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Abstract: Nuclear magnetic resonance is usually drastically
limited by its intrinsically low sensitivity: Only a few spins
contribute to the overall signal. To overcome this limitation,
hyperpolarization methods were developed that increase
signals several times beyond the normal/thermally polarized
signals. The ideal case would be a universal approach that can
signal enhance the complete sample of interest in solution to
increase detection sensitivity. Here, we introduce a combination
of para-hydrogen enhanced magnetic resonance with the
phenomenon of the RASER: Large signals of para-hydrogen
enhanced molecules interact with the magnetic resonance coil
in a way that the signal is spontaneously converted into an in-
phase signal. These molecules directly interact with other
compounds via dipolar couplings and enhance their signal. We
demonstrate that this is not only possible for solvent molecules
but also for an amino acid.

Introduction

Maximizing the detectable signals is the goal for just about
any spectroscopic technique. In particular, the method of
nuclear magnetic resonance (NMR) is primarily sensitivity
limited." There are several ways to improve sensitivity, such
as increasing the magnetic field or cryo-cooling the detector
and generally reducing the noise generated by the spectrom-
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eter electronics.”! Another possibility is to use hyperpolariza-
tion methods that increase the spin population in one specific
energy state resulting in a signal enhancement as compared
with the equilibrium polarization in the NMR magnet.”>!

There are several ways to prepare highly polarized
nuclear spins. The most universal, solid-state dynamic nuclear
polarization (DNP), can theoretically polarize any kind of
molecules in solids but the performance of the method is still
strongly dependent on optimization of parameters such as the
particular glass matrix forming solvent, molecular structure of
the analyte, the choice of polarizing agent, often an organic
(bi)radical, and it requires cryogenic working-temperatures
for biological samples.”** An alternative is to enhance signals
using para-hydrogen which can be performed in the liquid
state.’>* To generate polarization, the singlet spin order of
para-enriched dihydrogen (pH,) is used either by reacting
pH, with an unsaturated precursor (para-hydrogen induced
polarization, PHIP) or by a reversible exchange process with
a mediating catalyst during which the molecule of interest
stays unchanged (signal amplification by reversible exchange,
SABRE).”™ Both para-hydrogen techniques are, however,
very limited with respect to which molecules can be signal-
enhanced because either an unsaturated precursor (PHIP)
needs to be available or the molecule of interest must have
favorable binding properties to the applied catalyst (SA-
BRE). To further broaden the applicability for both methods,
possibilities were devised to signal enhance mobile protons
that exchange with another molecule of interest to which the
polarization is subsequently transferred.”! Overall, it would
be desirable to obtain a general way of enhancing molecules
in the liquid.

Results and Discussion

Herein, we have used the recently introduced para-
hydrogen RASER (radiofrequency amplification by stimu-
lated emission)®™ and demonstrate that it can be used to
spontaneously create large amounts of net magnetization
from the non-equilibrium populations created via PHIP.
Hereby stimulated emission, caused by interaction of the
sample magnetization with the radiofrequency coil, drives
a population inversion for transitions of negative polarization,
if these polarizations become large enough. The underlying
effect is radiation damping (RD).”) In our case the anti-phase
patterns typically observed after high-field PHIP, which do
not carry net magnetization, are converted into in-phase
patterns which do carry net magnetization.
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The aim of this study is to set a framework for a universal
method that can be used to signal-enhance molecules in
solution and we demonstrate this with solvent molecules and
an N-acetylated amino acid as test molecules. Hydrogen
atoms are spin-1/2 nuclei with nearly 100 % natural abun-
dance which we aim to signal enhance to a large extend
(>10%) and transfer the obtained polarization to other
molecules of interest in their proximity. One particular
strength of this approach is that hydrogen as a source is
cost-efficient and widely available. To do the polarization
transfer from signal-enhanced hydrogen to other molecules,
the SPINOE effect!"”! will be used which will require an in-
phase magnetization. While heteronuclear approaches, main-
ly with signal-enhanced xenon'!! have been studied, we focus
here on a homonuclear SPINOE. SPINOE transfer efficiency
depends on the dynamics of the two interacting molecules,
spin source and the spin receiver. Fast dynamics result in
negative spin transfer and very slow dynamics result in
positive transfer of the spin polarization. The regime in
between is the one where SPINOE may result in signal loss
rather than enhancement."® With this in mind, if a large
enough hyperpolarization is provided, nearly any dynamics
regime can be used for signal enhancement. For systems in
which dipole-dipole cross relaxation is the predominant
relaxation mechanism, as assumed for 'H-nuclei herein, at
least two modes of motion have to be considered when
estimating the efficiency of the SPINOE transfer: Rotational
diffusion of the molecules, causing polarization loss due to
intramolecular dipole-dipole relaxation and translational
diffusion, causing intermolecular dipole-dipole relaxation,
which is both the driving force for the magnetization transfer
during the SPINOE as well as a source for polarization loss.
Models for both processes are briefly summarized in chapter 2
of the SI.

Even though the experiments described later will involve
more than two spins, quite reasonable estimates of the
maximum enhancements that can be expected from the
simple two spin-1/2 model described in chapter 3 of the SI. In
our case, a slightly more realistic model including two spin-1/2
for the polarization source, including intramolecular cross-
relaxation and differential leakage, and one spin in the target
molecule yields very similar results (5% deviation for the
solvent case discussed below). We make our estimates,
assuming cross-relaxation driven by translational diffusion
in the absence of intermediate complex formation between
the spins. If a hyperpolarized molecule such as ethyl acetate-
dg could be prepared with a 100% spin polarization on 'H,
notable SPINOE enhancement could be expected for other
'H spins with long 'H-T,, even when working in low viscosity
solutions. For an example solution containing 100 mM ethyl
acetate and 100 mM CHCl; ("H-T;~180s), a maximum
enhancement for CHC; of ecyey,ma = —73 at By=7T (P=
0.16 %) could be expected (see chapter 4 SI). For targets with
more typical 'H-T; for small organic molecules, the maximum
achievable enhancements are smaller, but still sizable.
Assuming 'H-T; ca. 5s and diffusion coefficients typically
found in for example, methanol we still find ey, max = —15 at
By,=7T (P=0.034%). For details on our estimations, see
section4 of the SI. So despite the relatively inefficient
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polarization transfer through intermolecular NOE by trans-
lational diffusion in low viscosity solvents, notable enhance-
ments can still theoretically be achieved with para-hydrogen
enhanced substrates, due to the very high proton polar-
izations.

To minimize relaxation losses, the ideal case for enhancing
a sample of interest is to perform all the necessary steps
directly at the site of measurement which is usually inside
a high-resolution, high-field spectrometer. The challenge to
overcome here is that the resulting proton spin order (after
para-hydrogen is added to an unsaturated bond (PASADE-
NA, parahydrogen and synthesis allow dramatically enhanced
nuclear alignment)) results in an anti-phase term, that is,
a mixture of absorptive and emissive signals with a total
integral of zero. This behavior is depicted in Figure 1. Each
proton has both positive and negative polarization depending
on the spin state of the second proton, thus no SPINOE is
possible (Figure 1, A and B).

PHIP at low magnetic fields and then transport it into high
field (ALTADENA, adiabatic longitudinal transport after
dissociation engenders net alignment) results in net polar-
ization on each proton with opposite sign. Hence, when
detected in a cryomagnet the sum of both of the observed
signals is still zero. We note that theoretically, ALTADENA-
type polarization may produce non-zero SPINOE when two
protons have different intermolecular dipolar couplings to the
target spin. Thus, a method to obtain net magnetization of the
same sign in large quantities is desired. Using for example,
selective pulses is demanding since separation of emissive and
absorptive signals is on the order of the small mutual proton J-
couplings. Broadband pulse sequences like PHIP-echo or
others can indeed deliver net polarization."? When not
counteracted, their efficiency, however, degrades when very
strong magnetizations are manipulated in NMR probes with
high-quality-factor resonators because of the interaction of
the magnetization with their coils that induces the well known
radiation damping.””'?! Exactly this radiation damping can be
used to turn the anti-phase spin order of PHIP experiments
into desired in-phase magnetization via a RASER and we will
show that this indeed happens spontaneously. A requirement
for the RASER effect is negatively polarized spin order.
Negatively polarized spins emit radio frequency energy which
is absorbed by the NMR resonator and accumulated Q-fold
(quality factor of the coil) before dissipating. Normally,
thermally polarized spins produce a small signal and require
low noise amplifiers to be detected. Hyperpolarized spins,
however, have four orders stronger magnitude, thus energy
accumulated in the resonator is large enough to induce
tangible electrical current and consequently a transverse
magnetic field that acts back on the spins. This field has
exactly the same frequency as the emissive lines in the
spectrum and makes them irradiate even stronger that
induces again the current in the resonator. Thus, emission of
negatively polarized spins is stimulated until most of the spin
energy is spent. Overall, the RASER is characterized by the
radiation damping rate R4, and sets in when R, is larger than
the inverse transverse relaxation time:

R,>1/T,, 1)
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D, with o being the Larmor frequency and
6, approaches 180°, corresponding to
negative magnetization. The 6, is dis-
turbed from pure 180° because of noise
fluctuations in the coil that slightly tilt
the magnetization. This noise deter-
mines the time of the spontaneous onset
of a RASER burst after negative mag-
netization is prepared (f,). This time is
typically on the order of 100 ms, or
alternatively, RASER can be triggered
by a small flip angle pulse. The emission
lasts for 1-100 ms depending on the
l initial magnetization: the larger the
‘@ magnetization the shorter it is. At the

| end of the emission, thus, PHIP com-
bined with RASER would deliver high-

90° ly polarized proton medium with ab-

{ I'““” sorptive net magnetization suitable for
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SPINOE (Figure 1D, SPINOE inset).

Here we propose the following ex-
periment depicted in Figure 1 for which

gradient | 1
A B C

Figure 1. The para-hydrogen and RASER induced NOE (PRINOE) methodology. Top: represen-
tation of molecules and corresponding population. Bottom: synchronized pulse sequence.

A) Solution containing an unsaturated moiety in appropriate solvent is fully relaxed inside the
spectrometer. B) pH, is added to the thermally polarized sample and a saturated molecule with
PASADENA-type hyperpolarization is created. To prevent the onset of RASER, the reaction is
performed in the presence of a static gradient. The created hyperpolarization has an anti-phase
character where hyperpolarized protons, albeit with different NMR chemical shifts, have both
absorptive and emissive lines. A SPINOE polarization transfer to other nuclei can result only in
zero polarization. C) After the gradient is switched off, the RASER starts spontaneously or can
be induced by a 5° pulse. Only negatively polarized lines are affected and evolve making the
polarization on both protons purely positive. D) This opens the possibility for intermolecular
polarization transfer to nearby nuclei via dipolar interactions resulting in SPINOE-type hyper-
polarization on all other molecules in solution. Optionally a 180° pulse can invert the source of
polarization before the SPINOE. E) The resulting polarization pattern is detected by applying

a 90° pulse with subsequent acquisition of the free induction decay.

where

Ry = 1/2umQyM, (2)

with u, 17, Q, vy, M, being the vacuum permeability, the filling
factor of the coil, the quality factor of the detection circuit, the
nuclear gyromagnetic ratio and the initial magnetization,
respectively. PHIP produce both positive and negative
magnetization but only negative magnetization emits radio
frequency. The detected spectrum of transverse magnetiza-
tion M,, is depicted in Figure 1C (RASER inset) and can be
described by:)

L
D E

© 2021 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

we suggest the acronym PRINOE
(Para-hydrogen and RASER Induced
NOE). Highly polarized PHIP mole-
cules at high field initiate a RASER
leading to in-phase magnetization.
When brought into contact with other
molecules in the liquid state a SPINOE
will be observed. As a concrete exper-
imental realization we react vinyl ace-
tate-ds (VA) with pH, to produce highly
polarized proton spins in the resulting
ethyl acetate-d, (EA). As previously
predicted by us,['*! the concentration of
the reactant has to be higher than
10 mM for this system to observe the
spontaneous onset of a RASER-in-
duced signal. One such RASER burst
in less than one second."®! In order to
synchronize with other events in a pulse
sequence such as *H-decoupling or gradient switching, the
RASER can be triggered by a radiofrequency pulse of small
angle applied on protons. The T;, of the protons is long (on the
order of seconds) and the linewidth is determined by the
scalar splitting with deuterons which in turn can be removed
by *H decoupling. The relaxation time of the protons T is
long enough (>90s) to study slow processes like NOE. In
addition, in the same work we demonstrated the way to
control the onsets of radiation damping by applying a mod-
erate gradient that allows precise kinetic investigation of the
polarization transfer. Thus, PHIP on ethyl acetate-dg is
a perfect model to study RASER induced effects caused by
a hyperpolarized small molecule. As a target for polarization
transfer solvent molecules with long proton relaxations are
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85U0|7 SUOWIWIOD BAIER.D 8|qeol(dde au Aq peussnob afe saoiLe VO ‘8sn Jo sajnl 1o} Areiq1 8UlUO AB|I/ UO (SUONIPUOD-PL-SLLLIBYLID" A 1M ALeiq| 18Ul UO//:SANY) SUONIPUOD Pue SWe 1 84} 89S *[£Z02/TT/9T] Uo ARiqiTauljuo 8|1 ‘UsieyosuessimineN aeulidizsipRIniA Inj INjsu|-oueid-Xe W A 90£80TZ0z 9BUe/200T 0T/10p/wod A8 im A1 puljuo//sdny Wwoiy papeojumod ‘g ‘T202 ‘LSLETZST


http://www.angewandte.de

GDCh
~~

preferable to have enough time to accumulate substantial
polarization. Solvent molecules are usually small and their
liquid dynamics show a short correlation time. This is the so-
called extreme narrow limit and the sign of SPINOE polar-
ization is expected to be negative compared to the source
polarization. Note that in classical NOE the effect is called
positive when radiofrequency saturation is applied and
positive enhancement is observed.!”l In the SPINOE case,
however, high magnetization with the same sign as the
Boltzmann magnetization will produce negative polarization
on the target spins. The final polarization sign of the solvent
molecules or generally molecules of interest can be changed
by manipulating the polarization of the source spins by an
inversion pulse. To prevent the onset of a RASER on highly
polarized emissive EA, a gradient can be applied (see pulse
sequence element D in Figure 1) which, however, should not
influence the SPINOE process.

To compare the enhancement (¢) of Para-hydrogen and
RASER induced NOE the formula (I—1,)/I, could be used,
where [, [, and I, are signal integrals, respectively, for the
SPINOE experiment with pH,, the same experiment but
without adding pH,, and the thermally polarized spectrum.
Subtracting I, accounts for any relaxation or manipulation
that can occur during the pulse sequence. After making the
considerations above, we follow the described experimental
Scheme in Figure 1 and investigate the effect on the solvent
and on N-acetyl tryptophane.

For the experimental realization, we chose a solvent
mixture of 10 % protonated and 90 % deuterated chloroform
(CHCI,). In the chloroform molecule, a single proton can be
found with a long longitudinal relaxation time (ca. 180 s).
Para-hydrogenation of 100 mM VA resulted in hyperpolar-
ized EA that displays a RASER during one second and, thus,
changes the PASADENA-type anti-phase polarization into
pure net positive polarization. After 100 s of time evolution,
a high absorptive signal of EA is observed together with the
enhanced emissive signal of CHCI; spins (Figure 2). SPINOE
kinetics were measured on a single sample by applying a small
flip angle pulse after variable delays following the RASER
period (Figure 3). The negative enhancement of the solvent
line increases and reaches a maximum peak intensity of —4.4
fold at ca. 100 s, corresponding to a polarization of P =—9.9 x
1073, For analysis, the time-traces for VA and CHCI, shown in
Figure 3 were subject to a simultaneous fitting according to
a three-spin model considering inter- and intramolecular
dipolar cross-relaxation. The SPINOE dynamics are well
described by the relations describing transient NOE effects
(as detailed in section 2 of the SI), which indicates that no
further significant magnetization buildup occurs after the
RASER period (panel C of Figure 1). The distance of
minimum approach determining the rate for intermolecular
cross-relaxation in this case is dy=(4.1+1.7) A, when
assuming a mutual self-diffusion constants of Dy =2.9x
10" m?s™'. Further details of the fitting procedure are
contained in section 5 of the SI.

The observed enhancement is relatively mild because of
slow stochastic intermolecular cross relaxation in comparison
to T, relaxation. We anticipate, however, that the enhance-
ment would grow almost proportionally to concentration of
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Figure 2. SPINOE on chloroform proton. PRINOE experiment follow-
ing Figure 1 using a solution of 100 mM VA in 10% protonated
chloroform. PRINOE spectrum after 100 s of polarization transfer (red)
in comparison to the thermally polarized spectrum (Black). Note the
lines of highly polarized EA (right spectrum) broaden because of
radiation damping but are in-phase. The PRINOE enhancement on the
chloroform proton is —4.4.
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Figure 3. Kinetics of PRINOE. A) The solvent SPINOE enhancement

¢ and B) normalized EA intensity measured with 5° detection pulses
and 2 s intervals. The decay times of EA are 97 and 75 s for CDH and
CD,H protons, respectively. T, of the thermally polarized CHCI; on the
same sample is 182+ 18 s. Filled circles indicate measured data and
lines indicated simulated data, according to the numeric model
described in section 5 of the SI.

hyperpolarization-source molecules and reaching theoretical-
ly another 100-fold when pure para-hydrogenated VA is used
as a hybrid solvent and polarization source.

To demonstrate that the transfer of PHIP polarization is
universal, several other solvents and solute combinations
were polarized by PRINOE and results are collected in table
S1 of the SI. Especially interesting is the case of N-acetyl
tryptophan (Trp) dissolved in [D,]MeOH (Figure 4) that had
also been previously used in experiments studying hyper-
polarization with a shuttle DNP device.'""l We succeeded in
enhancing the signal of the tryptophan derivative using
PRINOE directly in solution. Trp has many different protons
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A) one BoH e Not only a negative SPINOE but also a positive effect is
0= observed on exchangeable protons notably by OH-
o H w1\ Hs OH protons of methanol. The positive enhancement is
Hj/ Hy N Hy M surprising as all molecules in solution are small and thus
H2 | \‘ within the narrow NOE regime where a negative signal is
H4 H7 s H6 o _J‘e' \ expected. Particularly in this molecule the positive
6] S e i S polarization cannot be explained by a relayed SPINOE
- A/ ﬁ f A transfer and chemical exchange. In each event the
Anti-phase VijViv— — - transfer occurs from highly polarized spins to less
M N polarized ones. The protons of Trp are polarized less
Thiecmal i ‘\ than OH-protons and thus cannot cause it. To gain more
PRINOE 1 80 ‘ i ‘ insight we measured PRINOE in pure [D,/MeOH
\ | solvent under otherwise the same conditions. Positive
\ SPINOE on OH-proton (+4.1) as well as on the residual
: - : . ; , protons in the methyl group (+1.7) were observed.
s & e £y 4.8 46 Explanations for the positive PRINOE can be the much
B) 250 slower tumbling rate or a different mechanism of NOE
30 4 M - OH based on scalar relaxation: the positive intramolecular
= 20.] 209 F% NOE was previously observed for in-phase magnetiza-
= - 1 2 \*ﬁ tion by Fukumi et al. on several alcohols!™ and was also
© 104 1 3 observed in other systems, exclusively intramolecular-
Dol % 100 - ly.[16]

= :f :?HS 1 "ﬁw We see the following possible ways to improve the
101 ] ) PRINOE in the future. The challenge of masking signals
0 200 400 600 800 0 200 400 600 800 of interest by the high polarization of EA can be
Delay /s Delay /s suppressed during acquisition in the same way as it is
done for water signals in protein studies. The stimulated

Figure 4. PRINOE on N-acetyl-L-tryptophan. A) The spectra of PRINOE and . .
PRINOE 180 in comparison to the thermally polarized spectrum and emission occurs also aft'er para-hydrogenation of pro-
a spectrum without RASER but with the original PASADENA anti-phase tonated precursors, which would be favorable com-
magnetization on EA. * denotes artifacts caused by overloading of the pounds to use with respect to associated costs. The main
spectrometer receiver even with the smallest available receiver gain. B) En- hindrance, however, is the shorter relaxation times of the
hancement kinetics measured with 5° pulses and 2 s intervals after para- protonated molecules that shortens the time of high

hydrogenation, applying the RASER for 1 s and subsequently suppressing it polarization and thus SPINOE. Only minor PRINOE

with a gradient during another delay of 2’ s. Most of the PRINOE kinetics of

protons of Trp follow a bi-exponential function with decay and rise time
constants: 5 and 93 s for H4; 16 and 94 s for H7; 10 and 93 s for H2 w

ith
partly overlapping H5; 27 and 87 s for CH; and a mono-exponential rise with

was observed by using protonated VA. However, other
molecules with longer relaxation would be useful here.
For relatively low concentrations of hyperpolarized

97 s for H6. Exchangeable protons of the solution have complex kinetics with molecules a pulse sequence can be applied to distribute

a 15 s rise time constant.

with various relaxation times, which makes it a good template
to study the PRINOE phenomenon. The slowly relaxing spins
have more time to accumulate signal enhancement via
PRINOE, while the fast relaxing spins have marginal
enhancements if any. The maximum signal boost is observed
after ca. 25s and all enhancements are summed in Table 1.

polarization after PHIP to only one proton. For example,
the polarization was shifted completely to one proton of
the ethyl group in EA in our previous work.['” This can

be advantageous in studying solvent-solute interactions.
Liquid state hyperpolarization is important to study
biological samples at native temperatures. Temperature-Jump
solution DNP/'7 rapid-melt DNP'¥ dDNP,®! Overhauser
DNP!™ and bullet-DNP? are a few examples aiming to
achieve liquid state hyperpolarized samples for NMR. How-
ever, most of these techniques have
difficulty bringing the hyperpolari-

Table 1: Relaxation times, experimental enhancement factors (¢) and polarizations (P) of the tryptophan ~ zation universally onto target mol-

derivative and the solvent.”

ecules. The method we describe in

H4 H7  H2+HS He6  OH

@, B1,p2 CD,HOD CH, the present work, the PRINOE,

T/s 4.4 8.5 7.0 3.6 115

PRINOE e -08 14 -1 —0.6 2.9
P/10° +05 -08 0. +0.7 +6.6

PRINOE 180 ¢ 0.7 1.4 1.4 02 -28
P/10° +3.8 +54 +32 +2.7 —41

has the advantage as compared to

= (1)'0 38'6 7(2)3 most of the abovementioned meth-
0 0 +1.0 Ods, of always being in the liquid
0 —0.1 0.5 state without any phase transition
0 +2.0 +3.4  from solid to liquid as is the case

[a] The enhancements reported refer to e = (I—1y) /Iy, where [ refers to the
PRINOE experiment with pH,, I, to the integral in the same experiment wi
integral in the thermally polarized spectrum.

signal integral observed in the for. mqst of them. Thus, its trans-
thout adding pH, and I, tothe ~ lation into a method of general
applicability for studying biological
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samples clearly is of greatest interest and will be pursued in
the future.

We would furthermore like to note that the RASER effect
as used in the present work cannot be recycled: a single-burst
that creates positive net polarization. However, a stationary-
RASER as described by Appelt and co-workers®?!! can
deliver high polarization in a continuous manner and, thus, in
return achieve a steady buildup of hyperpolarization on target
molecules via SPINOE that we have described in the present
work. This is currently suitable for SABRE at low field where
the RASER was originally observed. This approach resem-
bles the continuous solid-state DNP driven hyperpolarization
buildup and has a great potential as a practical method for
liquid state hyperpolarized NMR. It would however require
field cycling to detect samples at high field.

Conclusion

Polarization enhancement of a broad range of target
molecules was shown for the first time by combining PHIP,
RASER and SPINOE methods forming the PRINOE.
Although a 5° pulse was used in the experiments to precisely
trigger the RASER event and with “H decoupling applied, we
also observed that the polarization transfer can occur
completely without any external manipulation, hence sponta-
neously. Positive enhancement was obtained on exchangeable
protons of the solution, methanol, while other protons of
solutes show the negative signal in full accordance with being
in the narrow limit of fast tumbling molecules. The enhance-
ment sign can be inverted by applying a 180° pulse after the
RASER and before the SPINOE step, dissipating the draw-
backs of the OE’s inherent reversal of hyperpolarization onto
target molecules. This means that the signal enhancement is
added to the thermally polarized sign rather than subtracted,
ultimately leading to a higher gain in enhancement. In this
way we have shown that signals can be enhanced in solvents
and in an amino acid and we expect many more applications
in the future that will help to solve structures of molecules
with increased sensitivity.

Acknowledgements

The authors acknowledge support by the Max Planck Society
and the Deutsch Forschungsgemeinschaft (DFG) with grant
numbers 418416679 and 426677227. Open access funding
enabled and organized by Projekt DEAL.

Conlflict of Interest

The authors declare no conflict of interest.

Stichworter: hyperpolarization - NMR spectroscopy -
signal enhancement - small molecules

Angew. Chem. 2021, 133, 21152-21158

Forschungsartikel

[10]

© 2021 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

[1] R. W.Brown, Y. C. N. Cheng, E. M. Haake, M. R. Thompson, R.
Venkatesan, Magnetic resonance imaging: physical principles
and sequence design, Wiley-VCH, Weinheim, 2014.

[2] a) C. Anklin, Mod. NMR Approaches Struct. Elucidation Nat.

Prod. 2015, 1, 38-57; b) J. H. Lee, Y. Okuno, S. Cavagnero, J.

Magn. Reson. 2014, 241, 18-31.

a) T. Fujiwara, A. Ramamoorthy in Annual Reports on NMR

Spectroscopy, Vol. 58 (Ed.: G. A. Webb), Academic Press, New

York, 2006, pp. 155-175; b) R. W. Adams, J. A. Aguilar, K. D.

Atkinson, M. J. Cowley, P. 1. P. Elliott, S. B. Duckett, G. G. R.

Green, I. G. Khazal, J. Lépez-Serrano, D. C. Williamson, Science

2009, 323, 1708-1711; c) F. Reineri, T. Boi, S. Aime, Nat.

Commun. 2015, 6, 5858; d) T. Theis, M. L. Truong, A. M. Coffey,

R. V. Shchepin, K. W. Waddell, F. Shi, B. M. Goodson, W.S.

Warren, E. Y. Chekmeneyv, J. Am. Chem. Soc. 2015, 137, 1404 —

1407; e) J.-B. Hovener, A. N. Pravdivtsev, B. Kidd, C. R. Bowers,

S. Gloggler, K. V. Kovtunov, M. Plaumann, R. Katz-Brull, K.

Buckenmaier, A. Jerschow, F. Reineri, T. Theis, R. V. Shchepin,

S. Wagner, P. Bhattacharya, N. M. Zacharias, E. Y. Chekmeneyv,

Angew. Chem. Int. Ed. 2018, 57, 11140-11162; Angew. Chem.

2018, 730, 11310-11333; ) S. Jannin, J.-N. Dumez, P. Giraudeau,

D. Kurzbach, J. Magn. Reson. 2019, 305, 41-50; ¢) T.R.

Eichhorn, Y. Takado, N. Salameh, A. Capozzi, T. Cheng, J.-N.

Hyacinthe, M. Mishkovsky, C. Roussel, A. Comment, Proc. Natl.

Acad. Sci. USA 2013, 110, 18064.

a) S. E. Day, M. 1. Kettunen, F. A. Gallagher, D.-E. Hu, M.

Lerche, J. Wolber, K. Golman, J. H. Ardenkjaer-Larsen, K. M.

Brindle, Nat. Med. 2007, 13,1382-1387;b) L. Zhao, A. C. Pinon,

L. Emsley, A. J. Rossini, Magn. Reson. Chem. 2018, 56, 583 -609;

c) M. Rosay, M. Blank, F. Engelke, J. Magn. Reson. 2016, 264,

88-98.

[5] a) T. C. Eisenschmid, R. U. Kirss, P. P. Deutsch, S. 1. Hommel-

toft, R. Eisenberg, J. Bargon, R. G. Lawler, A. L. Balch, J. Am.

Chem. Soc. 1987, 109, 8089 -8091; b) J. Natterer, J. Bargon, Prog.

Nucl. Magn. Reson. Spectrosc. 1997, 31, 293-315; c) R. A.

Green, R. W. Adams, S. B. Duckett, R. E. Mewis, D. C. Wil-

liamson, G. G. R. Green, Prog. Nucl. Magn. Reson. Spectrosc.

2012, 67, 1-48; d) S. Gloggler, J. Colell, S. Appelt, J. Magn.

Reson. 2013, 235, 130-142.

P.J. Rayner, M. J. Burns, A. M. Olaru, P. Norcott, M. Fekete,

G. G. R. Green, L. A. R. Highton, R. E. Mewis, S. B. Duckett,

Proc. Natl. Acad. Sci. USA 2017, 114, E3188—-E3194.

a) H.-Y. Chen, M. Ragavan, C. Hilty, Angew. Chem. Int. Ed.

2013, 52, 9192; Angew. Chem. 2013, 125, 9362; b) D. Kurzbach,

E. Canet, A.G. Flamm, A. Jhajharia, E. M. M. Weber, R.

Konrat, G. Bodenhausen, Angew. Chem. Int. Ed. 2017, 56, 389 —

392; Angew. Chem. 2017, 129, 397-401; c) R. V. Shchepin, L.

Jaigirdar, T. Theis, W. S. Warren, B. M. Goodson, E. Y. Chek-

menev, J. Phys. Chem. C 2017, 121, 28425-28434; d) M.

Novakovic, G. L. Olsen, G. Pintér, D. Hymon, B. Fiirtig, H.

Schwalbe, L. Frydman, Proc. Natl. Acad. Sci. USA 2020, 117,

2449 -2455.

a) M. Suefke, S. Lehmkuhl, A. Liebisch, B. Bliimich, S. Appelt,

Nat. Phys. 2017, 13, 568—-572; b) S. Appelt, S. Lehmkuhl, S.

Fleischer, B. Joalland, N. M. Ariyasingha, E. Y. Chekmenev, T.

Theis, J. Magn. Reson. 2021, 322, 106815.

a) N. Bloembergen, R. V. Pound, Phys. Rev. 1954, 95,8-12;b) S.

Bloom, J. Appl. Phys. 1957, 28, 800—805; c) W. S. Warren, S. L.

Hammes, J. L. Bates, J. Chem. Phys. 1989, 91, 5895-5904; d) A.

Vlassenbroek, J. Jeener, P. Broekaert, J. Chem. Phys. 1995, 103,

5886-5897; e) X.-A. Mao, C.-H. Ye, Concepts Magn. Reson.

1997, 9, 173-187.

a) G. Navon, Y. Q. Song, T. R6dm, S. Appelt, R. E. Taylor, A.

Pines, Science 1996, 271, 1848-1851; b) Y.-Q. Song, Concepts

Magn. Reson. 2000, 12, 6-20; c) Y.-Q. Song, B. M. Goodson,

R. E. Taylor, D. D. Laws, G. Navon, A. Pines, Angew. Chem. Int.

3

[

[4

[}

[6

—_

[7

[

(8

—_

[9

—

www.angewandte.de

An dte

Chemie

21157

85U0|7 SUOWIWIOD BAIER.D 8|qeol(dde au Aq peussnob afe saoiLe VO ‘8sn Jo sajnl 1o} Areiq1 8UlUO AB|I/ UO (SUONIPUOD-PL-SLLLIBYLID" A 1M ALeiq| 18Ul UO//:SANY) SUONIPUOD Pue SWe 1 84} 89S *[£Z02/TT/9T] Uo ARiqiTauljuo 8|1 ‘UsieyosuessimineN aeulidizsipRIniA Inj INjsu|-oueid-Xe W A 90£80TZ0z 9BUe/200T 0T/10p/wod A8 im A1 puljuo//sdny Wwoiy papeojumod ‘g ‘T202 ‘LSLETZST


https://doi.org/10.1016/j.jmr.2014.01.005
https://doi.org/10.1016/j.jmr.2014.01.005
https://doi.org/10.1126/science.1168877
https://doi.org/10.1126/science.1168877
https://doi.org/10.1021/ja512242d
https://doi.org/10.1021/ja512242d
https://doi.org/10.1002/anie.201711842
https://doi.org/10.1002/ange.201711842
https://doi.org/10.1002/ange.201711842
https://doi.org/10.1016/j.jmr.2019.06.001
https://doi.org/10.1073/pnas.1314928110
https://doi.org/10.1073/pnas.1314928110
https://doi.org/10.1038/nm1650
https://doi.org/10.1002/mrc.4688
https://doi.org/10.1016/j.jmr.2015.12.026
https://doi.org/10.1016/j.jmr.2015.12.026
https://doi.org/10.1021/ja00260a026
https://doi.org/10.1021/ja00260a026
https://doi.org/10.1016/S0079-6565(97)00007-1
https://doi.org/10.1016/S0079-6565(97)00007-1
https://doi.org/10.1016/j.pnmrs.2012.03.001
https://doi.org/10.1016/j.pnmrs.2012.03.001
https://doi.org/10.1016/j.jmr.2013.07.010
https://doi.org/10.1016/j.jmr.2013.07.010
https://doi.org/10.1073/pnas.1620457114
https://doi.org/10.1002/anie.201301851
https://doi.org/10.1002/anie.201301851
https://doi.org/10.1002/ange.201301851
https://doi.org/10.1002/anie.201608903
https://doi.org/10.1002/anie.201608903
https://doi.org/10.1002/ange.201608903
https://doi.org/10.1021/acs.jpcc.7b11485
https://doi.org/10.1073/pnas.1916956117
https://doi.org/10.1073/pnas.1916956117
https://doi.org/10.1038/nphys4076
https://doi.org/10.1016/j.jmr.2020.106815
https://doi.org/10.1103/PhysRev.95.8
https://doi.org/10.1063/1.1722859
https://doi.org/10.1063/1.457458
https://doi.org/10.1063/1.470468
https://doi.org/10.1063/1.470468
https://doi.org/10.1002/(SICI)1099-0534(1997)9:3%3C173::AID-CMR4%3E3.0.CO;2-W
https://doi.org/10.1002/(SICI)1099-0534(1997)9:3%3C173::AID-CMR4%3E3.0.CO;2-W
https://doi.org/10.1126/science.271.5257.1848
https://doi.org/10.1002/(SICI)1099-0534(2000)12:1%3C6::AID-CMR3%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1099-0534(2000)12:1%3C6::AID-CMR3%3E3.0.CO;2-U
https://doi.org/10.1002/anie.199723681
http://www.angewandte.de

21158 www.angewandte.de

Ed. Engl. 1997, 36, 2368 —-2370; Angew. Chem. 1997, 109, 2464 —
2466.

[11] a) T. G. Walker, W. Happer, Rev. Mod. Phys. 1997, 69, 629 -642;
b) S. Appelt, A. B--A. Baranga, C.J. Erickson, M. V. Romalis,
A.R. Young, W. Happer, Phys. Rev. A 1998, 58, 1412-1439;
c) H. E. Moller, X.J. Chen, B. Saam, K. D. Hagspiel, G. A.
Johnson, T. A. Altes, E. E. de Lange, H.-U. Kauczor, Magn.
Reson. Med. 2002, 47, 1029-1051; d) L. Schréder, T. J. Lowery,
C. Hilty, D. E. Wemmer, A. Pines, Science 2006, 314, 446—449.

[12] a) S. Korchak, M. Emondts, S. Mamone, B. Bliimich, S. Gloggler,
Phys. Chem. Chem. Phys. 2019, 21, 22849 —22856; b) S. Korchak,
S. Mamone, S. Gloggler, ChemistryOpen 2018, 7, 672—-676.

[13] F. Anet, A. Bourn, J. Am. Chem. Soc. 1965, 87, 5250-5251.

[14] P. Lottmann, T. Maquardsen, A. Krahn, A. Tavernier, P. Hofer,
M. Bennati, F. Engelke, C. Griesinger, Appl. Magn. Reson. 2012,
43,207-221.

[15] T. Fukumi, Y. Arata, S. Fujiwara, J. Chem. Phys. 1968, 49, 4198 -
4201.

[16] a) T. D. Panduwawala, L. Josa-Culleré, I. Kuprov, B. Odell,
M. G. Moloney, T. D. Claridge, J. Org. Chem. 2016, 81, 4142 —
4148; b) 1. Kuprov, D. M. Hodgson, J. Kloesges, C. I. Pearson, B.
Odell, T. D. Claridge, Angew. Chem. Int. Ed. 2015, 54, 3697 —
3701; Angew. Chem. 2015, 127, 3768 -3772.

[17] a) A.Barnes, G. De Paépe, P. Van Der Wel, K.-N. Hu, C.-G. Joo,
V. Bajaj, M. Mak-Jurkauskas, J. Sirigiri, J. Herzfeld, R. Temkin,

Forschungsartikel

An dte

Chemie

Appl. Magn. Reson. 2008, 34, 237-263; b) C.-G. Joo, K.-N. Hu,
J. A. Bryant, R. G. Griffin, J. Am. Chem. Soc. 2006, 128, 9428 —
9432.

[18] a) S. G.J. van Meerten, G.E. Janssen, A.P.M. Kentgens, J
Magn. Reson. 2020, 310, 106656; b)S.G.J. van Meerten,
M. C.D. Tayler, A.P.M. Kentgens, P.J. M. van Bentum, J.
Magn. Reson. 2016, 267, 30-36.

[19] C. Griesinger, M. Bennati, H. M. Vieth, C. Luchinat, G. Parigi, P.
Hofer, F. Engelke, S.J. Glaser, V. Denysenkov, T. F. Prisner,
Prog. Nucl. Magn. Reson. Spectrosc. 2012, 64, 4-28.

[20] K. Kouiil, H. Koufilov4, S. Bartram, M. H. Levitt, B. Meier, Nat.
Commun. 2019, 10, 1-6.

[21] a) B. Joalland, N. M. Ariyasingha, S. Lehmkuhl, T. Theis, S.
Appelt, E. Y. Chekmenev, Angew. Chem. Int. Ed. 2020, 59,
8654 -8660; Angew. Chem. 2020, 132, 8732—-8738; b) M. Suefke,
A. Liebisch, B. Bliimich, S. Appelt, Nat. Phys. 2015, 11,767-771,
c) S. Appelt, A. Kentner, S. Lehmkuhl, B. Bliimich, Prog. Nucl.
Magn. Reson. Spectrosc. 2019, 114, 1-32; d) M. A. Hope, S.
Bjorgvinsdottir, C. P. Grey, L. Emsley, J. Phys. Chem. Lett. 2020,
12, 345-349.

Manuskript erhalten: 22. Juni 2021
Akzeptierte Fassung online: 21. Juli 2021
Endgiiltige Fassung online: 13. August 2021

© 2021 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

Angew. Chem. 2021, 133, 21152-21158

85U0|7 SUOWIWIOD BAIER.D 8|qeol(dde au Aq peussnob afe saoiLe VO ‘8sn Jo sajnl 1o} Areiq1 8UlUO AB|I/ UO (SUONIPUOD-PL-SLLLIBYLID" A 1M ALeiq| 18Ul UO//:SANY) SUONIPUOD Pue SWe 1 84} 89S *[£Z02/TT/9T] Uo ARiqiTauljuo 8|1 ‘UsieyosuessimineN aeulidizsipRIniA Inj INjsu|-oueid-Xe W A 90£80TZ0z 9BUe/200T 0T/10p/wod A8 im A1 puljuo//sdny Wwoiy papeojumod ‘g ‘T202 ‘LSLETZST


https://doi.org/10.1002/anie.199723681
https://doi.org/10.1002/ange.19971092128
https://doi.org/10.1002/ange.19971092128
https://doi.org/10.1103/RevModPhys.69.629
https://doi.org/10.1103/PhysRevA.58.1412
https://doi.org/10.1002/mrm.10173
https://doi.org/10.1002/mrm.10173
https://doi.org/10.1039/C9CP05227E
https://doi.org/10.1002/open.201800086
https://doi.org/10.1021/ja00950a048
https://doi.org/10.1007/s00723-012-0345-6
https://doi.org/10.1007/s00723-012-0345-6
https://doi.org/10.1063/1.1670736
https://doi.org/10.1063/1.1670736
https://doi.org/10.1021/acs.joc.6b00458
https://doi.org/10.1021/acs.joc.6b00458
https://doi.org/10.1002/anie.201410271
https://doi.org/10.1002/anie.201410271
https://doi.org/10.1002/ange.201410271
https://doi.org/10.1007/s00723-008-0129-1
https://doi.org/10.1021/ja0611947
https://doi.org/10.1021/ja0611947
https://doi.org/10.1016/j.jmr.2019.106656
https://doi.org/10.1016/j.jmr.2019.106656
https://doi.org/10.1016/j.jmr.2016.04.002
https://doi.org/10.1016/j.jmr.2016.04.002
https://doi.org/10.1016/j.pnmrs.2011.10.002
https://doi.org/10.1002/anie.201916597
https://doi.org/10.1002/anie.201916597
https://doi.org/10.1002/ange.201916597
https://doi.org/10.1038/nphys3382
https://doi.org/10.1016/j.pnmrs.2019.05.003
https://doi.org/10.1016/j.pnmrs.2019.05.003
http://www.angewandte.de

