to 80 °C
in a beaker with hot water for 30 s. Then, p-H, bubbling was
initiated by closing the bypass valve; the gas was bubbled at a
100 standard cubic centimeters per minute (sccm) gas flow
rate for 15 s. The gas flow rate was regulated using a mass flow
controller (Brooks Instrument, model S8SOE). Next, the
sample was rapidly taken out from the beaker, dried with a
paper towel, and placed into the NMR probe of a 7.05 T
Bruker AV 300 NMR spectrometer. The sample transfer time
was ~7 s. A S mm PH DUL 300S1 C-H-D-0S CIDNP NMR
probe with a Q factor of ca. 550 was utilized. The temperature
of the NMR probe was set at 297 K. NMR signal acquisition
was started ~1 s before the sample was placed into the NMR
probe. In the RASER protocol experiments, the NMR signal
was acquired without the application of an RF excitation pulse
(acquisition time = 59.14 s). These experiments were
performed without the addition of the target compound. In
the decay protocol experiments, a series of NMR spectra were
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acquired with the application of 2° RF excitation pulses with a
2 s repetition time.

Bl RESULTS AND DISCUSSION
ALTADENA RASER Effects. To initiate the RASER,

pairwise addition of p-H, to vinyl acetate over the
homogeneous [Rh(NBD)(dppb)]BF, catalyst to form HP
ethyl acetate (EA) was performed (Figure la). To achieve
high-amplitude initial magnetization required to initiate the
RASER activity, we used a high initial VA concentration of 0.8
M. Hydrogenation of VA was performed via bubbhng of p-H,
at the Earth’s magnetic field (ALTADENA conditions”®) using
the experimental setup presented in Figure 1b. The RASER
effect was probed either using the RASER protocol or using
the decay protocol (see Figure lc and the Experimental
Section). The observed RASER signals and the corresponding
FT spectra were generally similar to the previously published
results®” and are presented and described in details in the SI
(see Figures S1 and S2).

Observation of PRINOE Effects. Normally, after
ALTADENA hyperpolarization of EA using the [Rh] catalyst,
PHIP effects are observed for the EA ethyl moiety,
norbornene, and norbornane.” However, in the RASER
experiments described above, essentially all other protons
present in the solution were also hyperpolarized: the acetyl
CHj; group of EA (which has a negligible J coupling to the
protons of the ethyl moiety and thus is normally not
hyperpolarized in ALTADENA experiments””), all protons of
unreacted VA, and the residual protons of the methanol-d,
solvent (Figure 2). These results suggested a hyperpolarization
transfer to molecules not involved in the hydrogenation
reaction, which was investigated further.

Indeed, we found that other molecules can be hyper-
polarized in the same way, when added to the solution, even if
they are not expected to chemically interact with the catalyst,
p-H, and EA. For convenience, we call such added chemicals
as target compounds throughout this article. We chose
benzene as a model target compound because its 'H chemical
shift is far away from HP EA signals, and it has 6 equivalent
protons giving an intensive NMR signal. The concentration of
target compounds was 0.8 M—equal to that of VA in the
starting solutions. Notably, all protons, which showed these
abnormal polarization effects, had emissive (ie, negative)
NMR signals. This spontaneous hyperpolarization of chemi-
cally inactive compounds in solution in the presence of PHIP
RASER is a result of the parahydrogen and RASER-induced
NOE (PRINOE) effect recently introduced by Korchak et al.**

The kinetics of target compound signal enhancement (SE)
was probed via the decay protocol (acquisition of a series of
NMR spectra after application of 2° RF pulses with a 2 s
repetition time). SE was estimated as the ratio of integrals of
the corresponding lines measured for the spectra of hyper-
polarized and thermally polarized solutions, respectively. Note
that we include the sign of the NMR signal integral in SE
calculations, resulting in negative SE for emissive signals. The
SPINOE kinetic curve for benzene showed the clear maximum
(for convenience, here and later on SPINOE curves are
discussed in terms of absolute SE values) at t = 48 s after the
sample was placed into the NMR probe of a 7.05 T NMR
spectrometer, SE,,,, = —3.4 (Figure 3). This SE was obtained
at 60% conversion of VA to EA with a 12.5% initial 'H
polarization of the EA H, proton (Figure 3). The
biexponential fit of the benzene SE kinetic curve according
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Figure 2. (a) Reaction scheme of VA hydrogenation with p-H, to
yield HP EA. (b) Reaction scheme of NBD hydrogenation with p-H,
to yield HP norbornene and norbornane. (c) 'H NMR spectrum
acquired in ALTADENA hyperpolarization of EA using the decay
protocol with a 2° RF excitation pulse 48 s after the sample is placed
in the NMR probe with benzene added as a target (the blue insets
show magnified signals of HP compounds). (d) Thermal reference
spectrum of the same solution acquired using a 90° RF pulse after
relaxation of hyperpolarization. The NMR spectra were recorded at
7.05 T. (e) Signal enhancement factors (SE) observed for the
SPINOE-hyperpolarized protons in spectrum (c). SE is the ratio of
integrals of the corresponding lines with and without hyper-
polarization.

to the SPINOE formula®® yields characteristic rise and decay
time constants t; = 31.1 + 0.8 s and t, = 65 + 1 s (Figure 3).

PRINOE Mechanism. Previously, PRINOE was observed
in PASADENA conditions™ resulting in initial multiplet
antiphase polarization of EA, which is then converted to the
net in-phase positive magnetization by the action of RASER.
The resultant highly nonequilibrium total nuclear spin
polarization of EA induces hyperpolarization of other
compounds present in the solution via dipolar interactions
(i.e, SPINOE effect). According to SPINOE theory,”™*® the
sign of the SPINOE effect is the opposite to the sign of the
polarization source. Thus, positive hyperpolarization of EA
induces negative SPINOE signals of the target compounds.*®

Here, in ALTADENA experiments, EA initially possesses net
polarization of individual spins, but the signals of its H, and
Hp, protons have different signs resulting in close to zero total
net magnetization of the molecule. In this case, the
spontaneous NOE polarization transfers from H, and Hj
protons are expected to compensate each other leading to a
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Figure 3. (a) Reaction scheme of VA hydrogenation with p-H, to
yield HP EA with a subsequent NOE polarization transfer to benzene
as a target molecule. (b) Kinetics of SPINOE 'H NMR signal
enhancement of benzene (blue squares, left Y-axis) and simultaneous
decay of EA 'H hyperpolarization (green circles, H, proton, and
purple triangles, Hy proton, right Y-axis). The initial data points for
polarization of the Hy proton were excluded due to the strong RASER
effects. The data were measured using the decay protocol (signal
acquisition after a 2° RF excitation pulse, repetition time of 2 s) at
7.05 T. The '"H NMR spectrum at t = 48 s is presented in Figure 2c.

zero total SPINOE. Because of this, the ALTADENA approach
was believed to be hardly suitable for SPINOE hyper-
polarization of other compounds present in the solution.*®
However, our results demonstrate that this is not the case.

In ALTADENA experiments, the emerging RASER activity
significantly suppresses the signal of the negatively polarized
spin (Hy proton of EA in our case) resulting in positive total
nuclear spin polarization, as confirmed experimentally (see
Figure 3b) and by the spin dynamics simulations (see the
Supporting Information). This high positive net magnetization
induces negative polarization on the target (and other)
molecules via dipolar interactions.

To verify the PRINOE mechanism for ALTADENA, we
performed two additional experiments. First, the HP sample
was kept at 7.05 T but outside of the RF coil for 20 s, allowing
for relaxation of EA polarization below the RASER threshold.
When this sample was finally moved into the RF coil region
and its 'H NMR spectrum was acquired, no polarization on the
benzene target was observed (details in the SI, Figure S3).
Second, a S mm NMR tube with the solution of the [Rh]
catalyst and VA in CD;OD was placed inside a 10 mm tube
with DMSO-dg. The benzene target was added either to the
inner or to the outer tube. In the decay protocol ALTADENA
experiments with these two sample compositions, hyper-
polarization of benzene was observed only when it was in the
solution with HP EA (details in the SI, Figure S4). Together,
these experiments prove that both the RASER effect and the
short-distance intermolecular interactions are necessary for
hyperpolarization of the target compounds.

Manipulating PRINOE with Frequency-Selective RF
Pulses. In the subsequent experiments, we investigated the

effect of saturation of the EA 'H NMR resonances with a train
of soft 90° RF pulses on the PRINOE polarization of the target
molecule. When the resonance of the EA CH, group (H,,
positively polarized in ALTADENA) was saturated followed by
the application of a hard 90° RF pulse and FID acquisition, SE
= —0.9 was obtained for the benzene target (Figure S7). The
saturation of the EA CHj signal (Hg, negatively polarized in
ALTADENA) yielded SE = —4.9, while in a control
experiment, when no soft pulses were applied, SE = —3.9
was obtained. These results proved that hyperpolarization was
transferred from EA to the target compound via SPINOE since
the magnitude of NOE polarization transfer should be
proportional to the difference in polarization of H, and Hyg
spins of EA. Moreover, application of frequency-selective
pulses manifests itself as a tool to control PRINOE
hyperpolarization.

Solvent and Temperature Effects. The efficiency of
short-distance intermolecular polarization transfer via NOE
depends on the molecular mobility, which can be controlled by
the solvent viscosity and temperature. First, we changed the
solvent from CD;OD to acetone-ds. In this case, the
ALTADENA RASER effect was observed, but the NMR signal
of the benzene target was positive throughout the time window
of the decay NMR spectra acquisition (Figure S8). However,
the kinetics of benzene signal evolution was qualitatively
similar to the SPINOE curve presented in Figure 3b with the
minimum at ¢ = 20 s. Therefore, it can be concluded that the
PRINOE effect is operating in the case of the acetone-dg
solvent, but it is not strong enough to shift the target signal to
negative values. Weaker PRINOE in acetone-dg is primarily
caused by the lower conversion of VA to EA (32% vs ~61%)
and the lower EA polarization levels (4% vs ~12%, H,
proton), resulting in an ~6 times lower initial magnetization
amenable to SPINOE transfer to the target molecules. Another
factor is the lower viscosity of acetone-dg leading to higher
mobility of molecules and a shorter average time window for
the intermolecular polarization transfer by NOE (although
here, the effect of viscosity is inferior to the effect of the initial
polarization of EA).

The temperature effect on PRINOE efliciency was
investigated by varying the temperature inside the NMR
probe in the range of 268—308 K while keeping the reaction
temperature at 353 K to maintain the HP EA yield and
polarization. Unfortunately, the temperature range available for
this study was rather limited because at higher temperatures
the hydrogenation reaction can continue to a significant extent
while the sample resides in the NMR probe. This would
definitely affect the PRINOE dynamics and magnitude.
Although the exact temperature of the sample throughout
this experiment is not known, the measurements by a Bruker
variable temperature (VT) unit show that the temperature of
the NMR probe rises only by ~1 K after the preheated sample
is placed inside the detecting coil. This indicates that the
sample cooling inside the probe is rather eflicient and that the
better part of the PRINOE dynamics proceeds at the constant
temperature set by the VT unit. No significant difference in
benzene SE was detected in the probed temperature range
(Figure S9d), likely because both the relaxation rate and the
rate of SPINOE polarization transfer (or the NOE cross-
relaxation rate) decrease with temperature.”

PHIP Substrate and Target Molecule Effects. When 2-
hydroxyethyl acrylate (HEA) was used as a PHIP precursor to
produce HP 2-hydroxyethyl propionate (HEP), RASER effects
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were observed similar to the case of EA (Figure $10). PRINOE
enhancement was detected for the benzene target albeit at a
low intensity with SE,,, = —0.2 (Figure S11). Again, the lower
efficiency of PRINOE is correlated with the lower polarization
levels of HP HEP compared to HP EA (3.35% vs ~12%).

Next, we explored the scope of target molecules amenable to
PRINOE hyperpolarization. Amines (benzyl amine and
ethanolamine) deactivate the catalyst likely via irreversible
coordination to the Rh center, completely preventing EA
production. Carboxylic acids (malonic and citric acids) also
deactivate the catalyst but not completely—in this case, HP
EA was formed but with the significantly lower polarization
and conversion levels (Table S1). The obtained molar
polarization PMy, values of 1.7 and 1.4 mM, respectively, are
not high enough for the RASER initiation. As a result, the
target protons are not hyperpolarized. Most of the other target
compounds tested (methanol, benzyl alcohol, hydroquinone,
N,N-dimethyl formamide, benzene, furan, dichloromethane,
and chloroform) did not show any effects on the catalyst
performance, yielding ca. 60—70% conversion of VA to EA and
a Pgy of ca. 10—12% corresponding to ca. 45—60 mM P
(Table S1). Interestingly, the dimethyl sulfoxide (DMSO)
target boosts the catalyst activity resulting in full consumption
of VA after 15 s of p-H, bubbling but at the expense of EA
polarization. As a result, a P"'g, of 52 mM is obtained in the
case of DMSO, which is similar to the case of other target
compounds (Table S1). The increased VA hydrogenation
efficiency in the presence of DMSO can be attributed to
coordination of DMSO to the [Rh] catalyst, promoting its
activity.

The maximum PRINOE signal enhancement observed for
the target molecules clearly correlates with their T relaxation
times (Table 1 and Figure S12). The most efficiently

Table 1. Maximum PRINOE Signal Enhancements (SE,,,,
and T, Relaxation Times for Various Target Compound

SE o/ P
target compound SE e M T,, s*
N,N-dimethyl -1.0 + 0.1 —-16+ 5 4.59 + 0.06
formamide”
hydroquinone —-13 + 04 =22+ S5 6.93 + 0.06
dimethyl sulfoxide -12 +£02 23+ 4 7.61 + 0.05
dichloromethane -21+12 —42 + 20 162 + 0.3
methanol —-1.7 + 0.8 —26 +7 17.1 + 0.2
benzyl alcohol” -14+ 1.0 -31+13 221+ 02
benzene -3.1+ 0.8 -54 +9 56 +2
furan -45 + 127 —-83 + 11 92 + 67
—44 + 1.0° —82 + 6° 87 +1°
chloroform —-3.7 + 0.7 —65 +9 96 + 6

“T, measured at 297 K for the samples after hydrogenation in
CD;0D. “Data for the formyl proton. “Data for the combined signal
of the aromatic protons. “Data for the protons in positions 2 and S.
“Data for the protons in positions 3 and 4. “Additional data for these
target compounds are presented in Table S1 in the SI. Examples of
PRINOE kinetic curves are presented in Figure S13.

hyperpolarized compound was furan with SE_,, = —4.5 =+
1.2 for the protons in positions 2 and S (T; = 92 + 6 s) and
SE,..x = —4.4 £ 1.0 for the protons in positions 3 and 4 (T, =
87 + 1s). Also, the strong enhancement of SE,,,, = —3.7 = 0.7
was obtained for CHCl; (T; = 96 + 6 s). The obtained values
are in line with the results of Korchak et al. who showed an SE
of up to —4.4 for CHCl,.*

To show the viability of PRINOE for NMR signal
enhancement of more biologically relevant compounds, we
investigated ethyl pyruvate as a target. Hyperpolarized ethyl
pyruvate is a prospective contrast agent for metabolic MRI,
especially for brain imaging.”' >’ PRINOE polarization of
ethyl pyruvate resulted in SE,,, = —2.9 for the protons of the
acetyl group of its keto form (Figure S14). Detection of
PRINOE for other protons of ethyl pyruvate (the acetyl group
of the hemiacetal form and the ethyl group) was complicated
due to their overlap with the strongly enhanced 'H NMR
signals of HP EA.

Heteronuclear PRINOE. Finally, we demonstrate that
PRINOE can be employed for hyperpolarization of other
nuclei beyond 'H. The F nuclei of fluorinated compounds
CF,CO,Et, (CF,),CHOH (HFIP), CF,CH(OH), and
CF,CH(OH)(OEt) were polarized in the presence of the 'H
ALTADENA RASER inside the probe of a 1.4 T benchtop
NMR spectrometer (Figure 4a and Figure S14). Ethyl
trifluoroacetate demonstrated SE . = —1.25, while the other
three compounds provided the same averaged SE_,, = —6.8
(Table S2). Similar to "H PRINOE, the observed '’F signal
enhancements show correlation with the corresponding T,
relaxation times—for CF;CO,Et, T, was shorter than those for
the other target compounds (Table S2). The PRINOE
hyperpolarization of *'P nuclei of hexamethylphosphoramide-
dis (HMPA-d;5) (Figure 4b) yielded SE., = —0.7 + 0.1
(Table S3). We expect that *C or N nuclei can be
hyperpolarized using PRINOE in a similar way. Experimental
proof of this assumption is not trivial because one needs to use
an isotopically labeled target compound to get a detectable
PRINOE signal. Moreover, this compound should meet other
requirements such as (i) high solubility in methanol (this
excludes simple inorganic salts), (ii) no effect on the catalyst
activity (this excludes popular SABRE substrates”"** and
carboxylic acids), and (iii) no C=C or C=C bonds (this
excludes PHIP-SAH precursors”°). Therefore, the investigation
of ®C and "N PRINOE requires the synthesis of carefully
designed isotopically labeled compounds and is the subject of a
future study.

B CONCLUSIONS

In this work, we demonstrate that spontaneous SPINOE
hyperpolarization of protons and heteronuclei in solution can
be achieved in ALTADENA experiments with a high-field
RASER effect. Spin dynamics simulations and experiments
proved that radiation damping converts the ALTADENA spin
order to positive net magnetization of the two spins, which
induces negative magnetization onto the target spins via
dipolar interactions. We show that frequency-selective
saturation of the RASER-active spin increases the efficiency
of PRINOE signal enhancement of the target compound.
Investigation of the broad range of target molecules revealed
that the attained signal enhancements correlate with the T
relaxation times of the corresponding spins. The largest 'H
PRINOE enhancements were obtained for furan, chloroform,
and benzene. Moreover, the PRINOE approach can be
employed for NMR signal enhancement of prospective
metabolic MRI contrast agents such as ethyl pyruvate. Finally,
we show that PRINOE is applicable not only for hyper-
polarization of protons but also for heteronuclei, as
demonstrated on the example of '’F and *'P. The increased
sensitivity is especially promising for analytical applications of
NMR. We envision that PRINOE NMR signal enhancement

https://doi.org/10.1021/acs.analchem.2c02929
Anal. Chem. 2022, 94, 15010-15017


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02929/suppl_file/ac2c02929_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c02929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

a 0O H Ha-H NOE 19F
A B
)I\o)\("' [Rh] )I\o)\/HB 4
H P

b 1SE = 1+Blexp(-t/t;)-exp(- )]

~ 1B =33.95+0.08 an?

S Ot =12.98:003s _*=

§ 1t, =27 s (fixed)

G -2+

e 4

c

s ]

g 4

o ]

T

x

z '6'_

oI§L 1 [ ]

8-

(2}

0.5
] SE = -0.81

3P NMR signal enhancement
o
|

N(CD3),
O=FI’_N(CD3)2
N(CD3),
05 B =3.240.1 e I"fsl'l1|6
] t, =55+2 s 531p (ppm)
1 1 SE = 1+B[exp( t/t 1)-exp(-t/ty)]
=177 T L AL A L L |
0 100 200 300 400
Time (s)

Figure 4. (a) Reaction scheme of VA hydrogenation with p-H, to
yield HP EA with a subsequent NOE polarization transfer to '°F or
*'P nuclei. (b) Kinetics of PRINOE '°F NMR signal enhancement of
HFIP. The data were measured using the decay protocol (signal
acquisition every 6—8 s with the application of a 6.5° RF excitation
pulse) at 1.4 T. The inset shows the '’F NMR spectrum of PRINOE-
hyperpolarized HFIP acquired 18 s after the sample is placed in the
NMR probe (top blue trace, multiplied by a factor of 16) and the
thermal reference '’F NMR spectrum of the same solution acquired
with 16 signal accumulations (bottom black trace). (c) Kinetics of
PRINOE *'P NMR signal enhancement of HMPA-d,. The data were
measured using the decay protocol (signal acquisition every 3 s with
the application of a 6° RF excitation pulse) at 7.05 T. The inset shows
the P NMR spectrum of PRINOE-hyperpolarized HMPA-d,g
acquired 27 s after the sample is placed in the NMR probe (top
blue trace, multiplied by a factor of 16) and the thermal reference *'P
NMR spectrum of the same solution acquired with 16 signal
accumulations (bottom black trace).

may be exploited in the same way as SABRE hyperpolanzanon,
which has shown its utility for analysis of natural extracts®® and
biofluids.””*® The detailed study of the concentration
dependence of PRINOE effects is warranted to explore the
prospects of their analytical chemistry applications. Although
current implementation of PRINOE does not provide similarly

impressive NMR signal enhancements of the solute molecules
as a recently reported alternative approach based on triplet-
DNP of pentacene-doped naphthalene,”” the PHIP RASER
approach benefits from significantly faster polarization buildup
(seconds vs 2—3 h) and, unlike triplet-DNP, does not require
highly specialized polarization equipment and high purity of
polarization source material. Future optimization of the PHIP
precursor nature and experimental conditions will hopefully
increase the NMR signal gain provided by the PRINOE
approach in order to make it more efficient for new NMR
applications.
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