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Abstract:

Benchtop NMR spectroscopy has known a major growth over the last decade, thanks to the design of
permanent, compact magnets in the 1-2 T range, that provide remarkable performance in terms of
resolution and sensitivity. Although resulting spectra are more limited than their high-field
counterparts, the achievable structural and quantitative information can be maximized by a clever use
of pulse sequences —in particular those involving gradient pulses— and by advanced data processing
algorithms. In this chapter, we describe the main characteristics of benchtop NMR spectroscopy in
2020, both in terms of hardware and typical performance. We highlight the most recent
methodological improvements in the field, in terms of pulse sequences, hyperpolarization and data
processing, which have significantly improved the resolution and sensitivity of benchtop NMR
spectrometers. Finally, we discuss major applications of benchtop NMR spectroscopy, for reaction and
process monitoring, but also for quality control and profiling. The number of papers in this field in the
last few years undoubtedly highlights the major role that benchtop NMR has to play for applications

in areas such as food and pharmaceutical industry, flow chemistry, and profiling of complex samples.
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1. Introduction

Liquid-state NMR spectroscopy is a general analytical tool that provides powerful information on
molecular structure and dynamics, as well as accurate quantitative data on concentration or purity,
even in complex mixtures. It has found applications in many fields of science, including chemistry,
structural biology, food and plant sciences, pharmaceuticals or forensics. NMR spectroscopy most
often relies on high-field superconducting magnets that provide 'H resonance frequencies up to
1.2 GHz in 2020 [1], while 300 to 600 MHz spectrometers are now routinely used in many research
laboratories and industries. The technological race towards very high By fields is easily explained by

3/2 \while its resolution scales

the properties of NMR spectroscopy, whose sensitivity grows with Bg
linearly with the magnetic field. Increasing Bo obviously provides an efficient way to study increasingly

challenging systems, from complex biomolecular systems to biofluids or tissues.

Such performance, however, comes with significant drawbacks mainly stemming from the
superconducting nature of high-field NMR magnets, that require bulky and expensive equipment —
from a few hundred thousand euros for 400 MHz spectrometers to several millions euros for very high
field magnets. Moreover, the need to regularly fill high-field magnets with cryogenic fluids (N> and He)
and the regular hardware maintenance of probes and electronics make their use even more costly.
Finally, highly specialized staff are most often associated with the operation of such equipment. All
these reasons explain why NMR spectroscopy, in spite of its high potential, is not much visible in our
daily life, contrary to alternative analytical methods such as mass spectrometry, near InfraRed (IR) or
Raman spectroscopies which have made their way towards hospitals, food industries, and even
airports or crime scenes [2—-4]. It should be noted, however, that NMR has somehow reached such a
level of accessibility through relaxometry equipments which have been used for a long time as portable
devices in food or oil industry, for instance [5-7]. But until the 2010s, the accessibility NMR

spectroscopy remained limited to research laboratories or relatively big industries.



About a decade ago, the situation started to change with the development of the first benchtop NMR
spectrometers [8]. Blimich and co-workers designed the first models, based on a fist-sized Halbach
magnet that made the equipment compact enough to be placed under a fume hood, in a teaching lab,
or in an industrial setting, while providing a sufficient homogeneity to yield NMR spectra with decent
quality. Since then, several companies have been developing such portable NMR spectrometers, and
hundreds of them have already been installed in places that were not necessarily accustomed to high-

field NMR.

The main characteristics of benchtop NMR spectrometers will be described later in this chapter.
However, all of them share common features: a magnetic field between 1 and 2.3 T, a compact
electronic system that often fits within the same container as the magnet, the ability to detect most
common nuclei (in particular *H and 3C) with an excellent stability and an impressive linewidth
(<0.5 Hz) [9]. Figure 1 shows the most recent commercial instruments from the four manufacturers
that sell benchtop NMR equipment in 2020. Although they have a different degree of compactness, all
models can fit on a chemist’s bench. Benchtop NMR spectrometers are found under different names
in the literature, such as “Compact NMR”, “Medium-field NMR” or “Low-field NMR”. Since the
terminology “medium-field” or “low-field” is somewhat arbitrary depending on the reference

magnetic field, we will prefer the term “Benchtop NMR” in this chapter.

Benchtop NMR spectroscopy has not been developed to replace high-field NMR, but rather to make
NMR accessible in situations where it would be highly needed but which are barely compatible with
high field equipments. These include the online monitoring of chemical reactions [10] or biological
processes [11], quality control in food or pharmaceutical industry [12,13], but also bringing NMR to
teaching labs [14]. Such a broad diversity of applications poses a number of challenges. First —as
described later in this chapter— the resolution and sensitivity are much lower than those of high-field
spectrometers. Second, targeted samples are often complex mixtures including a great diversity of

compounds — in terms of molecular structure and concentration — in non-deuterated solvents. These



limitations have motivated numerous methodological developments — on both signal acquisition and
processing sides — to make the most out of benchtop NMR spectrometers. Figure 1 highlights the main
areas of methodological developments (hardware, pulse sequences, hyperpolarization and processing)

as well as the major application areas.

This chapter first describes the hardware characteristics of benchtop spectrometers, and the typical
analytical performance that results from such compact equipment. Then, the recent developments
which have helped magnifying the potential of benchtop spectrometers are described in terms of pulse
sequences, hyperpolarization and signal processing. Finally, we describe the main application of
benchtop NMR spectroscopy: reaction and process monitoring, quality control and profiling. These
application encompass diverse fields of science, from industrial chemistry to metabolomics, including

food science or forensics.
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Figure 1. Popular benchtop spectrometers from the four manufacturers that make such equipment available in
2020. The most active areas of methodological development which have been boosting the performance of
such equipment are mentioned, as well as the major application areas. Photographs of spectrometers were

kindly provided by Bruker Biospin, Magritek, Nanalysis and Oxford Instruments.



2. Hardware considerations

2.1.Magnets for benchtop spectrometers

Benchtop spectroscopy is a recent technology which has been commercially available for around 10
years [15-19]. Benchtop spectrometers are based on permanent magnetic materials (e.g. NdFeB or
SmCo [20]), contrary to high-field superconducting magnets that can deliver considerable static
magnetic fields (from 5 to 28 T), albeit at the cost of complex equipment (cooling envelops, frequency
generators, amplifiers, ...) resulting in massive devices. The design and arrangement of permanent
magnets have been carefully developed and optimized to ensure magnet field specifications that allow
recording NMR spectra with sufficient quality, particularly in terms of magnetic field homogeneity.
One can cite the Halbach magnet [21] (Figure 2): a cylindrical array of permanent magnets allowing a
homogeneous static magnetic field inside the cylinder. Coupled to an efficient shimming procedure

[22], these permanent magnets have become suitable for NMR spectroscopy.

Figure 2. Principle of Halbach magnet design: a cylindrical array of permanent magnets providing a permanent
magnetic field along the y direction inside the ring. (a) theoretical Halbach magnet with a continuous evolution
of polarization direction along the ring. (b) a possible array of 16 permanent magnets, nevertheless different
magnets must be made with different direction. (c) a relevant array of 16 identical permanent magnets. The
arrows indicate the polarization direction of each permanent magnet. The x and y axes of the Cartesian
coordinate system are centered with the magnet where y points along the direction of the magnetic field. The z
axis (not shown) points out of the page. Reproduced with permission from [22].

The main specification of benchtop spectrometers is the strength of the delivered magnetic field,
which is often a major sale argument. Magnetic field strength impacts both sensitivity and resolution,

as described in the previous section. This results in a race between manufacturers to deliver the highest



magnetic field. In the early 2010s, the first benchtop spectrometers delivered a magnetic field of
typically 1 T (corresponding to a H resonance of 43 MHz). Nowadays, the performance has been more
than doubled since the most powerful commercially available benchtop spectrometer delivers a

magnetic field of 2.3 T (100 MHz).

The main physical limit in such increase is magnetic field homogeneity. The target Full Width at Half
Maximum (FWHM) for high-resolution NMR peaks is below 1 Hz. This involves that magnetic field
inhomogeneities must not exceed 1 Hz. For a 1 T spectrometer, this corresponds to a relative
homogeneity of 2.10® [23], which is highly demanding. Such performance can be reached through a
careful magnet design [22-24] and with a shimming strategy [25]. Commercial benchtop spectrometer
achieve a typical FWHM between 0.2 and 1 Hz depending on the device. Such performance is of
particular importance at medium magnetic field since it reduces overlap between peaks and provides

better peak SNR.

Another crucial specification is the stability over the time of the magnetic field. Benchtop
spectrometers, as their high-field counterpart, rely on a field-frequency lock system in order to correct
the drift of the magnetic field. Most benchtop spectrometers include an external lock system which
makes it possible to analyze samples in non-deuterated compounds. In addition, permanent magnets
are very sensitive to temperature variations, hence the latter must be controlled as precisely as
possible to avoid large magnetic field variations. To control the magnet temperature, benchtop
spectrometers contain regulation systems which also help regulating the sample temperature to a
certain extent. Most benchtop spectrometers are designed to work at room temperature but some

devices can be heated until 60°C [18,19].

In addition to temperature regulation, a shimming procedure is essential to further correct the
magnetic field inhomogeneity. The shims stability over time has been rarely discussed in the literature
but is crucial for long acquisition or long monitoring applications. To date, commercial benchtop

spectrometers do not include a procedure to automatically adjust the shims in the course of time.



Finally, additional constraints arise from the need to be able to move benchtop spectrometers easily
and to set them up in demanding environments (fume hood, chemistry lab or industry), and sometimes
in a flow setting (see section 7). Hence, compactness and weight are important requirements.
Commercial devices weigh between 20 and 80 kg, making the apparatus more or less convenient to be

moved. And compactness is also a major challenge posed to benchtop manufacturers.

2.2. Probes and accessories

Benchtop spectrometers can detect various nuclei, depending on the NMR probes included in the
hardware configuration. Contrary to high-field NMR spectrometers, users cannot change the probe
configuration on a routine basis, due to the compactness of the equipment. As for high-field NMR, H
is the most widely detected nuclei, due to both its sensitivity and its occurrence in small organic
molecules. However, the detection of 'H at medium-field suffers from ubiquitous peak overlap and
second order coupling effects. °F is also a popular nuclei for benchtop NMR, since it is almost as
sensitive as 'H while peaks are spread over a very large frequency range. Moreover, H and F show
very close resonance frequencies at medium-field, which makes it possible to detect both nuclei with
the same coil without resorting to an additional probe [18]. Reaction monitoring applications on
fluorinated compounds have been largely reported with benchtop NMR [26,27]. Depending on the
hardware, a second probe can detect a supplementary nucleus such as 3C or 3P [28-30]. In addition,
the first benchtop spectrometers with a broadband probe have been recently made available, offering
an additional flexibility on the observed nucleus and broadening the scope of applications, particularly
in organic chemistry [19]. Yet, the detection of additional nuclei mainly remains limited by their
receptivity (which takes into account the gyromagnetic ratio and the abundance of the isotope),
especially at medium-field. For example 3C, although a very interesting nuclei for organic molecules,

can only be detected in highly concentrated samples at medium-field.

Current benchtop NMR devices are dedicated to liquid-state samples, and to date, no benchtop

spectrometer for solid-state NMR detection —for instance with an option of magic-angle spinning— has



been reported. However, Bernard and Michaelis reported 2°’Pb spectra of lead salts in a powder form
placed inside a benchtop spectrometer, and compared the results to those obtained with a high-field
spectrometer [31]. The corresponding spectra (Figure 3) show that chemical shift anisotropy can be
detected on a benchtop spectrometer, although the experiment duration —4 days at 1.4 T- makes the
application quite impractical. With current hardware, perspectives of benchtop solid-state NMR
spectroscopy remain limited to most sensitive nuclei in high concentrations, and the detection of less
favorable nuclei such as quadrupolar or low-abundant nuclei remains a long-term perspective. Still,
the implementation of magic angle spinning solutions in benchtop hardware could act as a real game

changer for solid and semi-solid samples.
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Figure 3. Simulated (upper red trace) and experimental (lower blue trace) 2’Pb nuclear magnetic resonance
(NMR) spectra of a nonspinning sample of PbCl,, acquired at 1.4 T (a) and 11.75 T (b) at 305 K. Reproduced with
permission from [26].

Back to liquid-state NMR spectroscopy, the addition of a gradient coil in commercial hardware has
recently increased the potential of benchtop NMR spectroscopy. Gradient coils are ubiquitous in high-
field liquid-state NMR probes, since magnetic field gradients are key ingredients for most high-field
NMR pulse sequences, either for coherence-selection purposes, or to implement diffusion-encoded or
spatially-encoded experiments. The implementation of gradient coils on benchtop spectrometers

enabled researchers to implement pulse sequences including gradient pulses, such as solvent
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suppression blocks [32], pure shift [33], ultrafast 2D [34] or diffusion-encoded [35] pulse sequences.
These pulse sequences — which can help circumventing some of the drawbacks of benchtop NMR —are

further described in Section 4.

Finally, the routine use of benchtop NMR spectrometers, in particular by non-specialists, is limited by
the possibility to analyze large series of samples in full automation. To address this challenge,
manufacturers have recently developed automated sample changers akin to those used at high-field

[15,16]

All benchtop NMR are a compact combination of the hardware elements mentioned above (magnet,
shim coils, temperature regulator, transmitter/receiver coil(s), amplifiers, gradients...). Available
specifications and accessories are dependent of the brand and the model. The choice between
commercially options depends on the targeted application and a comparison between existing
commercial models has been recently reviewed by Beek et al. [36]. Still, the state-of-the art is rapidly
evolving and hardware innovations are regularly released by the manufacturers, who have made
tremendous hardware improvements in the last ten years. Further developments are expected in the
coming years, therefore a regular literature review would be necessary to remain updated about

hardware developments.

3. Performance and limitations

3.1.Historical perspective

The performance of current benchtop NMR spectrometers is not very different from the results that
could be achieved in the early days of NMR —in the 1960s — with the first routine NMR spectrometers.
Indeed at that time, common NMR spectrometers did not exceed 100 MHz. Figure 4 shows a 1D H
spectrum dating from 1969 on a morpholin derivative [37], highlighting the limited resolution and

sensitivity at this field. Peak assignment and structure elucidation were not as easy as they are now



with high-field spectrometers. While the spectral quality of current benchtop NMR spectrometers has
been significantly improved compared to these initial spectra, intrinsic limitations remain. Issues of
resolution and sensitivity are still present. However, the electronics has been greatly improved since
1960, the shims and electronics are more efficient (Section 2). The 1960 spectrometers were much
more bulky whereas benchtop NMR takes very little space since it can be directly installed on a bench.
Figure 5 shows a 1D !H spectrum of ibuprofen at 312 mM obtained at 60 MHz on a benchtop

spectrometer, highlighting the improved spectral quality compared to initial benchtop spectrometers.
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Figure 4. The 1D 'H spectrum of N-benzyl 6-methyl morpholin-2-one (llI, R = benzyl). Reproduced with
permission from ref [37].

3.2. Spectroscopic features

To illustrate the typical spectral quality that can be obtained with modern benchtop NMR
spectrometers, a comparison was performed between a typical middle-range high-field NMR
spectrometer (400 MHz spectrometer) and a 60 MHz benchtop spectrometer. The corresponding *H

spectra, for a concentrated ibuprofen sample, are shown in Figure 5.
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Figure 5. Spectrum of a 312 mM ibuprofen in CDCls at high-field (400 MHz) and on a benchtop spectrometer
(60 MHz). Peak integration after phasing and baseline correction are indicated under the peaks. Peak
numbering is indicated in italics. The two spectra are obtained with the same conditions: 8 scans, a repetition
time (TR) of 30 s and an acquisition time of 1.6 s.

Since the resolution scales linearly with Bo in theory, the 400 MHz spectrum is expected to be 12 times
more resolved than at 60 MHz. However, in practice, the ratio is more in favor of benchtop NMR for
two reasons. First, benchtop spectrometers can reach a better B, homogeneity than their high-field
counterparts, with a FWMH lower than 1.2 Hz at 60 MHz and 3 Hz at 400 MHz on a D,0/H,0 reference
tube. This can be attributed to a different shim coil design, as well as the effect of radiation damping
at high field, in the case of concentrated samples. Still, the separation of peaks is much less favorable
at medium field, due to the limited spectral range in Hz. This leads to major peak overlap that can be
detrimental to the identification and quantification of peaks. In terms of sensitivity, the theoretical
ratio of sensitivity between two devices could in principle be calculated by the ratio of the Bo*2. In the
example of Figure 5, a 400 MHz spectrum should be in theory 17 times more sensitive than a 60 MHz

recorded in identical conditions. SNR evaluation of Figure 5 data provides a factor of 16, close to this
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theoretical value. Finally, the comparison of 400 MHz and 60 MHz spectra highlights the ubiquitous
second order coupling effects (or strong coupling) at medium field. Strong couplings appear when A8*H

are smaller or equal to Jun, therefore they are much more observed at medium magnetic field.

3.3. Quantitative performance

To illustrate the ability of benchtop spectrometers to provide reliable quantitative data, a relative
integration was carried out by fixing the total integration at 17 H. It was possible to integrate signals
2 to 7 of the ibuprofen molecule, however signals 5 and 6 were highly overlapped. More generally,
peak tails were more or less overlapped due to the limited spectral range, making the integration quite
difficult. This resulted in an average difference of 17% between integrals obtained at 400 and 60 MHz.
This illustrates that benchtop NMR can provide fairly accurate relative integration except when signals
are overlapped. This drawback could be circumvented by the use of spectral deconvolution tools
[38,39], although this could be less suited to routine analysis by non-experts. Concentration
determination by benchtop NMR (QNMR) could also be performed, in principle, following the same

rules as at high-field NMR, but its practical use may be limited by peak overlap [40].

Also worth discussing is the performance of benchtop NMR spectrometers in terms of limits of
detection (LOD) and quantification (LOQ). The LOD represents a resonance intensity which is 3 times
the background noise value, and the LOQ corresponds to a ratio of 10 times this noise level [41]. Both
LOD and LOQ are functions of the magnetic field. The detection and quantification limits are directly
related to the strength of the magnetic field, but the shape and sharpness of the peaks also greatly
affect the quality of the integral measurement. Thus, the higher the resolution of the spectrometer,
the lower the LOD and LOQ [42]. A first study was carried out in flux on a 43 MHz spectrometer and
showed a LOD close to 3 mM and a LOQ of 10 mM within a single scan [20]. Another work on the
analysis of dietary supplements revealed that the observable quantitation limit was of the order of
2.0 mM with an experiment time of 45 min on 60 MHz H [43]. As a comparison, at high magnetic fields

(400 MHz), it is typically possible to detect quantities around 0.005 mM and to quantify around 0.05
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mM in 4 minutes [44]. At higher fields, analytes at micromolar concentrations can easily be detected,
such as metabolites in biofluids [45]. To summarize, at fields below 100 MHz, the detection and
quantification limits are close to mM, whereas for a high magnetic field most commonly encountered
(400 MHz) it is possible to detect concentration close to uM and to quantify concentrations of a few

dozen of uM.

3.4 Structure elucidation capabilities

The emergence of benchtop NMR spectrometers has raised major expectations from the chemistry
community in terms of structure elucidation capabilities. Structure elucidation generally relies on a set
of multi-dimensional experiments, which are available in routine on commercial spectrometers. For
the sake of comparison, we acquired a set of such typical 2D spectra at both high and medium magnetic
field (Figure 6): 'H-H COrrelated SpectroscopY (COSY) (Figure 6.A), *H-*C Multiplicity Edited (ME)
Heteronuclear Single Quantum Coherence (HSQC) (Figure 6.B) and *H-'3C Heteronuclear Multiple Bond
Correlation (HMBC) maps (Figure 6.C). Note that similar experiment times were chosen for this
comparison, benchtop spectra required more scans (due to the lower sensitivity) and less t; increments
(due to the smaller spectral range) than their conventional counterparts. On the COSY spectrum, most
of the important correlations for structural elucidation can be observed, in particular the correlation
between the two CH; and the nearby CH (blue circle in Figure 6.A). However, the 60 MHz map has a
lower resolution than the 400MHz. So, it is much more difficult to differentiate the two types of
aromatics which are strongly coupled in 1D H. Moreover, the aliphatic zone presents overlapped

correlations that would make a structure elucidation task quite difficult.

For 1H-13C HSQC, a multiplicity edition was used to provide information on the degree of protonation
of all carbons (Figure 6.B). The 60 MHz map shows all the expected correlations for non-quaternary
carbons of the molecule and provides the correct substitution for each of them. However, the aromatic

protons are very difficult to discern on the medium field spectrum since they appear at the same 'H
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chemical shift due to strong coupling. Their differentiation is only made using the carbon dimension

(red circles in Figure 6.B).
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Figure 6. A) *H-'H COSY B) *H-13C HSQC C) *H-*3C HMBC obtained on a 400 MHz (left column) and a 60 MHz
(right column) spectrometer, for a 312 mM ibuprofen sample in DMSO-ds. 400 MHz acquisitions: *H-'H COSY
obtained with 512 t; increments, TR = 2 s and 2 scans (34 minutes); *H-13C HSQC obtained wit 512 t;
increments, TR = 2 s and 2 scans (34 minutes); *H-'3C HMBC obtained wit 512 t;increments, TR=2s and 8
scans (136 minutes). 60 MHz acquisitions: *H-'H COSY obtained with 512 t; increments, TR = 2 s and 4 scans (68
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minutes); *H-13C HSQC with 128 t; increments, TR = 2 s and 24 scans (102 minutes); *H-3C HMBC with 256 t;
increments, TR = 2 s and 24 scans (205 minutes).

Finally, *H-3C HMBC is one of the most powerful techniques since it allows to obtain long-distance
heteronuclear information on the whole molecular structure (Figure 6.C). Classically, *H-*3C HMBC is
superimposed with H-3C HSQC to obtain the totality of the heteronuclear information of the
molecule. The maps recorded with the two fields allow to obtain similar information, indeed most of
the correlations are found in the two maps. In particular the correlations circled in green which allows

to link the CHs; and the CH with the aromatic ring.

The three pulse sequences described above make it possible to obtain a complete structural
elucidation of the molecule regardless of the magnetic field. However, the comparison was carried out
on a relatively simple structure and on a concentrated sample. For more complex systems, the use of
benchtop NMR will most likely be limited by both resolution and sensitivity issues. Still, as for high-
field NMR structure elucidation, other pulse sequences may be used to remove ambiguities such as
TOtal Correlated SpectroscopY (TOCSY). TOCSY can be particularly useful at medium field since
individual spectra of each spin system can be better discriminated. For example, this pulse sequence
has been used for the structural elucidation of strychnine on a benchtop spectrometer [46]. If a
problem of 3D structure determination arises, the J-resolved sequence could be used to determine the
coupling constants between atoms in the F; dimension and obtain information on bond angles. Pulse
sequences providing information on dipolar couplings such as Rotating frame Overhauser Effect
SpectroscopY (ROESY), Nuclear Overhauser Effect SpectroscopY (NOESY) and Heteronuclear NOESY
(HOESY) could also be used at medium field to determine the relative configuration of an alkene (Z or
E), an asymmetric carbon (R or S) in diastereoisomers but also to get insight into conformational and /
or chemical exchanges between atoms. To the best of our knowledge, none of the pulse sequences of
this family have been used at medium magnetic field, probably for sensitivity reasons. Figure 7 lists all
the pulse sequences that could be used in principle to carry out structural elucidation, bearing in mind

that it is often necessary on a benchtop spectrometer to record a larger number of spectra than at
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high field, to get rid of ambiguities arising from peak overlaps. Finally, most of the heteronuclear pulse
sequences described above are often performed on carbon but it is also possible to apply them to
other nuclei. For instance, Gouilleux et al. used a H-3'P TOCSY to describe a mixture of several
phospholipids [28].

‘ 1D H, 13C, ©F ‘
< y Long distance
HMBC

Scalar coupling ‘ Scalar coupling
COSY, TOCSY, Jres \ o /' Jres

\
Homonuclear Heteronuclear
2D 2D

e One bond
Spatial proximity HSQC, HETCOR,

NOESY, ROESY HMQC, COSY,
TOCSY

D —

Spatial proximity
HOESY

Figure 7. Pulse sequences available for structure elucidation at medium magnetic field.

This performance evaluation reveals a number of limitations that could arise at field strengths under
100 MHz, such as signal overlap leading to difficulties in accurately determining chemical shifts, and of
course a lower sensitivity. Therefore, the NMR community has developed various solutions to
circumvent these limitations, by using either more advanced pulse sequences (section 4) or signal

processing methods (section 5).

4. Pulse sequence advances

On compact instruments, the spectral resolution is severely limited by the narrow frequency range
that generates ubiquitous peak overlap and strong coupling effects. Pulse sequence developments
have been carried out in recent years to better separate overlapping peaks arising from complex
mixture components (analytes and/or solvents). Most of these developments rely on the addition of a
gradient coil (as mentioned in Section 2) enabling the application of gradient pulses, but also on the
pulse sequence programming capabilities offered by manufacturers. This section focuses on such

developments, including solvent suppression schemes, diffusion-encoded methods like diffusion-
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ordered spectroscopy (DOSY), and spatially-encoded experiments like ultrafast (UF) and pure-shift

methods.

4.1. Solvent Elimination Schemes
At medium magnetic field, detecting the 'H signals of the analytes can be made difficult by strong and
numerous peak overlaps with intense solvent signals, particularly when non-deuterated solvents are
used. In addition to this overlap issue, the detection of smaller peaks is further hampered by the limited
dynamic range of the receiver that is optimized for bigger signals. In the field of chemical synthesis,
the use of solvent mixtures worsens this problem. In the case of biological samples, the strong water
signal is also a major issue since such an intense signal prevents the detection of close smaller signals

and is the main source of baseline perturbation which highly affects the phase of signals belonging to

the analyte of interest (Figure 8).
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Figure 8. Typical issues arising from strong solvent signals at medium-field (200 mM lactate sample in H,0). 1)
The strong solvent peak saturates the dynamic range of the receiver; 2) it overlaps with analyte signals and 3)
generates a baseline distortion. Some typical pulse sequences that can be implemented on a benchtop
spectrometer to deal with these issues: continuous-wave presaturation (Sat), WET-180-NOESY and

WATERGATE-WS5.

Various dedicated blocks can be used to suppress the solvent signals. Some of them rely on the

saturation of the solvent magnetization before detecting the signal from the analytes. This is the case
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of continuous-wave presaturation (Sat) [47] and of the schemes based on the WET pulse sequence [48]
such as WET-180-NOESY [49]. Others rely on a selective refocusing of the analytes’ magnetization after
excitation, such as the WATER suppression by GrAdient Tailored Excitation (WATERGATE)-based pulse
sequences [50]. They have already been commonly and intensively utilized at high magnetic fields. The
efficiency of these schemes is based on 1) their ability to reduce the intensity of the solvent signal(s),
2) the selectivity of this suppression, i.e., the ability to preserve nearby signals and 3) their quantitative

performance, evaluated from the trueness and precision for the peaks of interest.

Reaching good signal suppressions is made difficult by radiation damping effects on big solvent signals
[51]. Moreover, the faraway solvent is another obstacle for eliminating unwanted signals [52]. This
phenomenon is due to spins located on the edge of the rf coil, which undergo a slightly different Bo
field and contribute to enlarge solvent signals. The impact of such effects has been widely described
at high magnetic field, but benchtop NMR has its own particularities. On the one hand, even if faraway
solvent effects are still present, radiation damping is a less important issue as compared to high-field
NMR. On the other hand, the narrow spectral range makes it more difficult to achieve a high selectivity
for solvent suppression. Moreover, additional overlap could possibly occur between signals of interest
and 3C satellites of some organic solvents. Finally, for flow samples, shorter pulse sequences are

expected to be less sensitive to flow effects (see section 7).

At high magnetic field, the simplest and easiest method to implement solvent suppression scheme is
the well-known continuous wave presaturation [47]. However, under flow conditions, Sat is not the
most suitable scheme since not compatible with the long saturation delay occurring in the recycling
time. Moreover, such a long time prevents the detection of protons in exchange with the solvent
making analysis less informative for water-soluble biological samples. Under such conditions, gradient-
based solvent elimination schemes are more interesting, and with the assistance of a gradient coil,

most relevant gradient-based pulse methods were implemented on a benchtop spectrometer [32,53].
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For small molecules, the performance of different solvent suppression techniques at 43 MHz was
assessed by Gouilleux et al. [32] under static and flow conditions, in protonated water. Figure 9 shows
typical spectra resulting from such evaluation for lactate, which is a challenging case at medium field
since the quadruplet corresponding to the methine of lactate is only 30 Hz away from water at 43 MHz.
While the Sat scheme is hampered by a lack of selectivity, the WET pulse sequence [48] is more
efficient on this criterion, however the baseline is impacted by faraway water. Some variants of the
WET pulse sequence are more robust to face faraway water impacts such as WET-CP and WET-180
[52]. These schemes yield to a fully resolved quadruplet of the lactate CH signal. A flat baseline is also
visible with NOESY 1D scheme [49]. On the contrary, excitation sculpted schemes such as WATERGATE
[50] or excitation-sculpting (ES) [54] are less suitable for small molecules: although the solvent signal
is perfectly removed, J-modulation effects appear during the pulse sequence and unfortunately affect
the phase and intensity of the signals. Among all explored techniques, the WET-180-NOESY was
considered as the most efficient combination for small molecules at medium-field, since it offers a very

good quantitative performance, including flow conditions [32].

1H spectrum N ’ WET WET-NOESY

|
Sat

‘\ WET-CP WET-180-NOESY
Sat NOESY WET-180 ES-Sel

Figure 9. Different schemes performance on a lactate sample in water at 43 MHz. Sat: presaturation; CP:
composite pulse; WET: water suppression enhanced by T1 effects; ES: excitation-sculpting; Sel: selective.
Reproduced with permission from [32].

In the previously described case, the suppression selectivity was the main problem but sensitivity was

not an issue since the lactate was highly concentrated at 0.2 mol.L. At a lower concentration, pulse

19



sequences Yyielding more efficient solvent suppression may be needed even if they are less selective.
Bouillaud et al. compared the aforementioned solvent suppression methods to probe lipids in aqueous
samples, for lipid-concentrated microalgae cells studied under flow conditions [55]. Selectivity was less
critical in this case since the target total lipid CH, peak was 150 Hz away from the water signal, with a
low concentration (9 mg.L?). With this kind of sample, WET-180-NOESY was not efficient enough to
reduce the water signal —by 37 as compared to H— for the most sensitive detection of the lipid signal
(Figure 10). On the contrary, WATERGATE-5 pulse sequence provided better results allowing a
reduction by 27,000 of the *H water signal. The intrinsic J-modulation effects of this pulse sequence

were not a severe obstacle here since the lipidic signal at 1.2 ppm (Figure 10) was relatively broad.

Peak SNR Pulse sequence

Water / Lipid

Regular 'H (/10)

48k /12

WET-180-NOESY

e Wwwww

66/18 w5

T T T T 32 T T T T T

4 3
&'H (ppm)

Figure 10. Evaluation of water suppression pulse sequences on a benchtop spectrometer, on non-starved
concentrated Parachlorella kessleri. From top to bottom: regular *H spectrum (the water peak is so intense that
the spectrum intensity has been divided by 10); the WET-180-NOESY spectrum; the JRS-6 spectrum and the W5
spectrum. A manual baseline correction has been applied for the four spectra. Residual water peaks are visible

at 4.7 ppm. The efficiency of the water peak reduction was taken into account as the main criterion for
choosing the pulse sequence. Figure reproduced with permissions from [55].

When multiple solvent signals need to be removed, the combination of several solvent suppression

techniques may be needed. This can be the case in the field of reaction monitoring, where mixtures of
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protonated solvents are often used, leading to numerous intense signals. For instance, Legros et al.
combined a Sat scheme with a WET-180-NOESY pulse sequence to remove simultaneously two strong
solvent signals in a depolluting process monitored on line with benchtop NMR [56]. While a gradient
coil appears as an essential ingredient to suppress solvent signals, some benchtop spectrometers may
not offer such possibility, and alternative methods can be implemented. In the field of polymeric
mixture analysis, a hyphenated method composed on a size exclusion chromatographic device with a
medium-field NMR instrument was implemented. To remove the eluting solvent signal, a T, filter pulse
sequence was used with a post processing protocol to reduce signals of eluting solvent by 500 and to

enhance the sensitivity for polymeric signal of interest [57,58].

4.2. Diffusion-encoded pulse sequences

Diffusion-encoded techniques have become an essential tool for the analysis of complex mixtures, the
investigation of dynamic events and determination of the molecular weight [59,60]. The most popular
way of plotting such diffusion-encoded data is Diffusion-Ordered Spectroscopy (DOSY). Also known as
chromatographic NMR, this tool is well established on high-field NMR instruments, but it is also very
promising for benchtop NMR. With the emergence of gradient-equipped benchtop spectrometers, the

implementation of diffusion-encoded pulse sequences has become possible.

DOSY techniques rely on a pseudo-2D acquisition mode gathering a series of NMR experiments based
on Pulsed Field Gradient Stimulated Echo (PFGSTE) or Pulsed Field Gradient Spin-Echo (PFGSE)
recorded with increasing gradient amplitudes. Under a restricted diffusion regime in the absence of
convection, the signal amplitude decays as the gradient amplitude increases at a rate described by the

Stejskal-Tanner equation [59]:
[ = J,e Pgd’a eq. 1

Where /is the signal intensity that is attenuated by the application of a gradient, lpis the signal intensity

observed in the absence of gradient, D is the translational diffusion coefficient of the considered
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compound, y is the gyromagnetic ratio, 6 is the gradient duration, A is the diffusion time and g

corresponds to the amplitude of the pulse-field-gradient.

In practice, the DOSY map is obtained by fitting the signal decay to eq. 1. Numerous multivariate
models have been developed for such procedure [61]. The resulting lineshape strongly depends on the
quality of the fit, and the fitting procedure is made even more critical by peak overlaps in the spectral

dimension, which is particularly critical at medium-field.

Nevertheless, promising results were recently obtained in two independent studies (Figure 11).
Assemat et al. showed that PFGSTE followed by a Longitudinal Eddy current Delay or LED block yielded
diffusion-weighted spectra with good line-shape and flat baseline [60]. Carney et al. used a variant of
PFGSTE called Oneshot45 [62] with additional gradient pulses and a final one 45° pulse to reduce the
impact of J-modulation (Figure 11.C). This approach was able to accurately determine the weight of

different polymers by correlating diffusion coefficients to hydrodynamic radii [63].

Another main feature of DOSY experiments is the type of gradient ramp through the pseudo 2D
acquisition mode. In the case of a mixture of small and big-sized due to slow and faster diffusion,
different ramps were considered and a semi-Gaussian ramp was found to lead to the better alignment

of signals for a given diffusion coefficient [60].
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Figure 11. DOSY pulse sequences implemented on a benchtop spectrometers and subsequent results, A) The
bipolar pulse pair-stimulated echo-longitudinal eddy current delay scheme or BPPSTE-LED, B) DOSY map
obtained with this pulse sequence on a commercial sample of esomeprazole (Ranbaxy) in DMSO-d6 at 43 MHz
and processed with a univariate processing whereby lines automatically peak-picked were fitted to a mono-
exponential decay. Reproduced with permission from [60] .C) Oneshot45 pulse sequence allowing to record a
2D DOSY with no J-modulation. D) Extracted spectra from the SCORE processing with E) diffusion coefficients
for a mixture of 2-butanol, 1-octanol and water; data recorded with pulse sequence C). Reproduced with
permission from [64]. Black, white and grey rectangles correspond to 90°, 180° and 45° hard pulses. Red and
blue dashed rectangles are positive and negative pulse field gradients respectively.

After data acquisition, diffusion-encoded data can be processed either with univariate or multivariate
approaches. Univariate processing consists in fitting eq. 1 by assuming that signals are well-resolved
along the horizontal axis, where they correspond to a single diffusion coefficient. On the contrary,
multivariate processing does not require any prior hypothesis on peak overlap but requires prior
knowledge on the number of molecules in the sample. Assemat et al. showed that with limited peak
overlap, univariate processing was sufficient to obtain reliable diffusion coefficients as compared to
high-field DOSY maps [60] (Figure 11.B). Mc Carney et al. proposed to struggle against severely
overlapped DOSY spectra with a multivariate processing strategy applied to a mixture of two alcohols
whose 1D spectra showed strong peak overlap [64]. Their approach, based on the SCORE algorithm,
showed reliable diffusion coefficients with a good differentiation of the components in the mixture, as

shown on Figure 11 D & E. Investigating other multivariate techniques such as PARAllel FACtor analysis
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(PARAFAC) [61], Maximum Entropy [65], LOcal COvariance order DOSY (LOCODOSY) [66] or Direct
Exponential Curve Resolution Algorithm (DECRA) [67] would be interesting to potentially improve the

potential of benchtop NMR DOSY.

4.3. Spatially-encoded techniques

At high magnetic field, major methodological advances have been made over the last two decades
thanks to the development of spatially-encoded techniques that found inspiration in Magnetic
Resonance Imaging (MRI). These spatially-encoded methods, mainly developed in high-resolution
liquid-state NMR spectroscopy [68] rely on the combination of frequency-selective or frequency-swept
pulses combined with pulse field gradients. Thanks to the implementation of a gradient coil and to the
pulse programming capability of modern benchtop NMR instruments, spatially-encoded pulse

sequences have been successfully implemented on compact spectrometers.

4.3.1. Ultrafast 2D NMR
The primary spatially-encoded scheme which was implemented on a benchtop spectrometer is UF (or
single-scan) 2D NMR, introduced in 2002 by Frydman and co-workers in 2002 [69]. The UF pulse
sequence has the same structure as conventional multi-dimensional experiments, however the
conventional time-incremented period is substituted by a spatial encoding period where a helicoidal
magnetization winding is generated by simultaneously applying linearly frequency-swept pulses with
gradients (in blue Figure 12.A) [70]. During the acquisition time, this information is decoded with an
Echo-Planar Spectroscopic Imaging scheme (EPSI, in pink Figure 12.A). After appropriate data
rearrangement and processing, a 2D spectrum is obtained in a single scan. Thanks to its single-scan
character, UF 2D NMR was successfully applied to a variety of situations where short acquisition
durations where needed, from the real-time monitoring of fast chemical or biochemical reactions, to
the detection of 2D spectra of hyperpolarized mixtures [71]. UF suffers from sensitivity limitations
mainly associated with large digital filter bandwidth that needs to be applied during acquisition due to

the frequency dispersion coming from gradients. In addition, UF NMR requires compromising between
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spectral width and resolution, and pulse sequence improvements have been suggested to face these
limitations [71]. In addition, multi-scan techniques based on UF 2D NMR have been shown to

advantageously replace conventional 2D NMR in high-throughput metabolomics [72].

Ultrafast 2D NMR was the first gradient-based pulse sequence to be implemented on a benchtop
spectrometer in 2015 [73]. Clean 2D UF COSY spectra recorded in only 400 ms showed lineshapes close
to the simulated spectra. The quality of the spectrum shown in Figure 12.B highlights the suitability of
the UF NMR experiments at medium-field, and the performance of the gradient coil and amplifier.
While the inherent low sensitivity of the benchtop spectrometer was worsen with the sensitivity losses
inherent to UF 2D NMR, reasonable signal averaging made it possible to reach a limit of detection
lower than 500 mM in less than 1 minute of experiment (Figure 12.C) [34]. Such UF 2D COSY
experiments achieved an excellent repeatability (<3%), paving the way to applications in reaction

monitoring and profiling which are described in the next Sections of this chapter.
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Figure 12. UF 2D COSY pulse sequence A) and corresponding spectrum B) of a sample of ethanol in D0,
recorded in 0.4 s in a single-scan and C) of ethylbromopropionate at 1 mol.L-1 in acetone-dg in 12 scans, on a
43 MHz benchtop spectrometer. The “ultrafast” axis refers to the spatially-encoded dimension (without Fourier
transformation) whereas the “conventional” axis represents the direct dimension. TE: duration of spatial
encoding; Ge: amplitude of spatial encoding gradients; Gp: amplitude of pre-acquisition gradient; Ga:
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amplitude of acquisition gradient; NL: number of loops for the EPSI scheme applied during the signal detection.
Figure adapted and reproduced with permission from [34].

4.3.2. Pure-shift NMR
Another promising ensemble of techniques to simplify the analysis of complex mixtures is pure-shift
NMR, which improves the spectral resolution of 1D or 2D spectra by removing *H-'H couplings in the
'H dimension [74]. The first approach to record pure-shift spectra was based on the projection of J-
resolved 2D spectra after a 45° tilt procedure, an approach that was, however, impacted by phase-
twisted lineshapes [75]. This method was recently used on a benchtop spectrometer to obtain

homodecoupled 2D COSY spectra after processing by Generalized Indirect Covariance (GIC) [76].

More recently, pure-shift NMR enjoyed a revival through the development of spatially-encoded
methods that combine selective, band-selective, or frequency swept chirp pulses with gradients so
that coupling partners in a spin system are excited in different slices of the sample [74,77]. Such
methods are becoming increasingly popular at high-field, but have only been implemented for the first
time in 2019 on a benchtop spectrometer. Castaing-Cordier et al. showed that a variety of well-known
pure-shift methods, such as Zangger-Sterk or Pure-Shift Yielded by Chirp Excitation (PSYCHE) pulse
sequence families, could be implemented and provided efficient broadband homonuclear decoupling
(Figure 13) [33]. However, pure-shift NMR spectra at 43 MHz suffered from reduced sensitivity as
already described at higher fields. In addition, while strong couplings are a limitation of pure-shift NMR
at high-field, this becomes much more effective at medium-field, where strong coupling effects are

predominant, even for simple spin systems.
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Figure 13. Pulse sequences for pure-shift '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. (E) Example of different pure-shift spectrum acquired with A, B, C, D,
Triple Spin Echo (TSE) PSYCHE and J-resolved sequences for Juy decoupling as compared to the standard 1D *H
spectrum. Spectra were recorded in 28 min on an 8 metabolite mixture: Alanine (Ala), Choline (Cho), Lactate
(Lac), Myoinositol (Myo), Phenylalanine (Phe), Taurine (Tau), Threonine (Thr) and Valine (Val) with at least one
assigned signal per metabolite on the top. For all techniques, a WET-180 scheme has been used prior to the
sequence, except for ZS experiments with a reduced frequency sweep. Figure adapted with permissions from
[33].

Overall, PSYCHE provided the most efficient decoupling for *H multiplets, leading to a resolution
improvement by a factor 2 to 3 and a slightly better sensitivity than ZS methods. On the contrary, the

latter were found more efficient to decouple broad multiplets. The authors also noticed a very good
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repeatability for these pulse sequences (<5%) [33]. Applications have not been yet described, but
regarding the spectral simplification capabilities of pure-shift NMR, it is envisionable to expect
applications for profiling and monitoring similar to those targeted by UF 2D NMR, focusing on highly-
concentrated or even hyperpolarized samples. Additional perspectives could also come from 2D pure-
shift experiments, whose implementation on a benchtop spectrometer was reported by Blimich and
Singh [46]. Since such techniques are based on a natural abundance 3C Bllinear Rotation Decoupling
(BIRD) filter, they are not hampered by sensitivity losses as compared to the conventional version like
other ZS and PSYCHE schemes and have a nice capability to make easier the spectral analysis of

complex mixtures.

5. Hyperpolarization and benchtop NMR

As described in previous sections, benchtop NMR suffers from a limited sensitivity compared to high-
field NMR, which is not the most sensitive analytical method itself. Indeed, NMR spectroscopy has a
low sensitivity owing to the poor nuclear spin polarization in a magnetic field at thermal equilibrium.
The NMR sensitivity is directly proportional to the Boltzmann polarization. At high-field, such
polarization is already very low (e.g. 7.6 10® for H at 300 K in a 14.1 T field), but becomes even lower
on a benchtop spectrometer (e.g. 8.3 107 for 'H at 300 K in a 1.5 T field). And the situation is of course
even worse for nuclei with a lower magnetic ratio such as 3C. In such context, hyperpolarization
methods which have revolutionized high-field NMR and MRI could be equally beneficial to benchtop
NMR spectroscopy. Indeed, such approaches can produce nuclear spin polarization far beyond thermal
equilibrium, resulting in sensitivity improvements by several orders of magnitude. Most popular
methods for applications to chemistry are dynamic nuclear polarization (DNP) [78] and Para-Hydrogen
Induced Polarization (PHIP) [79]. In addition to their ability to strongly enhance benchtop NMR signals,
there are several reasons why the combination of benchtop NMR with hyperpolarization could be even
more promising. First, flow and/or portable hyperpolarization settings are emerging, that could make

PHIP or DNP particularly compatible with the transportable character of benchtop NMR. Second,
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compact spectrometers can be brought closer to the hyperpolarization source, thus limiting
polarization losses between hyperpolarization and NMR detection. Recent proof-of-concepts showing
the promising combination of benchtop NMR with hyperpolarization are discussed in this section, as

well as the perspectives arising from such combination.

5.1.Dynamic Nuclear polarization

DNP was originally proposed by Overhauser in 1953 and its first experimental verification was carried
out by Carver and Slichter on metallic lithium. DNP relies on the transfer of polarization from electron
spins to nuclear spins thanks to a microwave irradiation of the Electron Paramagnetic Resonance (EPR)
transitions. Since the electron spin polarization is much higher than the one of nuclei (it reaches almost
unity at low temperatures in a magnetic field of a few T), the DNP phenomenon can boost the

sensitivity of NMR detection by several orders of magnitude, both in liquids and solids [80].

For liquid-state NMR spectroscopy, a first approach to DNP consists in performing the polarization
transfer directly in the liquid-state [81]. This method, known as Overhauser DNP (O-DNP) provides
modest signal enhancements since the electron to nuclei polarization transfer mechanisms are
relatively inefficient. Still, this approach could offer a convenient way to improve in situ the sensitivity
of benchtop NMR detection. Such a perspective was recently explored by Lee et al., who developed a
benchtop O-DNP-NMR system based on a permanent magnet of 1.6 T, reporting signal enhancement

factors between 7 and 40 for simple molecules such as ethanol or water [82].

However, the most efficient and popular DNP method in liquid-state NMR spectroscopy is dissolution
DNP (d-DNP) proposed by Ardenkjaer-Larsen et al. in 2003 [83]. It is a two-magnet approach where
the sample is first polarized in a glassy state at low temperatures (a few K) upon microwave irradiation
in a medium magnetic field (3 to 7 T). Frozen hyperpolarized samples are then rapidly dissolved in a
superheated solvent and transferred to an NMR spectrometer where regular liquid-state pulse
sequences can be applied. The advantage of this approach is that it provides huge sensitivity

enhancements arising not only from the DNP process, but also from the temperature jump between
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polarization (at a few K) and detection (at ambient temperature). However, such hyperpolarization
rapidly decreases upon T; relaxation during the transfer step, with typical lifetimes of a few tens of
seconds for slow-relaxing nuclei. Moreover, the irreversible character of the dissolution process makes
it poorly suited to record multi-scan experiments. Still, the tremendous sensitivity gains offered by this
method — up to 10° for slow-relaxing quaternary carbons — have revolutionized entire application
fields, in particular pre-clinical or clinical MRI [84]. In liquid-state NMR spectroscopy, d-DNP has
opened many new application perspectives in reaction monitoring, metabolomics, or ligand-protein

interaction studies [85].

So far, there has been only one study reporting the combination of d-DNP with benchtop NMR. The
reason is probably that d-DNP requires heavy and high-cost instrumentation, which is available in a
limited number of laboratories, all equipped with state-of-the-art high-field NMR spectrometers that
provide optimal sensitivity. Still, in 2016 Tee et al. reported the detection of hyperpolarized
metabolites using a 1T benchtop spectrometer, providing relevant information on pyruvate
metabolism in whole cells [86]. Interestingly, they reported longer lifetimes for hyperpolarized
substrates at 1T compared to high-field, suggesting that using benchtop NMR in combination with d-

DNP could provide a way to better preserve the lifetime of hyperpolarized molecules.

Another practical perspective offered by benchtop NMR in this field is that it provides a convenient
way to optimized and develop d-DNP experimental settings without monopolizing a high-field
spectrometer. Finally, benchtop NMR could also benefit from the development of emerging
transportable hyperpolarization approaches, where the presence of the DNP machine at the point of
the NMR detection would ultimately become unnecessary [87]. This would circumvent the current cost
and portability limitations of d-DNP, which are rather contradictory with the compact and accessible

character of benchtop NMR.
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5.2. Para-hydrogen induced polarization

PHIP is another very popular hyperpolarization method, based on the naturally high polarization of
para hydrogen (p-H;) — the singlet-state nuclear spin isomer of H,. In its initial form, PHIP relies on a
chemical hydrogenation reaction that is used to place the two ®H nuclei from p-H, in a product
molecule, leading to very high NMR signals [88]. This approach has been widely used to characterize
the formation of intermediates in hydrogenation reactions [89], or to generate hyperpolarized contrast
agents [90]. PHIP remains a relatively selective method since it requires a molecular site that can be
hydrogenated. However, a more general approach to PHIP has been developed by Duckett and co-
workers, that relies on a reversible exchange of p-H; to the substrate through an iridium catalyst [91].
This method called SABRE (Signal Amplification By Reversible Exchange) makes it possible to
hyperpolarize a much broader variety of substrates without the need to hydrogenate them. SABRE has
been extensively used in liquid-state applications at high-field, from reaction monitoring [92] to the

quantification of metabolites in complex mixtures [93].

Halse and co-workers showed that impressive results could be obtained by applying SABRE
hyperpolarization to benchtop NMR (Figure XX). They reported *H enhancements up to 17,000 for *H
in the case of pyridine. As highlighted by Halse in a recent review, there are several advantages of p-
H, hyperpolarization for benchtop NMR spectroscopy [94]. First, it is relatively easy and cheap to
generate hyperpolarized substrates through this approach, thus preserving the low cost and
accessibility features of benchtop NMR. p-H; gas can be generate off-site, stored from many hours and
easily transported. Second, it provides high polarization levels and third, it can be generated
continuously, making it an ideal candidate in flow chemistry settings [95]. It also has some drawbacks
such as its selective character —not all molecules can be hyperpolarized through this approach — and
the anti-phase nature of resulting NMR signals. Still, p-H, hyperpolarization and its SABRE variant have
been widely used with benchtop NMR settings. First, as mentioned for d-DNP, benchtop NMR can be
seen as a convenient way to optimize p-H, hyperpolarization methods, since it provides easier and in

situ measurements of hyperpolarization compared to high-field NMR [96]. Second, continuous
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hyperpolarization flow setups are particularly promising for the inclusion of hyperpolarization devices
under the fume hood, in a combined compact experimental setting together with benchtop NMR.
Recently, Lemhkuhl et al. developed a 3D-printed membrane reactor providing continuous
hyperpolarization of SABRE substrates that were consecutively detected by a benchtop NMR

spectrometer [97]. Such work opens numerous perspectives for flow chemistry and reaction

monitoring under the fume hood.
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Figure XX. Comparison of thermally polarized (top) and SABRE hyperpolarized (bottom) *H NMR spectra of 52
mM pyridine with 5.2 mM catalyst in methanol-ds for NMR detection at (A) 9.4 T and (B) 1 T. (C) SABRE
enhancement factor, €, and (D) polarization level, P, for the ortho resonance (blue triangle) as a function of
substrate concentration with NMR detection at 1 T (gray) and 9.4 T (green). Error bars represent the standard

deviation across 5 measurements. Reproduced with permission from Ref. XX.
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5.3.Applications to reaction monitoring

Benchtop NMR is particularly promising for reaction and process monitoring, as described in Sections
7. Along this line, methods that can improve the sensitivity of the benchtop NMR detection for such
applications are particularly promising. Along this line, a few papers were recently published that rely

on the online monitoring of reactions involving p-H, hyperpolarized substrates.

In 2018, Jeong et al. showed that a PHIP system could be combined with a 60 MHz benchtop NMR
spectrometer (Figure 14) [98]. This system was used to monitor in real time the hydrogenation of
alkenes mediated by Wilkinson’s catalyst. The results obtained under different solvent conditions
highlighted mechanistic insights that were in agreement with previous literature, showing the

potential of their approach to better characterize and understand mechanistic pathways.

Another recent illustration of the potential of hyperpolarized benchtop NMR to reveal mechanistic
information was published by Semenova et al. Authors showed that SABRE-enhanced H NMR
spectroscopy could be used to monitor reactivity at mM concentrations in a non-deuterated solvent
through the quantification of hyperpolarization lifetimes. They monitored the formation of the SABRE
catalyst from a pre-catalyst, providing information on hydrogen isotope exchange within the substrate,
4-aminopyridine. Comparable results were obtained at high-field (9.4 T) versus benchtop (1 T). The
example is particularly interesting since at these concentrations, benchtop NMR could not be used

without hyperpolarization due to low sensitivity and peak overlap.

Benchtop
NMR

60 MHz

33



Figure 14. Integrated reaction monitoring system with PHIP and benchtop NMR. 50% hyperpolarized p-H, after
passing through the catalyst in liquid N is harnessed for the PHIP reaction in the reactor. The reaction mixture
is continuously pumped into the benchtop NMR instrument for monitoring.

While hyperpolarization can circumvent the sensitivity of benchtop NMR, such improved sensitivity
may lead to increased peak overlap due to the detection of a higher number of species. Therefore, it
could be particularly interesting to combine hyperpolarized benchtop NMR with pulse sequence
capable of providing improved peak separation while being compatible with flow conditions, such as
fast multidimensional NMR methods. Such an achievement was recently published by Gotowicz et al.,
who combined PHIP hyperpolarization with a fast 2D NMR detection based on time-resolved Non-
Uniform Sampling (NUS) [99]. The interleaved acquisition of 1D and fast 2D spectra provided

mechanistic insight into the hydrogenation of ethylphenyl propiolate and ethyl 2-butynoate.

5.4.Detection of less abundant nuclei

The hyperpolarization of molecules of interest priori to their detection by benchtop NMR can also be
an efficient way to probe low-sensitive and less abundant nuclei, that cannot be easily detected by
benchtop NMR at natural abundance, unless the samples are highly concentrated. Halse and co-
workers published pioneering work along this line, showing how natural abundance 1D and 2D 3C
signals could be detected thanks to SABRE-based hyperpolarization [100]. They reported
enhancements up to 45,000 in the case of pyridine derivatives at natural abundance. The 2D HETCOR
spectrum of a natural abundance 4-methylpyridine sample at 260 mM could be detected in only 69
minutes (Figure 15), while ca. 300 days of signal averaging would have been necessary to achieve the

same SNR without hyperpolarization.

Finally, also worth highlighting is the development of an approach named SABRE-SHEATH (SABRE in
SHield Enables Alignment Transfer to Heteronuclei), that was developed to hyperpolarize °N spins
through the SABRE method [101]. One of the main advantages of this method is that it delivers
hyperpolarized °N spins with extended lifetimes of several minutes. A variety of compounds were
hyperpolarized by this approach — either concentrated molecules at natural abundance or labeled

diluted molecules — and successfully detected by benchtop NMR spectroscopy [102].
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Figure 15. 2D 3C-H HETCOR benchtop NMR spectra of 4-methylpyridine (4-MP). (a) Thermally polarized
spectrum of neat 4-MP (10.3 M) acquired with 64 steps each with 16 scans in a total experiment time of 307
min (5.1 h). (b) 1D slices through the 2D spectrum in (a) at the chemical shift of the methyl proton resonance
(top), meta proton resonance (middle), and ortho proton resonance (bottom). (c) SABRE-hyperpolarized 2D

spectrum of 260 mM 4-MP with 5.2 mM active SABRE catalyst in methanol-d; acquired with 90 steps each with
a single scan in a total experiment time of 69 min. (d) 1D slices through the 2D spectrum in (c) as in (b). Note,
the differences in chemical shifts between the two spectra are due to the presence of the solvent (methanol-

ds) in the SABRE case. Reproduced with permission from Ref. XX.

6. Advanced processing meth

ods

As described in Section 4, the development of dedicated tailored pulse sequences has made it possible

to push the resolution limitations associated with benchtop NMR. Such limitations can also be

overcome by advanced processing methods. This is particularly important in the field of industry,

where benchtop NMR can be used as a Process Analytical Technology (PAT) requiring a high level of

automation. Advanced processing strategies have thus been developed, which include multivariate

methods such as Partial Least Square Regression (PLS-R) and Indirect Hard Modeling (IHM). These

methods can work efficiently at the condition that spectra are properly phased and baseline corrected,

and this also requires a certain level of automation.
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6.1.Signal processing

Before exploiting spectral data, signal pre-processing steps are crucial to obtain exploitable spectra,
including phase and baseline correction. This is not specific to benchtop NMR, but at medium magnetic
field, these steps are even more crucial due to the ubiquitous peak overlap and strong coupling effects.
Sawall et al. developed an algorithm which was particularly suited to medium-field NMR spectral,
consisting in simultaneously phasing and baseline correcting the spectrum through a multi-objective
optimization (Figure 16). Other methods typically used for high-field spectra could also help solving

this issue in the future, such as Entropy minimization [103], Coarse and Fine tuning procedures for 1D

and 2D spectra [104] or the Steiglitz-McBride algorithm [105]. are-able-to-automaticallycorrect-the

intensity / a. u.

Ly

6 4 2 0
chemical shift / ppm

Figure 16. 43 MHz NMR spectra for the binary mixture of 2-propanol and toluene after application of three
forms of data preprocessing. Zoom along the ordinate-direction. The blue spectrum results from exclusive
application of the phase correction, and the green spectrum is the outcome of a consecutive application of the
phase and baseline correction steps. The new simultaneous phase and baseline correction algorithm yields the
red spectrum. Obviously the best spectrum results from the simultaneous correction algorithm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article [107].

6.2.Data processing

Once the spectra have been properly phased and baseline corrected, extracting relevant information
can be more difficult than at high-field due to ubiquitous peak overlap. Direct line integration and line
fitting are widely used at high-field since they do not require any calibration data [108], but their use

becomes problematic at medium field. Building robust and predictive reproducible models made of
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suitable training data sets can help extracting relevant data from highly overlapped benchtop NMR
spectra. In this approach, models are typically built from a set of spectra with a known composition.
Data processing methods need to account for speed and accuracy requirements, so that they can be

used to control industrial processes with a high level of automation.

A first approach, PLS-R, is well known in the field of near IR spectra analysis [109]. Moreover,
multivariate approaches are also commonly utilized at high magnetic field for metabolomics [110].
PLS-R uses a soft linear empirical model being entirely data-driven. The multivariate calibration by
regression links NMR spectra (X) to concentrations of the analytes (Y). PLS-R controls data reduction
for functionally correlated data by finding components from X that are also appropriate for Y. It seeks
for a set of components (called latent vectors) that performs a simultaneous decomposition of X and
Y with the constraint that these components explain as much as possible of the covariance between X
and Y. Because PLS-R is a linear method, it typically requires additional latent vectors to model
nonlinear effects such as peak shifts or deviations of line shape that are typical for NMR spectra. PLS-
R allows for the decomposition of the NMR spectra as well as for the quantity of molecules composing

the sample under study.

An alternative data processing strategy, IHM, relies on a hard model of pure component spectra. IHM
is based on the sum of Gauss-Lorentz or Voigt functions that represent the peak in the pure component
spectrum. The model looks like the signals using the Lorentz-Gauss parameters (Figure 17.a) that can
be referred to signal chemical shift and couplings as well as concentrations. A model mixture spectrum
is built, (Figure 17.c) involving 12 to 21 signals per pure component with known concentrations (Figure
17.b) depending on each system under study. Spectral data (Figure 17.d) are fitted with the model

mixture spectrum, and the fitting procedure is based on the minimization of the signal residuals.

While the component weight parameters are linked with the component concentrations, the peak
parameters are chosen to describe the spectrum fingerprint. Peak shifting arising from pH,

temperature, or susceptibility variations can be considered for within predefined limits. Unlike other
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methods, the model is able to extrapolate, as the component weights are robust against peak changes.

The creation of the hard model is fully automated, as well as the fitting of mixture spectra.
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Figure 17. Indirect Hard Modeling (IHM) workflow for quantitative evaluation of measured NMR spectra (d) by
building a mixture model (c). Relevant pure component models (b) for each process can be selected from pure
a component model database (a) and employed together with model constraints. Cyan, lines represent peak
functions of each spectral model. Figure reproduced with permissions from [111].

The two previously described multivariate approaches IHM and PLS-R were recently compared on an
industrial lithiation process [111]. Online benchtop NMR data was analyzed by IHM with low calibration
effort, compared to a multivariate PLS-R approach, and both methods were validated using online
high-field NMR spectroscopy. Maiwald et al. further applied this strategy to investigate an
esterification reaction with both 'H and °F benchtop NMR. Spectra were automatically phased and

baseline corrected, then analyzed by both PLS-R and IHM methods.

Both approaches have their own advantages and drawbacks. PLS-R models are built from calibration
spectra containing reactants and products with known composition. The calibration samples should
cover both the relevant concentration range and the matrix of the expected reaction to provide stable
PLS-R models. Changes in reaction conditions such as temperature, pH etc. that may affect line shapes
or peak positions should be included at the stage of model building, otherwise, the prediction powers
of PLS-R is hampered. In addition, the PLS-R pretreatment — selection of variables and validation
method — require a significant amount of work. On the contrary, IHM relies on prior knowledge of

reactants and products, i.e. the pure component spectra. If only component fractions are derived and
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since the signal of the analytical method is directly proportional to the amount of substance, it can
likewise be used without calibration. Authors of the above mentioned studies found that IHM was
more robust towards changes in experimental conditions. IHM could reduce the user input due to peak
fitting of pure component spectra and optimization of peak constraints. Moreover, IHM requires
minimal calibration efforts. However, Kern et al. reported that it leads to higher Root Mean Square

Errors (RMSE).

An alternative method was recently reported for the quantitative analysis of medium-field NMR data,
[112]. The model is defined by quantum mechanical parameters of the underlying spin systems and is
inherently field-invariant. The accurate values of chemical shifts and J-coupling constants determined
from well resolved high-field spectra are used to model data acquired at medium-field strength. The
efficiency of this method was illustrated on polysaccharides, which are commonly difficult molecules
to analyze due to their short chemical shift range for most of *H. Moreover, they are difficult to assign
due to their conformational changes. Sugar model mixtures as well as yellow kiwi juice (Figure 18) were
used to show the potential of this field invariant technique to retrieve spin systems at medium field
and to determine concentrations with a good precision. Quantitative data have been obtained with an

error lower than 1% from a 43 MHz, in very good agreement with those obtained at 400 MHz.

More recently PAT monitored on a 43 MHz compact instrument have been combined with extended
fast artificial neural networks to predict concentrations in real time on a four component reacting

process.
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Figure 18. Examples of spectra of a juice (yellow kiwi) acquired at different field strengths along with fitted
models of sugars and two acids. The residual signals between the models and the data are shown beneath each
graph. Reproduced with permission from [112].
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7. Applications to reaction and process monitoring

This section is dedicated to reaction and process monitoring, which form the most widely reported
application of benchtop NMR. As the size of benchtop spectrometers allow them to hold under a fume
hood, the coupling with a reactor is easily performed with common tubing and pumps. NMR is a flow-
compatible and non-invasive analytical method, and most organic molecules present several H sites
that can be detected by NMR. Only one well-resolved signal is necessary to monitor the consumption
or the production of a given molecule, which is very interesting at medium-field since H chemical shifts
tend to overlap. When peaks are not sufficiently resolved, pulse sequences can be adapted (see section
4), if possible the nucleus can be changed (e.g. °F is a very convenient nucleus for NMR because of its
sensitivity and its wide chemical shift range [26]) or processing solutions can be envisaged (see section
6). Finally, in accordance to the quantitative NMR conditions, analyte absolute concentrations can be
measured through a single internal reference [113,114], making it relatively straightforward to

determine reaction yields.

7.1.Monitoring conditions

Different practical approaches can be considered for such reaction monitoring:

e Offline monitoring: a volume of reaction is periodically removed, potentially quenched and
then analyzed. This procedure requires human intervention as well as a substantial volume of
solution. Actually, the extracted volume can be analyzed with any analytical technique and the
relevance of benchtop NMR is limited in this case. To our knowledge, this strategy has never
been published using a benchtop spectrometer, certainly for this reason.

e Insitu monitoring: reagents are put in the NMR tube inside the spectrometer and spectra are
recorded over the course of time. This monitoring strategy presents the advantage of being
completely non-invasive (no extraction) in a very small volume of solvent which can be

deuterated in order to acquire NMR spectra without one or several overwhelming solvent
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peak(s). The main drawback of this monitoring approach is the lack of control of the reaction,
especially the lack of stirring. Stirring has a strong effect on reaction kinetics rates, and this
feature was well-highlighted by Foley et al. [115]. Their kinetic results on the self-condensation
of propionaldehyde are shown in Figure 19, showing how the absence of stirring can

considerably alter reaction kinetics.
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Figure 19. Product formation of the L-proline-catalyzed self-condensation of propionaldehyde. The difference
in the reaction kinetics is induced by the three monitoring strategies. The lack of stirring in the monitoring in a
tube (full dots) induces a slow reaction. This is partially overcome through a manual mixing of the tube

between acquisition (P.l.: periodic inversion, squares). Finally the online monitoring ensure a good stirring and
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the faster conversion rate (crosses).

Online/inline monitoring: this is certainly the most widely used approach to monitor reactions
by benchtop NMR. The reaction mixture is driven from the reactor to the benchtop
spectrometer through tubing with a flow system. The analyzed volume can be driven back to
the reactor, forming a bypass loop and keeping the volume constant (online) or driven to a
second reactor, a waste, etc. (inline). The simplest setup is a bypass loop, which is usually not
controlled in terms of temperature or any necessary feature for the reaction which is only
available inside the reactor (e.g. gas bubbling, light exposition, solid support/catalyzer, etc).
Consequently, inside the bypass section the reaction can be delayed or even cancelled. This is
why tubing should be as short as possible to minimize the residence time outside of the
reactor. For this reason, benchtop NMR spectrometers are more favorable than their
superconducting counterparts for online monitoring, since high-field magnets require longer

tubing. Singh et al. [116] reported multiple monitoring of an acetalization reaction in order to



investigate several parameters on the reaction kinetics. They also compared the monitoring of
this reaction by online benchtop NMR (43 MHz) with offline high-field NMR (400 MHz) and gas

chromatography, shown in Figure 20.
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Figure 20. Comparison of an acetalization reaction monitoring: by online benchtop NMR (43 MHz), offline high-
field NMR (400 MHz) and gas chromatography.

Reaction kinetics were found extremely similar for the three approaches. However, benchtop NMR has
the advantages of providing more kinetic points, is much less human-time consuming and is cheaper
than the other techniques. These reasons make benchtop NMR a relevant and accessible device for
monitoring purposes. A last advantage of performing NMR in flow conditions consists in taking
advantage from the "inflow effect" [32]. Indeed, during the repetition time of the experiment, the flow
brings freshly non-excited polarized spins within the sensitive volume. Properly exploited, this effect
allows to accumulate NMR scans at a higher rate than in static conditions and so increase the sensitivity

over time [117].

7.2. NMR strategies

The broad variety of NMR pulse sequences that have become available on benchtop spectrometers
also helped broadening their potential applications to monitoring. Two families of pulse sequences are

particularly relevant for flow conditions and reaction monitoring:

e Signal suppression pulse sequences for saturating the solvent peak(s) that may cover pertinent

regions of the NMR spectra as well as induce dynamic range issue [32]. For example Soyler et
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al. [118] reported the online monitoring of the sucrose hydrolysis. Although they were close
to the water peak, sucrose and free glucose proton signals were well-resolved and could be
efficiently integrated for the reaction monitoring, thanks to the use of the WET-180-NOESY
pulse sequence [32].

e UF pulse sequences which can record multidimensional spectrain a single scan [69,73]. Indeed,
the classical way of acquiring multidimensional spectra suffers from the evolution of the
sample during the reconstruction of the indirect dimension and can lead to spectral
distortions. The suitability of using an ultrafast pulse sequence for reaction monitoring was
reported by Gouilleux et al. [73]. The authors monitored a Heck-Matsuda reaction in a tube
with a UF COSY pulse sequence (Figure 21). This approach was further applied under flow

conditions [34], showing as expected a significant acceleration of reaction rates upon stirring.
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Figure 21. Monitoring in a tube of a Pd-catalyzed Heck-Matsuda reaction by benchtop NMR spectroscopy (43
MHz) through the UF COSY pulse sequence. A is one *H-H UF COSY spectrum at 26 minutes of reaction in the
middle of the reaction where both reactant (blue) and product (pink) peaks are visible and labelled. B compiles
the reactant and product monitoring curves over time. Adapted with permissions from [32].

In addition to these pulse sequence strategies, hyperpolarization methods (Section 5) are also
expected to significantly impact reaction monitoring. Gotowicz et al. reported an impressive
combination of hyperpolarization with pulse sequences, applied to online monitoring [99]. Cleverly

combined a para-hydrogen flow setup (Figure 22.A) with 2D Double Quantum Filter (DQF) COSY pulse
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sequences accelerated by NUS (Figure 22.B). The authors managed to observe the hydrogenation,
enhanced by the H, hyperpolarization, of ethylphenyl propiolate to (Z)-ethyl cinnamate and ethyl

2-butynoate to (Z)-ethyl crotonate.
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Figure 22. Online monitoring of a hydrogenation reaction with benchtop NMR (43 MHz) enhanced signal by
para-hydrogen flow setup. A: scheme of the flow setup using a enriched para-hydrogen gas bubbling in the
reactor. The benchtop NMR is connected to the reactor by a bypass loop. B: monitoring of the (Z)-ethyl
cinnamate signal through interleaved H (blue) and *H-'H DQF-COSY (red) pulse sequences. The use of
hyperpolarized H, enhanced the freshly-formed product signals and so the signal rapidly reaches a maximum
when the hydrogenation rate is maximum, quickly after (ca. 5 min) the injection of H,. The hyperpolarized
effect rapidly vanishes, the product signal decreases since there are less and less freshly-formed product. C:
Overview of three *H-'H DQF-COSY spectra at 3 different times of the reaction.

7.3.Integration in complex flow setup

Thanks to their ability to provide quantitative results, benchtop NMR spectrometers were successfully
used in several articles dealing with flow chemistry [56,119] in which they can easily provide reaction
yields. Benchtop NMR can also be considered as an analyzer in downstream of a liquid-state separation
technique. This application has been reported in the article of Botha et al. [57] in which they used inline
NMR spectroscopy as a detector of a Size Exclusion Chromatography (SEC). By combining the size
discrimination of SEC and the chemical shift information, authors were able to differentiate two

polymers with identical retention times and different chemical shifts.

Benchtop NMR spectroscopy can also be part of more complex flow setups. The integration of
benchtop NMR spectrometers in processes has been reported, often as proof-of-concepts before

being part of industrial large-scale processes [120—122]. As mentioned in section 6, Kern et al. were
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able to perform the inline monitoring of an industrial lithiation reaction [111]. The scheme of the
process is shown in Figure 23 in which benchtop NMR continuously analyzed the stream product. The
resolution of their benchtop spectrometer (43 MHz) did not provide isolated signals for the involved
compounds and multivariate processing was thus used to extract the information (details given in
Section 6). By correlating benchtop NMR spectra to high-field NMR spectra (500 MHz) data, they
managed to build models for the prediction of the monitoring of the aniline (reactant), the 1-fluoro-2-

nitrobenzene (reactant) and 2-nitrodiphenylamine (product).
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Figure 23. Inline monitoring of an industrial lithiation reaction. Scheme of the set-up (top) and predicted
monitoring curves (bottom) of the analine, the 1-fluoro-2-nitrobenzene (oFNB) and the lithium 2-
nitrodiphenylamine (Li-NDPA). Two different multivariate processing were used corresponding to the full and
empty marks in the graph.

Real-time process monitoring also provides interesting options to control reaction parameters, for

instance to determine the optimal moment when a reactant should be added or a parameter modified.
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Such process control could even be completely automatized through intelligent algorithms. This
requires to automatize both data acquisition and processing steps and to link the resulting data to an
operation of the process. Flow chemistry has laid the first stone in developing self-automatizing
machines for reaction optimization. Sans et al. [119] demonstrated the implementation of a feedback
algorithm based on NMR spectroscopy data to optimize an imine synthesis. The reaction was repeated
in varying the parameters (molar fraction in reactant, residence time in reactor). The yield was then
calculated from the resulting *H NMR spectrum. The algorithm analyzed successive NMR spectra to
tune the reaction parameters in order to obtain the best yield with the highest concentration of the
starting aldehyde and with the minimum residence time. Such feedback algorithm was also used in a
study by Cortés-Borda et al. [123] for the self-optimization of crucial reaction steps in the production
of carpanone. Inline benchtop spectroscopy was used to determine the reaction yield, the latter being
used in a feedback loop with optimized algorithms to adapt the reaction conditions, resulting in an
intelligent flow chemistry setting (Figure 24). Such approaches based on benchtop NMR are at their

early stage but would certainly be an asset for the future of process industry.
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Figure 24. Setup of the self-optimizing process of the product 8. The algorithm changes and optimize the
temperature and the residence time in the reactor. Graphs represent the contribution of the two reaction

parameters on the yield or on the productivity.

7.4.Bioprocess monitoring

Benchtop NMR spectroscopy has also showed great potential for the monitoring of bioprocesses.

Bioprocesses involve living organisms to perform operations such as fermentation. Consequently,

bioprocesses usually involve suspended biomass which is detrimental to the quality of NMR spectra.

In particular, the sample inhomogeneity may lead to dramatic losses in magnetic field homogeneity

which affects the lineshapes, resulting into broader NMR signals. However, performed on reasonably

concentrated sample, the slight broadening of NMR peaks does not prevent the detection of relevant

peaks, as highlighted by the study of Kreyenschulte et al. [124] who monitored fermentation processes

through online benchtop spectroscopy. The setup scheme and the monitoring curves are shown in

Figure 25, demonstrating the ability of benchtop NMR to monitor extracellular compounds in a
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suspension medium by a very simple setup. Simultaneously, the alkyl protons of intracellular lipids also
gave rise of a NMR signal and their concentration could be monitored. All the monitored

concentrations were successfully correlated to an offline technique.
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Figure 25. Online monitoring of Ustilago maydis fermentation process through benchtop NMR (43 MHz)
spectroscopy. The consumption of glucose and the production of itaconic acid are known in real-time.
Intracellular lipid protons are also detectable and their concentration can be monitored. Adapted with

permissions from [124].

Analyzing intracellular compounds in a non-invasive fashion is not easily performed with other
analytical techniques. In this field, Bouillaud et al. [125] developed an innovative approach to monitor
intracellular lipids by studying, through benchtop NMR, the accumulation of intracellular lipids in
microalgae bioprocess (Parachlorella Kessleri). After the implementation of an appropriate water
suppression pulse sequence (see section 4), the water peak SNR was reduced by a factor of 27,000,
allowing to detect weak intracellular lipid peaks (Figure 26). Intracellular lipids were monitored
through the CH; lipid signal. Data were coherent with an off-line reference technique (fatty acid methyl
ester analysis by gas chromatography). It should be noted that no other analytical techniques were
reported to monitor intracellular lipids without high biomass concentration and significant multivariate
processing. Therefore, benchtop NMR spectroscopy opens relevant perspectives in the domain of
bioprocesses. As suggested above for chemical processes, the integration of benchtop NMR data to
feedback algorithm could be a game-changer for bioprocesses condition optimization. Finally, the
incoming developments of spectrometer hardware, especially the increase of the magnetic field
strength, will make the technology more and more sensitive and resolved, allowing to monitor more

analytes at lower concentrations.
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Figure 26. Online monitoring of microalgae bioprocess by benchtop NMR spectroscopy (43 MHz). A simple
bypass loop connect the photobioreactor with the benchtop NMR. The resulting 'H spectra are recorded with a
water suppression pulse sequence (W5) and highlights the accumulation of intracellular lipids over the course
of the time.

8. Applications to quality control and profiling

Apart from reaction and process monitoring, the second area where benchtop NMR is widely used is
the quality control of complex samples through profiling approaches. Such approach has found
applications in food science, but also in forensics and pharmaceutical sciences, with promising recent

perspectives in clinical metabolomics.

8.1.Quality control in food science

Low magnetic field NMR has been used for decades in food science through relaxometry, which
explains why benchtop NMR spectroscopy has easily found applications in this field. In particular, it
has been used to detect the adulteration of vegetable oils, whose purity and authenticity have been
long-standing concerns. Indeed, the international demand is increasing, resulting in common
adulteration procedures that consist in adding cheap oils in a high priced oil, this adulteration is a major
problem for consumers who find themselves paying a very high price for a cheap oil. NMR offers an
interesting alternative to chromatographic methods, since it requires simplified sample preparation
and data analysis. Benchtop NMR is particularly promising in this area owing to its low cost and

compact nature.
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Olive oil is an illustrative example, since its price can vary from a few euros to a few dozen euros per
liter. The first study in this field was performed by Riegel et al. who studied the adulteration of olive
oil by soybean oil [126]. These two oils are relatively different since olive oil is mainly composed of
monounsaturated fatty acids and a small amount of polyunsaturated, whereas soybean oil contains
between 50 and 60% polyunsaturated fatty acids, with linoleic acid being the main component.
Therefore, it becomes quite easy to differentiate between olive oil adulterated with soybean oil since
it will present a much more intense bis-allylic region (2.5-3 ppm). An investigation was carried out on
olive oil solutions in CDCl; in which a quantity of between 0 and 60 %v/v of olive oil was incorporated.
Measurements were carried out on a 60 MHz spectrometer, thus presenting a low resolution, but
making it possible to differentiate the different classes of fatty acids. A simple integration of the bis-
allylic proton signals relative to total of integration of the different compounds allowed to plot a
calibration curve to determine the percentage of added soybean oil. A second study was conducted
on the addition of hazelnut oil [127]. Twenty extra virgin olive oils and ten hazelnut oils were purchased
from various UK retailers in two chronologically separated batches. Mixtures were prepared by
combining varying amounts of hazelnut and olive oils, in which the hazelnut oil component simulated
an adulterant in the olive oil. In this paper, 144 mixtures of olive oil and hazelnut were made and
analyzed using a benchtop spectrometer operating at 60 MHz. A multivariate chemometric approach
allowed to differentiate the two oil groups thanks to their NMR spectra. The separation was attributed
to the much more intense olefinic region (5-5.5 ppm) for hazelnut oils compared to olive oils (Figure
27), and results suggested that a simple peak ratio could be sufficient to separate the two groups of

oils.
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Figure 27. Expansion of the olefinic and glyceride region (3.6-5.8 ppm) for 60 MHz 1H NMR spectra of the pure
olive and pure hazelnut oils only. The spectra have been aligned and the spectral intensity scaled to the
glyceride peak maximum. Hazelnut oil gives increased olefinic peak intensities. Reproduced with permission
from [127]

Other edible oils were also studied by benchtop NMR, such as perilla oil that is also prone to
adulteration by soybean oil [128]. *H NMR spectra recorded at 43 MHz allowed to discriminate
between the authentic and adulterated oil above a 6% adulteration threshold. A more challenging case
was tackled by McDowell et al. who studied mixtures of Refined Rapeseed Oil (RRO) and Cold Pressed
Rapeseed Qil (CPRO) [129]. These oils are very similar in terms of fatty acid composition, most of the
variation between these two oils comes from the unsaponifiable fraction which remains in the oils
after either cold pressing or industrial extraction. Moreover, SunFlower Qil (SRO) can be an additional
candidate for adultering CPRO. By integrating the spectra of 90 binary mixtures of CPRO and RRO or
CPRO and processing them with PLS-R, the authors showed that SRO adulteration could be easily
detected above a 12% threshold (versus 8% at high field), while RRO adulteration was difficult to

detect, both at high and medium field.

While most oil adulteration studies rely on 1D proton NMR, Gouilleux et al. suggested to boost the
approach by relying on pulse sequences that can better separate overlapped resonances, such as
ultrafast 2D COSY [13]. The classification of vegetable oils from 6 different botanical origins was
achieved by PCA analysis. 1D proton NMR was compared to UF COSY at 43 MHz with the same
experiment time per spectrum (2.4 min). The authors showed that UF 2D NMR provided a much better

group separation than 1D NMR on a PCA plot (Figure 28), which could be attributed to the reduced
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peak overlap. A PLS calibration model was used to predict the levels of adulteration on olive oil by

hazelnut oil.
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Figure 28. lllustration 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 with permission from [13].

Apart from oils, other categories of food products are likely to be adulterated. Jakes and al. decided to
create a method to differentiate horse versus beef meat based upon comparison of tryglyceride
profiles using a benchtop NMR spectrometer [130]. The two groups of meats were analyzed in two
different laboratories, and were well separated on PCA plots obtained from both benchtop datasets.

In another study, Gunning et al. showed that the adulteration of more expensive Arabica coffee by
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cheap Robusta could be detected by benchtop NMR [131]. Complementary high-field NMR and MS
analysis were necessary to show that 16-Omethylcafestol was an indicator of the presence of Robusta
beans in the sample. The limit of detection of Robusta in Arabica was estimated to 10-20 %w/w for

benchtop NMR while it is valued at 1-3 %w/w for acquisitions at high magnetic field [132].

8.2.Quality control in other fields of industry

While benchtop NMR in industry has been mainly used for food science applications, it also offers great
promises in other areas of industry. By being compatible with the demanding environment of
production lines, benchtop NMR can be a convenient tool for the quality control of end products. For
example, Singh and Blimich reported the development of a model to evaluate the quality and
homogeneity of raw rubber from benchtop NMR spectra [133]. Styrene-butadiene rubber (SBR) —
composed of 4 different units: styrene, vinyl, trans and cis 1,4-butadiene— was studied at 1T through
'H and 3C acquisitions. Styrene and vinyl were identified by 1H NMR while cis and trans butadiene
were identified by 3C NMR. Partial least-squares regression in combination with 1D *H was used to
quantify the styrene, 1,2-butadiene and 1.4 butadiene units that formed SBR. PLS-R models were
generated from 32 H LF spectra of different SBR, then tested with 15 others spectra for which the
concentration of SBR was known. Standard deviations as good as 1-2% were reported, opening

interesting application perspectives of benchtop NMR in tire industry.

8.3.Pharmaceutical sciences and forensics

Benchtop NMR has been widely used for the profiling and control of pharmaceutical and illegal
substances. One of the simplest methods is to qualitatively study the NMR data obtained. For this
purpose, the most obvious approach is to rely on databases to identify the structure of known
compounds [43]. In some cases, a complete structural elucidation can also be carried out [12].
Resulting spectra can also be used to quantify the active pharmaceutical compounds in a drug, to make
sure it has not been falsified or deliberately mislabeled. For example, studies have been conducted on

food supplements and sexual enhancement drugs [43] with both high- and medium-field NMR
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spectrometers to allow a comparison of the accuracy and precision of the quantification. Analysis
showed that almost all formulations were falsified, and that adulterant could be detected in ca. 20 min
at 60 MHz after a rapid sample preparation. Quantification with an internal standard showed a good
accuracy (better than 10%) in that study. In another study, the same authors also analyze medicines
for erectile dysfunction and for the treatment of malaria [12]. A qualitative analysis revealed that many
samples contained APIs that were not indicated on the packaging or were different from those claimed.
The amounts of falsified products could be accurately determined with a detection threshold as low
as 0.2 mg of active compound for a 100 mg tablet. This shows that benchtop NMR has the ability to
detect drugs which have been deliberately falsified with a small percentage in order to be able to pass
the field tests. A complementary quantification approach for pharmaceutical compounds was also
demonstrated in an educational context [134]. The study aimed at measuring the ratio of active
products in over-the-counter drugs. It began with measurements on pure compounds by students.
Then, proportion of compounds in home-made and commercial samples was determined by a simple
integration ratio between the different compounds in the sample. The results mentioned in these
studies anticipate that benchtop NMR spectrometers could be used in governmental agencies, in the

field of pharmaceutical fraud detection.

Recently, benchtop NMR was also used in the field of forensics and more particularly for the
characterization of New Psychoactive Substances (NPS). NPS are molecules derived from legal and
commercial drugs which have been misused or whose structure has been slightly modified. As a
consequence of these chemical modifications, these toxic and carcinogenic compounds are not
controlled under the International Drug Control Conventions, and their legal status is not defined. The
growing occurrence of these molecules on the European market is an alarming threat for public health
because they are widely consumed during festive events as recreational drugs and their use could lead
to death by overdose. In this context, there is an urgent need to regulate NPS, and the accessibility of
benchtop NMR is particularly appealing to law enforcement agencies. In this context, Assemat et al.

showed that benchtop NMR could be used to identify and quantify mixtures of NPS present in herbal
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spices rom custom seizures [135]. Although peaks were highly overlapped, spectra provided valuable
clues on the chemical structures of synthetic cannabinoids with the detection of characteristic signals.
Still, full structural elucidation was not possible, highlighting the limitations of benchtop NMR. The
authors suggested that this limitation could be partially circumvented by relying on a complementary

set of 2D acquisitions.

Alternatively, molecular databases could offer an efficient way to circumvent spectral resolution issues
that prevent the use of benchtop NMR to elucidate the structure of NPS. A convincing example relates
to the development of an automated algorithm for spectral recognition of NPS [136]. NMR spectra of
compounds were collected using an 80 MHz instrument. The reference library consisted of 302 spectra
altogether for different classes of NPS. Then, 432 seized samples were analyzed by GC-MS and NMR
for cross validation. 'H NMR analysis nicely matched the GC-MS results for 93% of the seizures. This
example highlights the relevance of combining benchtop NMR with databases, and such combination
could be made even more efficient when databases contain high field NMR data. Capitalizing on such
a strategy, Zhong et al. 12 drugs and their derivatives were analyzed by high field NMR to create a
library [137]. Subsequently, two samples from seizures were analyzed by a benchtop NMR operating
at 80 MHz and compared to high field spectra. This allowed the identification of morphine and

acetylcodeine for MMA and MDMA, respectively (Figure 29).
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Figure 29. The 1H NMR spectra for S2, MDMA, MAM, and KE. Reproduced with permission from [137]
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The above-mentioned examples highlight the capabilities of benchtop NMR as a qualitative method
for the analysis of drugs. They also shed light on their limitations in terms of structure elucidation, and
on the potential usefulness of databases that can be used regardless of the magnetic field. To facilitate
the comparison between high-field and medium-field databases, a technique called Quantum
Mechanical Spectral Analysis (QMSA) was recently suggested [138], which makes it possible to
transform a spectrum obtained at a high magnetic field into a spectrum obtained at another magnetic
field. This could push towards a more general joint use of benchtop NMR and databases in forensic

laboratories.

8.4.Metabolomics

Metabolomics, or metabolic profiling, is the systematic study of the unique chemical imprint left by
biological processes during metabolism. NMR is one of the two major analytical tools in metabolomics,
and NMR metabolic profiling has been constantly evolving in the last two decades thanks to numerous
methodological developments [139]. The typical NMR metabolomics workflow require high field
spectrometers (eg. 600 MHz), with high-field spectra being analyzed through statistical approaches to
highlight biomarkers of a specific conditions. However, the cost and complexity of high-field NMR
equipment has limited the use of NMR in hospitals, contrary to mass spectrometers which are more
widely used in a clinical context. Benchtop NMR could possibly play a significant role here, certainly
not to elucidate the structure of a new biomarker, but rather when considering untargeted approaches
which aim at separating sample groups for classification purposes such as diagnosis. With such
fingerprinting strategies, bucketing of the *H NMR medium-field spectra could provide sufficient
information for group separation. This is particularly the case when sample amounts are not too
limited, and the food authentication examples mentioned above already pertain to such “omics”
approaches. In the clinical world, benchtop NMR entered the field of metabolomics in 2015 with a
study on diabete biomarkers [140]. A first trial was conducted at 60 MHz on 24 patients, including 10
with type 2 diabetes and 14 healthy patients. A typical metabolomics workflow was applied, and PCA

analysis made it possible to differentiate between healthy and diabetic patients (Figure 30). Further
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statistical analysis was used to determine the biomarkers allowing discrimination between the two
groups. The results showed that methylsuccinate (upregulated) and formate (downregulated) were
put forward as biomarkers of group discrimination, as well as other markers such as glucose, acetone,
3-D-hydroxybutyrate, acetate, N-acetyl storage compounds, citrate, creatinine and lactate. In addition,
the authors showed that urinary glucose levels could be quantified through the signal of a-glucose at
5.25 ppm. Quantitative results were very similar to those obtained at high field. Beyond this example,
the potential applications of benchtop NMR could be used for the rapid diagnosis of a large number of

diseases, relying on biofluids such as urine, blood or saliva.

10

°
5 o
2 ° Label-
e © @DIABETIC
t~ 0 f ®
= ~2°s
G Label-
T CONTROL ° °
-5
-10
-10 5 0 5 10 15 20
PC1 (64.94 %)

Figure 30. Principal component analysis (PCA) scores plot of PC2 (17.04% of total variance) versus
PC1 (64.94% of total variance) for a preliminary investigation of distinctions between healthy control
and type 2 diabetic cohorts, and also potential sample outliers. Color codings: blue, urine samples
collected from healthy controls; green, those from type 2 diabetes participants. The black points
represent scores plot centroids for the two groups explored. PCA was performed using XLSTAT2014
software, and the dataset was TSP-normalized, generalized logarithmically (glog)-transformed and

Pareto-scaled prior to analysis. Reproduced with permission from [140].
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