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Photo-Ejected Ligands Hyperpolarized by Parahydrogen in 
Reversible Exchange 
 

Emily E. Brown,a Rielly J. Harrison,a Dmytro Havrylyuk,a Stephen J. McBride,a Edith C. Glazer,a Felix 
N. Castellano,*a and Thomas Theis*a

Hyperpolarization derived from signal amplification by reversible 
exchange (SABRE) is valued for its relative simplicity among 
hyperpolarization approaches. Here, we demonstrate that 
photoejection of the ligands pyridazine and pyrazine from prodrug 
Ru(II) polypyridyl complexes offers a new modality for activating 
SABRE hyperpolarization, achieving enhancements of over 3200-
fold.  

Nuclear magnetic resonance (NMR), an essential spectroscopic 
technique for identifying and characterizing molecular 
structure, is inherently sensitivity-limited by low nuclear spin 
polarization. Hyperpolarization methods markedly increase this 
polarization, generating strongly enhanced NMR signals that 
overcome sensitivity limitations.1–5Among hyperpolarization 
methods, signal amplification by reversible exchange (SABRE) is 
particularly simple to implement, which makes it pertinent for 
biomedical applications.6–8 Traditional advantages of SABRE 
also include the preservation of chemical identity and 
replicability as opposed to hydrogenative methods, yet 
expanding the SABRE-substrate scope is more tedious than for 
other methods, such as dynamic nuclear polarization 
(DNP).1,3,9,10 This work demonstrates SABRE of photo-ejected 
ligands from prodrugs without extensive activation, providing a 
new modality for SABRE-based NMR hyperpolarization. Room 
temperature solutions containing Ru(II) complexes and the Ir-
based SABRE catalyst are irradiated with visible light to photo-
eject the ligands from the prodrug Ru complexes.7 These free 
ligands are subsequently hyperpolarized by parahydrogen (p-
H2) in reversible exchange on the SABRE catalyst. After photo-
ejection, p-H2 and the ejected substrate reversibly bind to the 

iridium hydride catalyst ([Ir(H)2(IMes)(sub)3]Cl, IMes = 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, sub = substrate) 
shown in Scheme 1.8,11–14 Once bound, spin order is transferred 
from the p-H2-derived hydrides to the photo-ejected target 
molecule through J-coupling interactions.  

Light activation presents an interesting addition to SABRE, 
offering simple and controllable initialization of 
hyperpolarization across various sample formats. In NMR, in 
situ light irradiation is also of growing interest.15–17 So far, photo 
modulation has been limited to para-hydrogenation or 
photoisomerization following SABRE.18–22 The light activation 
shown in this work can provide on-demand release of desirable 
target molecules and be incorporated into the SABRE cycle. 
Here, we chose the amply studied Ru(II) polypyridyl 
complexes—well known for efficient ligand photoejection 
triggered by visible light.23–28   

This work uses two Ru(II) polypyridyl complexes, 
Ru(bpy)2(pyridazine)22+ (1) and Ru(tpy)(biq)(pyrazine)2+ (2), bpy 
= 2,2’-bipyridine, tpy = 2,2’,2”-terpyridine, biq = 2,2’-
biquinoline.23,29 These chromophores undergo efficient 
photoejection of their monodentate ligands under visible light 
excitation. Additionally, photolyzed 1 has demonstrated DNA 
binding and 2 is established as both cytotoxic and photo-
cytotoxic.7,29 These properties make Ru(II) molecules 
interesting candidates for photoactivated chemotherapy.30 The 
freely diffusing ligand (pyridazine or pyrazine) can be readily 
incorporated into the SABRE cycle to be hyperpolarized, 
Scheme 1. These initial target molecules were selected as both 
are already well-established SABRE substrates.31,32 The light-
triggered motif enables the early acquisition of hyperpolarized 
signals immediately upon ligand release. The system's simplicity 
and broad applicability is further underscored by acquiring data 
using a low-field benchtop NMR spectrometer operating at 1.4 
T (60 MHz). SABRE acquisition allows for greater specificity of 
ligand detection than might be achieved through alternate 
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methods of spectroscopy, such as UV-Visible spectroscopy. 
Also, magnetic resonance techniques (NMR and MRI) are free 
of penetration depth limitations, which allows for detection in 
opaque samples such as tissue. The simplicity of SABRE 
compared to other hyperpolarization techniques, combined 
with the use of a cryogen-free benchtop spectrometer in this 
work, exemplifies a more affordable, straightforward, and user-
friendly approach, expanding the possibilities for adoption by a 
wider audience.  

Ligand-releasing photolysis using 455 nm visible light is well 
documented for both 1 and 2 in water. To ensure that our 
methodology would rapidly generate free ligands in the current 

solvent system (acetone-d6), we first conducted in-situ 

photochemical 1H NMR experiments at high-field (9.4 T, 400 
MHz); see the ESI for complete details. Ligand loss in acetone-
d6 occurred rapidly under LED excitation inside the NMR 
spectrometer (see ESI Fig. S1, S2). This represents the first 
ligand ejection from 1, forming Ru(bpy)2(pyridazine)2+ featuring 
one coordinated pyridazine ligand. This is demonstrated by 
quantitative NMR of the photolysis of 1, as even 400 s of 
photolysis would yield only 48% free pyridazine, relative to the 
starting concentration of 1 (not two equivalents or 200%), see 
ESI. This behaviour echoes prior work in water, where the 
second photolysis event, the second ligand ejection, was 
sluggish and occurred over 150 minutes of light excitation.7 

After confirming rapid ligand-loss photolysis for 1 and 2 in 
acetone-d6, SABRE experiments were pursued using the 
experiment and sequence presented in Fig. 1. Visible light 
irradiation and p-H2 bubbling were performed simultaneously 
in a 6.5 mT polarization transfer field (PTF). 6.5 mT was used 
because this magnetic field establishes level anticrossings 
matching the nuclear-spin energy levels to allow for optimized 
polarization flow from hydrides to protons on pyrazine and 
pyridazine.6,12,13,31–34 The SABRE experiments used a specialized 
gas bubbling system to facilitate p-H2 dissolution through a 
solution inside a 5 mm NMR tube. The sample was positioned 
within the solenoid coil set to the designated PTF and the 30 s 
p-H2 bubbling time was utilized. Upon termination of p-H2 
bubbling, the sample was transferred to the 1.4 T NMR, and the 
signal was acquired using a 90° RF pulse. We note that the 
temperature in the bore of the utilized Oxford XPulse benchtop 
spectrometer was 40 ℃	and could not be altered, warming the 
samples to 21 ℃ immediately following the transfer, as 
measured by a methanol-d4 thermometer, see ESI. The 

Scheme 1: The photoactivated SABRE process with 1.7,9–12 Red bonds and chemical symbols represent spin-polarization and o-H2 is ortho-hydrogen released from the 
IrIMes catalyst.  

Figure 1. The photo-induced SABRE experiment and signal acquisition sequence. 
The 455 nm excitation light and p-H2 are applied simultaneously to the sample 
while in the PTF of 6.5 mT for 30 s. Next, the sample is manually transferred 
(approximately 1 - 2 s) to the NMR, and the signal is acquired. The image of the 
1.4 T NMR spectrometer is courtesy of Oxford Instruments. 
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temperature during hyperpolarization was maintained at 21 ℃ 
to decrease evaporation of the solvent, acetone-d6, and to 
maintain a consistent concentration, despite possibly non-
optimized hyperpolarization.31 

Preliminary hyperpolarization experiments were performed 
without light; only p-H2 was added to the solution within the 6.5 
mT PTF. As expected, no significant signals were observed, 
indicating little to no free ligand present in the absence of light 
irradiation, see Fig. 2. Slightly more thermally-induced ligand 
release was measured in 2 relative to 1 during the dark scans, 
despite attempts to prepare samples without room light. We 
note that the absorbance of 1 is blue-shifted relative to 2.75 
Additionally, prior work with 2 has demonstrated limited long-
term thermal stability in solution; 63% of the complex remained 
after 24 hours at 37℃ dissolved in water, as opposed to the 88% 
of 1 remaining after 72 hours under identical experimental 
conditions.7,29 Measurements performed here in protonated 
acetone, see ESI, showed that 98% of 1 remained after 24 h at 
40℃ in the dark and only 18% of 2 remained after 21 h under 
the same conditions. We conclude that the 40 ℃ NMR 
operating temperature leads to more thermalized ligand loss in 
2 relative to 1 but does not significantly influence results 
achieved via photoactivation as detailed below.   

Upon visible light excitation, 1H NMR signal enhancement 
increased dramatically, resulting in an enhancement of 3229-
fold (p = 1.6%) and 457-fold (p = 0.22%) at 1.4 T with the photo-
released ligands from the prodrugs 1 and 2, respectively, as 
compared to an external standard, see ESI. In contrast, minimal 
signal enhancement occurred in the dark under identical 
experimental conditions, as shown in Fig. 2. The PTF utilized 
here is optimized for maximum hyperpolarization transfer to 
the substrate, and typically results in emissive peaks.31,32 The 
unexpected line shape from acetone-dn (n < 6) at 2.05 ppm in 
Fig. 2b may indicate IrIMes catalysed hydrogen-deuterium 
exchange (1H/2H) occurring with the solvent, acetone-d6.35 No 
evidence suggests that the bpy ligand from 1 is released, in 
accordance with previous work.24 Hyperpolarization was 

observed on both the free substrate with pyridazine at 9.27 and 
7.66 ppm (Fig. 2a) and pyrazine at 8.59 ppm (Fig. 2b) as well as 
the IrIMes-bound substrate, with coordinated pyridazine and 
pyrazine at 8.87 ppm (Fig. 2a) at 8.20 ppm (Fig. 2b), respectively. 
Measurements for pyridazine are derived from the peak at 7.66 
ppm to avoid the contribution of bound hyperpolarized 
pyridazine, see ESI. Hyperpolarization was also observed at the 
o-H2 peak at 4.5 ppm. However, there was no evidence of a 
partially negative line (PNL), and minor signal enhancement was 
also measurable on the Ir-hydride peak(s).36,37 

These data were achieved without extensive activation. The 
typical sample undergoes two cycles of measurements in the 
dark, followed by up to six cycles of measurements in the 
presence of light. There is likely a buildup of substrate and p-H2 
on the catalyst, further increasing the polarization of the free 
ligand. Notably, the ratio of free substrate to the IrIMes catalyst 
at the scan with the highest hyperpolarization never exceeds 
1.5:1, indicating relatively efficient polarization transfer. This 
demonstrates the utility of light activation in presenting 
substrates to a SABRE catalyst on demand, where 
hyperpolarization can easily be activated and measured.    

In conclusion, the findings demonstrate the viability of light-
initiated or phototriggered SABRE, offering more control over 
the SABRE process. We have shown substantial 1H NMR signal 
enhancements, several thousand times that of the thermal 
signal (over 3200-fold for free pyridazine derived from 1 and 
over 400-fold for free pyrazine derived from 2). This approach 
uses visible light in conjunction with a 1.4 T benchtop NMR 
spectrometer, offering a widely applicable modality for 
generating hyperpolarized NMR signals of photo-released 
compounds. This photochemically-activated approach enables 
facile sample preparation and may become useful for the in situ 
detection of photo-released drugs, albeit requiring the addition 
of p-H2. The procedure rapidly generates hyperpolarization 
without the need for specialized NMR pulse sequences.  

This work was supported by the US Department of Energy, 
Office of Science, Genomic Science Program under Award 

Figure 2. A. Complex 1 and the SABRE catalyst, shown with the thermal scan in the absence of p-H2, the dark scan with p-H2 added in the 6.5 mT PTF, and the light 
scan with 455 nm light and p-H2 added in the 6.5 mT PTF. The thermal scan, grey, and the dark scan, black, are magnified 10-fold. B. Complex 2 and the SABRE catalyst 
here shown with the thermal scan without p-H2, the dark scan with p-H2 added in the 6.5 mT PTF, and the light scan with 455 nm light and p-H2 added in the 6.5 mT 
PTF. 
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Data availability 

The data supporting this article, including experimental details, synthesis of 1 and 2, NMR analyses, thermal analyses, 
etc., have been included in the ESI. 
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