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Abstract

We report a systematic study of relaxation dynamics of hyperpolarized (HP) propane and HP 

propane-d6 prepared by heterogeneous pairwise parahydrogen addition to propylene and 

propylene-d6 respectively. Long-lived spin states (LLS) created for these molecules at the low 

magnetic field of 0.0475 T were employed for this study. The parahydrogen-induced 

overpopulation of a HP propane LLS decays exponentially with time constant (TLLS) 

approximately 3-fold greater than the corresponding T1 values. Both TLLS and T1 increase linearly 

with propane pressure in the range from 1 atm (the most biomedically relevant conditions for 

pulmonary MRI) to 5 atm. The TLLS value of HP propane gas at 1 atm is ~3 s. Deuteration of the 

substrate (propylene-d6) yields hyperpolarized propane-d6 gas with TLLS values approximately 

20% shorter than those of hyperpolarized fully protonated propane gas, indicating that deuteration 

does not benefit the lifetime of the LLS HP state. The use of pH2 or Xe/N2 buffering gas during 

heterogeneous hydrogenation reaction (leading to production of 100% HP propane (no buffering 

gas) versus 43% HP propane gas (with 57% buffering gas) composition mixtures) results in (i) no 

significant changes in T1, (ii) decrease of TLLS values (by 35±7% and 8±7% respectively); and 

(iii) an increase of the polarization levels of HP propane gas with a propane concentration decrease 
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(by 1.6±0.1-fold and 1.4±0.1-fold respectively despite the decrease in TLLS, which leads to 

disproportionately greater polarization losses during HP gas transport). Moreover, we demonstrate 

the feasibility of HP propane cryo-collection (which can be potentially useful for preparing larger 

amounts of concentrated HP propane, when buffering gas is employed), and TLLS of liquefied HP 

propane reaches 14.7 seconds, which is greater than the TLLS value of HP propane gas at any 

pressure studied. Finally, we have explored the utility of using a partial Spin-Lock Induced 

Crossing (SLIC) radio frequency (RF) pulse sequence for converting the overpopulated LLS into 

observable 1H nuclear magnetization at low magnetic field. We find that (i) the bulk of the 

overpopulated LLS is retained even when the optimal or near-optimal values of SLIC pulse 

duration are employed, and (ii) the overpopulated LLS of propane is also relatively immune to 

strong RF pulses—thereby, indicating that LLS is highly suitable as a spin-polarization reservoir 

in the context of NMR/MRI detection applications. The presented findings may be useful for 

improving the levels of polarization of HP propane produced by HET-PHIP via the use of an inert 

buffer gas; increasing the lifetime of the HP state during preparation and storage; and developing 

efficient approaches for ultrafast MR imaging of HP propane in the context of biomedical 

applications of HP propane gas, including its potential use as an inhalable contrast agent.

Graphical Abstract

INTRODUCTION

Hyperpolarization increases the nuclear spin polarization by several orders of magnitude 

over its thermal equilibrium value.1–2 This dramatic polarization increase results in 

corresponding gains in NMR and MRI signals.3–4 Biomedical use of hyperpolarized (HP) 

spin states enables a variety of new applications, such as probing metabolism and organ 

function on the time scale of tens of seconds.1, 5–6 In the case of gases and lung MRI, the 

potential of HP noble gases like 3He and 129Xe for such applications was demonstrated over 

20 years ago,7–10 and they have been shown safe in clinical trials (e.g. Ref. #11). Although 

HP 3He MRI was demonstrated before 129Xe,12–14 the supply of 3He is limited (it is a 

product of tritium decay), thus presenting a significant obstacle to a sustainable widespread 

clinical use. As a consequence 129Xe is the leading HP noble gas for prospective use as an 

inhalable contrast agent for imaging COPD,15 emphysema,16–17 brown fat,18 and other 

applications.19–21 However, while progress has been made, the clinical-scale 

hyperpolarization hardware for HP 129Xe preparation remains relatively complex and costly.
12, 22–27 More importantly, clinical MRI scanners are not equipped with the hardware or 

software required for HP 129Xe imaging, because they are designed to image the 1H spins 
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from water and lipids in the body, whereas 129Xe resonates at a frequency that is several-fold 

lower than that of 1H. Due to the above limitations of HP 129Xe production and imaging 

technologies, the search for biomedically useful inhalable HP contrast agents remains an 

active area of basic and translational research.

HP gaseous hydrocarbons potentially obviate the shortcomings of HP 129Xe in the context of 

biomedical applications, because protons of hydrocarbons can be hyperpolarized quickly 

and cheaply via the parahydrogen utilization.28–30 Using heterogeneous catalysts, gaseous 

hydrocarbons can be hyperpolarized via pairwise addition of parahydrogen (pH2)6, 31–35 to a 

suitable unsaturated substrate via a process termed heterogeneous parahydrogen-induced 

polarization (HET-PHIP). Although gas-phase proton T1 values are generally short—ca. 1 

second at 1 atm36—a number of approaches have been developed to extend the lifetime of 

HP states in hydrocarbons, including the use of high operating pressure36 and reversible 

dissolution.37 Most importantly, the pioneering works of Levitt,38–41 Bodenhausen,42–43 

Warren44–45 and others46–49 have demonstrated that the relaxation decay of HP state can be 

significantly prolonged when two HP nuclear spins are entangled in a singlet state. More 

broadly in spin systems with three50 and more spins,41 long-lived spin states (LLS) can exist 

due to the symmetry properties of the spin Hamiltonian. The exponential decay constant of 

LLS TLLS can significantly (by up to several orders of magnitude) exceed T1.

HP propane has garnered our attention because it is relatively inert,51–52 has low in vivo 

toxicity,53 and it is approved by the FDA for the use in the food industry as a propellant and 

for food storage.54 More broadly, it is used as a food additive (E944). Therefore, we envision 

its potential use as an inhalable HP gas in a manner similar to that of HP 129Xe. However, 

unlike HP 129Xe, HP propane can be produced using relatively simple, low-cost, and high-

throughput hyperpolarization hardware,55 and HP propane can be readily imaged using 

conventional clinical MRI scanners which can readily detect HP protons of propane gas,
56–59 representing clear advantages for biomedical use. Recently, we have demonstrated a 

clinical-scale hyperpolarization process for production of pure (from catalyst) HP propane 

gas capable of producing ~0.3 standard liters of HP hydrocarbon gas in ~2 seconds.55 As a 

result, access to HP propane for potential use in humans and large animals is enabled. The 

work presented here is focused on systematic relaxation studies of HP propane in the gas 

and liquid states with the key focus on the biomedical application of this potential inhalable 

contrast agent and extending the lifetime of HP state as much as possible for potential 

bioimaging applications.

METHODS

Parahydrogen Generation and Experimental Setup.

Two different NMR spectrometer systems were used in this study: One setup used a dual-

channel Kea-2 low-field NMR spectrometer (Magritek, New Zealand) to study HP propane 

at 0.0475 T (Scheme 1) with a previously built radio-frequency (RF) coil.60 The other setup 

employed a bench-top 1.4 T NMR spectrometer (NMRPro 60, Nanalysis, Canada) (Scheme 

S1).
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Parahydrogen was prepared using a custom-made pH2 generator using 99.9995% hydrogen 

(Airgas) producing a pH2 enrichment fraction of ~87%. During operation pH2 is produced 

continuously and collected in a storage chamber (0.5-liter size) prior to its use in the 

experiments. pH2 was combined with propylene (Sigma-Aldrich 295663–300G) or 

propylene-d6 (99% atom D, Sigma-Aldrich 455687) gas in a mixing chamber55 to achieve a 

given desired ratio of the reagents. In some experiments, an additional cylinder containing a 

buffering gas (extra pH2 was added or 3:1 Xe/N2 mixture was added in parallel, Scheme 1). 

The prepared reaction mixture was then sent through a mass flow controller (MFC) set to 

approximately 2,000 standard cubic centimeters per minute (sccm) flow rate (unless 

otherwise stated), and into the reactor.36 The catalytic reactor (44-cm-long copper tubing 

with ¼ in. outer diameter, OD) contains ~280 mg of 1% (by weight) Rh/TiO2 catalyst mixed 

with 12 g of copper particles (10–40 mesh size, >99.90% purity, Sigma-Aldrich) in the gas-

reaction section, Scheme 1. The gas heating and gas cooling sections of the reactor were also 

filled with 12 g of the copper particles in each section (with Cu particles added for even heat 

distribution), giving a total of ~36 g of copper particles in this copper tube; the sections were 

separated into three stages by glass wool. In the first section, the gas mixture is heated using 

cartridge heaters connected to a PID temperature controller. The second stage is heated 

similarly but contains the catalyst (with Cu particles added for even heat distribution) to 

perform substrate hydrogenation with pH2 (Scheme 2a and Scheme 2d). The third / final 

section of the reactor is for gas cooling, where a third PID temperature controller / heater / 

cooling fan combination is employed to regulate the cooling of the gas, which is facilitated 

by passing it through another ~12 g of Cu particles (Scheme 1). The gas mixture exiting the 

reactor is then directed to either the 0.0475 T or the 1.4 T NMR system to collect enhanced 
1H NMR spectra of HP propane or propane-d6. The following scheme was used for the 

0.0475 T system. The HP gas exiting the reactor was sent through a valve (#2′) into the 

small phantom (17.5 mL) located within the RF coil of the 0.0475 T magnet. The flow of the 

gas is then directed through another valve (#3′) after which the gas is vented to atmosphere 

(i.e. within a hood) via a safety valve operating at 0–60 psi overpressure. The gas inlet and 

outlet are also connected via a normally-open (NO) valve (#1′) through a bypass connection 

to enable the gas flow, when the phantom is closed for the gas flow—this way, the 

production of HP gas remains uninterrupted.

The details of the 1.4 T apparatus are provided in Scheme S1 in Supporting Information 

(SI). For these experiments, the HP propane gas exiting the reactor system was directed to 

the bench-top NMR spectrometer. The inlet was connected to the bottom of a standard 5-mm 

NMR tube. This NMR tube was cut at the bottom, and glued with epoxy to 1/8 in. OD 

polyethylene tubing. The NMR tube designed in this fashion was placed inside the NMR 

spectrometer. The top of the NMR tube was connected to a manual valve (via ¼ in. OD 

Teflon tubing), which was then vented via two manual valves and a safety valve. Here we 

also employed a bypass between the inlet and the outlet lines of the NMR tube. A receiver 

gain of 4 dB was used for all the spectra recorded using this 1.4 T NMR spectrometer 

system. The 1.4 T bench-top NMR spectrometer arrangement was used to directly measure 

the polarization enhancement values and chemical conversion of HP propane (Figure 1a) 

under the following experimental conditions: a 1.2:1 mixture of pH2:propylene was used at a 

gas flow rate of 2000 sccm at variable reactor temperature. NMR spectra of HP propane 
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were acquired in two flow regimes: continuous-flow (Figure 1b, under continuous flow) and 

stopped-flow (Figure 1d, when the flow was terminated). The overpressure was measured 

using a pressure gauge connected downstream of the NMR tube setup (Scheme S1). These 

experiments were performed by flowing the HP gas mixture from the exit of the catalytic 

reactor into the 5 mm NMR tube via the bottom side of the bench top NMR spectrometer 

(Scheme S1). The gas exiting at the top of the NMR tube was then flowed through manual 

valves (#1” and #2”) to the vent, and the spectrum was recorded under continuous-flow 

conditions. In a stopped-flow condition, after flowing the gas for at least 20–40 seconds the 

gas flow was stopped by dialing zero from the MFC and closing the manual valve #2”, so 

the HP propane gas would be trapped (and stopped) throughout the duration of the NMR 

spectrum acquisition (Figure 1d). The time delay between stopping the gas flow and the 

NMR acquisition was 0.5–1 s. After the relaxation of hyperpolarization, NMR spectra of 

stopped-flow thermally polarized propane gas were recorded (an example is shown in Figure 

1c). Although the stopped-flow mode exhibited better spectral resolution because the gas-

flow artifacts were eliminated, we generally used the continuous-flow mode for data 

acquisition owing to the less complicated experimental procedure, more reproducible data, 

and greater HP signals.

For the HP propane condensation, a slightly modified version of the setup shown in Scheme 

1 was employed: the phantom inside the RF coil was replaced by a 5 mm NMR tube via a 

Wye-connector in which the reaction mixture was cryo-cooled inside a dry ice / ethanol bath 

at a flow rate of 1300 sccm for ~20 s in the Earth’s magnetic field. Then the NMR tube was 

rapidly placed inside the 0.0475 T magnet, and spectra were collected using a RF SLIC 

pulse (200 ms).

NMR pulse sequences.

Both the filling of the pressurized phantom and the acquisition of NMR spectra were fully 

automated in Prospa software (Magritek, New Zealand) using a custom-made pulse program 

and hardware of the pulse-programmable polarizer described previously.61 This setup was 

used for most of the experiments reported here to study the effects of varying the refill 

duration, spin-lock induced crossing (SLIC)62 pulse duration, etc. All experiments were 

conducted by first filling the phantom with HP gas, terminating the flow by closing valves 

#2′ and 3′, and then applying the sequence of RF pulses of interest on the static HP gas 

mixture (i.e., under stopped-flow conditions, in contrast with our previous work on HP 

propane, where RF pulses were applied to continuously flowing HP gas63) and finally 

collecting the FID as shown in Scheme 2b, Scheme 2c, and Scheme 2e.

The exponential decay of the long-lived spin state (LLS) in HP propane is characterized by 

the exponential decay constant TLLS,57 which was measured by varying the relaxation delay 

time period as shown in Scheme 2b. The corresponding NMR spectrum of HP propane after 

SLIC is shown in Figure 2a. After the SLIC transformation of the pH2-induced 

overpopulation of the LLS (denoted schematically as a singlet in Figure 3a; it should be 

noted that the spin eigenstates of protonated propane have eight protons, and therefore the 

resulting spin system is different from the prototypical ‘singlet’ and ‘triplet’ states—after 

pairwise addition of pH2 singlet (as the two protons belonging to the CH2 and CH3 groups 
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respectively), many collective states of the proton spin system can be populated, and some of 

these states can be long-lived due to the symmetry properties of the spin Hamiltonian; 

therefore, strictly speaking, LLS of propane cannot be called a ‘singlet’ state), the 

observable magnetization is aligned along the axis of the SLIC irradiation (i.e. x or y axis of 

the rotating frame, which is a typical approach employed in NMR to describe the effect of 

RF pulses), and a 90º pulse is applied to align the magnetization of HP propane along the z-

axis (i.e. along the applied static magnetic field referred to as z-axis of the rotating frame), 

Scheme 2c. After these RF-induced transformations, the resulting z-magnetization decays 

exponentially according to the spin-lattice decay time constant T1, which is measured by 

applying a small-angle excitation pulse α (~10º) followed by FID detection, applied several 

(N) times to observe the decay (as shown in Scheme 2c). Although LLS exists for HP 

propane-d6, the application of a SLIC pulse for transformation of LLS into observable 

magnetization is not required due to the spin-spin coupling of nascent protons with 

deuterons—see Ref. # 58 for details. As a result, TLLS can be conveniently measured by 

applying a small-angle excitation pulse (~10º) followed by FID detection, repeated several 

times to observe the decay (Scheme 2e). The corresponding NMR spectrum of HP propane-

d6 is shown in Figure 2b.

RESULTS AND DISCUSSION

Optimization of SLIC RF Pulse Sequence and Reaction Temperature, and Tests of 
Reproducibility.

The effects of different experimental conditions toward the HP propane signal intensity 

induced by the SLIC pulse were tested in order to optimize the pulse parameters and thereby 

maximize the HP propane signal (Figure 3). All the data were recorded using the 0.0475 T 

experimental setup (Scheme 1) via the sequence shown in Scheme 2b. A 1:1 gas mixture of 

pH2 and propylene was used for the temperature variation experiments in order to determine 

the optimal temperature for the reactor, particularly in stage two of the hyperpolarizer setup. 

The gas flow rate was 2000 sccm, and the refill time was 5 s for each run. For refilling the 

phantom, first the gas was allowed to flow through the phantom for ~5 seconds with valve 

#1′ closed and valves #2′ and #3′ open, and after ~5 seconds of gas flow valves #2′ and 

3′ were closed, and the bypass valve #1′ was opened. First, the consistency of the HP 

propane signal was tested (Figure 3b) using a SLIC pulse duration of 500 ms; over 

numerous scans a standard deviation of ~9% was found, indicating good shot-to-shot 

reproducibility for the hyperpolarizer. Next, the SLIC sequence was used for the experiment, 

and three HP propane spectra were collected at each reaction temperature (recorded as the 

temperature of the reactor’s aluminum jacket). The average signal value and the 

corresponding standard deviation are plotted for each temperature in Figure 3c. The strength 

of the SLIC RF pulse also has a negligible effect on the signal, as identified in previous 

studies.63 Results from SLIC pulse power optimization are shown in Figure 3d; from this 

SLIC power plot, the highest SLIC signal corresponds to a power setting of −51.25 dB (this 

value likely corresponds to 20–30 Hz of B1 power63), and this optimal power was used for 

the remaining studies using the SLIC sequence. The SLIC pulse duration was varied from 2 

to 1802 ms, and the signal was found to increase with the SLIC pulse duration and was well-

reproduced by a sinusoidal function (in a manner similar to the B1 nutation curve, which is 
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predicted by the similar works of Rosen and co-workers,62 and the previous study of the HP 

propane system;63 note that data acquisition at long SLIC times is impractical due to T2 

relaxation effects63) (Figure 3e), yielding a SLIC period (tSLIC) of 4.0±0.2 s.62 The last 

parameter optimized was the SLIC pulse frequency offset.63 The offset was swept from ~10 

Hz to 80 Hz while monitoring the signal strength, and the resulting signal intensity data 

indicated an optimal offset of ~45 Hz for the system under study (Figure 3f) using the 

experimental setup presented here.

1H Relaxation Dynamics of HP Propane at 0.0475 T.

First, we measured T1 and TLLS values for HP propane gas in the pressure range between 1 

and 4.6 atm formed using a 1:1 mixture of pH2 and propylene at 75 °C and 2000 sccm flow 

rate. As discussed below, the chemical conversion was ~100% at these conditions, i.e. 

yielding a nearly 100% propane gas product. We note that a previous T1 and TLLS study of 

HP propane63 was performed within a significantly higher pressure regime (3–7.6 atm total 

pressure), whereas the present study is focused on a lower pressure regime relevant for the 

future in vivo studies (wherein the gas would need to be imaged at 1 atm). In the overlapping 

range of the pressure values, the present results generally agree with those of the previous 

study:63 although the T1 and TLLS values reported here are somewhat larger (by 

approximately 10%), this difference likely reflects the fact that the previous study employed 

reaction conditions where the chemical conversion of substrates was incomplete. The 

examples of the signal decay curves associated with T1 and TLLS of HP propane are shown 

in Figure 4a and Figure 4c respectively. Figure 4b shows the dependence of HP propane T1 

time on the propane pressure, yielding values in the range of ~1.05 seconds (at 1.6 atm) to 

3.4 seconds (at 4.5 atm). Figure 4d shows the corresponding dependence of HP propane 

TLLS time on the propane pressure, showing values in the range of ~3.1 seconds (at 1.0 atm) 

to 9.4 seconds (at 4.5 atm). On average, the TLLS values were approximately 3 times greater 

than the corresponding T1 values, with nearly linear dependence on pressure, which is in 

accord with the previous report.63 Such a linear T1 dependence is consistent with the major 

contribution of the gas-phase nuclear spin relaxation being from the spin-rotation 

mechanism in the intermediate-density (here, multi-amagat) regime.64–65 Under such 

conditions, different relaxation times for T1 and TLSS (and slopes with respect to density) 

would not be surprising as spin states with different symmetries would likely couple to 

different rotational states.64 Future theoretical studies are certainly warranted to provide a 

more-detailed understanding of the observed trends.

Effect of HP Propane Deuteration on LLS Decay at 0.0475 T.

Since TLLS is considerably greater than T1 in HP propane, the LLS of HP propane may be 

better suited for in vivo experiments, which would likely require at least several seconds of 

HP gas handling for inhalation and MR imaging. Given the desire to further lengthen the 

lifetime of the non-equilibrium spin order endowed by hyperpolarization,66–67 we also 

studied the effect of deuteration on TLLS in HP propane-d6 (the corresponding effective T1 

data is shown in Figure S3), acquiring data under conditions similar to the HP propane TLLS 

measurements discussed above (Figure 4c). We note that the symmetry of nascent 

parahydrogen protons is broken in propane-d6 in a way that the magnetization is already 

observable, even in the absence of significant chemical shift differences (Figure 2b) at 
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0.0475; for additional details the reader is referred to Ref. # 58. Therefore, the data 

acquisition for HP propane-d6 was performed differently from that for HP propane (i.e. 

using the sequence shown in Scheme 2e), and small tipping-angle (~10°) RF excitation 

pulses followed by NMR signal detection were employed. An example of LLS decay of HP 

propane-d6 is shown in Figure 4e. Such TLLS values were plotted against the gas pressure 

and a linear fit was performed for the data obtained (Figure 4f). According to Figure 4f, 

TLLS for propane-d6 increases linearly with pressure, with TLLS values being ~20% lower 

(on average) than the corresponding TLLS values of HP propane (Figure 4d). We note that 

this small difference is likely a combination of two effects: some depolarization losses due 

to RF excitation pulses (not taken into account) employed for data collection for HP 

propane-d6, as well as the effect of deuterium labeling of the substrate; future theoretical 

studies are certainly warranted to provide the understanding of the observed trends. Taking 

into account the RF pulse excitation (which we did not perform due to concerns described 

by Kharkov and co-workers68) would lengthen TLLS values by less than 8%, which is 

insufficient to account for the ~20% difference between TLLS values of HP propane and HP 

propane-d6. We also note a different slope of the curves shown in Figures 4d and 4f.

It should be noted that although HP propane-d6 TLLS values are generally lower than the 

corresponding values for HP propane, the detection of HP propane-d6 offers an advantage of 

direct detection using a hard, short RF excitation pulse, whereas a long soft SLIC pulse is 

required to obtain observable magnetization in case of using HP propane at low magnetic 

fields. This advantage can be useful in the context of MRI applications, because RF 

excitation pulses can be very short (compared to SLIC RF pulses).

NMR Spectroscopy of HP Propane Gas at 1.4 T.

We note that the methylene and methyl proton resonances still partially overlap at 1.4 T; the 

spectral appearance was well-reproduced by spectral simulation. No traces of unreacted 

propylene were seen (monitored by the lack of methine proton resonances after multiple 

averaging, data not shown) consistent with a full (i.e. near 100%) chemical conversion of the 

unsaturated substrate in the hydrogenation reaction with pH2 under these experimental 

conditions: a corresponding NMR spectrum of thermally polarized propylene is provided in 

Figure S2.

We note that SLIC-based detection does not allow obtaining the true value of polarization 

enhancement of the overpopulated LLS at 0.0475 T,63 because SLIC transformation does not 

offer a 100% conversion efficiency of the LLS into observable magnetization. On the other 

hand, direct detection of HP propane gas at 1.4 T was employed to measure polarization 

enhancement values. For this purpose, the integral values of the signals from HA and HB 

protons (the continuous-flow mode) (Figure 1, we note that the absolute values for HA and 

HB were similar) were compared to the corresponding integral values for thermally 

polarized propane under the same pressure and multiplied by a factor of 8 (to account for 

eight protons contributing to the NMR signal of thermally polarized propane). The 

enhancement values recorded in such manner for the HA proton were nearly unchanged 

(εHA ranging from 950 to 1150, Figure 1e) over the range of reactor temperatures studied 

(between 20 °C to 140 °C), in agreement with our similar studies using the 0.0475 T setup 
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(Figure 3a). This trend is important for two reasons. First of all, it indicates that a robust 

catalyst performance in production of HP propane gas can indeed be obtained over a wide 

range of temperatures with effectively ~100% chemical conversion (note: 20% excess pH2 

was employed for data collection in Figure 1e). Second, the highest levels of polarization 

enhancement were observed at 40–60 °C, suggesting that reactor temperatures near that of 

the human body (ca. 40 °C) can be readily employed without sacrificing polarization 

efficiency. This finding bodes well for future in vivo use of HP propane gas, because the 

produced HP propane can be immediately inhaled by the subject without the need for 

significant additional cooling.

Effects of Buffering Gases on Propane Hyperpolarization Level and Decay.

The effect of the buffering gas on the relaxation constants and polarization values of HP 

propane was also studied using the 0.0475 T NMR spectrometer setup (Scheme 1). For these 

experiments, we used a flow rate of 2000 sccm, a reaction temperature of 75 °C, and 38 psi 

overpressure (total pressure of 3.6 atm); SLIC sequences were used for all acquisitions. The 

results obtained with pH2 buffering gas and with variable propane concentrations are shown 

in Figures 5a, 5b and 5c, whereas those obtained with Xe/N2 mixture (3:1 ratio) as the 

buffering gas and with variable propane concentration are shown in Figures 5d, 5e, and 5f. 

The rationale for the mixture of Xe and N2 was to test the effects of a reduced gas diffusion 

by using a dense gas (indeed, we note that previous attempts employing pure Xe were 

challenging because of high gas viscosity). The results indicate that T1 decay of HP propane 

is not significantly impacted by the presence of light (H2) or heavy (Xe/N2) buffering gases, 

as shown in Figures 5a and 5d respectively. However, LLS decay of HP propane decreases 

significantly (by 35±7% from 100% to 43% mixture) with the increased presence of a light 

buffering gas, H2 (Figure 5b). Yet in the presence of a heavy buffering gas (Xe/N2, 3/1), the 

observed decrease in TLLS is far more modest (by 8±7% from 100% to 43% mixture, Figure 

5e). Note, if we consider polarization levels, pH2 is not truly a buffering gas, because its 

concentration can influence the processes occurring on the catalyst surface including the 

percentage of pairwise hydrogen addition. On the other hand, Xe/N2 mixture is inert relative 

to the catalyst operation (except the dilution of the reactants leading to decrease of their 

partial pressures). The 1H polarization values increase in the presence of the buffering gas by 

1.6±0.1 fold (100% propane mixture versus 43% propane mixture) in case of H2 buffering 

gas (in agreement with previous studies36, 69), and by 1.4±0.1 fold (100% propane mixture 

versus 43% propane mixture) in case of Xe/N2 (3:1) buffering gas, as shown in Figures 5c 

and 5f respectively. We note that the actual increase in (initial) polarization of HP propane 

gas may be significantly greater, because in the case of more dilute mixtures, HP propane 

has lower corresponding TLLS values (see Figures 5c and 5f), and therefore, likely 

experiences disproportionately greater polarization losses during more than 5–10-second 

transport time from the reactor to the detector.

The observation that the buffering gas boosts propane hyperpolarization in HET PHIP 

process is important in the context of biomedical applications with the goal of maximizing 

the levels of hyperpolarization. Although the produced HP gas is diluted with the buffering 

gas, it can potentially be separated by rapid cryo-condensation of HP propane gas, as 

discussed below.
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Partial SLIC RF excitation of HP propane gas at 0.0475 T.

We carried out a series of experiments with a variable SLIC pulse duration on HP propane 

gas using the 0.0475 T spectrometer setup (Scheme 1) for a 1:1 reaction mixture of 

propylene and pH2 at 38 psi overpressure (~3.6 atm total pressure). Once the phantom was 

filled with fresh HP propane gas, the SLIC pulse was applied followed by immediate signal 

detection, and these two steps were repeated for N times on a single fill of HP propane 

(Figure 6a). The signal of HP propane obtained in this fashion falls exponentially as a result 

of a combination of LLS decay and the application of SLIC pulses. Several different SLIC 

RF pulse durations (varying between 50 and 1600 ms) were employed to record NMR 

spectra, the intensities of which are plotted against time in Figure 6b. We note that in case of 

longer SLIC durations, the RF pulses were applied more sparsely, resulting in a longer 

repetition time (TR) but in greater signal intensities (Figure 6c). An effective TLLS value was 

determined for each experimental series in Figure 6b, and these effective TLLS values 

(detailed in Table S1) are plotted in Figure 6d. As expected, when the SLIC pulse duration is 

increased, the effective decay time constant decreases, indicating a faster depleting of the HP 

state. All effective TLLS values measured in this fashion were in the range of 4.7 s to 8.1 s 

(due to decay and RF depletion), which is less than the corresponding TLLS value (~8.4 s) 

obtained at otherwise-identical conditions using the procedure described above (cf. Figure 

4d). This finding indicates that partial SLIC can be applied to HP propane to convert only a 

fraction of the hyperpolarization pool at one time (prolonging the useful lifetime of the 

enhanced spin order). We note that even though near-optimal values of SLIC pulses are 

applied (i.e. 800–1600 ms durations, making an analogy with a 90° excitation pulse—note 

the corresponding signal produced by SLIC pulse increases with duration, Figure 3e and 

Figure 6c), the overpopulated LLS remains largely intact, because subsequent RF excitation 

pulses produce comparable signal levels, Figure 6a. This finding is useful for several 

reasons. First, a short SLIC pulse (i.e., with the duration significantly shorter than the 

optimal value) can be employed in a manner similar to a small tipping-angle excitation pulse 

for applications ranging from measurements of relaxation of HP species to MRI encoding. 

In case of MRI applications, we note that the resulting magnetization (after SLIC pulse) is in 

the x-y plane, and therefore, can be conveniently combined with echo-planar imaging (EPI) 

readout. As a result, SLIC can provide both partial excitation of overpopulated LLS to 

record 2D slices, and also enable singlet order selection (SOS) filtering70 for selective 

excitation of the singlet states in the presence of proton background signal of tissues.

There are at least two possible explanations for the observed retention of overpopulated LLS 

even after the application of a SLIC pulse of optimal duration (which in principle is 

designed to convert all singlet order into observable magnetization62). First, gas convection 

and B1 inhomogeneities may lead to subpar performance of the SLIC pulse sequence, 

leaving the bulk of the HP LLS unaffected by the SLIC pulse sequence.68 Second, the HP 

propane spin system cannot be, strictly speaking, treated as a true singlet,57–58, 63 because 

there are eight spin-spin coupled protons, and therefore, the application of the SLIC 

sequence may indeed generate observable magnetization while retaining some 

overpopulated LLS in the spin system of HP propane gas. Future studies using stronger 

magnets and more homogeneous excitation RF coils are certainly warranted to delineate the 

relative contribution of these two effects.

Ariyasingha et al. Page 10

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2020 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We have also tested the immunity of the overpopulated LLS with respect to irradiation by 

hard RF pulses. The applied sequence is shown in Figure 7a, and the corresponding decay 

data is presented in Figure 7b (red curve). Specifically, we have employed a SLIC pulse 

duration of 200 ms, which was followed by signal acquisition. This partial SLIC detection 

was repeated four times. Next, 64 hard 90° RF pulses were applied back-to-back. This 

process was repeated three times, and the integral intensity of the HP signals (obtained via 

partial SLIC and shown as red squares in Figure 7b) is plotted versus time. The resulting 

data were fit to give an effective TLLS constant of 5.3±0.1 s. This value is close to a 

corresponding value obtained when no hard RF pulses were employed: effective TLLS of 

6.3±0.4 seconds (Figure 7b, blue curve), indicating that the overpopulated LLS is relatively 

immune to the application of hard RF pulses. This observation is useful in the context of 

future MR imaging studies, where the application of strong RF pulses may be desirable for 

background signal suppression, while retaining the overpopulated LLS of HP propane gas.

Feasibility of Condensation of HP Propane Gas and LLS Decay of Liquefied HP Propane at 
0.0475 T.

Cryo-collection of HP gas is a common practice in a continuous-flow production of HP 

noble gases, a practice that is designed to make the contrast agent more concentrated.
26, 71–72 Since the addition of buffering gas increases the degree of propane 

hyperpolarization (Figure 5c and Figure 5f), we have investigated the feasibility of HP 

propane cryo-collection. A slight modification to the 0.0475 T experimental setup was made 

to perform HP propane condensation (Scheme 1 and Methods section for details). The 

phantom inside the RF coil was replaced by a 5 mm NMR tube wherein the reaction mixture 

was cryo-cooled. The cryo-cooling was performed at a flow rate of 1300 sccm for ~20 s 

inside a cooling bath with dry ice and ethanol (ca. −78 °C) outside the magnet, i.e. at the 

Earth’s magnetic field. Then the NMR tube containing liquid HP propane was carefully 

placed inside the magnet, and a series of NMR spectra were collected using partial SLIC 

excitation with 200 ms pulse duration. The typical NMR spectrum of the liquefied propane 

(Figure S1a) was similar to the one of HP propane gas (Figure 2a). The fitting to mono-

exponential decay (Figures S1b–d) revealed an effective TLLS time constant of 14.7±0.5 s. 

We note that this value is actually a lower-limit estimate, because the partial SLIC excitation 

reduces the pool of HP LLS (Table S1), and the effect of the RF pulse-associated losses was 

not taken into account in our data fitting. Nevertheless, this relatively long TLLS value is 

significantly greater than any TLLS value of HP propane in the gas phase measured here or 

elsewhere.63 This lower-limit TLLS value for liquid HP propane is somewhat lower than the 

T1 value of HP propane dissolved in deuterated organic solvents (28–35 s).37

Because higher polarization values can be obtained via HET-PHIP using buffering gases, 

and because buffering gases can be potentially separated from cryo-collected HP propane, 

this approach may be a viable option for future experimentations to boost propane 

hyperpolarization via HET-PHIP. Moreover, the relatively long TLLS value of cryo-collected 

HP propane may be a useful means for temporary storage of HP propane gas prior to its use 

as an inhalable contrast agent.
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CONCLUSION

A systematic study of nuclear spin relaxation dynamics at 0.0475 T of HP propane prepared 

by HET-PHIP is reported using a clinical-scale hyperpolarizer device under conditions 

providing nearly 100% chemical conversion. We find that the HP propane TLLS is ~3 

seconds at 1 atm, i.e. under clinically relevant conditions. TLLS and T1 values generally 

exhibit a linear dependence on propane pressure. At the pressures studied, the TLLS values 

are approximately 3 times greater than the corresponding T1 values. The use of deuterated 

propylene as HP propane precursor (i.e. production of HP propane-d6) reduces TLLS by as 

much as ~20%, indicating that deuteration of the precursor maybe somewhat detrimental to 

the lifetime of the HP state. The use of light and heavy buffering gases (pH2 and a 3:1 

mixture of Xe:N2) is found to have a negligible effect on T1 and generally results in 

somewhat lower TLLS values: the TLLS reduction is concentration dependent. At the same 

time, the use of buffering gases increases the polarization levels of HP propane gas during 

HET-PHIP production, which is welcome in the context of biomedical applications. 

Although the buffering gas dilutes the HP propane gas, it can be separated through a process 

of HP propane cryo-collection, the feasibility of which was demonstrated here. The added 

benefit of HP propane cryo-collection is the increase of the TLLS value to 14.7 seconds in 

the liquid state, which is significantly greater than any reported TLLS value for HP propane 

gas at any pressure, and which can be useful for temporary storage of produced HP propane 

prior to its in vivo administration. We have also investigated the possibility of applying a 

partial SLIC pulse to HP propane LLS, and we find that most of the pool of the over-

populated LLS is retained even after application of an optimized SLIC pulse. The 

overpopulated LLS of propane is relatively immune to the application of hard RF pulses. 

This behavior of the HP propane spin system with respect to application of partial SLIC and 

strong RF pulses can be potentially useful for developing efficient ultra-fast MR imaging 

approaches, especially those involving EPI readout. To summarize, the results presented in 

this study may be beneficial for guiding future work studying the preparation of highly 

polarized batches of HP propane and designing efficient MR imaging approaches.
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Figure 1. 
1H NMR single-scan spectroscopy of HP propane gas using the 1.4 T setup (see Scheme S1 

for details). a) Schematic of heterogeneous pairwise pH2 addition. b) 1H NMR spectrum of 

HP propane acquired with the apparatus in continuous-flow mode. c) 1H NMR spectrum of 

thermally polarized propane spectrum (blue) and spectral fitting (red) using the Bruker 

Daisy software package. d) 1H NMR spectrum of HP propane acquired in a stopped-flow 

mode. e) Plot of NMR signal enhancement values of the HP methyl proton (HA) at different 

operating temperatures obtained via continuous-flow operation (reactor prepared by mixing 

~62 mg of the Rh/TiO2 catalyst and 6.6 g of Cu in the 2nd stage of the hyperpolarizer). 

Connecting lines in display e) are meant only to guide the eye.
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Figure 2. 
a) 1H 0.0475 T NMR spectrum of HP propane after SLIC transformation (as shown in 

Scheme 2b). b) 1H 0.0475 T NMR spectrum of HP propane-d6 acquired using a small-angle 

(~10º) hard RF pulse (as shown in Scheme 2e).
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Figure 3. 
Results from SLIC pulse optimization with HP propane data acquired using the 0.0475 T 

NMR spectrometer setup shown in Scheme 1 at production/reactor/reaction temperature of 

60 ± 1 °C (except for display c) where the temperature was varied). a) Diagram showing the 

transformation of LLS of HP propane (denoted schematically as a singlet) into observable 

magnetization achieved using a SLIC pulse. b) Results from a test of the shot-to-shot 

reproducibility of the intensity of the HP propane signal. c) Temperature dependence of the 

average (over three data points) HP propane SLIC-induced signal using a 1:1 gas mixture of 

pH2 and propylene. d) Optimization of RF power of the SLIC pulse (note the x-axis is 

provided in db units of the Kea NMR spectrometer due to the non-linearity of the RF 

amplifier at low power levels; the maximum is expected at B1 RF strength between 10 Hz 

and 30 Hz63). e) The dependence of the HP propane signal on the SLIC pulse duration 

(experimental data: black points; a fit using a sinusoidal function is shown by the solid red 

curve). f) The dependence of the HP propane signal on the SLIC pulse frequency offset (the 

solid lines are added to guide the eye). Note a SLIC pulse duration of 500 ms was employed 

for the data acquisition in panels b), c), d), and f). Connecting lines in displays b), c), d), and 

f) are meant only to guide the eye.
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Figure 4. 
Examples of T1 (at ~3.6 atm pressure) and TLLS (at ~4.5 atm pressure) signal decays of HP 

propane and mono-exponential fitting are shown in a) and c); e) shows a corresponding 

example of LLS decay of HP propane-d6. Dependences of T1 (b) and TLLS (d) of propane 

hyperpolarization on its pressure. f) Dependence of TLLS of propane-d6 hyperpolarization on 

its pressure (an example of experimental data reporting on effective T1 for HP propane-d6 is 

shown in Figure S3). All data is acquired at 0.0475 T using production/reaction conditions 

of 75 °C and 2000 sccm flow rate with near-100% chemical conversion of pH2 and 

unsaturated substrates. See Scheme 1 for additional details.
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Figure 5. 
Effects of using different buffering gases on the hyperpolarization decay constants and 

polarization levels of HP propane determined using the 0.0475 T magnetic field NMR 

spectrometer setup (Scheme 1). T1 (a) and TLLS (b) dependence of HP propane on the 

propane fraction in the resultant gas mixtures with the use of pH2 buffering gas. c) 

Dependence of propane 1H polarization (arbitrary units, a.u.) on the propane fraction in the 

resultant gas mixtures with the use of H2 buffering gas. T1 (d) and TLLS (e) dependence of 

HP propane on the propane fraction in the resultant gas mixtures with the use of Xe/N2 (3:1) 

buffering gas mixture. f) Dependence of propane 1H polarization (arbitrary units, a.u.) on the 

propane fraction in the resultant gas mixtures with the use of Xe/N2 (3:1) buffering gas 

mixture. All data were obtained at 38 psi backpressure (~3.6 atm total pressure), and the pH2 

to propylene ratio was 1:1 for the experiments shown in displays d, e, and f. Connecting 

lines are meant only to guide the eye.
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Figure 6. 
a) Pulse sequence comprising a series of partial SLIC pulses with variable duration each 

followed by NMR signal acquisition; note the sequence is repeated N times on a single batch 

of static HP propane gas. b) The decay of HP propane signals obtained using the partial 

SLIC excitation scheme (with variable SLIC duration); note the color coding of the SLIC 

pulse duration in the figure legend (see Table S1 for additional details). c) The intensity of 

the first data point in display b) plotted as a function of the SLIC pulse duration. Connecting 

lines in displays c) and d) are meant only to guide the eye.
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Figure 7. 
a) Pulse sequence comprising a series of partial SLIC pulses with 200 ms duration followed 

by NMR signal acquisition. The 200 ms SLIC pulse is followed by NMR detection; this loop 

is repeated 4 times, and a train of sixty-four (equally spaced) hard 90° RF pulses is applied 

and the entire sequence is repeated three times. b) The recorded SLIC NMR signal 

intensities (comprising twelve data points). The mono-exponential fitting (red) yielded an 

effective TLLS constant of 5.3±0.1 seconds. The corresponding decay curve without the use 

of hard RF pulses is shown by blue trace with triangles. All experiments were performed at 

38 psi of overpressure (~3.6 atm total pressure).
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Scheme 1. 
HET-PHIP polarizer apparatus and low-field NMR setup. This setup consists of three major 

components (outlined by dashed lines): parahydrogen generator, propane hyperpolarizer, and 

the 0.0475 T NMR spectrometer/pulse-programmable automated gas manifold controlled by 

Kea2 NMR spectrometer with a pressurized phantom (~17.5 mL).
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Scheme 2. 
a) Diagram of the pairwise addition of pH2 to propylene over the Rh/TiO2 catalyst. b) the 

sequential steps of the signal acquisition method using the 0.0475 T setup for the 

measurement of HP propane TLLS (achieved by varying the relaxation delay τR), 

optimization of the chamber-refill time τCR, and optimization of SLIC transformation 

(varying RF amplitude, power, and frequency offset). c) Corresponding pulse sequence used 

for HP propane T1 measurements using 90° RF pulse (to create z-magnetization) after SLIC 

irradiation followed by a small angle (α) RF pulse; note the SLIC pulse and chamber refill 

are performed once in the sequence shown in c) versus multiple refills employed in sequence 

shown in b). d) Diagram of the pairwise addition of pH2 to propylene-d6 over the Rh/TiO2 

catalyst. e) Pulse sequence used for the measurement of HP propane-d6 TLLS. Note the pH2 

symmetry breaking is achieved by the chemical reaction, with nascent protons HA and HB 

placed in methylene and methyl chemical groups in a) and d).
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