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Perspectives on hyperpolarised solution-state magnetic resonance in chemistry

This perspective article reviews some of the recent developments in the field of hyperpolarisation, with a focus on solution-state NMR spectroscopy of small molecules.

Two techniques are considered in more detail, dissolution dynamic nuclear polarisation (D-DNP) and signal amplification by reversible exchange (SABRE). Some of the opportunities and challenges for applications of hyperpolarised solution-state magnetic resonance in chemistry are discussed.
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This perspective article reviews some of the recent developments in the field of hyperpolarisation, with a focus on solution-state NMR spectroscopy of small molecules, and the methods of dissolution dynamic nuclear polarisation (D-DNP) and signal amplification by reversible exchange (SABRE).

Introduction

Nuclear magnetic resonance spectroscopy (NMR) is a very powerful and versatile analytical tool, with applications in fields as diverse as energy materials and medicine. In chemical science, solution-state NMR is essential for structure determination as well as the detection, identification and quantification of molecules in mixtures, for both static and time-evolving samples. NMR relies on properties of the nuclear spins as probes of their environment, through a vast array of experiments that provide unparalleled levels of structural information. NMR measurements are non-destructive and provide access to quantitative information on concentrations. For small molecules, these features are valid for near-arbitrary chemical structures, and the technique is often referred to as a "universal detector".

The main limitation of NMR is arguably low sensitivity, which arises from the small population difference between nuclear spin energy levels in usual experimental conditions. This population difference may be quantified as the polarisation P, which ranges from 0 (no population difference) to 100 % (fully polarised spins). As an example, at a magnetic field of 11.7 T and a temperature of 298 K, P is only 0.004 % for protons. Compared to other spectroscopy and spectrometry techniques, the collection of NMR data requires large sample quantities, with detection limits in the micromolar range for classic 1 H 1D NMR experiments. As a result, mass-limited chemicals may be difficult to characterise, transient processes may be unobservable and dilute components in mixtures may go undetected. The scope of applications of NMR increases dramatically with every step towards unit polarisation of the nuclear spins.

The sensitivity limitations of NMR may be addressed with "hyperpolarisation" methods, which increase nuclear spin polarisation and in turn NMR signals well beyond their thermal equilibrium values, with polarisation approaching unity in some cases.

Hyperpolarisation methods differ in the source of spin order on which they rely. In dynamic nuclear polarisation, the high polarisation of electron spins is transferred to surrounding nuclear spins. [START_REF] Ardenkjaer-Larsen | Proc. Natl. Acad. Sci[END_REF][START_REF] Ni | [END_REF] In optical pumping, the unit polarisation of photons is transferred in part to noble gases nuclei through spin exchange interactions. [3] In parahydrogen-based methods, the singlet order of parahydrogen is released by a chemical addition. [4,5] A variety of experimental schemes have been developed to harness these sources of polarisation. Polarisation levels may either be reported directly, or through the signal enhancement, which is calculated as the ratio of a given signal in the hyperpolarised experiments to the same signal after thermal equilibration.

With great polarisation comes great applicability. The recent surge in hyperpolarisation research, driven by a series of breakthroughs in concepts and instrumentation, has led to a wealth of applications that encompass in vivo metabolic imaging, [6] bioprobes with exquisite sensitivity [3] or the characterisation of large biomolecules and advanced materials in the solid state. [START_REF] Ni | [END_REF] In comparison, fewer investigations have been reported for some of the classic applications of solution-state NMR of small molecules, such as structure elucidation, the monitoring of chemical reactions or quantification in mixtures. Enhanced sensitivity also has obvious benefits in these areas as illustrated by several pioneering studies. [7,8] In this perspective article, a selection of current developments in hyperpolarised magnetic resonance is reviewed, and several challenges and perspectives in the field are discussed, with a focus on high-resolution, solution-state NMR of small molecules. Two hyperpolarisation methods are considered in more detail -dissolution dynamic nuclear polarisation (D-DNP) [START_REF] Ardenkjaer-Larsen | Proc. Natl. Acad. Sci[END_REF] and signal amplification by reversible exchange (SABRE), [5] since they have already led to applications in that area. This perspective article is written from the point of view of the end-user, for whom the ideal hyperpolarisation method would enhance polarisation levels by several orders of magnitude and preserve all the existing advantages of NMR spectroscopy; the method would work for arbitrary molecules and chemical moieties, and be compatible with the entire range of existing NMR pulse sequences, in particular multi-scan, multidimensional experiments. From this naive angle, current hyperpolarisation methods present both great opportunities for applications and significant challenges.

Dissolution dynamic nuclear polarisation

Concept

In dynamic nuclear polarisation (DNP), nuclear spins are hyperpolarised by microwave irradiation of a sample doped with radicals, in a magnetic field. DNP relies on the high polarisation of electron spins compared to nuclear spins. The dissolution-DNP (D-DNP) approach yields enhanced signals in solution through a two-step process. [START_REF] Ardenkjaer-Larsen | Proc. Natl. Acad. Sci[END_REF] First, the sample is polarised by DNP in the solid state, usually at temperatures of 1 to 4 K and magnetic fields of 3 to 7 T. Second, the hyperpolarised sample is rapidly dissolved with a superheated solvent, and transferred to the observation system. For applications in high-resolution solution-state NMR, the sample is injected in a conventional highresolution setup. The combined effect of solid-state DNP and the temperature jump from ~1 K to ambient temperature yields polarisation enhancements of up to 50 000. [START_REF] Ardenkjaer-Larsen | Proc. Natl. Acad. Sci[END_REF] D-DNP requires a complex and expensive apparatus. A commercial, fully automated system is available, which is suitably scaled for applications in chemistry and pre-clinical research, while a more recent system is designed for clinical applications. [6] Many recent hardware developments, however, are only available on custom-built systems. [9,10] Figure 1 shows the example of the custom-built system of Ernst and coworkers. [9] The main strength of the D-DNP approach is that it yields very high polarisation levels (of 50 % or more) and in turn signal enhancements, for a broad range of nuclei and chemical structures. Because the dissolution step of the D-DNP method is not easily reversible, however, the entire process is only carried out once for a given experiment; D-DNP is implemented as a single-shot technique. (Footnote: here single-(resp. multi-) shot refers to the fact that the sample can be polarised only once (resp. repeatedly), while multi-scan refer to the possibility to collect multiple free induction decays)

Features

Samples

The DNP process in the solid state can hyperpolarise a large range of substrates.

A majority of applications of D-DNP deal with highly concentrated, 13 C-labelled samples, and rely on a direct polarisation of the carbon-13 spins. For the analysis of molecules at natural abundance, however, especially at low concentration, the direct-polarisation approach may be unsuccessful. [11,12] This is in part because 13 C spin diffusion process, through which polarisation spreads from the paramagnetic centres to the bulk of the sample, is too slow at low concentrations in 13 C spins. The use of partially 13 C-labelled solvents to prepare the DNP matrix was proposed to facilitate the spin diffusion process. [11] Alternatively, dilute 13 C spins may be polarised by repeated cross polarisation (CP) steps from DNP-hyperpolarised 1 H spins, [13] as illustrated in Fig. 2. This CP-based approach provides polarisation levels of up to 40 % with a short build-up time of ~10 min. The efficient 1 H spin diffusion process makes it possible to polarise a broad range of samples, including mixtures of small molecules at natural abundance. [12] Efficient polarisation in the solid state is not a sufficient criterion to obtain hyperpolarised signals in solution. Nuclear spin relaxation during the transfer process can return spin populations to near equilibrium before any observation has occurred. In typical D-DNP implementation, transfer times of 5 to 10 s are used. This is suitable for many heteronuclear spins, such as non-protonated 13 C spins, which have relaxation rates of several 10's of seconds. Such transfer times, however, are not compatible with the direct DNP enhancement of 1 H signals -although cross-relaxation processes form slow-relaxing nuclei may still yield significant 1 H enhancements. [14] Using fast transfer and injection devices hyperpolarised 1 H experiments can be carried out, and a broader range of signals are observed for heteronuclei. [15] The harsh conditions of the dissolution and transfer step make the analysis of biomacromolecules by D-DNP challenging, as they may not recover their conformation of interest post dissolution. For small molecules, however, this is rarely a limitation and a broad range of substrates has been successfully polarised.

NMR experiments

D-DNP in its current form is a single-shot experiment. After dissolution, the enhanced polarisation decays irreversibly, through nuclear spin relaxation processes and upon excitation by radiofrequency pulses. As a result, D-DNP is not generally compatible with NMR experiments that require multiple consecutive scans, and in particular 2D experiments.

In many applications of D-DNP, time series of one-dimensional spectra are obtained with small-flip-angle pulse acquire experiments. For applications in metabolic imaging, a vast array of fast acquisition schemes has been developed, which combine one spectral dimension with several spatial dimensions. [6] For spectroscopy, twodimensional spectra may be collected using pulse sequences that can preserve part of the polarisation through consecutive scans. [16,17] Single-scan, "ultrafast" NMR pulse sequences are also particularly well suited to collect 2D spectra from DNP hyperpolarised samples. [12,18] In parallel to fast 2D methods, several pulse sequences have been developed, to obtain correlation information from 1D spectra. For example, J-couplings can be identified with off-resonance decoupling. [19] For the monitoring of chemical reactions, the use of selective inversion pulses provides a method to track nuclear spins during chemical transformations. [20] 

Other properties

The ideal hyperpolarisation method would be non-destructive and compatible with quantitative measurements, like non-hyperpolarised NMR. In the most common protocol for D-DNP, the sample of interest is dissolved in a mixture of solvent, glassing agent and radical-bearing molecule. Samples are usually not recovered after dissolution for further analyses. Several strategies have been introduced to separate the radicals from the sample of interest during the dissolution process, and obtain a neat hyperpolarised sample. For example, a mixture of two solvents can be used for dissolution, chosen so that the sample of interest dissolves in the aqueous phase, while the radicals are mostly in the organic phase. [21] This approach has the additional advantage of reducing the dilution of the sample during dissolution. An alternative strategy consists of grafting radicals on the surface of a porous material, which is impregnated with an aqueous solution of the substrate. In this "HYPSO" method, the radical-containing polarising solid is retained upon dissolution by simple filtration, and the glassing agent is unnecessary. [START_REF] Gajan | Proc. Natl. Acad. Sci[END_REF] Hyperpolarisation methods rarely share the powerful feature of 1 H NMR of having a unique proportionality factor between concentration and peak volume for virtually any resonance in the spectrum. Still, quantitative results may still be obtained, using calibration methods, provided that the measurement is repeatable. The D-DNP process involves many sources of variability, for both the solid-state polarisation and the dissolution and transfer steps. A recent analysis of hyperpolarised 13 C spectra of metabolomics samples shows, however, that a repeatability of better than 5 % can be achieved with D-DNP. This suggests that quantitative results may be obtained with D-DNP in the near future. [START_REF] Bornet | [END_REF] 

Areas of application

The main driving force for the development of D-DNP is the in vivo, real-time monitoring of metabolism, with notably examples of cancer studies in humans [24] . Kinetic and mechanistic studies of biochemical reactions, as well as ligand binding studies, are also active areas of applications. There are many fewer studies in analytical and organic chemistry. The two main types of applications reported so far concern the monitoring of chemical reactions and the detection of dilute components of mixtures of small molecules for, e.g., metabolomics applications. D-DNP makes it possible to record 13 C 1D spectra for substrates at natural isotopic abundance, thanks to enhancement of the order of 10 000, as well as 1 H 1D spectra that are enhanced by > 1000. Hilty and co-workers have exploited these enhanced signals to analyse several chemical reactions. They showed, with the example of a classic Diels-Alder reaction, that chemical kinetics may be measured efficiently with D-DNP. [25] More recently, they studied polymerisation reactions, using D-DNP to identify intermediates and gain insight into the mechanism of living anionic polymerisation, with hyperpolarised 13 C 1D NMR, as illustrated in Fig. 3. [7] Such analyses of chemical kinetics are carried out on timescales governed by the irreversible decay of the hyperpolarised signal, which typically range from a few seconds to a few tens of seconds.

The use of D-DNP to detect a larger range of molecules in the analysis of mixtures has been proposed several years ago. [17] Only few examples have been reported, however, of solution-state spectra of mixtures hyperpolarised with DNP. This is due in part to the difficulty to polarise dilute mixtures of molecules at natural abundance, and in part to the challenge of identifying signals in unusual experimental conditions, for which no reference data are available. Recent development in CP-based DNP and fast 2D NMR may help to address these limitations. [12] Virtually no examples have been reported of using D-DNP for the classic NMR application of determining the structure of an unknown chemical, either freshly synthesised or purified from natural sources.

Signal amplification by reversible exchange

Concept

Hydrogen gas can be enriched in its para form, the spin state of which consists of pure, long-lived singlet order. Parahydrogen (pH2) is a reservoir of spin order, a fraction of which may be transferred to other molecules for NMR observation. In the original parahydrogen-induced polarisation (PHIP) experiments, the chemical addition of pH2 onto the substrate releases its spin order, in the form of population differences across observable transitions that are significantly enhanced compared to their thermal equilibrium value. [4] This PHIP approach, however, involves an irreversible chemical modification of the substrate.

Signal amplification by reversible exchange (SABRE) relies on transient spin interactions, in a metal complex, between the nuclear spins of a substrate and those of hydride protons that originate from the addition of parahydrogen to the metal centre (Figure 4). [5] With SABRE, in contrast to earlier PHIP methods, substrates can be hyperpolarised with no chemical modification. In addition, the polarisation process can be repeated multiple times. For 1 H spins at high field, enhancements of the polarisation of over 1000 have been reported. [26] In their simplest implementation, SABRE experiments consists of mixing the substrate, a suitably chosen metal complex and parahydrogen in a gas-tight NMR tube, and manually shaking the sample in the stray field of the NMR magnet. The sample is then quickly inserted into the NMR magnet for detection. More advanced implementations include the use of automated parahydrogen bubbling [27] as well as sample shuttling. [28] The compatibility with multi-shot and/or continuous polarisation together with a relatively straightforward implementation make the SABRE process a very promising hyperpolarisation method.

Features

Samples

The SABRE concept was first demonstrated with the enhancement of the 1 H NMR signals of pyridine, and pyridine-like molecules remains the substrate for which the highest enhancements have been reported. A broad range of heterocycle-bearing molecules have been polarised with SABRE. [8,26,29,30] The magnetic field dependence for a variety of substrates was found to display common features, which may be explained with models based on either a density-matrix description of the spin dynamics, [31] or the analysis of level anti-crossings. [32,33] The SABRE process has also been demonstrated for nuclei other than 1 H, and in particular 13 C and 15 N and 31 P. [5,34,35] Using polarisation field in the microTesla range, nitrogen-15 can be polarised, in the so-called SABRE-SHEATH approach. [34] Recent studies have shown that the SABRE process is applicable "beyond heterocycles", notably with the example of Schiff bases, [36] as well as acetonitrile. [37] Current implementations of parahydrogen-based hyperpolarisation are not broadband, in the sense that only specific chemical motifs are polarised. This feature that may be turned into an advantage, however, to develop selective detection experiments. [8] The SABRE effect may yield enhanced signals for which the intensity does not scale linearly with concentration. When 2 mM Ir(IMes)(COD)Cl is used as a catalyst, with pyridine as a substrate, in methanol as a solvent, the enhancements decrease when the pyridine concentration decrease to 1 mM or less. [38] This observation may be explained by the role of the solvent, which competes with the substrate as a ligand. The use of a suitably chosen "co-substrate" restores the SABRE enhancement, for concentrations in the low micromolar range. [38] 

NMR experiments

The SABRE method has the major advantage of being compatible with multiple consecutive repetitions; in contrast to D-DNP, it is not necessarily a single-shot method.

The simplest implementation of SABRE, which involves manually shaking the sample before insertion in the detection magnet, is not generally compatible with multi-scan experiments; the entire process may be repeated multiple times, but not with sufficient stability. Multidimensional spectra may still be collected with this approach, using, e.g. single-scan 2D acquisition techniques. [29,39] Several experimental setups have been described, which make it possible to carry out multi-scan SABRE experiments, to either record multidimensional spectra or enhance sensitivity further through signal averaging. A first possibility is to shuttle automatically the sample between a low-field region, for polarisation, and the bore of the NMR magnet, for detection. Figure 5 shows a scheme of the flow device and a 2D spectrum acquired with this setup; [28] the acquisition of multidimensional spectra with several classic pulse sequences has been described with this implementation. [29] Alternatively, the entire experiment can be carried out in the NMR magnet, using Jcoupling driven correlation experiments between the hydride and substrate protons to detect the bound substrates. [27] The matching conditions for spontaneous SABRE are found at magnetic fields in the mT range for 1 H and the µT range for heteronuclei (e.g., 15 N). Several methods derived from SABRE operate at several Teslas and thus do not require a sample shuttling step. In RF SABRE, a strong spin-lock field is applied to obtain, in a doubly titled rotating frame, matching conditions that are analogous to those employed for classic SABRE in low fields. [40] In LIGHT-SABRE, a very weak and selective pulse drives the conversion between the singlet order of the hydride pair and magnetisation of 15 N spins. [41] These schemes could also be combined with multi-scan, multi-dimensional acquisitions. The polarisation levels reported so far, however, are lower than for the low-field approach.

Other properties SABRE in its original form requires several dissolved compounds in addition to the substrate of interest: the metal complex, optionally a co-substrate and of course para-hydrogen. Even if no chemical modification occurs, subsequent separation of the analyte is not straightforward. The use of SABRE catalysts tethered to a solid in principle makes it possible to recover the sample of interest. Examples of heterogeneous SABRE have been reported, with enhancements of about 5. [42] One of the main current challenges for SABRE is development of catalysts that are active in solvents other than methanol and ethanol. A majority of studies focus on water, for biomedical applications. [43] Recently, adaptable catalysts have been described, which provide good enhancements in several different solvents. [44] Several applications of SABRE for quantitative measurements demonstrate the high repeatability of the methods. Surprisingly perhaps, the original "shaking" protocol was found to be appropriate for quantitation. [30] The entirely automated and high-field process of Tessari and co-workers provides a sufficient repeatability; [27] so does the shuttling apparatus of Duckett and co-workers. [29] In addition, when the total concentration of substrate (including an optional co-substrate) is sufficient, the SABREenhanced signals of dilute analytes varies linearly with to their concentration, which makes it possible to use a standard-addition approach for quantitation. [38] 

Areas of application

The majority of applications of SABRE reported so far concern magnetic resonance imaging and the production of hyperpolarised MRI agents. SABRE is explored as a way to produce hyperpolarised MRI agents in a continuous and scalable way, as opposed to the batch mode in which D-DNP operates.

As it provides high enhancements for selected chemical motifs, SABRE is also assessed as an analytical tool for the detection of classes of analytes in mixtures. Several examples of trace detection in model samples have been reported. [29,45] More recently, Tessari and co-workers described the chemoselective detection of pyridine and pyrazine derivatives in coffee extracts, as illustrated in Fig. 6. [8] Another promising area of application for SABRE in chemistry is the monitoring of organic reactions. Strong synergies exist between SABRE, as a cost-effective and straightforward hyperpolarisation method, and compact NMR instruments, which can be operated under the fume hood. [46] 

Discussion

The field of hyperpolarised magnetic resonance is currently very active, with many ongoing developments, for a variety of applications. For solution-state NMR of small molecules, two hyperpolarisation methods, D-DNP and SABRE, are particularly popular. Both have led to experiments that would not be possible without hyperpolarisation, such as the mechanistic studies of polymerisation with in-situ, realtime monitoring or the detection of dilute analytes in complex mixtures.

The benefits of hyperpolarisation, however, come at a cost; hyperpolarised experiments typically sacrifice some of the features of their thermal equilibrium counterparts. D-DNP provides incredible signal enhancements, but only once. The single-shot nature of the experiment limits the timescales that can be probed, as well as the range of experiments that can be recorded. SABRE can be implemented in multi-shot mode, so that conventional multidimensional experiments become possible. The range of substrate that may be polarised, however, is limited by the need to bind a metal centre, on a suitable time scale. Both methods, in their current implementation, also sacrifice the non-destructive nature of non-hyperpolarised NMR experiments, as they require the use of additive such as radicals or metal complexes.

A range of solutions is being developed to address these limitations. For D-DNP, fast acquisition methods yield multidimensional information from a single experiments. [12,16,19] For SABRE, the scope of substrates keeps on expanding. [36,37] For both methods, there are prospects of polarisation schemes that would yield hyperpolarised samples free of impurities. [START_REF] Gajan | Proc. Natl. Acad. Sci[END_REF]42] These developments push the limits of what can be achieved with hyperpolarisation. Still, several applications remain difficult to conceive with these methods, such as elucidating the structure of a mass limited natural product. This would require a hyperpolarisation scheme that is both broadband and compatible with a multi-shot implementation.

Current developments in dynamic nuclear polarisation offer the perspective of a multi-shot, broadband hyperpolarisation method for solution-state NMR. DNP in the liquid state through the Overhauser effect is very challenging water at high magnetic field. [47] However, rapid sample shuttling between a low-field polarisation region and a high field detection region, or the use of supercritical CO2 as a solvent, make solutionstate DNP conceivable. [47,48] An alternative approach, rapid-melt DNP (Figure 7), [49] shares the solid-state DNP step of D-DNP. In contrast to D-DNP, which involves an irreversible dissolution step, rapid-melt DNP relies on rapid sample melting, which is reversible. Rapid-melt DNP is thus compatible with multidimensional experiments. These methods offer promising perspectives; even if the enhancements were eventually lower than in D-DNP, e.g., because of a smaller temperature jumps, for many applications signal enhancements of several 100's in a multi-shot way would be more useful than single-shot enhancements in the 10 000's. Challenges for these multi-shot approaches include the design of instrumentation that yield high-resolution data, as well as the effect of polarising agents at relatively high concentration.

An analogy can be made between rapid-melt or Overhauser DNP and dynamic nuclear polarisation in solid-state magic-angle spinning NMR, which is also a multi-shot, broadband method. [START_REF] Ni | [END_REF] In MAS DNP, many classic NMR experiments can be carried out, with DNP enhancements in the 10's or 100's. The price to pay, however, is that experiments are typically carried out at 100 K, with radicals and at moderate spinning frequencies and magnetic fields, which may result in a lower resolution than for thermal-equilibrium experiments. [START_REF] Ni | [END_REF] Each hyperpolarisation method retains clear advantages, and the choice of method depends largely on the targeted applications. D-DNP is particularly well suited to analyse the kinetics of chemical reactions. [6] Real-time monitoring indeed benefits from the highest possible polarisation and is not compatible anyway with long acquisition times. In contrast, multi-shot DNP would be particularly useful for the analysis of unknown, mass limited compounds, for which D-DNP offers too narrow a range of NMR spectra. For the detection and quantification of "known unknowns" in mixtures, each method has distinct advantages, e.g., chemoselectivity and repeatability for SABRE, and future studies will reveal their suitability for "real-world" applications.

Hyperpolarisation methods are typically characterised by the signal enhancement (noted e) that they provide,. While this enhancement is very informative to understand the properties of the hyperpolarisation methods, it does not entirely capture the actual sensitivity enhancement for a given application. [50] For example, the current implementation of D-DNP comes with several sensitivity penalties, which are not accounted for in the raw signal enhancement e. Because of sample dilution upon dissolution, only a fraction of the initial sample is injected for detection. Also, experiments are typically carried out with sub-optimal shims. While 13 C detection provides a much higher resolution than 1 H, it also comes with a sensitivity penalty at natural abundance. For rapid-melt DNP, the presence of radicals will a priori degrade resolution and relaxation rates. For these and other reasons, the enhancement obtained with a given hyperpolarisation method is not obvious to characterise and is highly application dependent (is the sample-mass limited or not? does it evolve in time? etc).

All of these aspects provide further avenues to improve hyperpolarisation methods and obtain higher sensitivity enhancements.

In summary, the developments in hyperpolarisation that have occurred over the last 10 years have opened a vast array of applications in solution-state NMR of small molecules. Continuous developments in these areas keep on pushing the limits of realtime monitoring and trace detection. Other applications, including the classic use of NMR for structure determination of unknown compounds, will benefit from emerging approaches that provide a steady and broadband enhancement. Helium is dragged into the sample space by evacuating the cryostat with two vacuum pumps (3) connected in series. The DNP probe ( 4) is mounted and sealed to the cryostat within the bore of the magnet. A microwave source ( 5) is connected to the waveguide leading to the sample space. The dissolution system ( 6) is attached to the tubing of the dissolution stick (7) for dissolution and shuttling to the nearby NMR/MRI spectrometer.

An NMR console (8) is used to monitor the nuclear polarization while the entire system is controlled by computer software (9). Dotted lines indicate data communication pathways. Reproduced with permission from Ref. [9] © 2012 Elsevier Inc. with permission from Ref. [13] © 2012 American Chemical Society. 13 C NMR spectra recorded from a single sample of hyperpolarised styrene mixed with NaC10H8. Reproduced with permission from Ref. [7] © 2013 American Chemical Society. with permission from Ref. [5] © 2009 AAAS Fig. 5 SABRE with an NMR flow system. (a) Schematic of the Polariser, the hyperpolarisation process and its subsequent NMR analysis. (b) 1 H 2D OPSY-COSY NMR spectrum of hyperpolarised quinoline in methanol-d4 achieved using 1 and p-H2 with an applied polarisation transfer field of 0 G. Reproduced with permission from Refs [28] © 2014 The Authors and [29] © 2012 American Chemical Society. showing the major components within the magnet bore: the cooling region where microwave irradiation occurs, the melt region, where heated nitrogen gas is directed onto the frozen sample, and finally, the stripline NMR detection region. Both NMR and DNP sections are located within the homogeneous region of the magnet, as indicated by the distance z, relative to the center of the magnet. A linear actuator is used to move the capillary through the system, thereby moving the sample between system components. 95 GHz Microwaves are introduced from the bottom of the probe, as are cryogens and heated nitrogen gas. (b) A Thermal polarised room temperature NMR signal for 99% d8toluene, with 50 mM BDPA radical doping, averaged for 1024 scans (normalised by a factor 1024 and displaced vertically for clarity). B Rapid-melt DNP enhanced spectrum (single scan) at a power of 16.8 W for 10 s. The small peak near 3.4 ppm is due to 20 mM caffeine that was added to the toluene solvent. Note that the presence of caffeine cannot be determined from the thermal spectrum, even after 1024 scans. C Rapid-melt DNP enhanced spectrum after 300 consecutive scans with a cycle delay, including freezing, DNP and melting, of 6 s per scan. The total measurement time is 30 min. Reproduced with permission from Ref. [49] © 2015 Elsevier
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 2 Fig. 2 D-DNP with cross-polarisation. (a) Signals of 13 C NMR of 50 μL of a 3 M frozen solution of 1-13 C-enriched sodium acetate in a deuterated water/ethanol mixture (67:33 v/v) doped with 50 mM TEMPO measured without CP (blue) at thermal equilibrium (T = 4.2 K and B0 = 6.7 T, scaled by a factor 100) and with CP-DNP (red) (Pμw = 120 mW at fμw = 188.3 GHz). (b) 13 C DNP buildup with (red) and without (gray) CP measured every 30 s with β = 5° pulses. CP was performed every 240 s with B1 = 15 kHz and a contact time of 1 ms. (c) The dissolution and transfer process requires tdiss = 10.7 s. (d) Relaxation of 13 C in solution at ∼T = 300 K after transfer to a magnetic field B0 = 7.05 T, measured with β = 5° pulses at 5 s intervals. (e) Signals of 1-13 C sodium acetate immediately after dissolution (red) and at thermal equilibrium (blue, scaled by a factor 2048). Reproduced
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 3 Fig. 3 Hyperpolarised NMR of polymerisation reactions. (a) Living anionic polymerisation of styrene. (b) Series of 13 C NMR spectra recorded from a single sample

Fig. 4

 4 Fig. 4 Signal amplification by reversible exchange. (a) Schematic representation of the magnetisation transfer process in SABRE. (b) Single scan NMR spectra of samples containing a templating medium, the indicated substrate, and para-H2 at 295 K in d4methanol where the polarization transfer step was achieved in a 2 × 10 -2 T field. The 1 H control trace (top) of 6 nmol of pyridine with 128-fold vertical expansion relative to the bottom 1 H trace that was recorded immediately after polarization transfer. Reproduced
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 67 Fig. 6 p-H2 based chemosensing in natural extracts. (a) High-field p-H2 enhanced 2D correlation spectrum between hydrides and substrate aromatic protons in the receptor complexes (1), acquired on a coffee extract in methanol-d4 sample in 20 min. The sample contains 1.2 mM metal complex, 18 mM mtz, and 5 bar 51% enriched p-H2. Assignment of the most concentrated species is indicated. The 1D trace is shown to illustrate the signal-to-noise ratio at the dotted line in the spectrum. (b) Standard-addition curves for ortho proton resonances of pyridine, 2-ethylpyrazine, pyrazine, and 2,6dimethylpyrazine. Concentrations are estimated from the abscissa intercept (circled) of the standard-addition curves (gray lines). Experimental uncertainties were derived byerror propagation. Reproduced with permission from Ref.[8] © 2016 American Chemical Society
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