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1. 15N SABRE-SHEATH hyperpolarization 

The sample solutions for SABRE hyperpolarization were prepared with different ratios (0.5:20, 1:20 and 2:20) 
of [catalyst]:[substrate], where different concentrations (0.5 mM, 1 mM, and 2 mM) of IrIMes catalyst were added 
to different Eppendorf tubes containing 0.6 mL of methanol-d4 solvent and 20 mM of one of the two studied 15N-
labelled metronidazole isotopologues (MNZ-15N2 and MNZ-15N3).  A measured mass of 15N-labelled 
metronidazole isotopologue e.g., MNZ-15N2 or MNZ-15N3, was transferred to a plastic Eppendorf tube and mixed 
with methanol-d4 to create a concentration of 40 mM. Then, 0.3 ml methanol-d4 with metronidazole isotopologue, 
and 0.3ml of methanol-d4 with IrIMes catalyst was added to yield a 1:20 mM ratio of [IrIMes 
catalyst]:[isotopologue of 15N-labelled metronidazole], which was then transferred to a medium-wall 5 mm NMR 
tube. By the same procedure, a ratio of 0.5:20 mM and 2:20 mM of [catalyst]:[substrate] was also prepared. The 
freshly prepared solution was then flushed with ultra-pure argon gas for 2 min. All prepared samples were used 
for SABRE activation immediately after argon gas was bubbled, and all data from SABRE-SHEATH 
hyperpolarization experiments were collected within five hours of primary sample preparation. 

The IrIMes catalyst precursor1 for the SABRE study was synthesized by following our previously published 
study2. To achieve optimal catalyst activation3, the prepared NMR tubes were placed in the magnetic field and 
bubbled with pH2 at a flow rate of 40 sccm for 100 min. 

For all the experiments, the NMR tube containing 0.6 mL aliquot of sample was placed in the center of the 
mu-metal shield and connected to the SABRE hyperpolarization setup, which was followed from the previous 
study.4 During and after the catalyst activation, all NMR spectra were recorded using a 1.4 T Benchtop NMR 
spectrometer (NMR Pro 60, Nanalysis, Canada) using varying flow rate at a range of 10 to 120 standard cubic 
centimeters per minute (sccm). The flow rate was controlled by a mass flow controller, with 96 psig overpressure 
of pH2 gas in the NMR tube at room temperature (~22-23 °C). The reference spectrum of neat pyridine-15N, which 
was thermally polarized, was collected using 15N spectroscopy without proton decoupling in the same manner as 
for all 15N spectra from HP of different 15N-labelled metronidazole isotopologues (MNZ-15N2 and MNZ-15N3) 
with the exception for the number of scans (8) and the polarization recovery time (600 s) between these scans. 

The temperature dependence study was performed with a range of 0 °C to 50 °C, where different temperatures 
were achieved by placing the NMR tube containing substrate and catalyst solution in either an ice- or hot water 
bath before the spectra collection procedure with the same SABRE setup. 

2. Calculation of 15N signal enhancements (e15N) and 15N polarization (P15N) values 

The signal enhancement values for the 1.4 T benchtop NMR spectrometer were calculated by using the 
following equation from Shchepin et al 5: 
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where SHP and SREF are the NMR signal intensities for HP different 15N-labelled metronidazole isotopologues 
(MNZ-15N2 and MNZ-15N3) and the thermally polarized signal reference (neat pyridine-15N) samples 
correspondingly, CREF and CHP are the effective isotope concentrations of the thermally polarized signal reference 
(12.4 M for neat pyridine-15N) and of different 15N-labelled metronidazole isotopologues (MNZ-15N2 and MNZ-
15N3), respectively. Here, the acquired spectra were collected using a single scan, 90-degree tipping angle, 10dB 
receiver gain, 400 ppm spectral width, and 4096 acquisition points. The concentration of MNZ-15N2 and MNZ-
15N3 was adjusted for the evaporation fraction as mentioned in our previous paper6, and for the catalyst-binding 
(for different concentration of catalyst, 20 mM of MNZ-15N2 or MNZ-15N3 remains in the catalyst bound state 
and no changes of the peak intensities observed), because all HP resonances observed in Figure 1c and 1d originate 
from the free MNZ-15N3 pool. For example, for a 40 mM evaporation-adjusted concentration, 40 mM was 
multiplied by (17/20), where 20 corresponds to the initial 20 mM MNZ-15N2 or MNZ-15N3 concentration, and 17 
is the 17-mM concentration of the free MNZ-15N2 or MNZ-15N3 substrate after binding of 3 equivalents to the 
catalyst for its 1 mM concentration: one equivalent in an axial position of the complex and two equivalents in the 
equatorial positions. The same criteria were applied for both 0.5 mM and 2 mM concentrations of Ir-IMes catalyst, 
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where the substrate concentration would be 18.5 mM and 14 mM respectively. AREF and AHP are the solution 
cross-sections in the NMR tube of the thermally polarized signal reference and HP samples respectively 
(AREF/AHP was ~1.85 as described previously7). NREF and NHP are the numbers of symmetrical sites per molecule 
(1 for both cases) for the thermally polarized signal reference and HP samples respectively. The percentage of 
polarized 15N spins (P15N) was calculated by multiplying signal enhancement e15N by the equilibrium 15N spin 
polarization (%P15N) at 1.4 T and 298 K: 4.9´10-5%. 

The collected spectra of all 15N-labelled metronidazole isotopologue samples and the neat pyridine-15N 
reference (showed in Figure 1e) were acquired using one scan and 8 scans respectively. The pre-acquisition delay 
on the thermal reference scan was 600 seconds to ensure a reliable equilibrium thermal polarization of 15N spins 
was achieved in the signal reference. 

 
2.1 15N1 site in metronidazole-15N2 

The integral signal value of MNZ-15N2 (SHP) in 15N1 site is 2.123 in Figure 1f and the thermally polarized 
signal reference (SREF) is 0.0359. As previously mentioned, CREF for neat pyridine-15N is 12.4 M and CHP is 0.014 
M. AREF/AHP is 1.85 and NREF/NHP is 1. 

By using the above-mentioned values in the 15N signal enhancements (e15N) and %P15N are: 
 

 𝜀"#$" =
0."02
3.32#4

× "0.5
3.3"5

×1.85×1 = 9.8 ∗ 105   %P15N1 = 9.8*104*4.9*10-5=4.8% 
 
2.2 15N3 site of metronidazole-15N2 

The integral signal value of MNZ-15N2 (SHP) in 15N1 site is 1.885 in Figure 1f and all other values are same. 
So, the 15N signal enhancements (e15N) and %P15N are: 
 

 𝜀"#$" =
".<<#
3.32#4

× "0.5
3.3"5

×1.85×1 = 8.7 ∗ 105  %P15N3 = 8.7*104*4.9*10-5=4.3% 
 
2.3 15N1 site of metronidazole-15N3 

The integral signal value of MNZ-15N3 (SHP) in 15N1 site is 6.842 in Figure 1g and all other values are same. 
So, the 15N signal enhancements (e15N) and %P15N are: 
 

 𝜀"#$" =
>.<50
3.32#4

× "0.5
3.3"5

×1.85×1 = 3.2 ∗ 10#   %P15N1 = 3.2*105*4.9*10-5=15.4% 
 
2.4 15N3 site of metronidazole-15N3 

The integral signal value of MNZ-15N3 (SHP) in 15N1 site is 5.192 in Figure 1g and all other values are same. 
So, the 15N signal enhancements (e15N) and %P15N are: 
 

 𝜀"#$" =
#."40
3.32#4

× "0.5
3.3"5

×1.85×1 = 2.4 ∗ 10#  %P15N3 = 2.4*105*4.9*10-5=11.7% 
 
2.5 15NO2 site of metronidazole-15N3 

The integral signal value of MNZ-15N3 (SHP) in 15N1 site is 7.78 in Figure 1g and all other values are same. 
So, the 15N signal enhancements (e15NO2) and %P15N are: 
 

 𝜀"#$B0 =
C.C<
3.32#4

× "0.5
3.3"5

×1.85×1 = 3.6 ∗ 10# %P15NO2 = 3.6*105*4.9*10-5=17.5% 
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3. Figures S1-S3 

 

Figure S1. a) chemical structure of metronidazole-15N3; b) chemical structure of metronidazole-15N2; c) magnetic 
field dependence of the spin-relayed SABRE-SHEATH polarization transfer process for metronidazole-15N3 
(experiment performed at room temperature, 70 sccm flow rate, 94 psig p-H2 overpressure); d) magnetic field 
dependence of the spin-relayed SABRE-SHEATH polarization transfer process for metronidazole-15N2 
(experiment performed at room temperature, 70 sccm flow rate, 94 psig p-H2 overpressure); e) magnetic field 
dependence of the spin-relayed SABRE-SHEATH polarization transfer process for metronidazole-15N3 
(experiment performed at ~0.4 µT, 70 sccm flow rate, 94 psig p-H2 overpressure); f) magnetic field dependence 
of spin-relayed SABRE-SHEATH polarization transfer process for metronidazole-15N2 (experiment performed at 
~0.4 µT, 70 sccm flow rate, 94 psig p-H2 overpressure); g) p-H2 flow rate dependence of the spin-relayed SABRE-
SHEATH polarization transfer process for metronidazole-15N3 (experiment performed at ~0.4 µT, room 
temperature, 94 psig p-H2 overpressure); h) p-H2 flow rate dependence of the spin-relayed SABRE-SHEATH 
polarization transfer process for metronidazole-15N2 (experiment performed at ~0.4 µT, room temperature, 94 g 
p-H2 overpressure); i) Ir-IMes catalyst activation curve of the spin-relayed SABRE-SHEATH polarization 
transfer process for metronidazole-15N2 (experiment performed at ~0.4 µT, room temperature, 94 psig p-H2 
overpressure, 70 sccm p-H2 flow rate). Note: for all graphs, the solid connecting lines are added to guide the eye, 
whereas the dotted curves are exponential fits to the data for the build-up process. 
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Figure S2. The diagram of experimental setup. 
 

 

 

Figure S3. a) Dependence of 15N polarization T1 decay at 1.4 T on the catalyst-to-substrate concentration ratio. 
b) Same as (a), but at 0.4 µT. c) Dependence of 15N polarization build-up time constant (Tb) at 0.4 µT on the 
catalyst-to-substrate concentration ratio. d) Dependence of 15N steady-state polarization value (achieved after 1 
min. of build-up) on the catalyst-to-substrate concentration ratio. e) Dependence of %P15N on 15N T1 at 0.4 µT, 
using 2 mM IrIMes catalyst concentration and 20 mM MNZ-15N3 or MNZ-15N2. The solid connecting lines are 
added to guide the eye; the dotted line in (e) is a linear fit to the data. All experiments are performed in CD3OD.  
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4. Table S1. Summary of relaxation dynamics results. 

[Catalyst]:[isotopologue] 15N Tb at 
0.4 µT (sec) 

15N T1 at 
0.4 µT 
(sec) 

15N T1 at 
1.4T (sec) 

15N T1 at the 
Earth’s 

field (sec) 

15N %Pmax 
(%) from 

fitting 

Highest  
%P15N 

Recorded 

1:20 MNZ-15N3 NO2 23.1 ± 0.8 30.9 ± 1.4 470 ± 15 133 ± 14 13.3 ± 0.2 13.5 ± 0.7 

N3 15.9 ± 0.8 22.9 ± 0.8 250 ± 17 169 ± 13 9.2 ± 0.1 9.0 ± 0.5 

N1 20.8 ± 0.7 28.7 ± 0.9 214 ± 7 144 ± 12 11.5 ± 0.1 11.4 ± 0.6 

MNZ-15N2 N3 5.6 ± 0.3 8.0 ± 0.6 156 ± 11 43 ± 4 5.1 ± 0.2 5.9 ± 0.3 

N1 6.3 ± 0.4 8.6 ± 0.6 145 ± 5 48 ± 4 4.7 ± 0.1 5.3 ± 0.3 

2:20 MNZ-15N3 NO2 15.0 ± 0.5 15.4 ± 0.3 375 ± 17 92 ± 4 15.9 ± 0.3 17.5 ± 0.9 

N3 11.8 ± 0.4 11.6 ± 0.3 179 ± 14 100 ± 17 10.3 ± 0.4 11.7 ± 0.6 

N1 13.8 ± 0.4 13.6 ± 0.8 158 ± 8 95 ± 4 14.1 ± 0.3 15.4 ± 0.8 

MNZ-15N2 N3 5.0 ± 0.4 4.3 ± 0.4 151 ± 12 30 ± 1 4.2 ± 0.1 4.3 ± 0.2 

N1 5.1 ± 0.4 4.8 ± 0.5 152 ± 7 31 ± 1 4.7 ± 0.1 4.8 ± 0.2 

0.5:20 MNZ-15N3 NO2 27.7 ± 1.9 39.6 ± 2.2 512 ± 32 103 ± 11 10.8 ± 0.3 10.1 ± 0.5 

N3 20.0 ± 0.9 29.0 ± 0.6 193 ± 17 118 ± 9 8.0 ± 0.1 7.8 ± 0.4 

N1 25.5 ± 1.3 36.7 ± 1.4 214 ± 10 111 ± 10 9.6 ± 0.2 9.1 ± 0.5 

MNZ-15N2 N3 8.0 ± 0.7 10.5 ± 0.8 166 ± 12 47 ± 2 5.0 ± 0.1 4.9 ± 0.3 

N1 8.5 ± 0.7 11.2 ± 0.9 213 ± 10 50 ± 3 4.5 ± 0.1 4.4 ± 0.2 
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5. 15N True FIST MRI of HP metronidazole-15N2 and HP metronidazole-15N3 

Before the experiments all samples were activated by bubbling p-H2 through the solution for 1 hour, the flow 
rate was 8 sccm and 24 psig.  

15N-TrueFISP MRI XY (axial) projection. At the beginning, p-H2 was bubbled through the solution in the NMR 
tube placed into mu-metal magnetic shield with a flow rate of 70 sccm for 1 minute. The NMR tube was also 
pressurized at 24 psig. After that, the p-H2 flow was stopped and then NMR tube was moved to the Bruker NMR 
spectrometer (9.4 T), transfer time was approximately 20 seconds. 2D images were acquired using TrueFISP 
pulse sequence with repetition time (TR) = 62.5 ms and echo time (TE) = 3.6 ms. Receiver gain (RG) was 2050. 
Acquisition spectral width (SW) was 5.0 kHz, spatial resolution was 0.975×0.975 mm2/pixel. Field of view was 
3.1×3.1 cm2. Acquisition matrix was 32×32, it was zero-filled to matrix size of 512×512 (Figures 4a and 4b). The 
flip angle was 15o. Total acquisition time of a single average was 2.0 seconds. 
 
15N-TrueFISP MRI XZ (coronal) projection. At the beginning, p-H2 was bubbled through the solution in the 
NMR tube placed into mu-metal magnetic shield with a flow rate of 70 sccm for 1 minute. The NMR tube was 
also pressurized at 24 psig. After that, the p-H2 flow was stopped and then NMR tube was moved to the Bruker 
NMR spectrometer (9.4 T), transfer time was approximately 20 seconds. 2D images were acquired using 
TrueFISP pulse sequence with repetition time (TR) = 62.5 ms and echo time (TE) = 2 ms. Receiver gain (RG) 
was 2050. Acquisition spectral width (SW) was 10 kHz, spatial resolution was 0.894×0.894 mm2/pixel. Field of 
view was 2.9×2.9 cm2. Acquisition matrix was 32×32, it was zero-filled to matrix size of 512×512 (Figures 4c 
and 4d).  The flip angle was 15o. Eight averages were acquired during 16.7 seconds. 
 
The signal-to-noise ratio of the maximum intensity pixel (SNRMAX) was computed as follows: 

 
 

𝑆𝑁𝑅FGH = 	
𝑚𝑎𝑥	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	 𝐴𝑟𝑒𝑎	𝑜𝑓	𝑡ℎ𝑒	𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑚𝑒𝑎𝑛	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦(𝐴𝑟𝑒𝑎	𝑜𝑓	𝑡ℎ𝑒	𝑛𝑜𝑖𝑠𝑒)

𝑠𝑡𝑑	(𝐴𝑟𝑒𝑎	𝑜𝑓	𝑡ℎ𝑒	𝑛𝑜𝑖𝑠𝑒)
 

 
The area of the noise was selected as one of the top corners (8x8 pixels). All image processing and computation 
was performed using MATLAB. 
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