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Benchtop NMR spectroscopy has been on the rise for the last decade, by bringing high-resolution NMR in 30 environments that are not easily compatible with high-field NMR. Benchtop spectrometers are accessible, 31 low cost and show an impressive performance in terms of sensitivity with respect to the relatively low 32 associated magnetic field (40-100 MHz). However, their application is limited by the strong and ubiqui-33 tous peak overlaps arising from the complex mixtures which are often targeted, often characterized by a 34 great diversity of concentrations and by strong signals from non-deuterated solvents. Such limitations 35 can be addressed by pulse sequences making clever use of magnetic field gradient pulses, capable of per-36 forming efficient coherence selection or encoding chemical shift or diffusion information. Gradients 37 pulses are well-known ingredients of high-field pulse sequence recipes, but were only recently made 38 available on benchtop spectrometers, thanks to the introduction of gradient coils in 2015. This article 39 reviews the recent methodological advances making use of gradient pulses on benchtop spectrometers 40 and the applications stemming from these developments. Particular focus is made on solvent suppression 41 schemes, diffusion-encoded, and spatially-encoded experiments, while discussing both methodological 42 advances and subsequent applications. We eventually discuss the exciting development and application 43 perspectives that result from such advances.
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Introduction

Making an analytical technique accessible to non-experts at a reasonable cost is the key towards its widespread use. For decades, methods such as mass spectrometry, near infrared or Raman spectroscopies have made their way towards food industries, hospitals, and even airports or crime scenes [START_REF] De Araujo | Portable analytical platforms for 777 forensic chemistry: A review[END_REF][START_REF] Pilot | SERS detection of food contaminants by means of portable Raman 779 instruments[END_REF][START_REF] Ferreira | 781 Ambient ionization mass spectrometry for point-of-care diagnostics and other 782 clinical measurements[END_REF]. NMR has also reached such an early level of accessibility through portable relaxometry equipment [START_REF] Kirtil | 1H nuclear magnetic resonance relaxometry and 784 magnetic resonance imaging and applications in food science and 785 processing[END_REF][START_REF] Steele | New applications and perspectives 787 of fast field cycling NMR relaxometry: New trends in FFC NMR relaxometry, 788[END_REF][START_REF] Kausik | NMR 790 Relaxometry in Shale and Implications for Logging[END_REF]. However, until the 2010s, NMR spectroscopy remained the privilege of relatively big academic laboratories or industries that could afford purchasing a high-field spectrometer and keeping it in good operating conditions thanks to specialized staff. This paradigm started to change in the early 2010s thanks to pioneers such as Blümich and co-workers, who designed the first benchtop NMR spectrometer, based on a fist-sized magnet capable of being placed under a fume hood while providing a sufficient homogeneity to yield NMR spectra with decent quality [START_REF] Küster | High-resolution NMR 793 spectroscopy under the fume hood[END_REF].

Within a few years only, several commercial companies have built their success on the development of portable NMR spectrometers, and hundreds of such portable devices have been installed in Please cite this article as: B. Gouilleux, J. Farjon and P. Giraudeau, Gradient-based pulse sequences for benchtop NMR spectroscopy, Journal of Magnetic Resonance, https://doi.org/10.1016/j.jmr.2020.106810
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Such overlap and dynamic range issues also exist -to a lesser extent-at high magnetic field, where a whole galaxy of innovative methods have been developed to deal with them. Common highfield NMR methodologies for the analysis of mixtures include advanced pulse methodologies, such as fast multi-dimensional methods [START_REF] Rouger | Fast n-dimensional data acquisition 808 methods[END_REF], diffusion-ordered spectroscopy (DOSY) [START_REF] Morris | Diffusion-Ordered Spectroscopy[END_REF], homodecoupled ''pure-shift" acquisitions [START_REF] Zangger | Pure shift NMR[END_REF], and a large toolbox of solvent signal suppression methods [START_REF] Giraudeau | Optimizing water suppression for quantitative NMR-based metabolomics: a tutorial review[END_REF]. All these pulse sequences, which are now part of the daily arsenal of high-field NMR spectroscopists, share the common feature that they require robust -and sometimes strong-pulsed magnetic field gradients (PFGs), making use of the gradient coil which is now present in most of high-field liquid-state NMR probes. In 2020, high-field NMR experts would probably not even imagine developing a new pulse sequence without a clever use of PFGs. Therefore, it is relatively straightforward to imagine how PFGs could help maximizing the potential of benchtop NMR spectroscopy, by making it possible to implement and optimize pulse sequences that were initially designed for the analysis of complex mixtures at high field.

The idea of implementing PFGs on a benchtop spectrometer started from a discussion at Euromar 2013 in Crete with Stefano Caldarelli, a true visionary in the world of complex mixture NMR, who unfortunately left us prematurely in 2018. It took a couple of years -and passionate discussions-until a manufacturer (Magritek) was able to implement a gradient coil on its 43 MHz 1 H/ 19 F spectrometer, whose specifications were thought to accommodate the strong requirements of echo-planar spectroscopic imaging trains such as those included in ultrafast 2D pulse sequences [START_REF] Gouilleux | Real-time reaction monitoring by ultrafast 2D NMR on a benchtop spectrometer[END_REF][START_REF] Dumez | Spatial encoding and spatial selection methods in high-resolution NMR spectroscopy[END_REF]. This was a rather impressive technical achievement considering the strong space limitations associated with benchtop spectrometers. Until 2015, gradient pulses could only be included in benchtop NMR pulse sequences by making use of shim coils.

Such feature was already sufficient to implement gradient-based coherence selection in multi-pulse experiments, but was relatively limited in terms of gradient strength and robustness required to implement more advanced experiments. After 2015, gradientbased experiments such as solvent-suppression schemes [START_REF] Gouilleux | Gradient-based solvent suppression methods on a benchtop spectrometer: Gradient-based solvent suppression methods on a benchtop spectrometer[END_REF], spatially-encoded pulse sequences enabling ultrafast 2D or pureshift acquisitions [START_REF] Castaing-Cordier | Highly resolved pure-shift spectra on a compact NMR spectrometer[END_REF], and DOSY [START_REF] Assemat | Diffusion-ordered spectroscopy on a benchtop spectrometer for drug analysis[END_REF], could be successfully implemented thanks to the gradient coil and to the pulse programming 129 capabilities of benchtop spectrometers (Fig. 1). By significantly arising from spins located on the edge of the rf coil and contributing to the broad solvent peak tails. The weight of such faraway solvent contribution is related to the inhomogeneity of the magnetic field, making this effect hardware-dependent [START_REF] Mo | Pre-SAT180, a simple and effective method for residual water suppression[END_REF]. The design of solvent suppression schemes should fight against these effects, particularly trying to avoid baseline distortions that would be detrimental to detect the peaks of interest. While such effects have been extensively studied at high field, benchtop NMR comes with its own specificities as regards solvent suppression. While faraway solvent effects are still present, radiation damping is much less of a concern compared to high-field NMR. However, the spectral range is much lower, making selectivity issues the main difficulty in implementing solvent suppression schemes. Additional difficulties can arise from the 13 C satellites of some solvents that can overlap with peaks of interest. Finally, pulse sequences that are not too long are required, to be compatible with flow effects in the case of flowing samples.

At high field, the simplest and most popular solvent suppression scheme is the continuous wave presaturation (Sat) [START_REF] Hoult | Solvent peak saturation with single phase and quadrature fourier transformation[END_REF]. On a benchtop spectrometer, Sat was used, for instance, to remove the water signal of urine samples in the context of a metabolomics study on type 2 diabete [START_REF] Percival | Low-field, Benchtop NMR spectroscopy as a potential tool for point-of-care diagnostics of metabolic conditions: validation, protocols and computational models[END_REF]. However, Sat is not the most robust scheme and is not compatible with flow conditions, due to the long saturation delay. Moreover, a long presaturation hampers the detection of protons in exchange with the solvent making a comprehensive analysis difficult, especially in the case of biological samples. In this context, gradient-based solvent elimination schemes are much more promising, and thanks to the implementation of a gradient coil, most popular gradient-based pulse sequences were implemented on a benchtop spectrometer [START_REF] Gouilleux | Gradient-based solvent suppression methods on a benchtop spectrometer: Gradient-based solvent suppression methods on a benchtop spectrometer[END_REF].

Examples of such pulse sequences are shown in Fig. 2, highlighting those which have been the most widely applied at medium field so far. These pulse sequences correspond to two very different approaches to remove the unwanted solvent peaks, both relying on a clever use of gradient pulses. WET-180-NOESY (Fig. 2A) selectively defocuses the solvent magnetization while leaving those of relevant analytes unaffected before excitation, while WATERGATE W5 (Fig. 2B) selectively refocuses all magnetizations except those from user-defined regions that contain the solvent peaks. Both methods present their own advantages and drawbacks, which are discussed below.

In the case of small molecules, the efficiency of various solvent suppression schemes at 43 MHz was compared by Gouilleux et al. [START_REF] Gouilleux | Gradient-based solvent suppression methods on a benchtop spectrometer: Gradient-based solvent suppression methods on a benchtop spectrometer[END_REF], both under static or flow conditions, in non-deuterated water. Fig. 2C shows such comparison in the case of lactate, which represents a challenging case in terms of selectivity since the quadruplet of lactate is only 30 Hz away from water at 43 MHz. As shown in Fig. 2C, Sat is not suitable to efficiently remove the water signal and suffers from a lack of selectivity. The WET pulse sequence [START_REF] Smallcombe | WET solvent suppression and its applications to LC NMR and high-resolution NMR spectroscopy[END_REF] is more selective but the baseline remains affected by faraway water. Variants of the WET pulse sequence are more immune to faraway water effects like WET-CP and WET-180 [START_REF] Mo | Improved residual water suppression: WET180[END_REF]. They lead to a fully resolved quadruplet of the lactate CH signal. A flat baseline is also obtained when a NOESY 1D scheme [START_REF] Mckay | How the 1D-NOESY suppresses solvent signal in metabonomics NMR spectroscopy: An examination of the pulse sequence components and evolution[END_REF] is implemented. Selective refocusing methods such as WATERGATE [START_REF] Piotto | Gradient-tailored excitation for singlequantum NMR spectroscopy of aqueous solutions[END_REF] or excitation-sculpting (ES) [START_REF] Hwang | Water suppression that works. Excitation sculpting using arbitrary wave-forms and pulsed-field gradients[END_REF] are less efficient in this case because -although the solvent signal is efficiently suppressed-Jmodulation occurs during the pulse sequence and affects the multiplet lineshapes and relative intensities. Such effects also exist at high field but are less critical because spectra are not dominated by J-coupling. Overall, the WET-180-NOESY was found to be optimal to preserve the quantitative performance, both in terms of trueness of integral ratios and repeatability. It was also shown to remain the most competitive pulse sequence for the detection of small molecule signals in flow conditions (up to 2.0 mL.min À1 ).
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In the example discussed above, selectivity was the main issue 232 but sensitivity was not critical since the analyte (lactacte) was con- 2B), it was possible to assess the relative amount of lipids for different microalgae starving states, from starved to semi starved and non-starved cultures [START_REF] Bouillaud | Benchtop flow NMR spectroscopy as an online device for the in vivo monitoring of lipid accumulation in microalgae[END_REF]. To go ahead with the monitoring of living microalgae in physiological conditions, a photobioreactor was coupled to a benchtop NMR apparatus [START_REF] Bouillaud | Using benchtop NMR spectroscopy as an online non-invasive in vivo lipid sensor for microalgae cultivated in photobioreactors[END_REF] (Fig. 4A). It was possible for the first time to follow the lipidic accumulation in real time in vivo for 2 weeks during the course of a microalgal nitrogen starvation period thanks to the acquisition of one W5 1D spectrum per hour (Fig. 4B). Thus, the overall lipid sig- whose width depends on the quality of the fit, which is particularly critical when peaks are overlapped such as in complex mixtures. To deal with this limitation, the processing of DOSY data has been the subject of numerous multivariate signal processing developments, notably by the group of Nilsson and co-workers [START_REF] Colbourne | Unmixing the NMR spectra of similar species -vive la différence[END_REF][START_REF] Castañar | The GNAT: A 897 new tool for processing NMR data[END_REF].

In principle the progress in acquisition and processing methods that DOSY has undergone in the last two decades can be transferred on modern benchtop NMR spectrometers equipped with a gradient coil. However, it must be kept in mind that the reliability of the DOSY processing highly depends on the quality of the input data in a far more critical way than in 2D FT-NMR. In this respect, the inherent reduction of sensitivity and resolution associated with benchtop NMR may be detrimental for the DOSY processing, resulting in 2D maps with a misleading and unsatisfactory diffu- The first spatially-encoded pulse sequence which has been introduced on a benchtop spectrometer is ultrafast (UF, or singlescan) multi-dimensional NMR. This approach, introduced by Lucio

Frydman and co-workers in 2002, provides a spatially-encoded alternative to the time-incremented approach that allows the conventional acquisition of multi-dimensional spectra [START_REF] Frydman | The acquisition of multidimensional NMR 920 spectra within a single scan[END_REF]. Its principle (Fig. 7) has been widely described in recent reviews [START_REF] Gouilleux | Ultrafast Multi-dimensional NMR: 922 Principles and Recent Applications[END_REF]. The pulse sequence has the same structure as conventional multidimensional experiments (ie, for a 2D pulse sequence, preparation -evolution (t 1 ) -mixing -acquisition (t 2 )). However, the conventional time-incremented period is replaced by a spatial encoding period where a helicoidal magnetization winding is created by the combination of linearly frequency-swept pulses with gradients.

During the course of acquisition, this information is decoded through an echo-planar spectroscopic imaging (EPSI) scheme, making it possible to record a complete 2D matrix in a single scan.

Ultrafast 2D NMR is probably the most general of fast multidimensional methods, since it can be adapted to record any kind of homo-or hetero-nuclear correlation. It suffers, however, from sensitivity limitations associated with the large digital filter bandwidth that need to be applied during acquisition due to the frequency dispersion induced by gradients. UF NMR is also associated with the need to compromise between spectral width and resolution, although many pulse sequence optimizations have been carried out to alleviate this compromise [START_REF] Gouilleux | Chapter Two -Ultrafast 2D NMR: 924 Methods and Applications[END_REF]. that would be less sensitive to second order coupling effects. While strong couplings are a known limitation of pure-shift NMR at high field, this becomes even more critical at medium-field, where strong coupling effects are ubiquitous, even for simple spin systems. Nevertheless, results reported on a variety of small-and medium-sized molecular mixtures showed a nice resolution improvement, as well as an encouraging repeatability. Applications have not been yet described, but given the spectral simplification capabilities of pure-shift NMR, one could envisage the same kind of applications as UF 2D NMR (profiling, monitoring), focusing on highly-concentrated or even hyperpolarized samples. Additional perspectives could also come from pure-shift 2D heteronuclear spectra [START_REF] Sakhaii | Experimental access to HSQC spectra 945 decoupled in all frequency dimensions[END_REF][START_REF] Aguilar | Simple proton spectra from complex spin 948 systems: pure shift NMR spectroscopy using BIRD[END_REF], whose implementation on a benchtop spectrometer was reported by Blümich and Singh [START_REF] Singh | NMR spectroscopy with compact instruments[END_REF]. Since they rely on a natural abundance 13 C filter, such experiments do not require to compromise on sensitivity compared to conventional HSQC or HMBC, and greatly simplify the 2D spectra of complex mixtures. In NMR-based food quality control, a ''omics" approach is generally taken [START_REF] Hatzakis | Nuclear magnetic resonance (NMR) spectroscopy in food science: a comprehensive review[END_REF], that consists in recording 1 H NMR fingerprints and processing them through statistical analyses to extract relevant information from highly overlapped spectra -in particular at medium field [START_REF] Parker | 60 MHz 1H NMR spectroscopy for the analysis of edible oils[END_REF]. Data are compared to a database to provide information on the geographical or botanical origin, organic character, possible adulteration, etc.

Since spectra are highly crowded, the potential of these methods could be significantly boosted by relying on acquisition strategies that better separate peaks at the acquisition stage of the analytical workflow. At high field, the potential of UF 2D and pure-shift NMR approaches in ''omics" workflows has been demonstrated in a number of cases [START_REF] Giraudeau | NMR-based metabolomics and fluxomics: developments and future prospects[END_REF]. At medium field, this potential is even higher since peak overlap is even more critical.

In addition, fast methods are needed to make the approach highthroughput, towards routine quality control applications. In this context, UF 2D NMR sounds like an ideal candidate to improve the performance of benchtop NMR in a quality control context. benchtop analyses. In addition, they showed that this approach could be used to build a PLS (partial least square) model capable of detecting adulteration processes such as the addition of hazelnut oil into olive oil, a common fraud in food industry. While this strategy offers a convenient approach to boost the control of food products, it could also be applied to improve the performance of other ''omics" approaches which are emerging on benchtop spectrometers, such as point-of-care metabolomics [START_REF] Percival | Low-field, Benchtop NMR spectroscopy as a potential tool for point-of-care diagnostics of metabolic conditions: validation, protocols and computational models[END_REF].

Perspectives

Methodological advances at medium magnetic fields are essential to improve performances of benchtop NMR. In this context, the As discussed in this paper, DOSY also shows promising perspectives at medium field, in particular for quality control applications.

Therefore, one could expect that the performance of DOSY will be further improved by developments akin to those that were recently made at high-field, in particular those aiming at homodecoupling DOSY spectra such as ZS-DOSY [START_REF] Glanzer | Directly decoupled diffusion-ordered NMR spectroscopy for the analysis of compound mixtures[END_REF], PSYCHE-DOSY [START_REF] Li | A pure shift and spin echo based approach for high-resolution diffusion-ordered NMR spectroscopy[END_REF] or iDOSY PSYCHE [START_REF] Foroozandeh | Ultrahigh-resolution diffusionordered spectroscopy[END_REF]. For tracking fast changes within a complex mixture, an ultimate advance could consist in the conjunction of ultrafast schemes with DOSY methods. Such ultrafast DOSY experiments have been successfully developed at higher fields [START_REF] Guduff | Spatially encoded 2D and 3D diffusion-ordered NMR spectroscopy[END_REF] and can record a 2D DOSY map in a fraction of a second.

Since all the aforementioned potential developments are based on the incrementation of two or more dimensions, they could benefit from non-uniform sampling to reach a better compromise between sensitivity, resolution, and experiment time. [START_REF] Giraudeau | Flow reactors integrated with in-line monitoring 804 using benchtop NMR spectroscopy[END_REF][START_REF] Sans | A self optimizing synthetic organic reactor system using real-time in-line NMR spectroscopy[END_REF] as well as the reported organic synthesis robot driven by machine learning algorithms in the sake of discovering new chemical reactivity [START_REF] Granda | Controlling an organic synthesis robot with machine learning to search for new reactivity[END_REF]. Within these modern platforms, benchtop NMR is recognized as a valuable processing analytical tool. Nonetheless, the chemical insight accessible by standard 1D experiments is quite limited in the case of mixtures including several components, especially 
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 1 Fig.1. The implementation of a gradient coil in a benchtop NMR spectrometer has allowed the development of advanced pulse sequences such as gradient-based solvent suppression (here, the WET pulse sequence is shown), diffusion-ordered spectroscopy, or spatially-encoded experiments (here, the ultrafast COSY experiment is shown). These new developments have opened new applications for benchtop NMR spectroscopy of complex mixtures. Note that the B 0 gradient is orthogonal to the flow, a particular feature of benchtop spectrometers that facilitates the implementation of spatially-encoded experiments under flow conditions.
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 22 Applications254Promising applications of benchtop NMR spectroscopy arise 255 from their combination with flow chemistry[START_REF] Giraudeau | Flow reactors integrated with in-line monitoring 804 using benchtop NMR spectroscopy[END_REF][START_REF] Sans | A self optimizing synthetic organic reactor system using real-time in-line NMR spectroscopy[END_REF][START_REF] Zientek | Simultaneous 19F-1H medium resolution NMR spectroscopy for online reaction monitoring[END_REF]. Benchtop 256 NMR can be implemented in line with the flow reactor, offering 257 an opportunity to better optimize and control conversion rates or 258 selectivities. In this context, solvent suppression is a major issue, 259 and the gradient-based pulse sequences described above have 260 been used in different studies. 261 In 2017, Legros et al. used benchtop NMR as an inline detector 262 to monitor the neutralization of mustard gas mimetics through a 263 portable flow chemistry setting [34]. Two solvent signals needed 264 to be suppressed, which was achieved thanks to a WET-180-265 NOESY pulse sequence combined with a Sat block (Fig. 3A,B). 266 Thanks to this method, signals from the starting (CEES) and neu-267 tralized (CEESO) chemicals involved in this flow-depolluting pro-268 cess could be quantified, making it possible to efficiently monitor 269 the conversion yield. 270 The flow chemistry community is also very active in developing 271 autonomous self-optimizing reactors that combine a flow reactor, 272 an inline analytical detector and an algorithm that can integrate 273 results from inline analysis and update reaction parameters in real 274 time. Benchtop NMR is particularly attractive in such an intelligent 275 flow chemistry setting, and Cronin et al. performed pioneering 276 work in this field, demonstrating that benchtop NMR could be a 277 powerful technology for the optimization of an imine synthesis 278 from 4-fluorobenzaldehyde and aniline, using trifluoroacetic acid 279 as a catalyst [32]. The performance of such approach would cer-280 tainly benefit from advanced solvent suppression methods. Along 281 this line, Cortés-Borda et al. showed that inline benchtop NMR 282 including WET-180-NOESY solvent suppression could be used to 283 optimize the yield of a critical step in the flow synthesis of a natu-284 ral product, carpanone [35] (Fig. 3C). 285 Another rapidly expanding application field for benchtop NMR 286 is the real-time monitoring and control of bioprocesses. Indeed, 287 bioprocesses involve complex and multiple molecular transforma-288 tions for which NMR spectroscopy would be an ideal technique, 289 but these processes often take place in environments which are 290 not compatible with high-field NMR. NMR relaxometry and MRI 291 were historically the first approaches to monitor bio-292 transformations in foods or cells [12]. With the development of 293 benchtop spectrometers, one pioneering application by Blümich 294 and co-workers was to follow fermentation by detecting and quan-Please cite this article as: B. Gouilleux, J. Farjon and P. Giraudeau, Gradient-based pulse sequences for benchtop NMR spectroscopy, Journal of Magnetic Resonance, https://doi.org/10.1016/j.jmr.2020.106810 U n c o r r e c t e d P r o o f tifying metabolites coming from the degradation of glycerol and glucose by microbial systems [36]. Authors were able to detect metabolites and access kinetic information despite the huge water signal. However, when analyte concentrations become lower and/ or when targeted peaks are close to the solvent signal, bioprocess monitoring by NMR spectroscopy can benefit from efficient solvent suppression methods. Soyler et al. demonstrated how WET-180-NOESY could be used to quantitatively monitor the enzymatic hydrolysis of sucrose -an important reaction in food industry-by integrating peaks that were less than 40 Hz away from the water signal [37]. A different approach was taken by Bouillaud et al. to monitor intracellular microalgal lipids biosynthesized during a microalgae culture, where water represented more than 95% of the sample volume and prevented the detection of smaller lipidic signals. With the help of the WATERGATE W5 pulse sequence (Fig.
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 2 Fig. 2. Most efficient gradient-based solvent suppression pulse sequences on a benchtop spectrometer; (A) WET-180-NOESY and (B) WATERGATE W5. (C) Comparison of the performance of different solvent suppression methods at 43 MHz, illustrated on the example of a lactacte sample in H 2 O. Fig. 2C reproduced with permission from [19]. Sat: presaturation; CP: composite pulse; WET: water suppression enhanced by T 1 effects; ES: excitation-sculpting; Sel: selective; PE: perfect-echo.U n c o r r e c t e d

  sion dimension. Thus, a special emphasis in the choice of the pulse-sequence and the data treatment should be paid to tackle such pitfalls. In spite of a SNR (signal-to-noise ratio) reduction of p 2, pulse-sequences based on PFGSTE are highly recommended to avoid signal distortions occurring with PFGSE due to inherent J-modulation. This well-established consideration is all the more important in benchtop NMR where strong couplings are frequently present. Assemat et al. showed that the combination of bipolar PFGSTE with a LED (longitudinal eddy current delay) block provides -on a 43 MHz apparatus-diffusion-weighted spectra with minimal line-shape and baseline distortions, even at 70% of the maximal gradient amplitude[START_REF] Assemat | Diffusion-ordered spectroscopy on a benchtop spectrometer for drug analysis[END_REF]. Following the acquisition of the data, two different types of DOSY processing are nowadays available which are classified as univariate and multivariate. The univariate processing corresponds to a fitting procedure as men-
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 345 Fig. 3. A and B) 43 MHz spectra recorded on a reacting mixture involved in the neutralization of a mustard gas mimetic in flowing conditions (3 mL.min À1 ). A) Conventional 1D spectrum. The asterisks * match with the 13 C satellites lines arising from the methanol resonance and MSA refers to methane sulfonic acid. The signals of interest are severely overlapped by the huge methanol signal at 3.3 ppm B) lowfield spectrum on the same mixture obtained with the WET-180-NOESY experiment. Thanks to this pulse sequence, the CEESO peak at 3.8 ppm can be efficiently detected through the flow reaction even at high flow-rate. Readers are referred to Ref. [34] for detailed peak assignments. C) Autonomous self-optimizable flow reactor used for the optimization of the derivative 8 and relying on benchtop NMR as an inline detector. Red dashed lines put into relief units under the control of the algorithm. Figures A, B reproduced with permission from [34]; Figure C reproduced with permission from [35]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  the world of magnetic resonance imaging (MRI), 459 spatially-encoded pulse sequences have highly contributed to 460 liquid-state spectroscopic pulse sequence developments at high 461 magnetic field for the last 20 years [18]. The combination of mag-462 netic field gradients with frequency-selective or frequency-swept 463 pulses has made it possible to address sub-ensembles of spins in 464 a position-specific manner, opening the way to spatially encode 465 the spectroscopic information of interest. The pulse programming 466 capabilities of modern benchtop NMR spectrometers are compati-ble with the design of such tailored pulses, and the introduction of magnetic field gradients allowed their combination, resulting into spatial encoding elements akin to those introduced earlier at high field.

Fig. 6 .

 6 Fig.6. Example of a diffusion experiment performed at 43 MHz and processed with a multivariate processing. The experiment was carried out on a mixture of 2-butanol and 1-octanol dissolved in DMSO d 6 . Spectral features of each component are extracted (left panel), together with the corresponding D values (right panel). The processing was achieved by a SCORE algorithm while the input data were obtained with a Oneshot45 pulse-sequence[START_REF] Pelta | A one-shot sequence for 902 high-resolution diffusion-ordered spectroscopy[END_REF]. Figure.reproduced with permission from[START_REF] Mccarney | Evaluation of benchtop NMR Diffusion 899 Ordered Spectroscopy for small molecule mixture analysis[END_REF] 
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 7 Fig. 7. (A) Ultrafast (UF) COSY pulse sequence and its application to (B) the real-time monitoring of a Heck-Matsuda Pd-catalyzed reaction. (C) Some of the 55 UF COSY spectra that were recorded every 3.6 min in the course of a 200 min reaction, monitored at 29 °C with an initial concentration of 0.36 mol.L À1 for the limiting starting material. B and C . reproduced with permission from[START_REF] Gouilleux | Real-time reaction monitoring by ultrafast 2D NMR on a benchtop spectrometer[END_REF] 
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 42 Application to reaction monitoring578Spatially-encoded methods have shown a high potential for 579 reaction monitoring at high-field thanks to their ability to simplify 580 overlapped spectra of complex mixtures. UF 2D NMR, in particular, 581 has been widely used for such applications, since it is compatible 582 with samples that evolve in the course of time while retaining 583 the ability of 2D NMR to separate overlapping peaks while provid-584 ing information on chemical structures[START_REF] Herrera | Monitoring organic reactions by UF-NMR 957 spectroscopy[END_REF]. At high field, UF 2D 585 NMR has been used to provide real-time insight on organic reac-586 tions such as the synthesis of pyrimidines[START_REF] Pardo | Monitoring mechanistic details in the synthesis of pyrimidines via 960 real-time, ultrafast multidimensional NMR spectroscopy[END_REF] or the hydrolysis 587 of an acetal[START_REF] Queiroz Junior | Real-time mechanistic monitoring of an acetal hydrolysis using ultrafast 2D NMR[END_REF], but was also applied to the in situ monitoring of 588 electrochemical processes[START_REF] Boisseau | In situ ultrafast 2D NMR spectroelectrochemistry for real-time monitoring of redox reactions[END_REF]. 589 Thus, the implementation of UF 2D NMR on a benchtop spec-590 trometer in 2015 opened immediate perspectives to disentangle 591 the heavily overlapped spectra obtained at 43 MHz. However, the 592 limited sensitivity of this method requires careful design of the 593 experimental conditions, so that analyte concentrations remain 594 above the limit of detection (typically 0.1 M). While benchtop UF 595 2D NMR is not suited to identify low-concentrated reaction inter-596 mediates, it can be well suited to optimize reaction conditions in 597 a flow setting under the fume hood, which is not practical at high field. In this context, Gouilleux et al. showed that UF COSY could be used to monitor a Heck-Matsuda Pd -catalyzed reaction in a nondeuterated solvent, within an NMR tube[START_REF] Gouilleux | Real-time reaction monitoring by ultrafast 2D NMR on a benchtop spectrometer[END_REF] (Fig.7). Based on 55 UF spectra recorded in the course of a 200 min reactions, kinetic parameters could be extracted, providing a convenient method to optimize reaction conditions. 2D experiments were found crucial in this context, since 1D NMR data failed to provide isolated peaks for all the compounds of interest. In a follow-up study, the same reaction was carried out in a flow setting, showing that the reaction would perform much faster than in a tube thanks to the ability to better control the reaction conditions[START_REF] Gouilleux | Ultrafast 2D NMR on a benchtop spectrometer: Applications and 934 perspectives[END_REF], a conclusion matching the one reached at high field by Foley et al.[START_REF] Foley | NMR flow tube for online NMR reaction monitoring[END_REF]. Mechanistic details were deduced from the determination of conversion rates, highlighting the potential of UF 2D NMR on a benchtop setting for reaction monitoring.

4. 3 .

 3 Application to authentication Another field where benchtop NMR has shown high promises is the quality control or authentication of food products [68,69]. Most food industries cannot afford a high-field equipment -that would anyhow be incompatible with most food-production environments-and need to rely on less informative analytical methods (such as IR or Raman spectroscopies, or even NMR relaxometry) or to put the NMR analyses in the hands of external companies. Benchtop NMR could be a game changer in this field, by bringing NMR spectroscopy directly to food production and control sites.

  Such potential has been shown in 2016 by Gouilleux et al., who relied on a fast (2.4 min) COSY experiment to assess the botanical origin of edible oils (Fig. 9) [10]. They analyzed 23 edible oil samples from different origins, and they compared the fast 2D approach with classical 1D NMR. For the same experiment time, UF 2D NMR provided a much better separation between sample groups, showing the input of 2D NMR as a tool to facilitate ''omics"

Fig. 8 .

 8 Fig. 8. Pulse sequences for pure-shift 1 H experiments with pseudo-2D acquisition mode. Double spin echo based methods: PSYCHE pulse sequence (A), Zangger-Sterk (ZS) pulse sequences with a Q3 (B) ReBURP (C) and rSNOB (D) 180°refocusing selective pulse. Example of a ZS spectrum obtained with a rSNOB pulse on a mixture of 8 metabolites (E) for J HH decoupling as compared to the standard 1D 1 H spectrum (F). Spectra were recorded in 28 min. Figure adapted from Ref. [20].

  For instance, Kaziemierczuk et al. have shown the possibility to acquire Pure-Shift spectra in 2 min, five time less than the conventional version [80]. Implementing such strategies at medium field would certainly be beneficial to the quality of benchtop spectra. Since a major application field of benchtop NMR focuses on flowing samples, further developments should also consider optimizing pulse sequences to minimize sensitivity losses arising from flowing samples, that induce pulse-sequence specific signal losses and distortions. While the configuration of benchtop NMR (with the B 0 field and associated gradient orthogonal to the flow) is relatively favorable compared to high-field, spatially-encoded experiments would certainly benefit from the developments made at high-field aiming at designing pulse sequences more immune towards flow effects [62]. Still, one should keep in mind that spatially-encoded methods come at a price to pay in terms of sensitivity. While many applications remain compatible with the sensitivity of such methods at high-field, the limited sensitivity of benchtop NMR makes the use of these pulse sequences limited to concentrated samples, thus restricting the corresponding scope of applications. Therefore, promising perspectives could arise from their combination with hyperpolarization methods, in particular para-hydrogen-based methods that are relatively cheap, general and portable, and can be made compatible with flow configurations. Proof-of-concept studies associating pH 2 hyperpolarization with compact NMR spectrometers for reaction monitoring have been published [81,82], and a promising combination of SABRE -the nonhydrogenative version of pH 2 -with benchtop NMR in a flow chemistry setting has been recently reported [83]. Dissolution-DNP (d-DNP) [84] is also a hyperpolarization method that could boost the potential of benchtop NMR. Current d-DNP hardware are not easily compatible with the compact configuration of benchtop NMR, but efforts towards transportable d-DNP hyperpolarized agents could make it an interesting option [85]. The methodological developments described in this paper could significantly widen the scope of applications of benchtop NMR spectroscopy. Besides their beneficial contributions in reaction monitoring and quality control, gradient-based methods could rapidly take a central role in applications of growing interest in chemistry, health sciences and forensics. The field of organic chemistry has witnessed the emergence of novel types of synthesis platforms in the last few years. One might think of the recent development of self-optimizing flow reactors
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 9 Fig. 9. Illustration of the potential of 2D experiments for the profiling of food samples with benchtop NMR spectroscopy. (Top) Ultrafast 2D COSY spectrum recorded in 2.4 min on a sunflower oil sample in non-deuterated chloroform. (Middle) PCA analysis obtained with such UF 2D NMR experiments on 23 edible oil samples from different botanical origins. (Bottom) PCA on the same sample set with standard 1D experiments and a variable bucketing approach. Reproduced from [10] with permission from Elsevier.
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