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Hyperpolarization has become a powerful tool to enhance the sensitivity of magnetic resonance. A
universal tool to hyperpolarize small molecules in solution, however, has not yet emerged. Transferring
hyperpolarized, labile protons between molecules is a promising approach towards this end.
Therefore, hydrogenative parahydrogen-induced polarization (PHIP) was recently proposed as a
source to polarize exchanging protons (PHIP-X). Here, we identified four key components that govern
PHIP-X: adding the spin order, polarizing the labile proton, proton exchange, and polarization of the
target nucleus. We investigated the last two steps experimentally and using simulations. We found
optimal exchange rates and field cycling methods to polarize the target molecules. We also
investigated the influence of spin relaxation of exchanging protons on the target polarization. It was
found experimentally that transferring the polarization from protons directly bound to the target
X-nucleus (here '*C) of lactate and methanol using a pulse sequence was more efficient than applying a
corresponding sequence to the labile proton. Furthermore, varying the concentrations of the transfer
and target molecules yielded a distinct maximum *C polarization. We believe this work will further help

to understand and optimize PHIP-X towards a broadly applicable hyperpolarization method.

Nuclear magnetic resonance (NMR) is one of the most powerful effects used
for medical imaging and chemical analysis alike. Given the vast number of
applications, it may come as a surprise that only a tiny fraction of all spins,
no more than a few ppm, effectively contribute to the NMR signal, even in
the most modern systems. At the same time, this means also that there is an
enormous potential for technologies that increase this fraction called
polarization (P). In conventional NMR, the spins have thermal polarization.
Thermal polarization is governed by the Boltzmann distribution and
depends on the energy difference of the eigenstates and the thermal energy.

A common approach to increase the thermal polarization is to increase
the energy difference between the energy eigenstates by using stronger
magnets or, where applicable, lower temperatures to reduce the thermal
energy. However, the cost of these approaches is very high, and the yield is
limited. Even the strongest superconducting magnets available today (e.g.
28.2 T)" provide no more than a *C polarization of the order of 2.5 x 107> at
room temperature. Lowering the temperature to about 1 K was shown to
provide high polarization that can persist after warming up, but requires
sophisticated cryogenics and lengthy cooling’ (called “brute force”
approach).

A different approach to increase the polarization is utilizing and
transferring already existing sources of spin order’™". Spin exchange optical
pumping, for example, uses polarized laser light to polarize gases like xenon-
129 which can be used for lung imaging. Dynamic nuclear polarization
(DNP)", on the other hand, takes advantage of the high electron polar-
ization at high fields and low temperatures, and has enabled enhanced solid
state NMR and real-time imaging of cancer metabolism in humans'>".
DNP, however, is relatively slow (hours), often requires the solid state
(frozen), is expensive and needs complex hardware. Room temperature
Overhauser DNP (ODNP), on the other hand, provides only limited
enhancements'".

Parahydrogen (pH,)-based hyperpolarization methods’ take advantage
of the spin order of the spin singlet state of dihydrogen. pH,-based methods
have the advantage of being fast, cost-effective, and less hardware intensive
than DNP. To use the spin order of pH,, it can be added either permanently
to an unsaturated bond (known as hydrogenative pH, induced polarization
(PHIP))"'"°, or brought into temporary interaction with the desired molecule
using a catalyst (known as signal amplification by reversible exchange,
SABRE, or non-hydrogenative PHIP)". The restriction of a precursor with
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an unsaturated bond was relaxed significantly with the invention of side arm
hydrogenation (SAH), where an unsaturated side arm is added to the desired
molecule and removed after the polarization'". Following these approaches,
polarizations between ~40 and 80% were achieved, and metabolic imaging
with pyruvate™' has become a reality” . Despite of these advantages, the
pool of polarizable molecules remains quite limited.

A promising approach to broaden the applicability of hyperpolariza-
tion is to transfer the polarization via proton exchange. Here, the target
molecule is polarized by exchanging polarized protons which were polarized
by a primary source. The origin of the hyperpolarization of the labile protons
is not important for the observation of an intermolecular polarization
transfer in general, as long as the polarization is swift and strong. DNP?,
SABRE” and, more recently, hydrogenative PHIP were used for polarizing
labile protons (Fig. 1a)*. The polarization can be transferred using a dedi-
cated transfer molecule with a labile proton in a solvent™*”, or by polarizing
the solvent itself***.

However, the polarization yields on the desired target molecules were
often comparatively low”*’. A "N-polarization of 1.2% was achieved on
urea using hydrogenative PHIP exchange (PHIP-X)’'. Aside from these
reports™*”', however, little is known about the intricate interplay of hydro-
genation, proton exchange, and spin order transfer (SOT) of PHIP-X. Thus,
it was the goal of this work to elucidate this matter experimentally and by
using spin dynamics simulations. More specifically, we tested different
polarization transfer approaches, and varied the experimental conditions
and simulation parameters.

Results
PHIP-X is a complex physical-chemical process with mutually influencing
parameters. We distinguish four critical steps in the PHIP-X process (A, B, C
and D in Fig. 1a):
A. Hydrogenation of a precursor' using pH, to hyperpolarize a transfer
agent’.
B. Polarization of exchanging protons of transfer agents.
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Fig. 1 | Schematic view of PHIP-X, magnetic field cycling (MFC,) and RF pulse
sequences used in simulations and experiments. We consider 4 essential steps of
PHIP-X (a): hydrogenation (A), the polarization of the exchanging protons (B),
transfer of the exchanging protons (C), and polarization of the target nucleus (D). In
our experiment, the sample was exposed to three main fields (b): Bpojo during
hydrogenation (=5 s), Bp,); during sample transfer (1.5 s), and B, during excitation

\ OH—»C C OH
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C. Polarization of the target molecule (Target) via proton exchange.
D. Polarization of the target nucleus via polarization transfer within
Target.

Instep A, pH, is added to an unsaturated precursor (e.g., 1 = propargyl
alcohol) with the aid of a catalyst (e.g, [Rh]=[Rh(dppb)(COD)]BF,,
dppb = 1,4-Bis-(diphenylphosphino)-butane, COD = 1,5-cyclooctadiene)
to generate a transfer agent (e.g., 2 = allyl alcohol). In step B, the labile proton
of 2 is polarized. This proton is in exchange with a labile proton of Target,
such that the polarization subsequently transfers to Target in step C. In step
D, the polarization is transferred to the target nucleus. Each of these steps
can be optimized in several ways.

Changing the conditions for one step, however, may also influence the
condition of another step, which complicates the improvement of the
methodology. For example, a change of the conditions for the proton
exchange (e.g, by changing the solvent system) also affects the hydro-
genation. The matter is even more complicated as the sample is usually
hydrogenated, transferred, and measured at different fields. Some of the
steps will happen at the same time.

Previous results™ showed that step A is already quite efficient, since a
pH,-enrichment of only 50% induced a polarization of about 13% on the
transfer agent (a pH,-enrichment of about 99% should triple that value). For
step B and D, in principle, many of the known polarization transfer tech-
niques can be employed, like free evolution at constant or varying magnetic
fields, or a dedicate pulse sequence. The matter is exacerbated, however, by
the exchanging target nucleus.

In this study, we focus on the following steps C and D. We report on 5
experimental results (E1-E5) and 5 simulation results (S1-S5).

Polarization transfer within the target molecule

When a polarized proton is transiently bound to the Target, it is essential to
transfer its polarization to the desired 13C nuclei or, as we will see later, an
intermediary.
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and detection. Note that a finite transition took place in between the fields (=a few
100 ms). At high field”, a pulse sequence (c) was applied to polarize °C, either with
timings adjusted to the 139-145 Hz couplings of the firmly bound 'H-"C (SOT 1), or
to the 3 Hz interaction between the labile proton and *C (SOT 2). Here, we used
"C-methanol and "C;-lactic acid as target molecules.
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The straightforward approach is to transfer the polarization from the
labile proton (‘H,) directly to ’C e.g. by using a pulse sequence at high
magnetic fields tailored to the specific coupling (here: 3 Hz, 1j =167 ms,
Fig. 1a, SOT2). Thus, we simulated the effect of DEPT and refocussed
INEPT (rINEPT) as described further down, and tested DEPT 135°
experimentally (note that DEPT 45 and DEPT 90 work as well.

Experimentally, we tested six different hydrogenation fields (Bpoyo = 15,
30,45, 60,75,90 mT), where 1 (propargyl alcohol) was hydrogenated for 5 s,
resulting in 2 (allyl alcohol)). The number of fields Bp,o was increased for
the biologically more relevant lactate. Result E1 (Bp,)o): After hydrogena-
tion, transfer through Earth’s field and DEPT at high field (1 T), the BC
signal of methanol (Target) was found to be significantly enhanced com-
pared to the thermal signal. In case of 3 Hz a maximum signal amplification
of =38 was reached at Bpjo = 75 mT (Fig. 2b, red).

Interestingly, we observed that the methyl protons of Target (‘H,) were
polarized, too (similar to step b in reverse). Thus, we tested transferring the
polarization from these directly bound, non-exchanging methyl-protons
"H, to the carbon-13, using DEPT-135° adjusted to the 'H_-"*C J-coupling of
~145 Hz (SOT1, green, (Fig. 2b). Result E2 (SOT1/SOT2): This experiment
resulted in 5-30 times higher signal enhancements compared to SOT2,
reaching a maximum of about 150-fold (with respect to 1T) when the
sample was hydrogenated at 15 mT or 90 mT.

Both the facts that a) the methyl protons were polarized “sponta-
neously” and b) the difference in enhancements caused by transfer from
the exchanging proton or directly bound protons are correlated: In both
cases, the polarization “enters” the Target via the exchanging proton,
but the “detour” via the methyl-protons leads to higher *C polarization
in the end. It appears likely that the reason for this is a), that the methyl
protons “accumulate” the polarization at Bp,o due to less relaxation, b),
that the exchange deteriorates the effectivity of DEPT (a proton would
need to be associated with target for the entire duration of DEPT for
optimal effect), and ¢, that 'J("H.-"C) >?*J("H-"C) accelerates the
polarization transfer. *C-methanol was chosen as a model target system
because of its simple structure and known *Jcy-coupling constant of
3 Hz”. In the following section, we will use these findings to polarize
lactic acid.

Chemically optimized PHIP-X of lactic acid
Next, we tested the biologically relevant molecule “Cs-lactic acid (LA).

Result E3 (SOT1/SOT2). When DEPT was tuned to (an estimated)
coupling between the labile proton and the 2-"*C, J(*H;-"*C) = 1-8 Hz, no

C signal enhancement of LA was observed (Fig. 3a, red). When DEPT
was set to the coupling between the firmly bound 'H and 2-"C,
J('H.,"C) = 139 Hz), however, strong C enhancements were found,
both on 2-"C and, notably, on 3-"C, too (Fig. 3a, green). This result is
supported by the hyperpolarized 'H spectrum of lactate’’, which showed
hyperpolarized signal of the proton directly attached to the 2-"°C. This
enhancement is a significant advance compared to the original method™,
where no “C-signal enhancement was detected by using a simple 90°
pulse. Note that the resonance in the SOT2-DEPT spectrum (red, Fig. 3a)
at 63.5 ppm originated from hyperpolarized 2 with natural abundance
of 1-°C.

Result E4 (exchange). Next, we investigated how the precursor-to-
target concentration ratio affects the 2-">C-polarization of lactic acid
(Fig. 3b). For all experiments, we kept the concentration of LA constant at
¢(LA) = 39.3 mM and varied the concentration of the precursor, c1, from
17.3 to 865 mM. At Bp,jo = 0.05 mT, we found a monotonous increase of
the "C signal up to cl/c(LA)=3.5, and a monotonous decrease
thereafter.

Bpoio-dependance of the *C-polarization of lactic acid

Result E5 (Bpoio). Next, we investigated the Bp,o-dependance of the
polarization of 2-C-LA. Using the optimized ratio of c'/c(LA) = 3.5 and
the sequence to transfer from the directly bound 'H to 2-"*C (DEPT 135
(J=139 Hz)), we varied B9 from 0.05 to 95 mT. We found that the
2-C-LA polarization was greatly affected by B, roughly speaking
increasing with Bp,yo (Fig. 4). The highest polarization was found at the
highest field tested (95 mT, P("C) = 0.026%).

Spin dynamics simulations

To elucidate these matters further, we performed simulations solving the
Liouville von-Neumann equation with relaxation and exchange
superoperator” . We considered a system of two labile protons interacting
with a target consisting of one carbon and one proton. The system was
defined by the Lamor frequencies, J-couplings, relaxation rates (T;),
exchange rates (K) and time-dependent magnetic fields (Fig. 5, The
J-couplings are Ji3=J3=—3Hz, Ji4=/4=5Hz and J5,=140Hz and
magnetic shields are ¢; = 6 ppm, ¢, =4 ppm, ¢; = 120 ppm and ¢; = 6 ppm.
Ky =K, =200 1/s, Bpojo = 90 mT, Bpoyy =50 uT, P(S}) = P(S}) = 50% at
t=0, T} = 1 s for both labile protons (spin No. 1 and 2), T, = 20 s for the “C
nucleus (spin No. 3) and T; =4 for the fixed target proton (spin No. 4),
unless otherwise noted). Pulses were assumed as instantaneous rotations.

Fig. 2 | "C-methanol hyperpolarized with PHIP-

X. a "C-NMR spectra of methanol hyperpolarized a

using PHIP-X. DEPT 135° tuned to

J('H;-"C) = 3 Hz and J("H.-"°C) = 145 Hz were —SOT1
compared with the thermally polarized sample

(black). Applying the 145-Hz-DEPT resulted in = S0T2
higher polarization than using the 3-Hz-DEPT ==Thermal
sequence. The thermal spectrum (black) was reference
amplified by a factor of 20 and recorded by averaging X 20

200 scans. b Signal enhancement of *C-methanol
for different fields Bp,)o during hydrogenation (for
each point the mean was calculated using 3 mea-
surements with standard deviation). In this experi-

200 averages

ment, only alcoholic hydroxy groups, but no
carboxylic groups, were present.
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Fig. 3 | PHIP-X hyperpolarized '>C3-lactic acid (LA). a Strong "°C hyperpolar-
ization was observed on 2- and 3-"°C lactic acid when the polarization was trans-
ferred from the methyl-'H to the methyl-"C using SOT1 (green). No *C signal
enhancement was apparent when the transfer was attempted from the labile proton
using SOT2. As reference, 1000 scans of the sample after the PHIP-X experiment
were acquired in thermal equilibrium and magnified 10-fold for convenience (gray).
b Normalized signal enhancements of 2-"C-LA as a function of concentration ratio
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c'/c(LA), where 1 = propargyl alcohol. The polarization was found to decrease
monotonously around a maximum atcl/c(LA) = 3.5. Changing this ratio affects the
proton exchange processes between 1 and LA (Fig. 1a—c). Error bars represent the
standard deviation respecting the normalization. Experimental details:

c(LA) =39.3 mM,cl = 17.3-865 mM. After applying 30 bar pH, for 5 at

Bpoio = 0.05 mT, the solution was shuttled into the 1 T NMR spectrometer where
DEPT 135° (139 Hz) was applied 1.5 s after the beginning of the shuttling.
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Fig. 4 | PC hyperpolarization of 2-"C lactic acid as function of Bpjo. There is a
tendency of higher P for higher fields. The highest polarization was found at

Bpolo = 95 mT, and the lowest polarization was found at 5 mT. The experiments were
carried out using the optimized ratio of c1/c(LA) = 3.5, ¢(LA) = 40 mM and DEPT
135° set to 139 Hz (3.6 ms evolution period). Note that the error bars (standard
deviation) indicate relatively strong fluctuations (each point is a mean of 3 scans).
Enhancement is calculated with respect to thermal signal at 1T.

The initial state was chosen such that the labile protons were
hyperpolarized (50% at ¢ = 0) while the carbon and proton spin of the
target were thermally polarized (for our simulations it not important
whether the labile spins were polarized using DNP, SABRE-RELAY
or PHIP-X). We simulated a PHIP-X experiment in which we
included a magnetic field cycling (MFC) followed by a pulse
sequence. The MFC consisted of free evolution at Bpeo for
tpolo = 2400 ms, a linear drop to Bpy; in feycle = 15 ms, free evolution
at Bpoi; =50 uT for tgyon =600ms, a linear rise to Bo=1T in
teycle = 15 ms and finally a free evolution at B, for 500 ms. The pulse
sequence was either DEPT or refocused INEPT (rINEPT). We
simulated time steps of 1 ms.

Firstly, we simulated the target polarization during the experiment for
different exchange rates K; and K, while keeping all other parameters fixed
(Fig. 6). Here, we simulated up to the time point where the sequence is
initiated, such that the results are independent of the sequence.

Result S1. It was found that exchange rates of K; = K, = 200 1/s gener-
ated the strongest target polarization (blue line in Fig. 6a, b), which
showed a maximum polarization of the fixed proton (No. 4) after an
evolution of 1283 ms. Higher as well as lower exchange rates generated
lower target polarizations, whose maxima are shifted slightly towards
later times (Fig. 6a, b).

The MFC-induced "C polarization is proportional to the 'H target
polarization (SI). Simulation parameters other than exchange rates were
used as stated above.

Next, we investigated how the T1 relaxation of the labile protons T
affected the polarization of the target (Fig. 7a, b). The relaxation times are
chosen to start at T% = 31.25ms and double at each step until 4s are
reached.

Result S2. As expected, the target polarizations were found to increase
with T%. Still, the fastest relaxation rate of 31.25 ms generated significant
'H target polarization of P(S})0.4% (Fig. 7a); for longer times,
P(Sy, T% = 0.55)4.0% and P(S}, T} = 4s)11.4%. These findings appear
promising for reaching significant polarizations over a wide range of
exchange rates. For °C, no polarization was observed during Bp,jo, prior
to the MFC (Fig. 7b). At Bpg); = 50 uT, oscillating "*C polarization was
found. Oscillations vanished at By while the latest polarization level of the
oscillations was preserved. K; =K, =200s"" was used, and all other
parameters were the same as for Fig. 6.

Result S3. A closer look at the polarization at Bpy; showed that the
polarization oscillated between 'H and “C (Fig. 8a, shown for
Bpei1 = 5 uT). The amplitude of the oscillations (and thus the "*C polar-
ization) was further increased for lower Bp,; (Fig. 8b). In case of
Bpon1 < 100 nT, the frequency is given by the J coupling of J, = 140 Hz.
The couplings of 5 Hz and —3 Hz contributed to the oscillations as well
(Figs. 7b and 8). A high and stable C polarization can be achieved if the
magnetic field increases very quickly from Bp,; to By at a time when the
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Fig. 5 | Scheme of the spin system simulated. The
system consisted of labile spins No. 1 and 2, a carbon

Structure of simulated spin system

Corresponding chemical system

spin No. 3, and a (firmly bound) proton spin No. 4 Labile Target
(left side). The spin system transitions between state R, protons R
X and Y happened with rate constants K; = K;. The 1 Ky 1\ /H | Ky S H\ | t
spins considered in the corresponding chemical Y 3—4 < > 3—4 A /O_C—H < A\ O—C—H
system (right) are marked in red. A is a compound 2 K, 2 H | K, H I
. . R, R,
that generates labile protons (examples are given on
h f the right side). R;, Ry, R R
the bottom of the right side). Ry, Ry, Ry and Ry are System X System Y System X System Y
any rests.
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Fig. 6 | Evolution of the 'H polarization (P(S})) in the target for different
exchange rates KI = K2 = 6.12-4800 s ' during PHIP-X. A maximum target
polarization was found at K; = K, = 200 s with a monotonic decrease for

smaller (a) and larger (b) rates. Note that MFC was initiated at 2400 ms and the
dashed lines indicate the transitions between the magnetic fields.
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Fig. 7 | Evolution of the polarization of the fixed proton of the target ((P(SAZ)) and
the PC of the target ((P(S;)) for different longitudinal relaxation times T'l' of the
labile protons. There is a monotonous increase of the 'H (a) and "C (b) target
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polarization with increasing T+. Note that MFC is applied at 2400 ms and the dashed
lines indicate the transitions between the magnetic fields. Here, Bpojo = 90 mT and
Bpoii = 50 pT were used.

phase of the oscillations is such that most of the polarization is transferred
from 'H to “C. Hence, the obtained ’C polarization yield depends very
critically on the length of the time interval in which Bp,; is applied. Note
that our current experimental setup did not allowed us to vary Bp,y;.
However, similar effects of excitation of coherences between protons or

between protons and “C were observed experimentally before in other
hyperpolarization experiments™™*.

Next, we investigated the 'H-"C polarization transfer with DEPT and
refocused INEPT (Fig. 9a) tailored to 140 Hz (corresponding to J3,). DEPT
has three intervals T = 1/2], and rINEPT has four with t = 1/4], so that DEPT
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Fig. 8 | '"H and "°C polarization of the fixed proton and carbon in the target
molecule during a PHIP-X experiment. a For the first 2400 ms, the system evolved
at Bpoyp =90 mT, and 'H polarization was built up (P (842)) When the system was
dropped to Bpoy; =5 pT (in 15 ms), the polarization started to oscillate between
P(S3) and P(S}). When the field was increased (in 15 ms) to By=1T, the
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oscillations stopped, and the latest polarization of the oscillation was preserved. The
largest amplitude and the lowest frequency were observed (b) for Bpyj; < 100 nT.
Note that the oscillations are modulated also by lower frequencies (5 Hz or 3 Hz)
time, so that significant ’C polarization can be obtained by increasing the field to B,
at the right time.
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Fig. 9 | °C polarization during rINEPT and DEPT 90°, and 'H, polarization
during the PHIP-X experiment. Both sequences transfer the proton polarization
perfectly (>99.9%), although DEPT takes about 3 ms longer (a). Timings were set for
J('H, “C) = 140 Hz. Dashed lines indicate pulses, delays, field changes, and the
polarization at the onset of the SOT; numbers correspond to individual information;
rINEPT: 1: 90°x 'H, 2: 180°x 'H and "°C, 3: 90°y 'H and 90°x °C, 4: 180°x '"H and "’C,
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5: start of FID. DEPT: 1’: 90°x 'H, 2’: 180°x 'H and 90°x "°C, 3™: 90°%y 'H and 180°x *C,
4’: start of FID. The distances between the vertical lines (a) correspond to the
evolution periods of T = 1/(2]) and t = 1/(4]) respectively. The simulations were done
in the lab-frame, which is the reason for the oscillations (a). The 1H target-
polarization (b) had a maximum of about 6% and was 3.3% at the time where the
SOT was applied.

runs 1.5 times longer than rINEPT. Again, we assumed Bp,o =90 mT,
tpolo =2400ms, Bpgy =50 uT, tpoy =600ms, By=1T, ¢BO0=500ms,
feyde = 15ms, Ky = K, =200 1/s, for T} = 1, Ty = 1s, T5 = 20s, T} = 4s
and P(Sy) = P(S}) = 50% at t=0.

Result S4. For J=140Hz (Fig. 9a), both sequences transferred all
available proton polarization to the carbon (P('H) = 3.3% is completely
transferred to P(’C) = 3.3%). DEPT was longer by =3.6 ms.

Result S5. For ] = 3 Hz, the picture is more complex (Fig. 10). In the fully
coupled molecule (J13=/,3=—3Hz, J14=/,4=5Hz and J54 = 140 Hz),
DEPT produced a "°C polarization of ca. 0.7%, and rINEPT of ca. 0.25%.
Interestingly, the polarization was strongest right after the last pulse (3’),
and not after the latest evolution period (4’), as expected. If all coupling
constants in the spin system were set to 0, except the ones between the
carbon and the labile protons (J1, =J13=—3Hz, J14=J24=/34=0), the
results were the opposite. Now, rINEPT produced about 0.81% and

DEPT about 0.49% "C polarization. In case of 3 Hz, DEPT was about
180 ms longer. The strongest polarization was right after the last evolu-
tion period (4’ and 5), which corresponded to the beginning of the FID.
These findings show that a) the other couplings affect the SOT if the
evolution times are long (for /=3 Hz), and b), that (some of) the
polarization was transferred directly from the exchanging proton, despite
the ongoing exchange.

Discussion
We investigated by experiment and/or simulations the effects of exchange
rates, external magnetic fields, MFC-SOT and RF-SOT. These matters are
discussed in the following. Note that we assumed polarized labile protons in
the initial state of the simulations, neglecting steps A and B. In the experi-
ment, obviously, all steps affect the observed polarizations. The results of this
work may be summarized as follows:

1. The spin structure of the target molecule strongly affects the depen-

dence of its polarization on Bpyo (Figs. 2, 4 and ref. *').
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polarization as rINEPT. This suggests that other, more efficient sequences maybe
found that take all couplings into account. For the simplified system (e.g. a tertiary
alcohol), the expected behavior is observed, suggesting that the polarization was
transferred from the labile proton despite of the exchange.

2. The polarization transfer using a high field pulse sequence between
directly bound, non-labile protons and carbons was much more
efficient than from the labile proton to a carbon (Fig. 2).

3. The target polarization is strongly depended on the transfer-to-target
ratio, which affects the exchange process (Fig. 3b).

4. Simulations suggest that optimal exchange rates exist at about
K; =K, =200 1/s (Fig. 6).

5. Even in case of very fast spin relaxation of labile protons there is still a
significant polarization transfer via proton exchange. This polarization
transfer efficiency is increased by reducing the spin relaxation rate
(Fig. 7) of the labile protons in the simulations. Experimentally, this
could be achieved by using a tailored solvent system.

6. Bpg; = 100 nT or less, is a good choice for an efficient polarization of
1C (Fig. 8).

These findings are discussed in the following

General

Several possibilities to further improve the polarization yield were found.
The most promising were optimizing exchange rates in combination with
decreasing relaxation rates of labile protons. This could be realized experi-
mentally by using a tailored solvent system. Additionally, the timings and
field strengths of the magnetic fields Bpyp and Bp,; may be tailored to
increase the polarization yield. Overall, this requires chemical as well as
physical hardware optimizations.

Bpoio (E1 and E5)

Experimentally varying Bp,)o for methanol (Fig. 2b) did not affected the
PC-polarization (induced by DEPT 135° (145 Hz)) much - in contrast to
lactate, where stronger Bpy lead to higher °C hyperpolarization. Recent
studies’ provided that lower fields between 1 mT and 10 mT are more
efficient than higher fields of 30, 50 and 80 mT for "*N-polarization of "°N,-
urea. Thus, three different target molecules (urea, methanol and lactic acid)
provided three different dependencies on Bp,yy, which showed that the
chemical composition of the solvent system and the structure of the target
molecule may have a strong influence on the shape of the field dependence.
Note that we have used DEPT as RE-SOT and pure acetone-ds as a solvent,
while the “N-polarization of "’N,-urea was done in a mixture of acetone-ds
and DMSO-dg and by using rINEPT. Using simulations to investigate the

Bpoo effect on the three different targets would at least require the incor-
poration of a larger spin structure of the target into the simulation frame-
work. In case of methanol, all three methyl protons should be included
which is in contrast to the single proton attached to 2-">C-nucleus of LA. In
case of urea there are two labile protons attach to the °’N-target nucleus.

The higher C-polarization yield found for LA (P ~ 0.026%) compared
to methanol (P = 0.01%) may be explained by relaxation induced by the
larger number of "H-nuclei directly bound to the "C-target nucleus of
methanol. Different exchange rates can also be a reason.

SOT1/SOT2 (E2, E3, S4 and S5)

Experimentally, we compared DEPT 135° tuned to the labile proton (3 Hz)
and tuned to the fixed proton (145 and 139 Hz) for methanol as well as LA.
In the simulations we used the same target structure but also compared with
rINEPT. In all cases, transfer from the fixed proton (‘Hc) lead to higher °C
polarization (experimentally and in simulations, for DEPT and INEPT).
Both sequences transferred close to 100% of the 'H polarization to the *C.
Simulating the transfer from the labile proton (much longer evolution
times) revealed that the standard sequence parameters are not optimal for
the spin system with other couplings. A short, specialized sequence,
including selective 'H excitations”’, may improve this. Of course, any pulse
sequence is exacerbated by the ongoing exchange. For transferring the
polarization to "°C via pulse sequence, a high P(S4Z) is advantageous. This
suggests an earlier application of the pulse sequence, as done in the
simulations.

A direct polarization transfer from the labile proton to the target
nucleus involves one proton less than using an intermediate step. Con-
cerning the number of spins involved in the polarization pathway, this
means there is less polarization distribution to other spins. This reduced
distribution may result in less relaxation and more concentration of
polarization. However, to achieve this, the RF sequences tailored to 3 Hz
must be applied as soon as the labile proton is polarized.

Here, it is interesting to compare the polarization between "N and *C.
A main difference is that the coupling between the labile protons and the
N-target nucleus is about 90 Hz instead of only 3 Hz as in the case of °C.
This means much shorter run times of the RF sequence and much fewer
exchange events during the RF sequence. Indeed, much stronger polariza-
tion was observed for urea->N,31. However, this is not beneficial in the case
of PC. It depends on exchange rates and the duration of the RF sequence in
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how far exchange events of labile protons destroy multi-spin-states required
for polarization transfer.

Nevertheless, the successful refocused 'H-"*N-INEPT experiments 31
indicate that systems exist in which multi-spin-states are - in average - not
destroyed completely. The duration for ] = 140 Hz is short enough such that
relaxation effects during DEPT or refocused INEPT can be neglected
(Fig. 10). Thus, a labile proton directly bound to the target nucleus appears
to be advantageous for PHIP-X using DEPT. This condition is difficult to
meet for carbon, but feasible for nitrogen. Here, labile proton - nitrogen
bonds exist with a coupling of the order of 90 Hz, which yields sequence
durations of 16 ms resulting in high "“N-polarization using PHIP-X31.
Another approach may be to tune the magnetic field to induce strong
couplings between the labile proton and the target X-nucleus, requiring
much lower fields.

Exchange and relaxation of labile protons (E4, S1 and S2)

It is an interesting aspect to consider how spins evolve and coherences persist
under exchange, i.. if the spins become spatially separated while combined
spin states exist. If one accepts the notion of classical physics for the exchange
process, the labile protons are switching their places with rate constants k;
and k,. There are chemical systems used in PHIP-X26, in which switching
events happen somewhere between 0.1 to 4 times per second. In case of
refocused INEPT we have four evolution periods of length 1/4]. For J=3 Hz
this means a total evolution time of about 2*0.0833 s= 333 ms and for
140 Hz we have a total evolution time of 4*0.00178 s =~ 7.12 ms. In case of
DEPT we have three evolution periods of length 1/2]. For ] = 3 Hz this means
a total evolution time of about 3*0.167 s ~ 500 ms and for 140 Hz we have a
total evolution time of 3¥0.00357 s = 10 ms. Hence, there is a relevant loss of
polarization due to relaxation in case of DEPT and a coupling of 3 Hz"*.

Optimizing proton exchange rates (Fig. 6) towards K; ~ 200 1/s should
be experimentally feasible. Simulations revealed that significant polarization
was still transferred by MEC if the T1 of the labile proton was very short,
(Fig. 7) -P(S3)0.4% for T} = 31.25ms and up to 11.4% for TIL=4s.
Choosing t,e0 appropriately may improve the °C polarization further, by
initiating MFC or RF-SOT when P (S4Z) is at a maximum. Nevertheless, the
reduction of the spin relaxation of labile protons (Fig. 7) by simultaneously
keeping optimal exchange rates is certainly an experimental challenge. For
example, spin relaxation of labile protons may be reduced by optimizing the
solvent system, e.g. adding DMSO-de.

The finding that low initial concentrations of 1, ie., cl/c(LA) <1,
provide much less signal enhancement than higher ratios can be explained
by the fact that at such low concentrations, there are several target molecules
(LA) that do not interact with a transfer molecule. This is true because if c1/
c(LA) < 1,then c2/c(LA) < 1isalso valid. If c1 is too high, e.g. c1/c(LA) > 6.5,
then the polarization may be taken up by unconsumed 1 or already ther-
malized 2 instead of being transferred to LA. Unfortunately, the used setup
was unsuitable for the exact quantification of c2 at the same time as signal
acquisition was done. This is due to the ongoing hydrogenation of 1 in a
solution containing pH,.

MFC (S2, S3)

Using a Bp,); tuned to =100 nT, the 'H:"’C LAC, improved the "°C polar-
ization dramatically (simulated). Here, polarization was almost completely
transferred from the fixed proton to °C and not from the labile proton. The
polarization oscillated between "Hc and "°C with 140 Hz, which was the
J-coupling between these spins. Due to the oscillations an optimal polar-
ization transfer may be difficult. Fortunately, the oscillations contain fre-
quencies of 5 Hz, so that strong P was obtained even without precise timing
of BPoll .

Limitations

Experiments were mainly limited by the hardware used, such that Bp,); was
equal to the Earth’s magnetic field without the possibility to vary its strength
or time of action. Simulations did not include step A and B (Fig. 1a). Instead,

polarized labile protons were assumed in the initial state. In addition, the
spin structure of the transfer molecule was neglected.

Transfer mechanism and choice of DEPT

Here, we note that we checked that the polarization transfer does not
happens via SABRE-like effects or dipole-dipole interactions. To this end,
we repeated the PHIP-X experiments for methanol but 1) without any
unsaturated precursor and 2) by replacing propargyl alcohol with pheny-
lacetylene (see Supplementary Fig. S36). The hydrogenation of phenylace-
tylene with pH, generates hyperpolarized styrene which does not have any
labile protons. In both cases (1 and 2) no signal gain was detected for
methanol. This strongly indicates that the polarization transfer happens
indeed via proton exchange.

Due to the ability of PHIP-X to polarize various molecules in solution
at once™ and the fact that the so far achieved polarizations on biomolecules
using PHIP-X are still not high enough for the usage as contrast agents in-
vivo, the usage of PHIP-X for analyzing chemical systems is getting more
and more interesting.

A powerful tool in chemical analysis is the DEPT sequence
(Distortionless Enhancement by Polarization Transfer**, Fig. lc),
which is a combination of the polarization transfer techniques of the
Insensitive Nuclei Enhanced by Polarization Transfer (INEPT)
experiment and the spin-echo protocol of the Attached Proton Test
(APT). The resulting advantage of DEPT is that both happens, a
polarization transfer (e.g. from 'H to C) and a phase separated
discrimination of methine (CH), methylene (CH,) and methyl (CHj;)
resonances. Here we test the usage of DEPT in PHIP-X and improve
the C-hyperpolarization of lactic acid and methanol.

Conclusions

Exchanging polarized protons appears to be a great approach to
polarize various molecules. As for the initial source of spin order,
covalently bound parahydrogen is a promising choice providing
unity spin order. Transferring this spin order efficiently to a) the
labile proton in the transfer agent and b) from the labile proton in
the target molecule, however, is lossy. Here, we found that “spon-
taneous” transfer (free evolution at different magnetic fields) occurs
in the target molecule between the exchanging proton and covalently
bound protons. Transferring the polarization from a non-labile
proton using a pulse sequence to *C was more efficient than applying
this sequence to transfer from a labile proton (which may exchange
during the sequence). A large coupling constant between labile
protons and a (first) target nucleus would allow short spin order
transfer sequences. Alternatively, the magnetic fields may be chosen
such that strong couplings facilitate the desired flow of polarization.
Spin dynamics simulations predict optimal proton exchange rates at
K; =200 1/s and the application of Bp,; <100 nT for an efficient
“C-polarization. An additional benefit might be obtained from
adapting the solvent system towards reduced spin relaxation of the
labile protons. These approaches appear likely to increase the
polarization of PHIP-X several fold, approaching the goal of a widely
applicable polarization method.

Methods

Experimental

®C-Hyperpolarization of methanol. PHIP-X experiments were carried
out by solving pH, (~96% enrichment) at 30 bar in a 950 pL acetone-ds
solution of 25mM of “C-methanol (Sigma Aldrich, CAS: 67-56-1),
87mM of 1 (99%, Sigma Aldrich, CAS: 107-19-7) and 7 mM of [Rh]
(98%, Sigma Aldrich, CAS: 79255-71-3). During the hydrogenation, a
static magnetic field (Fig. 1a, b, Bpojo) was applied, allowing the polar-
ization to be transferred from the original pH,-nuclei to labile and
C-bonded target protons. After 5s of pH, supply, the solution was flu-
shed through a capillary into an NMR tube located in a 1 T NMR
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spectrometer (Magritek 'H/"C). A time of 5 s for the hydrogenation of
propargyl alcohol at Bpoo was found to be a reasonable choice when
working at a pH,-pressure of 30 bar in combination with an initial
concentration of about 120 mM of propargyl alcohol and a catalyst
concentration of 7 mM. However, the optimization of this time depends
on various parameter where the concentrations of all chemicals and the
pH,-pressure play a dominant role.

A DEPT-135° sequence was started immediately after the arrival of the
solution in the spectrometer. For the evolution period (7; implemented in
spinsolve benchtop NMR) of the optimal polarization transfer of the DEPT
sequence, we used J=139 Hz to transfer from the C-bound proton and
J =3 Hz to transfer from the labile proton.

'8C-Hyperpolarization of lactic acid. Hyperpolarization of *Cs-lactic
acid (Sigma Aldrich, CAS: 87684-87-5) was carried out analogously to the
case methanol, except that concentrations c1 =173 mM and ¢(LA) =
39.2 mM were used instead of methanol to investigate the field depen-
dences (Fig. 4). A further difference is that ] = 145 Hz was applied in the
DEPT sequence.

PHIP-X, pHz-equipment, and quantification of polarizations. The
corresponding sample solution was injected into the hydrogenation
chamber, which is equipped with a resistive coil generating Bpjo. Para-
hydrogen was injected at 30 bar through a fluorinated ethylene propylene
(FEP) tubing with 1/16” outer diameter. After 5 s of hydrogenation, the
sample was shuttled through another 1/16” FEP tubing at Earth’s mag-
netic field into the NMR tube, which was placed directly inside of the 1 T
NMR. The DEPT sequence was started automatically 1.5s after the
shuttling of the liquid began. The experiment was operated with an
automatically controlled high-pressure liquid-chromatography valve
(KNAUER, FVH213200004).

Parahydrogen of ~96% enrichment was produced using a home-build,
high-pressure pH, generator with the cooled to 25 K chamber (ColdEdge-
Tech) filled with iron(IIT) oxide (Merck 371254, CAS 20344-49-4).

The quantification of polarizations and signal amplifications were
performed by dividing the integral over the entire hyperpolarized NMR
signals of the nucleus by the integral of the entire thermal NMR signals of the
corresponding nucleus. Note that in the case of LA, the observed hyper-
polarized signal was also broader (Fig. 3a), contributing to the quantifica-
tion. Thermal "C spectra were acquired with a repetition time (relaxation
delay) of 300 s.

Simulations. The spin dynamics, and therefore the polarization, is
obtained by solving the equation of motion (Eq. (1)) with exchange™ and
relaxation superoperator,

d ~ A PN I:X 0 -K, K,
Zo(t) = Go(t), where G = L + <0 iy)+(z<l X
1

V}/ehaveI:A=—iﬁA+ﬁA,A=X,Y,whereﬁA=HA®i—i®
(H,) and

Hy = 277(]1351 : §3 + ]14§1 : SZ + ]3453 : §4) -2 Vi(l - al-)Bixt(t)Sf
i=1

Hy = 277(]238_; : S_; + ]24§2 : SZ + ]345_.; : SZ) - Yi(l - Ui)Bth(t)Sf
i=1

Here, indirect interactions between spins at site i and j are described by

] ]§: . §; terms, where J;; is the corresponding J-coupling constant and S;and

§j are vectors of spin operators. The interaction of a spin with a time-

VA
ext

dependent, external magnetic field B (¢) in Z-direction is given by
y:(1 — 0,) BZ,(t)S?, where o; is the magnetic shielding responsible for the

chemical shift and y; is the gyromagnetic ratio of the nucleus at site i. The

labile proton spins are labeled by 1 and 2, the ’C spin has label 3 and the
fixed proton spin of the target has label 4. The relaxation superoperator is
chosen to be

R=§:UTH<§:sﬂmﬁf>—3m§:%i®i
i=1 i=1 " il

a=xy.z
as described in ref. 43. The initial state o(t = 0) = 0, is given by
0y = (ZXO), where (for A=X, Y) 04y = 0, ® 0, ® 034,

Yo
1/1+P, 0
o, =0,==
2\ 0o 1-p,
and

O34 = ‘73,4,U/T’(03.4,U) L.
with 03,y = exp(—B(X 34 ¥:(1 — 01) BLa (OS] + 3485 - S,))-

Hence, P, provides the longitudinal polarization of the labile proton
spins at =0 and is therefore restricted by 0<P;<1. Due to the time-
dependence of the external magnetic field (during MFC) Eq. (1) is solved
using the Dyson series as described and approximated in ref. 44. A single
pulse is simulated using an instantaneous approach™:

o—>R(a,)oR(a, El-)T (2)

where a denotes the pulse angle and €, i = X,Y,Z, denotes the pulse direc-
tion. Evolution periods in between single pulses are simulated with
relaxation and chemical exchange.

Data availability
All data used or generated in this work (NMR and simulations) are available
from the authors upon request.

Code availability
The code used for the simulations is available from the authors upon
request.

Received: 9 October 2023; Accepted: 24 July 2024;
Published online: 08 August 2024

References

1. Berkson, Z. J. et al. Solid-State NMR Spectra of Protons and
Quadrupolar Nuclei at 28.2 T: Resolving Signatures of Surface Sites
with Fast Magic Angle Spinning. JACS Au. 2, 2460-2465 (2022).

2. Hirsch, M. L., Kalechofsky, N., Belzer, A., Rosay, M. & Kempf, J. G.
Brute-Force Hyperpolarization for NMR and MRI. J. Am. Chem. Soc.
137, 8428-8434 (2015).

3. Hbvener, J.-B. et al. Parahydrogen-Based Hyperpolarization for
Biomedicine. Angew. Chem. Int. Ed. 57, 11140-11162 (2018).

4. Comment, A. Dissolution DNP for in vivo preclinical studies. J. Magn.
Reson. 264, 39-48 (2016).

5. Green, R. A. et al. The theory and practice of hyperpolarization in
magnetic resonance using parahydrogen. Prog. Nucl. Magn. Reson.
Spectrosc. 67, 1-48 (2012).

6. Barskiy, D. A, Knecht, S., Yurkovskaya, A. V. & lvanov, K. L. SABRE:
Chemical kinetics and spin dynamics of the formation of
hyperpolarization. Prog. Nucl. Magn. Reson. Spectrosc. 114-115,
33-70 (2019).

7. Hbvener, J.-B. et al. A hyperpolarized equilibrium for magnetic
resonance. Nat. Commun. 4, 2946 (2013).

8. Kovtunov, K. V. et al. Hyperpolarized NMR Spectroscopy: d-DNP,
PHIP, and SABRE Techniques. Chem. Asian J. 13, 1857-1871
(2018).

9. Ardenkjaer-Larsen, J. H. On the present and future of dissolution-
DNP. J. Magn. Reson. 264, 3-12 (2016).

Communications Chemistry | (2024)7:172


https://www.sigmaaldrich.com/DE/de/search/20344-49-4?focus=products&page=1&perpage=30&sort=relevance&term=20344-49-4&type=cas_number

https://doi.org/10.1038/s42004-024-01254-8

Article

10. Bornet, A. et al. Long-Lived States of Magnetically Equivalent Spins
Populated by Dissolution-DNP and Revealed by Enzymatic
Reactions. Chem. A Eur. J. 20, 17113-17118 (2014).

11. Ferrari, A. et al. Performance and reproducibility of 13C and 15N
hyperpolarization using a cryogen-free DNP polarizer. Sci. Rep. 12,
11694 (2022).

12. Nelson, S. J. et al. DNP-Hyperpolarized 13C Magnetic Resonance
Metabolic Imaging for Cancer Applications. Appl. Magn. Reson. 34,
533-544 (2008).

13. Gallagher, F. A. et al. Imaging breast cancer using hyperpolarized
carbon-13 MRI. PNAS 117, 2092-2098 (2020).

14. Buckenmaier, K. et al. Mutual benefit achieved by combining ultralow-
field magnetic resonance and hyperpolarizing techniques. Rev. Sci.
Instrum. 89, 125103 (2018).

15. Bowers, C. R. & Weitekamp, D. P. Parahydrogen and synthesis allow
dramatically enhanced nuclear alignment. J. Am. Chem. Soc. 109,
5541-5542 (1987).

16. Eisenberg, R. Parahydrogen-induced polarization: a new spin on
reactions with molecular hydrogen. Acc. Chem. Res. 24,110-116 (1991).

17. Adams, R. W. et al. Reversible Interactions with para-Hydrogen
Enhance NMR Sensitivity by Polarization Transfer. Science 323,
1708-1711 (2009).

18. Chukanov, N. V. et al. Synthesis of Unsaturated Precursors for
Parahydrogen-Induced Polarization and Molecular Imaging of 1-13C-
Acetates and 1-13C-Pyruvates via Side Arm Hydrogenation. ACS
Omega 3, 6673-6682 (2018).

19. Reineri, F., Boi, T. & Aime, S. ParaHydrogen Induced Polarization of
13C carboxylate resonance in acetate and pyruvate. Nat. Commun. 6,
5858 (2015).

20. MacCulloch, K. et al. Facile hyperpolarization chemistry for molecular
imaging and metabolic tracking of [1-13C]pyruvate in vivo. J. Magn.
Reson. Open 16-17, 100129 (2023).

21. Brahms, A. et al. Synthesis of 13C and 2H Labeled Vinyl Pyruvate and
Hyperpolarization of Pyruvate. Chem. A Eur. J. 28, 202201210 (2022).

22. de Maissin, H. et al. In Vivo Metabolic Imaging of [1-13C]Pyruvate-d3
Hyperpolarized By Reversible Exchange With Parahydrogen. Angew.
Chem. Int. Ed. 28, e202306654 (2022).

23. Cavallari, E., Carrera, C., Aime, S. & Reineri, F. Metabolic Studies of
Tumor Cells Using [1-13C] Pyruvate Hyperpolarized by Means of
PHIP-Side Arm Hydrogenation. ChemPhysChem 20, 318-325 (2019).

24. Ding, Y. et al. Rapidly Signal-enhanced Metabolites for Atomic Scale
Monitoring of Living Cells with Magnetic Resonance. Chem. Methods
2, 202200023 (2022).

25. lali, W., Rayner, P. J. & Duckett, S. B. Using parahydrogen to
hyperpolarize amines, amides, carboxylic acids, alcohols,
phosphates, and carbonates. Sci. Adv. 4, eaao6250 (2018).

26. Them, K. et al. Parahydrogen-Induced Polarization Relayed via Proton
Exchange. J. Am. Chem. Soc. 143, 13694-13700 (2021).

27. Rayner, P. J. et al. Relayed hyperpolarization from para-hydrogen
improves the NMR detectability of alcohols. Chem. Sci. 10, 7709-7717
(2019).

28. Kaderavek, P., Ferrage, F., Bodenhausen, G. & Kurzbach, D. High-
Resolution NMR of Folded Proteins in Hyperpolarized Physiological
Solvents. Chem. A Eur. J. 24, 13418-13423 (2018).

29. Moreno, K. X., Nasr, K., Milne, M., Sherry, A. D. & Goux, W. J. Nuclear
spin hyperpolarization of the solvent using signal amplification by
reversible exchange (SABRE). J. Magn. Reson. 257, 15-23 (2015).

30. Richardson, P. M. et al. Quantification of hyperpolarisation efficiency
in SABRE and SABRE-Relay enhanced NMR spectroscopy. Phys.
Chem. Chem. Phys. 20, 26362-26371 (2018).

31. Alcicek, S., Van Dyke, E., Xu, J., Pustelny, S. & Barskiy, D. A. 13C and
15N Benchtop NMR Detection of Metabolites via Relayed
Hyperpolarization**. Chem. Methods 3, 202200075 (2023).

32. Pecul, M. &Helgaker, T. The Spin—Spin Coupling Constants in Ethane,
Methanol and Methylamine: A Comparison of DFT, MCSCF and
CCSD Results. Int. J. Mol. Sci. 4, 143-157 (2003).

33. Christian, B. et al. Nuclear singlet relaxation by chemical exchange.
J. Chem. Phys. 1565, 124311 (2021).

34. Pravdivtsev, A. N. & Hoévener, J.-B. Simulating Non-linear Chemical
and Physical (CAP) Dynamics of Signal Amplification By Reversible
Exchange (SABRE). Chem. A Eur. J. 25, 7659-7668 (2019).

35. Knecht, S., Pravdivisev, A. N., Hovener, J.-B., Yurkovskaya, A. V. &
Ivanov, K. L. Quantitative description of the SABRE process: rigorous
consideration of spin dynamics and chemical exchange. RSC Aav. 6,
24470-24477 (2016).

36. Pravdivtsev, A. N. et al. Coherent Evolution of Signal Amplification by
Reversible Exchange in Two Alternating Fields (alt-SABRE).
ChemPhysChem 22, 2381-2386 (2021).

37. Lindale, J. R. et al. Unveiling coherently driven hyperpolarization
dynamics in signal amplification by reversible exchange. Nat.
Commun. 10, 395 (2019).

38. Pravdivtsev, A. N., Yurkovskaya, A. V., Ivanov, K. L. & Vieth, H.-M.
Importance of polarization transfer in reaction products for
interpreting and analyzing CIDNP at low magnetic fields. J. Magn.
Reson. 254, 35-47 (2015).

39. Pravdivtsev, A. N., Hévener, J.-B. & Schmidt, A. B. Frequency-
Selective Manipulations of Spins allow Effective and Robust Transfer
of Spin Order from Parahydrogen to Heteronuclei in Weakly-Coupled
Spin Systems. ChemPhysChem 23, 202100721 (2022).

40. SciELO - Brazil - Analytical descriptions of DEPT NMR spectroscopy
forISn(l=1,S=1;n=1, 2, 3, 4) spin systems (2008). https://www.
scielo.br/j/bjp/a/x44XFLTf3xRfX6J7BCXtJSc/?lang=en.

41. “Coherence Transfer: INEPT and DEPT”. In NMR Spectroscopy
Explained (John Wiley & Sons, Ltd, 2007), pp. 238-288, https://doi.
org/10.1002/9780470173350.ch7.

42. Riegel, S. DEPT: A tool for 13C peak assignments. Nanalysis, https://
www.nanalysis.com/nmready-blog/2015/11/19/dept-a-tool-for-
13c-peak-assignments (2015).

43. Xu, J. & Barskiy, D. A. Essential tools of linear algebra for calculating
nuclear spin dynamics of chemically exchanging systems. J. Magn.
Reson. Open 16-17, 100132 (2023).

44. Bak, M., Rasmussen, J. T. & Chr. Nielsen, N. SIMPSON: A general
simulation program for solid-state NMR spectroscopy. J. Magn.
Reson. 213, 366-400 (2011).

45. Hoevener Dissertation (2008). http://archiv.ub.uni-heidelberg.de/
volltextserver/8912/1/HoevenerDissertation.pdf.

Acknowledgements

We acknowledge support by the DFG (HO 4604/6-1), Intramural grant
(UKSH medical faculty), DFG-RFBR grant (HO 4604/3-1, No 19-53-12013),
DFG grants, PR1868/3-1, PR 1868/5-1, HO-4602/3, FOR5042, TRR287),
Cluster of Excellence “Precision Medicine in Inflammation” (PMI 2167),
Emmy Noether Program “Metabolic and Molecular MR” (HO 4604/2-2),
German Federal Ministry of Education and Research (BMBF) within the
framework of the e:Med research and funding concept (012X1915C). BMBF
hyperquant consortium (BlueHealthTeach, 03WIR6208A9). Kiel University
and the Medical Faculty are acknowledged for supporting the Molecular
Imaging North Competence Center (MOIN CC, MOIN 4604/3). MOIN CC
was founded by a grant from the European Regional Development Fund
(ERDF) and the Zukunftsprogramm Wirtschaft of Schleswig-Holstein (Pro-
ject no. 122-09-053).

Author contributions

K.T. and J.K. performed PHIP-X and NMR experiments. K.T. performed the
simulations. K.T., A.N.P., and J.B.H. wrote the manuscript and interpreted
the results.

Communications Chemistry | (2024)7:172

10


https://www.scielo.br/j/bjp/a/x44XFLTf3xRfX6J7BCXtJSc/?lang=en
https://www.scielo.br/j/bjp/a/x44XFLTf3xRfX6J7BCXtJSc/?lang=en
https://www.scielo.br/j/bjp/a/x44XFLTf3xRfX6J7BCXtJSc/?lang=en
https://doi.org/10.1002/9780470173350.ch7
https://doi.org/10.1002/9780470173350.ch7
https://doi.org/10.1002/9780470173350.ch7
https://www.nanalysis.com/nmready-blog/2015/11/19/dept-a-tool-for-13c-peak-assignments
https://www.nanalysis.com/nmready-blog/2015/11/19/dept-a-tool-for-13c-peak-assignments
https://www.nanalysis.com/nmready-blog/2015/11/19/dept-a-tool-for-13c-peak-assignments
https://www.nanalysis.com/nmready-blog/2015/11/19/dept-a-tool-for-13c-peak-assignments
http://archiv.ub.uni-heidelberg.de/volltextserver/8912/1/HoevenerDissertation.pdf
http://archiv.ub.uni-heidelberg.de/volltextserver/8912/1/HoevenerDissertation.pdf
http://archiv.ub.uni-heidelberg.de/volltextserver/8912/1/HoevenerDissertation.pdf

https://doi.org/10.1038/s42004-024-01254-8

Article

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42004-024-01254-8.

Correspondence and requests for materials should be addressed to
Kolja Them or Jan-Bernd Hovener.

Peer review information Communications Chemistry thanks the
anonymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Chemistry | (2024)7:172

11


https://doi.org/10.1038/s42004-024-01254-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nuclear spin polarization of lactic acid via exchange of parahydrogen-polarized protons
	Results
	Polarization transfer within the target molecule
	Chemically optimized PHIP-X of lactic acid
	Result E3 (SOT1/SOT2)
	Result E4 (exchange)

	BPol0-dependance of the 13C-polarization of lactic acid
	Result E5 (BPol0)

	Spin dynamics simulations
	Result S1
	Result S2
	Result S3
	Result S4
	Result S5


	Discussion
	General
	BPol0 (E1 and E5)
	SOT1/SOT2 (E2, E3, S4 and S5)
	Exchange and relaxation of labile protons (E4, S1 and S2)
	MFC (S2, S3)

	Limitations
	Transfer mechanism and choice of DEPT

	Conclusions
	Methods
	Experimental
	13C-Hyperpolarization of methanol
	13C-Hyperpolarization of lactic acid
	PHIP-X, pH2-equipment, and quantification of polarizations
	Simulations


	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




