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In this work, we optimize the performance of a previously proposed method for transferring parahydro-
gen induced polarization to “insensitive” spin-1/2 NMR (Nuclear Magnetic Resonance) nuclei, which have
low gyromagnetic ratio and low natural abundance. By optimizing the reaction conditions and pressure
of the parahydrogen gas and using adiabatically switched radiofrequency fields we achieve high polariza-
tion transfer efficiency and report carbon spin polarization of dimethyl acetylene dicarboxylate reaching

35%, which corresponds to '*C NMR signal enhancements of about 43,000 at 9.4 Tesla. Such polarization
levels allow one to work with mM concentrations at natural carbon abundance and to detect 3C NMR
signal in single scan. In combination with a pseudo phase cycle, the polarization transfer method used
here also enables efficient suppression of unwanted background signals.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful
and versatile analytical method widely used in chemistry, biome-
dicine, and other fields. However, low polarization of nuclear spin
systems at thermal equilibrium conditions significantly limits the
sensitivity of the method. This issue is of great importance for
NMR spectroscopy of nuclei with low gyromagnetic ratios and
low natural abundance (e.g., 13C or '°N): it is common that hun-
dreds or even thousands of signal acquisitions are required to
achieve a sufficient signal-to-noise ratio. One of the most efficient
approaches to enhance weak NMR signals is given by generating
strong non-equilibrium polarization of nuclear spin system, ter-
med spin hyperpolarization. Presently, there are a number of
hyperpolarization methods known for amplifying NMR signals by
several orders of a magnitude: dynamic nuclear polarization [1-
3], optical pumping [4-6], chemically induced dynamic nuclear
polarization [7-9], optical nuclear polarization [10-12], quantum
rotor induced polarization [13,14] and parahydrogen induced
polarization [15,16].

In Parahydrogen Induced Polarization (PHIP) signal amplifica-
tion originates from symmetry breaking in parahydrogen (pH,,
the H, molecule in its nuclear singlet state) in the course of a cat-
alytic hydrogenation reaction [15,16]. The achievable NMR signal
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enhancement factors, &, for protons in PHIP experiments reach up
to 4 orders of magnitude. Hence, PHIP is an efficient hyperpolariza-
tion technique; moreover, it is relatively cheap and simple in use.
An important application of PHIP is transfer of polarization from
primarily polarized protons to “insensitive” magnetic nuclei, such
as 13C or >N, which have a lower gyromagnetic ratio and natural
abundance. At the same time, these nuclei typically have much
longer T; and T, relaxation times as compared to protons, being
promising MRI contrast agents, once their NMR signals are suffi-
ciently strong.

There are two main methods for transferring PHIP to heteronu-
clei: “spontaneous” polarization transfer at ultralow magnetic
fields [17-22], usually combined with magnetic field cycling, and
polarization transfer in a high magnetic field of an NMR spectrom-
eter driven by radiofrequency (RF) pulses [23]. The former method
is known for high transfer efficiency but it requires dedicated
equipment for generating low or even ultralow (down to several
100 nT) magnetic fields and also for performing fast and repro-
ducible sample transport to the high NMR detection field. The
latter method is easier to combine with conventional high-field
NMR experiments but optimization of the polarization transfer
efficiency is an important issue. Previous experiments report
enhancements reaching several thousands to 20,000. For instance,
INEPT-type (INEPT = Insensitive Nuclei Enhanced by Polarization
Transfer [24]) pulse sequences enable '3C signal enhancement of
the order of ¢ = 5000 [25]. The use of a special pulse sequence
for low-field PHIP [26] provides 20% of '3C-polarization of succinic
acid in experiments performed at the 1.76 mT field [27]. Recently,
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carbon NMR enhancements reaching &=20,000 have been
reported [28], achieved by exploiting optimized INEPT-based
sequences, revealing the great potential of NMR methods using
coherence transfer. Eills et al. [29] have demonstrated PHIP-
derived '*C NMR enhancement of the order of 9,000 using 50%
enriched pH,: the achieved spin order transfer efficiency would
correspond to ¢ ~ 23,000 with 90% pH,.

In this work, we use a double frequency RF-excitation method
to transfer PHIP to 3C nuclei at high fields [30,31]. This method
has been suggested earlier [30,31] and it allows one transferring
the singlet order of protons to carbon spins by adiabatic passage
through Level Anti-Crossings (LACs) in the rotating reference
frame. This technique can be implemented on any modern NMR
spectrometer having a double-frequency H-X probe and does not
require any additional devices, e.g., for performing magnetic field
cycling. The efficiency of the technique depends on the parameters
of the two RF-fields, i.e.,, on their amplitudes and frequencies.
Moreover, as the method exploits a ramped RF-field in the carbon
channel, optimization of the RF-pulse envelope allows one to
reduce the duration of the sequence, thus preventing unwanted
polarization losses from spin relaxation. Additionally, we optimize
the reaction conditions by increasing the pH, pressure. This opti-
mization strategy is designated to increase further the carbon sig-
nal enhancement, which was about 6,000 in the original
publication [30].

As a result, we can demonstrate that the optimization allows
one to achieve the '3C polarization reaching 35.2%, which is equiv-
alent to the enhancement factor of ¢ = 43,200 for 'C nuclei. Fur-
thermore, implementation of a pseudo phase cycle with variable
excitation frequency on the carbon channel enables efficient sup-
pression of background signals.

2. Materials and methods
2.1. Sample preparation

In NMR experiments, we used a 5 mm NMR tube filled with a
solution of a substrate (dimethyl acetylenedicarboxylate) and a
hydrogenation catalyst (1,4-bis(diphenylphosphino)butane(1,5-cy
clooctadiene)Rh(I) tetrafluoroborate) in 0.6 ml of acetone dg. To
run repetitive experiments for optimization of experimental condi-
tions, e.g., those aimed at measuring the RF-frequency dependence
of carbon polarization, we used a solution with a low concentration
of the catalyst (0.2 mM) and high concentration of the substrate
(0.4 M). In the experiments aimed at reaching the highest enhance-
ment with optimized RF-parameters, we used a solution contain-
ing 5 mM of the catalyst and 6 mM of the substrate in order to
hydrogenate all substrate molecules in a single experiment by add-
ing pH, into the solution.

2.2. PHIP experiments

To generate PHIP we used a gas supply system for NMR operat-
ing at high pressure, as described in Ref. [32]. Bubbling at high
pressure allows one to increase the concentration of pH, in the
solution and thus to reach higher enhancement levels. In the pre-
sent case, the gas pressure was 4 bars, and the temperature of
the sample was kept equal to 298 K. To obtain the H, gas enriched
in its para-component, we used a Bruker parahydrogen generator,
which produces the H, gas with 92% of the para-isomer. In the
course of homogeneous catalytic hydrogenation with pH,, the
dimethyl acetylenedicarboxylate molecule turns into maleic acid
dimethyl ester with two hyperpolarized protons prepared in the
singlet state, see Fig. 1. In this study, we focus on transferring this
hyperpolarization to the 3C nuclei denoted C, and Cg, see Fig. 1.

These nuclei are present at natural abundance of the 3C isotope,
which is equal to 1%; hence, in most molecules there are no 'C
nuclei or only a single '3C-spin, C, or Cg.

2.3. Polarization transfer scheme

To transfer polarization from protons to '>C nuclei we imple-
mented a double frequency RF-excitation scheme [30] presented
in Fig. 2. The experimental protocol is as follows. First, we bubble
pH, through the solution during a time period of 7, = 10 s. Then,
a waiting time t,, = 0.5 s is introduced to reduce inhomogeneity
of the sample caused by bubbling. Subsequently, we turn on RF-
excitation on both proton and carbon channels. The amplitude of
the RF-field of protons stays constant being equal to v/, while
the amplitude of the '>C RF-field, 1§, is adiabatically decreased
from the maximal value to zero during the time 7,5. The TH RF-
field is applied on resonance with the two protons originating from
pHy, v = vH. while the frequency of the '3C RF-field, V4, is shifted
(by less than 500 Hz) from the resonance frequency of the carbon
nucleus of interest. Finally, to detect the '*C NMR spectrum we
apply a hard 90-degree RF-pulse on the '3C channel and perform
the Fourier transform on the resulting FID (Free Induction Decay)
signal.

2.4. Theory

To explain how the pulse sequence shown in Fig. 2 works, we
use the concept of LACs (Level Anti Crossings) and introduce the
spin Hamiltonian in the doubly rotating reference frame [30]. We
describe the polarized product molecule as a 3-spin system with
two spins of the chemically equivalent protons, I; and I,, and a sin-
gle 13C spin, denoted as S. The Hamiltonian of the spin system in
the lab frame in the absence of RF-excitation is as follows:

Ho = fvg{ﬂz +72z} - VS@ +J12 (Tl iz) +]1s(i1 §)
Jr]25@2 : §> (1)

Here we use the following J-coupling values: J,, =11.5 Hz,
J;s =168 Hz, J,s =2 Hz for the Co nucleus and J,, =11.5 Hz,
Jis = 13.7 Hz, J,5 = O for the Cg nucleus; v¥ and v§ are the NMR fre-
quencies of the protons and '*>C nucleus.

After turning on the RF-fields (directed along the x-axis in the
rotating reference frame), we rewrite the Hamiltonian, omitting
the rapidly oscillating terms as done previously [30]. Here we go
to the rotating frame for each kind of nucleus. As the proton RF-
field is directly on resonance with the two protons, V& =19, the
Hamiltonian is as follows:

ﬂDRF(t) = —{Vg - V}EF}‘/S\Z +.]12 (Tl ,1\2) +]]S,I\12§z +]2$722/S\z
- vll-’ (Tlx +/I\2x> - vs(t)/s\x (2)

Hence, the Zeeman interactions of the nuclei are modified; in the
terms describing heteronuclear couplings we keep only the prod-
ucts of the z-projections of the spin operators (the proton-proton
coupling term remains the same as in Eq. (1)).

In the present case, the function v§(t) describes the time-
dependent '3C RF-field. By adiabatically decreasing the amplitude
of the carbon RF-field, we transfer the population of the singlet
state of the protons into the magnetization of the carbon nucleus.
In the case of adiabatic RF-field variation, we correlate the spin
states before and after the switch and the singlet state population
is transferred selectively to a target spin state, which gives rise to
hyperpolarization of the carbon spin [30]. The choice of an appro-
priate target spin state is performed by setting the carbon
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Fig. 1. Catalytic hydrogenation of dimethyl acetylenedicarboxylate producing maleic acid dimethyl ester. The two highlighted protons in the product originate from the pH,
molecule. The polarization is transferred from pH, protons to one of '>C nuclei denoted as Ca and Cg.

Fig. 2. Pulse sequence for polarization transfer from protons to *C nuclei. The 'H
RF-field, RFy, stays constant during the experiment, while the '>C RF-field, RF¢, is
adiabatically decreased from the maximal value to zero. In this work, we optimized
the time profile of the v{(t) RF-field.

RF-frequency, i.e., of the off-set value, 6v¢c = v§ — v§,.. To fulfill the
adiabaticity condition passage through LAC regions (see Figs. 3a
and 4a) must be slow enough, so that the populations follow the
energy levels during the variation of the Hamiltonian. However,
simple increase of the switching time is not always a suitable strat-
egy, since relaxation kicks-in during the switch and significantly
reduces the spin order. A better way to implement adiabatic RF-
field variation is to optimize the switching profile in order to (a)
minimize the time and (b) keep a high degree of adiabaticity. Qual-
itatively, this can be achieved by passing through the LAC regions
slowly and introducing fast passage in-between LACs. Quantita-
tively, such an adiabatic process can be introduced by performing
a switch keeping constant the generalized adiabaticity parameter
[33,34]. To do so, we define the adiabaticity parameter for a pair
of adiabatic states |i) and |j), which change in time upon variation
of the Hamiltonian:

o=t 141

where v;; = E; — Ej, with E; and E; denoting the i-th and j-th eigenval-
ues of the Hamiltonian. Adiabaticity is fulfilled, when &; <« 1, i.e,,
when time variation of the eigen-states is much slower than the
internal evolution of the system. The key idea of constant adiabatic-
ity is that the Hamiltonian should be varied slowly within LAC
regions, where the splitting between the energy levels is small
(i.e., v4 is small) and state mixing occurs (i.e., the derivative 4|j) is
large), and fast outside LACs. Hence, to achieve constant adiabaticity
we decrease the RF-field variation rate at LAC regions and increase
it outside LAC regions. Such a method allows one to reduce the total
switching time and thus to implement “fast” adiabatic switching
[33,34].

To calculate the optimal profile for v§(t) we rewrite the adia-
baticity parameter as follows:
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Fig. 3. Energy levels of the spin system as a function of the '*C RF field amplitude, v§,

in the case of transfer to the C, nucleus (subplot a). Linear profile (dots) and profile

with “constant adiabaticity” (solid line) of the RF-field variation (subplot b).

Subplot c: polarization of the Ca nucleus for linear profile (dots) and profile with

“constant adiabaticity” (solid line) as a function of time. For both profiles, the simulation

parameters were as follows: Toy =0.05 s, V§(t =0) =400 Hz, v§ = 134 ppm,
= 300 Hz, v§; = 6.36 ppm. Dashed circle in (a) indicates the LAC region.

&i(t) = (2711\),-;)2 <i'dH3';F(t)Li> = const (4)

and take the average of the &;(t) values for all pairs of states of the
spin system:

@ =4/> ;8. (5)
Since
dﬂDRF(f) B dV]C(t) ) §

& ~ dt °*

we can rewrite Eq. (4) as an ordinary differential equation for v§(t),
and solve it numerically, by assuming (¢)(t) = const. This procedure
has been described in detail in previous works and RF-field profiles
with “constant adiabaticity” appear to be very efficient for generat-
ing singlet order in pairs of coupled spins [30].
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Fig. 4. Energy levels of the spin system as a function of the '>C RF field amplitude v§
in the case of transfer to the Cg nucleus (subplot a). Linear profile (dots) and profile
with “constant adiabaticity” (solid line) of the RF-field variation (subplot b). Subplot
c: polarization of the Cg nucleus for linear profile (dots) and profile with “constant
adiabaticity” (solid line) as a function of time. For both profiles, the simulation
parameters were as follows: T,y =2.6 s, V{(t =0) =400 Hz, v§ =134 ppm,
Vil =300 Hz, V¥ = 6.36 ppm. Dashed lines in (a) indicate the LAC regions.

Figs. 3 and 4 (see subplots a) present the appearance of the rel-
evant LACs for three-spin systems of two protons and a carbon
spin, being C4 or Cg nuclei. We also show linear and optimal pro-
files of v{(t) (see subplots b in both figures), and numerically sim-
ulated time dependence of the polarization of the carbon nucleus
(see subplots c in both figures) for linear and “constant adiabatic-
ity” profiles.

In the case of the C4 nucleus, the energy levels form a “triple”
LAC with a large energy splitting defined by the proton-carbon
coupling constant, J;; = 168 Hz. Since the LAC region is broad,
there is no significant difference between the linear profile and
optimized profile; the transfer efficiency is also comparable for
both profiles. In the case of the Cg nucleus, there are two LAC
regions separated from each other. For each LAC, the minimal split-
ting between the levels is relatively small due to smaller proton-
carbon coupling constant, J;; = 13.7 Hz. Therefore, the optimal
profile, which takes the structure of the LACs into account, has a
better performance compared to the linear profile. Thus, the profile
with “constant adiabaticity” enables shortening the total transfer
time without sacrificing the transfer efficiency. This method can
thus be exploited to decrease the switching time and to minimize
polarization losses due to relaxation.

Finally in this subsection, we would like to discuss one more
issue, dealing with the spin order of the two primarily polarized
protons. At first glance, this issue is trivial, since we work with
pH>, i.e., with a pair of protons in the singlet state. Nonetheless,
after pH, binds to a PHIP catalyst or to a substrate, singlet-triplet
conversion may become efficient once the singlet state of H; is
not an eigenstate of the spin system (the protons become magnet-
ically or even chemically non-equivalent). In our previous works
[35-37] we argue that this is indeed the case in some situations.
In the present case the singlet is not an eigenstate of the

hydrogenation product molecule, in particular, for the molecule
containing the C, carbon: in the absence of RF-excitation the
eigenstates are to a good approximation the Zeeman basis states
due to the relatively large difference of the J-couplings to the '3C
spin.

To prevent from the unwanted singlet-triplet mixing we have
taken the following measures. The waiting time in our experiments
was taken relatively short, commonly, 7,, = 0.5 s. We also take the
'H RF-field and the initial '3C-field such that the spin system is
away from the LACs shown in Figs. 3a and 4a (namely, the differ-
ence in v{ and V§ is always taken sufficiently large). Under such
conditions the singlet state of the protons is nearly an eigenstate
of the spin Hamiltonian. We also tried to turn on the proton RF-
field also during bubbling of the solution with pH,; however, in
this case the signal enhancement was reduced by almost on order
of magnitude.

As mentioned above, magnetic non-equivalence can give rise to
singlet-triplet mixing, reducing the singlet order and selectively
populating the triplet |To) state [35-37]. In this situation, the sin-
glet order changes to the anti-phase order. To check whether this
is indeed the case we introduced a 90-degree 'H RF-pulse prior
to the proton RF-excitation: such a pulse partly reconstitutes the
singlet order and thus can increase the resulting NMR enhance-
ment [36]. However, after this modification the signal enhance-
ment has not change, which is an indication that the singlet
order is not perturbed significantly. Nonetheless, modification of
the spin order of H, can be an important issue in PHIP experiments,
which has to be taken into account.

3. Results

The position of the LAC region and, therefore, the efficiency of
polarization transfer depend on the frequency of '3C RF-
excitation. In the cases where the RF-frequency is very far from
the resonance of the heteronucleus or is directly on resonance
the transfer efficiency is zero. In the former case the matching con-

dition vy ~ v = 1/ (¥)* + (9vc)* cannot be fulfilled, while in the
latter case correlation of adiabatic states in not appropriate. Gener-
ally speaking, the frequency of the '3C RF-field defines, which
states are correlated in the transfer process and, thus, the sign of
the resulting '>C magnetization (see Fig. 5). Therefore, appropriate
choice of the v§; frequency is a necessary prerequisite for achieving
the maximal carbon NMR enhancement.

The amplitude of the proton RF-field defines the range of the
frequencies of the '3C RF-field suitable for performing the desired
polarization transfer. Using higher v}’ amplitudes makes it simpler
to fulfill the matching condition, Vi ~ vecff: this condition is fulfilled

for a broader range of the v, off-sets, see Fig. 6. However, setting a
too strong RF-field also has disadvantages. First, intense RF-fields
might heat the sample and give rise to convection, so that hyperpo-
larized molecules migrate from the detection zone reducing the
observable signal enhancement. Second, in the case of too strong
RF-fields, it is harder to fulfill the adiabaticity condition during
transfer (the LAC regions become narrower), which results in
polarization losses. Thus, it is preferable to work with moderate
RF-field amplitudes (namely, 0.5 to 1 kHz).

As discussed above, the total transfer time should be set such
that passage through the LACs is performed in an adiabatic manner
and relaxation losses are minimized. Fig. 7 presents the Tu-
dependence of the polarization transfer efficiency for the Ca (sub-
plot a) and Cg (subplot b) nuclei, obtained with both linear and
optimal profiles. For the C, nucleus the transferred polarization
reaches its maximum at the switching time of 0.25 s, and the per-
formance of the linear and optimal profiles is similar. In the case of
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transfer to the Cg nucleus, the optimal 745 is equal to 26 s for opti-
mal and 38 s for linear profile. The different 7,y dependences for
the C, and Cg nuclei arise from the different spin-spin coupling
constants between the protons and the corresponding carbon
nuclei. For the C, nucleus, the proton-carbon J,; coupling constant
is equal to 168 Hz, resulting in a bigger splitting at the LACs, and
faster polarization transfer. For the Cg nucleus, the Jo; coupling
constant is 13.7 Hz, so that the LAC regions are narrower, which
makes the adiabaticity condition harder to fulfil during the switch-
ing. In this case, the optimal profile, which suggests slow passage
through the LACs, increases the maximal efficiency of polarization
transfer by 10%.

Using all possible optimization methods, we obtained a signal
amplification of ¢ = 43,200 for the C, nucleus, which corresponds
to 35.2% of '3C polarization, and ¢ = 29,000 for the Cg nucleus,

which corresponds to 23.5% of polarization. The NMR spectra
exhibiting these enhancement factors are presented in Fig. 8. One
can see that the signals of the hyperpolarized molecules have sig-
nificantly higher intensities than the lines of the residual >C-
nuclei of the solvent.

In addition to high enhancements, we demonstrate that the
method used here is suitable also for suppressing background sig-
nals. This is possible because the 3C RF-field almost does not affect
the thermally polarized background signals. At the same time, the
sign of the carbon hyperpolarization can be controlled by the sign
of the frequency offset relative to the '>C Larmor frequency of the
targeted nucleus, i.e., the polarization changes its sign for experi-
ments with positive and negative évc. Hence, by subtracting the
NMR spectra obtained after polarization transfer with positive
and negative 5vc we double the hyperpolarized signals and
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obtained after a single acquisition. In the case of transfer to C, nucleus, the
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Fig. 9. 13C NMR spectra of maleic acid dimethyl ester after the transfer of PHIP to Cp
nucleus with v§ =134 ppm (subplot a) and Vg =127 ppm (subplot b). The
difference of the spectra 1 and 2 demonstrates almost complete suppression of
the background signals (subplot c).

subtract the thermal signals. Hence, the difference spectrum yields
only the hyperpolarized signal of the nuclei of interest, while the
background signals (here the solvent signals) are suppressed, see
Fig. 9.

4. Conclusions

In this work we report efficient transfer of parahydrogen-
derived spin order of protons to '>C heteronuclei at high magnetic
field. Polarization transfer at high fields occurs in the presence of
RF-excitation of both protons and heteronuclei; we exploit adia-
batic passage through LACs in the doubly-rotating reference frame.
Following the variation of the '3C RF-field, the system passes
through the LACs, giving rise to efficient and selective polarization
transfer. We show that using a profile with “constant adiabaticity”
for RF-field envelopes increases the efficiency of PHIP transfer,
especially for remote carbon the spin-spin coupling between pro-
tons and heteronulcei is not so strong (about 10 Hz). Using opti-
mized parameters, namely, reaction conditions (catalyst
concentration and pH, pressure) and RF-field parameters (ampli-
tudes, frequencies, and envelopes for the '>C RF-field), allowed us
to obtain a 43,000-fold signal enhancement, which corresponds
to 35% of 3C polarization. Moreover, this method is capable of effi-
cient suppression of background signals, which is due to the fact
that the '3C polarization changes its sign upon sign variation of
Svc. As a result, high performance of the methods exploited in this
work makes them applicable for the selective detection of PHIP-
polarized molecules at small concertation and natural isotope
abundance. Potentially, such hyperpolarization strategies can
broaden the range of analytical and diagnostic applications of PHIP.
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