Applied Magnetic Resonance Applied

https://doi.org/10.1007/s00723-021-01377-4 Magnetic Resonance

ORIGINAL PAPER q
Check for
updates

Gas-Phase NMR of Hyperpolarized Propane with 'H-to-'3C
Polarization Transfer by PH-INEPT

Dudari B. Burueva'2® - Vitaly P. Kozinenko'® - Sergey V. Sviyazov'~
Larisa M. Kovtunova'>® - Valerii I. Bukhtiyarov?3

Eduard Y. Chekmenev*>® . Oleg G. Salnikov'>3® . Kirill V. Kovtunov'?
Igor V. Koptyug'

Received: 28 April 2021 / Revised: 16 June 2021 / Accepted: 20 June 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract

In this work we demonstrate the possibility to transfer parahydrogen-derived 'H
polarization to '*C nuclei in the gas phase using PH-INEPT-based pulse sequences.
The propane with hyperpolarized 'H nuclei was produced via hydrogenation of pro-
pylene (at natural '*C abundance) with parahydrogen over the heterogeneous 1 wt%
Rb/TiO, catalyst at 7.05 T magnetic field of a NMR spectrometer. The apparent pro-
ton polarization was estimated as 1.8 +£0.4%, taking into account the polarization
losses caused by spin relaxation. The optimal inter-pulse delays for both the PH-
INEPT and the PH-INEPT + sequences were determined via the numerical calcula-
tions considering the full spin system of propane which includes eight protons and
one 13C nucleus. The application of the optimized PH-INEPT polarization transfer
sequence resulted in the '*C polarization values of 0.07 +0.01% and 0.030 +0.006%
for the methyl group of [1-'>C]propane and the methylene group of [2-*C]propane,
respectively. The experimental dependence of the '*C polarization values for [1-*C]
propane and [2-!*C]propane on the inter-pulse delay 7, of the PH-INEPT sequence
is in a good agreement with the simulation. The resulting '*C polarization using
PH-INEPT + sequence is~2.5 times lower than that via PH-INEPT, which is also
consistent with the numerical calculations.
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1 Introduction

One of the most promising and robust hyperpolarization (HP) techniques aiming
to increase sensitivity in NMR and MRI experiments is parahydrogen-induced
nuclear polarization (PHIP) [1]. It relies on the conversion of the singlet order of
parahydrogen (p-H,, the spin isomer of molecular hydrogen with a total nuclear
spin /=0) into observable NMR signals, which can be enhanced by several orders
of magnitude. In canonical PHIP, signal enhancement is achieved via p-H, pair-
wise addition to an unsaturated substrate during catalytic hydrogenation [2, 3].
To preserve the spin correlation of p-H,-derived protons upon their incorpora-
tion into a product molecule, hydrogenation must proceed via pairwise H, addi-
tion, and p-H,-derived protons must end up in magnetically inequivalent posi-
tions in order for the enhancement of the NMR signals to be observed. In theory,
proton polarization achieved by PHIP can approach 100%, meaning that NMR
signal enhancement values of up to 10°~10° are possible in high-field NMR [4].
The PHIP effect was first demonstrated by Bowers and Weitekamp in a homo-
geneous hydrogenation of acrylonitrile over Wilkinson’s catalyst, the catalytic
cycle of which is known to proceed via pairwise addition of H, [2]. In contrast,
it was believed that PHIP effects cannot be observed using solid heterogeneous
catalysts, which activate H, molecule in a dissociative manner and should lead
to a rapid loss of spin correlation between p-H,-derived chemisorbed hydrogen
atoms [5]. However, despite this commonly accepted wisdom, PHIP effects were
successfully demonstrated in a heterogeneous hydrogenation over Wilkinson’s
catalyst immobilized on a solid support [6] and shortly after over Pt metal cata-
lyst supported on alumina [7]. The latter research gave rise to a vast majority
of works in the field of PHIP in heterogeneous hydrogenations (HET-PHIP). As
hyperpolarization in PHIP is created in a chemical reaction, the HET-PHIP tech-
nique allows one to study heterogeneous catalytic reactions [8]. Due to a signifi-
cant NMR signal enhancement, detection of short-lived intermediates of catalytic
reactions becomes possible in principle, which has a potential to greatly advance
understanding of the mechanisms of these reactions. Applications of HET-PHIP
in catalysis are covered in the most recent reviews [8, 9], but the utility of HET-
PHIP is not limited to the studies of catalytic processes. An important advan-
tage of HET-PHIP is the possibility to produce catalyst-free hyperpolarized fluids
for biomedical MRI, since heterogeneous catalysts can be easily separated from
a hyperpolarized product. In this context, HP propane, which can be potentially
used as a safe and inexpensive contrast agent [10] for in vivo lung MRI, is of
particular interest [11, 12]. The possibility of producing HP propane on a clinical
scale in the heterogeneous hydrogenation of propylene with parahydrogen over
Rh/TiO, catalyst was recently demonstrated [13]. HP propane was also produced
in the hydrogenation of cyclopropane [14, 15]. The use of cyclopropane as a sub-
strate instead of propylene for propane production seems promising—the result-
ing propane has surprisingly high polarization levels, and an incomplete conver-
sion is not an issue, since the remaining cyclopropane is nontoxic. Besides, the
possibility to use diethyl ether as a promising HP contrast agent has recently been
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demonstrated [16]. Diethyl ether is attractive as a contrast agent because it was
used for a long time in anesthesia, which should accelerate clinical translation.
Moreover, the ethyl vinyl ether precursor, which was hydrogenated to yield die-
thyl ether, is also used as an anesthetic.

One of the most promising strategies for PHIP applications is the transfer of pro-
ton hyperpolarization to magnetic heteronuclei, namely, 13C, BN, and others [17].
These nuclei exhibit such unique features as long relaxation times (typically, in lig-
uid phase) and background-free detection, which makes them ideal sensors for bio-
medical NMR and MRI applications [18, 19]. However, detection of such nuclei is
rather difficult, which is the result of small values of their magnetic moments and a
low natural abundance. Fortunately, transferring the proton polarization supplied by
PHIP to heteronuclei provides an effective remedy for this problem. It can be per-
formed via different approaches—by magnetic field cycling [20-27] and by radiofre-
quency (rf) pulse sequences [28-36]. However, to the best of our knowledge, neither
approach was applied to gases so far. Here in this work, we demonstrate 'H-to-'>C
polarization transfer for propane isotopomers at natural isotopic abundance in the
gas phase using PH-INEPT pulse sequence [33]. Since the gas molecules consti-
tute a well-defined uniform physical system, '3C HP gases can be advantageous for
studying fundamental intramolecular and intermolecular interactions and the mech-
anisms of nuclear spin relaxation using '*C NMR spectroscopy [37, 38].

Hyperpolarized propane was produced via HET-PHIP using a heterogeneous
Rh/TiO, catalyst under PASADENA conditions and the 'H polarization was sub-
sequently transferred to '3C nuclei. In the case of a gas-phase process implemented
under continuous flow conditions, rapid relaxation of spins and escape of HP mol-
ecules from the detection zone forced us to seek the fastest way to transfer polariza-
tion. Among the variety of polarization transfer techniques, PH-INEPT-based trans-
fer is the best option for the case of weakly coupled p-H,-derived protons, which is
the case for propane molecule in the high magnetic field of an NMR spectrometer.
The total time of transfer is determined by the J-coupling between the p-H, derived
protons and a heteronucleus, and for propane molecule possessing a '*C nucleus
it is on the order of tens of milliseconds. The rf-based polarization transfer occurs
directly in the NMR signal detection zone, which reduces polarization losses dur-
ing the time between the formation of HP molecules and their NMR detection. PH-
INEPT-based transfer utilizes hard rf pulses, making it non-selective with respect to
the chemical shifts of heteronuclei in the molecules under study.

2 Experimental Section

2.1 Catalyst Preparation and Characterization

The Rh/TiO, catalyst used in this work was prepared by wet impregnation of tita-
nium dioxide with a rhodium nitrate solution [39]. Titanium dioxide TiO, (Hombi-
fineN, 100% anatase, BET specific surface area Sgpr=360 m* g~!) was calcined at

550 °C for 2 h, which resulted in a decrease of Sgpy to 109 m* g=!. The required
amount of rhodium(III) nitrate hydrate (Sigma Aldrich, 83750; Rh content ~36 wt%)
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was dissolved in distilled water, and this aqueous solution was used to impregnate
titanium dioxide for 1 h at room temperature. Solvent excess was evaporated at
a reduced pressure. The sample was dried at 120 °C for 3 h and then calcined at
400 °C for 4 h followed by reduction in H, flow (75 cm?® min~!, 1 atm) at 330 °C for
3 h. The catalyst contained ~ 1% Rh by weight.

2.2 Hydrogenation Experiments

Propylene (purity >99.6%; Chistye Gazy Plus Ltd, Russia) and ultra-high-purity
hydrogen (purity >99.999%; AlfaGas Ltd, Russia) gases were used without addi-
tional purification. Hydrogen gas was enriched with the para isomer using a
Bruker BPHG-90 parahydrogen generator operating at 45 K, resulting in 83% p-H,
enrichment. The volumetric feed flow rates of hydrogen and propylene were reg-
ulated using Bronkhorst mass flow controllers; hydrogen gas flow rate was set at
180+2 ml, min~!; propylene gas flow rate was set at 45+1 ml, min~' to achieve
the propylene:p-H, enriched hydrogen gas ratio of 1:4. The gases were mixed in a
500 ml stainless steel double-end cylinder and the resulting mixture was supplied to
the catalyst (20 mg) placed at the bottom of a 10 mm o.d. NMR tube through a 1/16
in. o.d. (1/32 in. i.d.) PTFE capillary. In the NMR tube, the gas mixture was flowing
from the bottom to the top and then to the vent through a 1/8 in. o.d. PTFE tubing
connected with the NMR tube through a wye-type fitting. NMR tube with the cata-
lyst was heated up to 130 °C using Bruker variable temperature unit. All hydrogena-
tion experiments were performed at 2 bar; the reaction pressure was controlled using
a Swagelok membrane back pressure regulator.

Hydrogenation was performed in the 7.05 T magnetic field of a 300 MHz Bruker
AV 300 NMR spectrometer (PASADENA procedure [2]). A 10 mm BBO 300 MHz
Bruker probe head was used. 'H PASADENA NMR spectra were acquired using
a n/4 rf pulse, and the spectra of a reaction mixture in thermal equilibrium were
acquired using a #/2 rf pulse.

2.3 Calculations
2.3.1 Evaluation of Conversion

Propylene conversion was calculated as the molar ratio of the reaction product—pro-
pane—to the sum of propane and unreacted propylene. Catalytic reactor effluent gas
was collected in an empty 10 mm o.d. NMR tube to evaluate propylene conversion
over Rh/TiO,. Conversion values were evaluated from "H NMR spectra acquired in
thermal equilibrium after a complete relaxation of hyperpolarization.

2.3.2 Evaluation of Proton Polarization Losses Caused by Relaxation
To evaluate proton polarization losses caused by nuclear spin relaxation, the longi-

tudinal relaxation times (7)) were measured using the standard inversion-recovery
pulse sequence; inverse gated 'H decoupling was applied during '3C NMR spectra
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acquisition. It was found that proton T relaxation times for the CH, and CH; groups
of propane are 350+ 20 and 345 +20 ms, respectively, under the reaction conditions
(130 °C; 2 bar; propane:n-H, ratio of 1:3). Then, the time that propane molecules
spent on the way from the catalyst, on the surface of which propane is formed, to the
end of the detection coil region was estimated. The geometry of the NMR tube and
the detection coil were described in detail previously [40, 41]. The volumetric gas
flow rate u was recalculated to account for the difference in the actual and normal
conditions (actual conditions: 130 °C, 2 bar; 0.25 is the mole fraction of propane at
100% conversion):

45 1 1 403.15

=221 mlsh

Considering the flow rate of 2.21 ml s™!, the residence time () of propane mol-
ecules at the bottom of NMR tube below the sensitive zone with the volume V| esti-
mated as 0.3 ml can be evaluated as

Vi 030
= — =—"—=0.14s.
T T 200 5

Polarization losses can be estimated based on the ratio of the averaged polariza-

tion of the molecules in the detection coil region (P,) to the initial polarization (P)

using the formula [41]:
Z — u_n 1 - e_MVTzl . e_;_l]
Py Y

where V, is the volume of the sensitive region of the detection coil estimated as
1.2 ml. The ratio % is ~0.34 for both propane groups under these conditions.
0

2.3.3 Evaluation of the Uncertainty in the '3C T, Measurements

The uncertainty in the '*C 7, measurements was estimated from the uncertainty in
the integration. For different delays after an inversion pulse (z), the signal-to-noise
ratio (SNR) for both methyl and methylene signals in '*C spectra was determined
and the relative standard deviation (RSD) value for the signal integrals was calcu-
lated as RSD = % [42]. Then, the obtained relative standard deviations of the inte-
grals were used in the experimental data approximation.

2.3.4 Reproducibility Analysis
To evaluate the reproducibility of the results, PHIP experiments were independently
repeated three times, each time with a new catalyst loading. The standard deviation

values were found to be 9% for conversion and 20% for proton and carbon polariza-
tion levels.
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3 Results and Discussion

It is known that rhodium metal catalysts supported on titania exhibit high activity in
pairwise parahydrogen addition providing higher polarization levels in HET-PHIP
among other supported metal catalysts [43]. Here in this work, we used a 1 wt%
Rb/TiO, catalyst; its preparation procedure is described in the Experimental Sec-
tion. Propylene hydrogenation was performed in the high magnetic field of the
NMR spectrometer under PASADENA experimental conditions [2]; the catalyst was
placed at the bottom of the NMR tube so that it was located below the sensitive
region of the detection coil. To ensure high catalytic activity, the NMR tube with the
catalyst was heated up to 130 °C and hydrogenation reaction was performed at 2 bar.
The propylene:parahydrogen-enriched H, ratio was set to 1:4 using mass flow con-
trollers and the total flow rate was set at 225 ml, min~'. The mixture of gases was
supplied directly to the catalyst. The PASADENA 'H NMR spectra of the reaction
mixture containing propane produced in the reaction, the unreacted propylene, and
H, were acquired in a steady-state regime using a z/4 rf pulse. To evaluate propylene
conversion, the catalytic reactor effluent gas was collected in an empty 10 mm o.d.
NMR tube and 'H NMR spectra were acquired with a 7/2 rf pulse under thermal
equilibrium achieved after a complete relaxation of hyperpolarization. It was found
that the Rh/TiO, catalyst exhibits high activity in propylene hydrogenation under
these reaction conditions—the conversion reached 91 +8% (Fig. 1). Details of the
conversion evaluation are given in the Experimental Section.

In the 'H NMR spectrum of the flowing gas (Fig. 1, red spectrum), the character-
istic antiphase PHIP patterns were observed. The absorptive and the emissive parts
of each PASADENA antiphase multiplet were integrated independently, and their
co-added absolute values were compared with the integral (normalized by the num-
ber of contributing protons) of the corresponding multiplet at thermal equilibrium
to evaluate the experimentally observed signal enhancement values (SE). Under
these conditions, the Rh/TiO, catalyst demonstrated moderate SE levels of 33 and
52 for CH, and CHj; groups of propane, respectively. To estimate the polarization
levels, one needs to compare the experimentally observed SE to a maximum possi-
ble SE,;,.,, in such experiment. Under our experimental conditions, the maximum 'H
signal enhancement in a PASADENA experiment numerically evaluates to

4x,—1 2yhB 4x, — 1

SEtheor = % : P3 : ykT L p3 - 27990 (1)
at T=403.15 K, B;=7.05 T, n/4 detection pulse for PASADENA spectrum and n/2
detection pulse for the 'H spectrum in thermal equilibrium, where x,, 18 the fraction
of p-H, in the hydrogen gas [4]. This is valid for an AX spin system, while for a
larger number of magnetic nuclei in a product molecule, the maximum 'H signal
enhancement in a PASADENA experiment is reduced due to the partial cancelation
of individual components of the antiphase multiplet upon further splitting by the
couplings with extra protons. In the case of an A,X spin system of propane with six
equivalent protons in two methyl groups and two equivalent protons in the methylene
group, the maximum 'H signal enhancement that can be produced in a PASADENA

@ Springer



Gas-Phase NMR of Hyperpolarized Propane with "H-to-'3CP...

3
H Hy H 6
; H Ha-H, H H
= ., RNTO; y
H
A H , 5 H H

-
o

2
"H chemical shift, ppm

Fig.1 Top: the reaction scheme of pairwise addition of p-H, to propylene over Rh/TiO, catalyst. Bot-
tom: '"H NMR spectrum acquired during propylene hydrogenation with p-H, over Rh/TiO, catalyst,
while the gas was flowing with the flow rate of 225 ml, min~' (red spectrum), and '"H NMR spectrum of
the catalytic reactor effluent gas collected in an empty 10 mm o.d. NMR tube (black spectrum, intensity
is multiplied by a factor of 4). The 'H PASADENA spectrum was acquired using a z/4 rf pulse; the cor-
responding 'H spectrum in thermal equilibrium was acquired using a /2 rf pulse (Color figure online)

experiment reduces differently for the CH, and CH; groups. The pattern of line
intensities for the CH, group coupled to six equivalent protons in a '"H NMR spec-
trum is (1,6,15,20,15,6,1) for thermally polarized propane and (1,4,5,0,—5,—4,—1)
for the PASADENA experiment [44]. In the case of a CH; group coupled to two
equivalent protons, the pattern of line intensities is (1,2,1) under thermal equilib-
rium and (1,0, — 1) for the PASADENA experiment. Therefore, the maximum pos-
sible 'H signal enhancement is reduced by factors of 3.2 and 2 for the CH, and the
CH; group, respectively (both the emissive and the absorptive parts of the antiphase
multiplet are taken into account). Moreover, it should be noted that the maximum
possible 'H SE,;.,, in a PASADENA experiment significantly depends on the line
broadening because of a partial signal cancellation of the overlapping absorption
and emission parts of the antiphase multiplet. The simulation of the experimental 'H
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PASADENA spectrum was performed to determine the width of individual lines in
the experimental spectra. The maximum possible 'H SE,;,, value was determined
from the simulated spectra of both hyperpolarized and thermally polarized propane
with the corresponding line width. At x,=83% parahydrogen enrichment level,
the maximum 'H signal enhancement for the CH, and the CH; groups of propane
is 5440 and 8500, respectively. Therefore, the estimated proton polarization was
0.6 £0.1% for both groups under these reaction conditions.

The 'H polarization levels estimated above are the lower estimates, since the
relaxation losses were not taken into account. To evaluate polarization losses caused
by nuclear spin relaxation, the longitudinal relaxation times for both CH, and
CH; groups of propane were measured under reaction conditions (130 °C, 2 bar).
To that end, propane and normal hydrogen (n-H,) gases were supplied with a 1:3
ratio (as if propylene completely converted to propane; the propane:n-H, ratio was
set using mass flow controllers) to the bottom of an empty 10 mm o.d. NMR tube.
The NMR tube was heated up to 130 °C, and the 'H T, measurements were per-
formed at 2 bar for a static gas. It was found that proton T relaxation times for the
CH, and CH; groups of propane are 350+20 and 345 +20 ms, respectively. The
estimates provided in the Experimental Section demonstrate that only one-third
of the initial polarization is observed and that the initial 'H polarization levels are
thus~1.8 +0.4%.

To examine the possibility of polarization transfer from 'H to '3C nuclei in the
gas phase, the application of an rf pulse sequence seems the best choice, since lon-
gitudinal 7 relaxation times for both 'H and "°C nuclei of propane in the gas phase
are short. This makes the alternative approach based on magnetic field cycling
ineffective in this case, because it requires multi-second-long sample manipula-
tion time period, during which the produced '*C hyperpolarized state would decay.
The proton T relaxation time for propane in propane/H, mixtures increases nearly
linearly with propane mole fraction and pressure [45, 46], indicating that propane
T, relaxation in the gas phase is mostly governed by the spin-rotation interaction
[47]. As stated above, the T, times for propane protons under reaction conditions
are ~350 ms. For 13C nuclei in propane, we found that '3C T, relaxation times for
the methylene (13CH2) and methyl (13CH3) groups are 140+ 10 and 149+ 8 ms for
propane mixed with hydrogen gas in the 1:3 molar ratio at room temperature, and
even shorter values can be expected at 130 °C [37]. The T relaxation times being
shorter for heteronuclei compared to 'H nuclei is a common situation in the NMR
of gases [48, 49]; it is attributed to the predominance of the spin-rotation relaxation
mechanism for molecular gases and vapors and is associated with the properties of
the spin-rotation tensor for a specific nucleus.

It is important to note that propylene gas used in the hydrogenation experi-
ments was not isotopically labeled. Taking into account the natural abundance of
13C nuclei, it is assumed that the mole fraction of [1-'*C]propane is 2.2% (positions
#1 and #3 are identical in thermal equilibrium, Fig. 2) and the fraction of [2—13C]
propane is 1.1%. The molecules containing two *C nuclei were not considered due
to vanishingly low probabilities. Therefore, 1>*C NMR spectrum of propane in ther-
mal equilibrium is the superposition of the signals from two different isotopomers—
[1-13C]propane and [2-'*C]propane (see '>C spectra in Fig. 2). It can be seen from
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8, = 7.37 Hz
H H 4., = 0 Hz
\ / oon = Non = 124.35 Hz
\ / ¢ / "oy = 125.35 Hz
/ \ / N 2o = 2y = -4.25 Hz
2Je y = -4.20 Hz
H, and H, protons are correlated e = 2o =5.40 Hz

I T T T T T T T T T 1
20 18 16 14 12 10
3C chemical shift, ppm

Fig.2 Top: propane J- couphngs Most of the coupling constants were taken from the literature [50]. The
corrected 2J _p; and JC _y coupling constant values were obtained from the experimental *C NMR
spectrum of thermally polarlzed propane (saturated solution in acetone-dg). Bottom: an experimental Bc
NMR spectrum of thermally polarized propane in the gas phase (red line). Simulated spectra of [2-'*C]
propane (solid black line) and [1—13C]propane (dashed black line) are shown below (Color figure online)

Fig. 2 that the experimental and simulated '*C NMR spectra of propane gas in ther-
mal equilibrium are in a good agreement. However, the incorporation of p-H,-de-
rived protons in a molecule (denoted as H, and H, in Fig. 2) makes carbons #1 and
#3 non-identical, so in the case of PHIP, three different isotopomers—[1-13C]pro-
pane, [2-'3C]propane and [3-'*C]propane—should be considered.

The PH-INEPT pulse sequence was chosen for the experiments aiming to trans-
fer the parahydrogen-derived polarization from 'H to '3C nuclei in the gas phase
as one of the most robust and effective approaches. However, the performance of
INEPT-based polarization transfer schemes strongly depends on the precise choice
of the inter-pulse delays. The optimal delay values are determined by the network
of scalar couplings in the molecule and in some simple cases they can be derived
analytically [33], but numerical calculations are more appropriate when analyzing
complex molecules with a large number of spins. Here, we simulated the spectra
expected after the application of PH-INEPT and PH-INEPT + sequences utilizing
the approach described earlier [51]. We have considered the full spin system of pro-
pane, including eight protons and one *C nucleus. In the initial spin density matrix,
one proton from the CH; group and one proton from the CH, group are in the sin-
glet spin state, while other nuclei are not polarized. To take into account the rapid
decay of coherences occurring in the course of the reaction, the non-diagonal terms
of the initial spin density matrix were omitted, which is a common procedure. Thus,
the initial spin order corresponds to /1\1 z/I\Zz operator (neglecting the unity matrix),
where /I\]’2 are spin operators of the p-H,-derived protons in the propane molecule.
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This density matrix was then subjected to a set of rotations and periods of free
evolution under Zeeman and J-coupling interactions corresponding to PH-INEPT
and PH-INEPT + pulse sequences. The schemes of corresponding experiments are
depicted in Figs. 3a and 5a. In the case of PH-INEPT, we assessed the efficiency of
polarization transfer by calculating the expectation value for transverse magnetiza-
tion of heteronucleus being antiphase with respect to the p-H,-derived protons. To
do this, the trace of the product of the final density matrix and the sum of antiphase
product operators Zflzgy and 2/1\213‘). was taken, where S is the spin operator of 13C
nucleus. It should be noted that, while in the experimental NMR spectra exhibiting
antiphase signals their broadening causes partial overlap of the signals of opposite
sign and thus a reduction in signal intensity, these effects are not present in the theo-
retical treatment of the performance of pulse sequences which evaluates spin density
matrix elements. In the PH-INEPT + sequence, additional refocusing allows one to
produce net magnetization of a heteronucleus. Thus, to determine the efficiency of
transfer by PH-INEPT + we calculated the trace of the product of the final density
matrix and the §x operator. The fact that 'H polarization levels achieved in the HET-
PHIP experiment are not 100% is immaterial and was not taken into account in the
polarization transfer efficiency calculations.

The PH-INEPT sequence has only one parameter to optimize: the inter-pulse
delay 7,; the results of numerical simulation of the 1*C polarization achieved by PH-
INEPT as a function of delay 7, are presented in Fig. 3b for three different propane
isotopomers. It is found that for both [1-'3C]propane and [2-'*C]propane the opti-
mal 7, delay is 14.0 ms; at this delay time the efficiency of p-H,-derived polariza-
tion transfer to 1*C nucleus in [1-"*C]propane and [2-!*C]propane isotopomers using
PH-INEPT is estimated as ~ 14%. In the case of [3-'*C]propane the efficiency of the
polarization transfer using PH-INEPT is lower (green spectrum in Fig. 3c) due to
small J-coupling constants between the p-H,-derived protons and the *C nucleus
(Fig. 2). It should be noted that PH-INEPT pulse sequence does not transfer any
proton magnetization of thermally polarized propane isotopomers [33]; thus, only
the molecules with p-H,-derived protons contribute to 13C PH-INEPT spectrum pro-
vided that the thermal equilibrium '*C NMR signal can be neglected. The efficiency
of the PH-INEPT sequence primarily depends on the value of the mutual spin—spin
coupling constant of the two p-H,-derived protons (H, — Hy,) and their couplings to
the 1°C nucleus (Ha(b)—13C). In propane these couplings are large; however, coupling
to additional nuclei in the 9-spin system of propane isotopomers causes a significant
signal reduction.

The PH-INEPT pulse sequence with a 14.0 ms delay 7, was applied, while
propylene:parahydrogen-enriched H, gas mixture was supplied to the catalyst and
'"H HP propane was constantly formed at the bottom of the NMR tube and was
then flowing upward in the NMR tube through the sensitive region of the detec-
tion coil. An experimental '>*C NMR spectrum acquired after '*C hyperpolarization
of propane isotopomers using PH-INEPT pulse sequence is presented in Fig. 3c
(red spectrum). Two multiplets are observed in the spectrum—a quartet with a
(=1,—1,1,1) lines pattern at 13.87 ppm attributed to the methyl group of [1-13C]
propane, and a triplet with a (—1,0,1) pattern at 15.26 ppm attributed to the meth-
ylene group of [2-"*C]propane. Moreover, the >*C NMR spectra were simulated for
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Fig.3 a PH-INEPT pulse sequence used to transfer polarization from 'H-to-'*C nuclei in propane. b
Numerical simulation of the '3C polarization transferred by PH-INEPT for three different propane iso-
topomers as a function of delay 7,. ¢ Experimental 13C NMR spectrum acquired after '*C hyperpolari-
zation of propane isotopomers using PH-INEPT pulse sequence (red spectrum; the optimal delay 7, of
14.0 ms was used; 256 accumulations) during propylene hydrogenation with p-H, and simulated spectra
presented separately for the three different isotopomers (the scaled spectrum for [3-'3C]propane is pre-
sented in the inset). The experimental '*C NMR spectrum of pure thermally polarized propane (black
spectrum; 4096 accumulations) is presented below

all three propane isotopomers, demonstrating a good agreement with the experi-

ment (Fig. 3c). It is interesting to note that for '*C HP [3-*C]propane all lines of
the quartet are antiphase (green spectrum in Fig. 3c), meaning that [3-*C]propane
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molecules do not contribute to the line integrals used in the evaluation of 3C NMR
signal enhancement.

To evaluate '*C SE values, a '>*C NMR spectrum of pure propane in thermal equi-
librium and 1 atm was acquired. '>C SE values were calculated as the ratio of the
sum of absolute integrals of the polarized multiplets to the integral in '*C spectrum
at thermal equilibrium, with the difference in the number of signal accumulations,
the total pressure, and the gas mixture composition taken into account. It was found
that the experimentally observed signal enhancement values are 29 and 13 for the
methyl group of [1-'*C]propane and the methylene group of [2-'3C]propane, respec-
tively. The effect of the splitting of an antiphase multiplet due to the coupling to sev-
eral equivalent nuclei should be taken into account for 1*C polarization calculations,
similar to the 'H case described above. The pattern of line intensities for the '*C
nucleus coupled to three equivalent protons in the methyl group is (—1,—1,1,1) in
the case of hyperpolarization and (1,3,3,1) in thermal equilibrium. The 13C nucleus
coupled to two equivalent protons in the methylene group gives a (—1,0,1) pattern
in the case of hyperpolarization and a (1,2,1) pattern in thermal equilibrium. This
means that the maximum achievable '*C signal enhancement is reduced by a factor
of 2 for both *CH, and *CH; groups. The maximum possible *C signal enhance-
ment under PASADENA condition is~3.977 times higher than in Eq. (1) due to the
difference in the gyromagnetic ratios for '3C and 'H nuclei, and taking into account
the effect of signal splitting the maximum '°C SE,,, is 43030 at x,=83% parahy-
drogen enrichment level. Therefore, 3¢ polarization is estimated as 0.07+0.01%
and 0.030 +0.006% for the methyl group of [1-'>C]propane and the methylene group
of [2-1*C]propane, respectively.

The 7, delays in the experiments with PH-INEPT pulse sequence were also var-
ied. Experimental '>C NMR spectra acquired after 'H-to-'>C hyperpolarization
transfer in propane isotopomers using the PH-INEPT pulse sequence with different
7, delays are shown in Fig. 4b along with the corresponding simulated spectra pre-
sented separately for three different isotopomers. The experimental dependence of
13C polarization for the methyl group of [1-'*C]propane (purple circles in Fig. 4a)
and for the methylene group of [2-'*C]propane (orange diamonds in Fig. 4a) on the
inter-pulse delay 7, is well fitted by the numerically simulated function; the posi-
tions of all extremes are consistent with the calculations. The significantly lower
experimentally observed '*C polarization compared to the calculated ones are pri-
marily due to the moderate initial proton polarization. The second reason why the
experimental 1*C polarization values are reduced is the '*C spin relaxation, and pos-
sibly not so much T, as T, during the duration of the sequence. As can be seen,
the oscillations in the 7,-dependence are strongly damped for the experimentally
observed '*C polarization of the methylene group (the '*C polarization for *CH,
group at 7;,=23.0 ms is close to zero, Fig. 4a). This is most likely associated with
a lower value of T, for the methylene (ISCHZ) group compared to methyl (13CH3),
since 1°C T relaxation times for methylene and methyl groups are similar (140 + 10
and 149+ 8 ms). The experimental dependence of '*C polarization on 7, also dem-
onstrates that the precise calculations for PH-INEPT pulse sequence are needed—
even a 1 ms variation in the 7, delay is relevant.
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a 0.15—

o

—— [1-"*C]propane

—— [2-"*C]propane
—— [3-"*C]propane

O
. 20 18 16 14 12 10 8
-0.15 T T T | 3C chemical shift, ppm
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Fig.4 a Experimental dependence of '*C polarization for [1-'3C]propane and [2-'3C]propane (purple
circles and orange diamonds, respectively) on delay 7, in the 9.0-23.0 ms range and the results of cor-
responding theoretical calculations (solid lines). Part of the graph enclosed in dashed rectangle is shown
expanded in b to better demonstrate that experimental extremes and polarization sign changes are in
a good agreement with the simulation (rescaled). ¢ Experimental '*C NMR spectra acquired after '*C
hyperpolarization of propane isotopomers using the PH-INEPT pulse sequence with different 7, delays,
and the corresponding simulated spectra presented separately for the three different isotopomers

In addition, the PH-INEPT + pulse sequence was applied under the same
experimental conditions. The antiphase signals of the PH-INEPT sequence
can be refocused by employing the additional 180° pulses with a 7z, delay on
both sides (Fig. 5a). Then, the in-phase '3C NMR signals obtained with PH-
INEPT + can be proton-decoupled. Numerical simulations of the efficiency of the
PH-INEPT + pulse sequence were performed for all propane isotopomers. The
7, delay was set to 14.0 ms; the *C polarization provided by PH-INEPT + for
three different propane isotopomers as a function of delay 7, is presented in
Fig. 5b. It was found that for 7,=3.0 ms, [1-'3C]propane and [2-!*C]propane
demonstrate the polarization of opposite signs. An experimental 3C{'H} NMR
spectrum acquired after the 'H-to-'3C hyperpolarization transfer in the propane
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45, 180, 90, 180

—— [1-"C]propane
—— [2-"C]propane
—— [3-"°C]propane

T T 1

40 50

—— PH-INEPT
—— PH-INEPT+

I T T T T T T T T T T T T T T T T T T T 1

20 18 16 14 12 10
3C chemical shift, ppm

Fig.5 a PH-INEPT +pulse sequence used to transfer polarization from 'H to '3C in propane. b Numeri-
cal simulation of the *C polarization as a function of delay 7, presented for all three propane isoto-
pomers. For numerical calculation delay 7; was set at 14.0 ms as the optimal delay for PH-INEPT. ¢
Experimental '3C NMR spectrum acquired after the 'H-to-'>C hyperpolarization transfer in the propane
isotopomers using the PH-INEPT + pulse sequence (red spectrum; the optimal delay 7, of 14.0 ms and 7,
of 3.0 ms was used; proton decoupling was used during '*C signal acquisition) during propylene hydro-
genation with p-H, and the spectrum of 13C hyperpolarized propane via PH-INEPT (blue spectrum; 7, of
14.0 ms was used). Both spectra are presented on the same vertical scale
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isotopomers using PH-INEPT + pulse sequence (7, =14.0 ms, 7,=3.0 ms) is pre-
sented in Fig. 5c (red spectrum). This spectrum exhibits only two signals of oppo-
site signs at the chemical shifts of the corresponding multiplets, as expected. The
13C NMR signal enhancement is 13 and 7 for the methyl group of [1-!3C]propane
and the methylene group of [2-'3C]propane, respectively. These SE values cor-
respond to the '3C polarization of 0.029 and 0.015%, which are about 2.5 times
lower compared to those obtained with PH-INEPT; this observation is also con-
sistent with the numerical calculations (polarization efficiency of 14% and 5% in
the case of the PH-INEPT and the PH-INEPT + sequence, respectively). The fact
that theoretically calculated efficiency of PH-INEPT + sequence is measurably
lower than that of PH-INEPT indicates that additional protons in the spin system
interfere strongly with the complete refocusing of '*C antiphase magnetization by
the PH-INEPT + sequence. Moreover, the refocusing step requires an additional
delay of 27, =6.0 ms, which in the experimental spectra leads to further polariza-
tion losses due to rapid T, relaxation. All these effects surpass the positive effect
of alleviated partial cancellation for antiphase signals, thus demonstrating the
suboptimal performance of PH-INEPT + in the case of propane.

4 Conclusions

Here, in this work, we examined the possibility of the polarization transfer from
'H to '3C nuclei in the gas phase using PH-INEPT-based sequences. Proton
hyperpolarization was produced via parahydrogen-induced polarization method
using a heterogeneous hydrogenation catalyst. Natural abundance propylene was
hydrogenated with p-H, over 1 wt% Rh/TiO, catalyst under PASADENA experi-
mental conditions. The apparent proton polarization was estimated as 1.8 +0.4%,
taking into account the polarization losses caused by spin relaxation. PH-INEPT
and PH-INEPT + pulse sequences were examined in this work. The optimal inter-
pulse delays for both PH-INEPT and PH-INEPT + sequences were determined
via numerical calculations for the full spin system of propane that includes eight
protons and one '3C nucleus. All three propane '*C isotopomers were consid-
ered. The application of an optimized PH-INEPT polarization transfer sequence
resulted in the '3C polarization values of 0.07+0.01% and 0.030 +0.006% for
the methyl group of [1-!*C]propane and the methylene group of [2-'3C]propane,
respectively. The experimental dependence of *C polarization values for [1-13C]
propane and [2-'*C]propane on the PH-INEPT delay 7, is in a good agreement
with the simulation. The resulting '*C polarization using PH-INEPT + sequence
is~2.5 times lower, which is also consistent with the numerical calculations.
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