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General Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical tool, used in a wide
range of applications, from the elucidation of (bio)-chemical structures, to pharmaceutical,
biomedical or food sciences. NMR provides valuable structural, conformational, quantitative
and dynamic information on molecules and furthermore enables the determination of the
purity, the yield of enantiomeric excesses, isotopic ratios etc. Since the early days of NMR, the
pursuit of a better sensitivity and spectral resolution has led to higher and higher super-
conducting magnets, providing nowadays stable magnetic fields of up to 23.5 T (i.e., 1 GHz),
and higher values announced for the future. Combined with the development of cryogenic
probes, modern high-field (HF) spectrometers provide amazing analytical performances,
which enable the analysis of biological macromolecules as well as complex mixtures and low

concentrated substances.

The downside of this technological effort is a bulky and constraining instrumentation operated
by a specialized staff within a dedicated laboratory. Moreover, HF NMR is associated with a
heavy financial investment and with the need for cryogenic fluids (N2 and He), involving a high
operating and environmental cost. Overall, these economic and practical drawbacks
drastically hamper the use of HF NMR in production sites and synthetic laboratories at the
expense of other more accessible analytical tools such as liquid and gas chromatography,

Fourier-Transform Infrared (FT-IR), Near Infrared (NIR), Raman etc.

Recently, a new generation of low-field (LF) spectrometers, more compact, relatively low cost
and cryogen-free, has emerged as an alternative to high-field NMR, with practical NMR
devices capable of probing small and medium-sized molecules in a real-life working
environment. Indeed, these so-called “benchtop NMR” spectrometers provide numerous
practical assets such as the opportunity to work directly under a fume-hood and without
deuterated solvents thanks to an external lock-system. LF NMR devices now deliver multi
nuclear spectra whose quality has been greatly improved over the last few years. This has
recently enabled successful applications, especially in the fields of process monitoring and

quality control [1, 2].



Obviously, the use of a low static magnetic field B - typically 1 — 2 T - involves a significant
reduction of the performance in terms of sensitivity and spectral resolution. The spectral
width in frequency is indeed reduced leading to overcrowded spectra with numerous peak-
overlaps. Furthermore, strong couplings - commonly encountered in LF NMR - and the use of
protonated solvents make the identification and quantification of chemical compounds far
more complicated. In turn, two-dimensional (2D) NMR, has already been set up on LF
spectrometers to outmatch this inherent limitation of the 1D 'H experiments. Unfortunately,
the potential of 2D NMR is associated with an intrinsic long acquisition duration, arising from
the need to sample the frequencies involved in the indirect dimension through numerous 1D
experiments in a time-incremented fashion. This long duration makes 2D NMR ill-suited for
most of the benchtop NMR applications where kinetic monitoring and high-throughput
analyses are required. Some modern NMR methodologies, well-known from HF NMR, would
be relevant in such a context. Counting among them, Ultrafast (UF) 2D NMR, which is capable
of delivering an arbitrary 2D spectrum within a sub-second experiment, makes 2D
experiments compatible with the time constraints of benchtop NMR appliances. Moreover
recent solvent suppression tools simplifies the spectra by selectively reducing the huge and
bulky solvent signal(s). While these methodologies are well-recognized at high field, they have
never been reported on a benchtop spectrometer, as they require specific hardware and

substantial work for the implementation at low-field.

The aim of this thesis — positioned within the “ResoNantes” project funded by Région Pays de
la Loire — is the implementation of these aforementioned modern NMR methods on such a
compact NMR apparatus to improve its analytical performance and to extend its scope of
applications. These experiments are performed on the first benchtop spectrometer equipped
with a gradient coil, a crucial prerequisite to the implement of modern NMR experiments. The
introductory part A reports the current state-of-the-art of LF NMR spectroscopy in terms of
instrumentation, methodology, performance along with examples of applications. In addition,
two reviews are proposed: one on fast multidimensional NMR methods in general, followed
by a second one focused on UF 2D NMR . Part B deals with the objectives of this three-years
PhD and the framework in terms of soft/hardware resources to conduct this project. In part
C, we discuss about the implementation of UF NMR and gradient-based solvent suppression

methods on a 43 MHz compact NMR spectrometer. These methodological efforts enabled



various applications in the fields of reaction monitoring and quality control, which are

highlighted in part D.

The present thesis is based on a compendium of research and review articles written in the
course of the three-year PhD. The published and accepted ones have been evaluated by expert
researchers in the field of NMR spectroscopy from well-recognized peer-reviewed
international scientific journals. Some of them are not present inside the body of the
manuscript but are available in appendix. Complementary bibliographic sections, descriptions
and commentaries have been introduced to tie these articles together into a coherent

ensemble.



A. Literature Review

1. State-of-the-art of compact NMR spectroscopy

1.1.Why using compact NMR spectrometers?

HF NMR spectrometers, relying on stable superconducting magnets provide invaluable
chemical insights in a variety of situations and play a central role in analytical chemistry.
However, the size of these magnets and safety requirements keep HF NMR away from the
synthetic laboratories and from production settings. As a result, NMR users waste a large
amount of time due to the queue before measurement and by bringing their sample to the
machine in the dedicated room. The use of NMR would be more convenient if the NMR
spectrometer was directly located in the working chemistry laboratory, for instance, close to
the UV-visible spectrometer or to the gas chromatograph (GC). The great and recent
improvements on the cryogen-free permanent magnets meet this need for NMR devices on
the workbench. These new compact spectrometers provide Bo magnetic field with a sufficient
homogeneity to resolve the chemical shifts thus providing significant advantages. First of all,
such benchtop NMR devices can be used in situation where the resolution and the sensitivity
of a superconducting magnet is not required. This would take a part of the workload of the
overbooked HF spectrometers. Moreover, being compact enough to be placed under a fume-
hood, this technology opens new opportunities for NMR analysis of hazardous compounds,

reaction and process monitoring [1-3], product control [1, 4] and even for teaching [5].

1.2.Technological and Methodological developments

Originally, permanent magnets were as large as superconducting magnets are today, and the
attempt to reduce their size systematically led to magnets with very poor homogeneity and
resolution. It turns out that benchtop NMR systems commercially available for more than
three decades, also known as time-domain spectrometers or relaxometers, have only been
used for applications based on relaxation time measurements referred as time-domain (TD)

NMR in contrast to NMR spectroscopy or Fourier transform (FT) NMR. This situation has



changed during the last few years thanks to huge efforts addressed to improve magnet design
and field shimming strategies, which have led to the successful measurement of sub-parts-

per-million resolution spectra with compact instruments [6].

1.2.1. Permanent Benchtop magnet configurations

There are two main arrangements that are commonly encountered for compact and
permanent magnets. The first design consists of two parallel plates as magnetic poles, which
are mounted within an iron yoke. The amount and type of magnetic material used in the
parallel plates combined with the pole gap, determines the static field strength Bo between
the two poles (figure A.1a). The sample is located in a solenoid radio frequency (RF) coil so
that a B field is generated along a direction perpendicular to the Bo-direction [4]. Another
arrangement that has become more and more popular in the field of benchtop NMR is the
cylindrical Halbach design [7, 8]. In this design, the two poles are replaced by a series of small
polarized magnetic blocks, which are placed in a circular pattern. The direction of polarization
of each block is rotated slightly relative to its immediate neighbors. Similar rings of polarized
block are built and then stacked in order to achieve a cylindrical magnet (figure A.1b). The
working volume allows the insertion of a 5 mm NMR tube within the magnet where the static
Bo field is transverse to the tube. A solenoid RF coil is located inside the cylindrical magnet,
generating a B; field perpendicular to Bo. Recently, great improvements in shimming this
magnet design were reported [9]. The central ring provides the main static field while the
displacement of the outer rings along the z-axis is used to shim By along the axial direction.
Thanks to this mechanical solution combined with fine corrections performed by electrical

shim coils, these improved Halbach magnets lead to a highly homogeneous field [6, 10].
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Figure A.1. Permanent magnet configurations. (a): Parallel plate magnet in which, Bo magnetic field is
generated on the z-axis between the pole pieces (light gray). Shim and gradient plates (medium/dark
gray) can be included. The sample is placed in a solenoid rf coil (blue) which generates a B; field
perpendicular to Bo. Figure 1la reproduced from Ref. 4. (b) Cylindrical Halbach design combining
magnet blocks with trapezoidal and rectangular cross sections. Left: 3D sketch of the magnet array.
Right: Cross section of the cylindrical magnet showing the different geometries of the pieces mounted
with their corresponding polarization directions, indicated by black arrows, required to generate a
homogeneous magnetic field Bo in the magnet bore. Figure 1b reproduced from Ref. 6.

1.2.2.Overview of the technical characteristics and market situation

Today’s benchtop NMR systems share common features. All the systems rely on permanent
magnets, which are cryogen-free, compact (with varying degrees), generating homogenous
fields with a strength between 1 — 2 T (i.e. from 43 to 82 MHz). Moreover, based on
thermosensitive materials such as neodymium-iron-boron (NdFeB) or samarian—cobalt
(SmCo), these permanent magnets suffers from poor temporal field stability arising from the
temperature variations. Even if SmCo provides a weaker temperature coefficient compared to
NdFeB, an efficient control of this parameter is required and set up by the different
manufacturers. Besides the temperature control, they offer the capability of correcting the
residual temporal magnetic drift without the need of deuterated solvents by either an external
lock system or via intern algorithms. Nowadays, these modern benchtop systems are
commercialized essentially by four companies: Magritek, Oxford instruments, Nanalysis and
Thermo Scientific (figure A.2). Nevertheless, the compact spectrometers proposed by the
different manufacturers provide a different analytical performance and can be distinguished
in terms of weight, field homogeneity, probes, lock systems, NMR tubes and accessories.

These technical characteristics are overviewed in the following references [1, 11].



Figure A.2. Overview of the main benchtop NMR spectrometers currently available in 2017. (a):
“Spinsolve” (Magritek) [12] ; (b): “Pulsar” (Oxford instrument) [13]; (c) “picoSpin” (Thermo Scientific)
[14] and (d): “NMReady” (Nanalysis) [15].

1.2.3.1D and 2D NMR experiments

Benefiting from the capability of resolving the chemical shift, compact NMR spectrometers
provide different choices for 1D and 2D experiments and different probed nuclei such as H,
2H, 1F, 13C, 3!P and even more “exotic” nuclei such as ’Li and !B [1]. Moreover, experiments
performed on *°N — a nucleus in very low natural abundance - were reported by hyphenating
LF NMR spectroscopy and para-hydrogen hyperpolarization with reversible exchange (SABRE)
[16, 17]. This plurality of probed nuclei makes compact NMR spectroscopy a versatile tool in
different research areas (figure A.3). Indeed, nuclei such as *°F (figure A.3c) and 3'P
experiments (figure A.3d) - well recognized in HF NMR in pharmaceutic industry, metabolism
studies and phospholipids analysis - provide alternative solutions thanks to their 100 % natural
abundance and their higher spectral widths compared to 'H while the crowded 'H spectra

suffer from overlaps [18].



e W
( a) H3(12 3 0 CH; (b) H109\
—2 17— CH,

4\ /BT

1 (o] 3—4 15—16 14,15

20 \ / 13

5—6\ 13—14 s

7—8 11—12

— / 11

=10 i

Pa 3
10 16l 17 18

1

Jw«

jefitoantomuieiby NN WSt it HWWMNWMMMMMJJWJLM

i)

1.06—
1 099
2,00

@
~
a
w
1 Ll
w
N o 297
-

190 180 170 160 150 140 130 120 110 100 S0 80 70 60 50 40 30 20 10
(c) (d)
F
| 0
3 F
P W I
5 1 _PH
| | HO
6 =2
AEEING TN
Br 4 F
125 -130 -135 -140 -145 -150 -155 -160 -165 -170 200 150 100 50 0

Figure A.3. Panel of 1D spectra of different nuclei obtained with compact spectrometers. (a): *H spectrum of ethyl crotonate recorded in a single scan at
43 MHz (i.e. 1 T), 250 mM in CDCls. (b): 3C spectrum of oleic acid recorded at 15 MHz (i.e. 1.4 T) in 34 min, 1 M in CDCls. (c): °F spectrum of neat

5-bromo-1,2,3-trifluorobenzene recorded at 41 MHz (i.e. 1 T) in a single scan. (d): 3P spectrum of phenyl phosphinic acid recorded at 17.5 MHz (i.e. 1 T) in
2.7 min, 300 mM in D,0. All these spectra are available online via this webpage [19].



Numerous multi-pulsed NMR experiments, well-known from HF NMR spectroscopy have been
implemented on compact spectrometers [1]. Compact devices, including multichannel probes,
provide useful 1D hetero-nuclear experiments such as insensitive nuclei enhanced by
polarization transfer (INEPT), distortionless enhancement by polarization transfer (DEPT),
especially valuable in 3C NMR for sensitivity enhancement and J-edited spectra. Furthermore,
the improved temporal stability of the magnetic field allows the acquisition of proper 2D
interferograms. The resulting 2D spectra, which can be acquired in routine on the most recent
LF spectrometers, provide structural insights and potentially alleviate the peak-overlaps
generally encountered in the low-field 'H spectra. For instance, the J-resolved sequence leads
to a significant simplification of a crowed spectrum by 45° tilting the multiplets centered at
the different chemical shifts for separating Ju-+ and chemical shifts along each dimension. This
enables an accurate measurement of couplings generally hard to decipher from 1D data. For
instance, this approach was applied to measure the residual dipolar coupling at 1 T for
differentiation of enantiomers [20]. In addition, 2D homonuclear correlations as COSY
(COrrelation SpectroscopY) and TOCSY (Total COrrelation SpectroscopY) are nowadays
available on compact spectrometer both in *H and *°F. In 2D heteronuclear, a large panel of
experiments are nowadays implemented screening different range of scalar correlations:
HETCOR (HETeronuclear Correlation), HSQC (Heteronuclear Single Quantum Coherence),
(Heteronuclear Multiple Quantum Coherence) HMQC and HMBC (Heteronuclear Multiple

Bonds Correlation) as illustrated in figure A.4.
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Figure A.4. 2D spectra of 1.75 M ethyl crotonate in CDCls acquired at 43 MHz. For the peak assignments
see figure A.3a. (a) Homo-nuclear H-'H COSY spectrum recorded in 10 min. (b) *H-*C HETCOR
spectrum recorded in 5.6 h. (¢) *H-13C HSQC spectrum recorded in 10 min. (d) *H-3C HMBC recorded
in 67 min. The figure is reproduced from Ref. 1.

1.3.Performance and limits of LF NMR spectroscopy

1.3.1.Sensitivity and Resolution

The technological improvements of permanent magnets open exciting opportunities.
However, working with a low Bo field involves an inherent reduction of the analytical
performance. First, the amplitude of the NMR signal is reduced when the magnetic field
strength decreases. Besides the reduction of the sensitivity, the resolution is also altered.
Indeed, while the frequency differences of resonances are field dependent and decrease with
magnetic field strength, the spin coupling leads to line splitting independent of the magnetic
field strength. In turn, multiplets centered at different chemical shifts are clearer separated at
high-field than at low-field so that LF spectra are more difficult to interpret.

Yet, the high homogeneity of the modern permanent magnets leads to sharp peaks (full width
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at half maximum (FWHM) typically < 1 Hz), thereby balancing the intrinsic low spectral width
in Hz and enabling the characterization of small molecules (figure A.5b). In terms of sensitivity,
the recent Halbach magnet described in section 1.2.1 deliver a signal-to-noise-ratio (SNR) of a
single scan measured for neat water about 200 000 and a limit of detection of few mM
measured on a small molecule is reported [6]. Overall, LF NMR spectrometers deliver a
sufficient sensitivity and resolution to elucidate the structure of pharmaceutical compounds
such as ibuprofen, aspirin, lidocaine etc. in reasonable concentrations. Along with this
statement, Figure A.3a shows how a 1 T compact magnet is able to characterize properly in a
single scan a sample of ethyl crotonate at 250 mM. Nevertheless, the situation becomes more
complex in the case of mixtures of compounds or higher sized molecules where there is a high
probability for encountering strong overlaps making the identification unsuitable. In addition,
medium-sized molecules, especially the ones with straight aliphatic chains involve tricky 'H
spectra (figure A.6d). This is further emphasized by the presence of strong coupling as

described in the following section.
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Figure A.5. Left panel: Comparison of LF and HF spectra of a small molecule. 'H spectra of 3-bromo-
ethylpropionate in acetone-d6 recorded in a single scan at 400 MHz (a) and at 43 MHz (b).
Right panel: Comparison of LF and HF spectra of medium-sized molecules. On the top: scheme of
triglycerides present in edible oils, R; corresponds to the fatty chains. 'H spectra of a peanut oil sample
dissolved in CHCls; recorded at 400 MHz (c) and at 43 MHz (d).
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1.3.2.Strong coupling

When the frequency difference Av between two coupled nuclei has the same magnitude as
the scalar coupling constant, i.e. Av = | , second order coupling — usually called “strong
coupling” - appears. For a given spin system, as the frequency difference decreases with the
reduction of the field strength while scalar coupling constants remain unchanged, strong
couplings are commonly encountered in LF NMR spectroscopy. This leads to tricky effects,
which are misleading for structural characterization and involves “strong coupling artifacts” in

2D experiments containing 180° refocusing pulse within the ti-evolution [21].

In order to reveal the most important features of this phenomenon, we start with a brief
theoretical description based on the energy levels applied to a strongly coupled two spin-
system, noted AB. If the weak coupling condition does not hold, the simple product
wave functions are no longer the eigenfunctions of the system. It turns out that in the AB
system, the two levels (2) and (3) where the total magnetic quantum number (m) is equal to

zero, are slightly shifted in energy and acquire the following mixed wave functions:

Y, = |aBf > cosB + | Ba > sin6 (A.1)

Y3 = | Ba> cosB — | aff > sinb (A.2)

The angle 6 is called the strong coupling parameter and is defined as:

sin 26 = %B i D=J(va+ve)?+ J% (A.3)

As the D value could be tedious to calculate, in practice the “strength” of the coupling is
estimated with tan 20 = |]AB/VA —VB|' The stage where strong coupling effects become

appreciable may be taken where tan 26 = 0.1. For instance, a two spin system split by 1 ppm
and coupled 7 Hz lead to a value of 0.02 at 400 MHz (no appreciable effect) and 0.16 at
43 MHz (consequent effect).
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The table | gives the frequencies and intensities of the four allowed transitions in the strong

coupling case.

Table I: Frequencies and intensities of the allowed transitions for an AB spin system.
2 =v,4+vg. (1) and (4) corresponds to spin states whose m = +1 and -1 respectively, while (2) and (3)
are spin states whose m = 0.

Spin Transitions Frequency Intensity
A (1)-(3) —-1/2D— 1/2X —1/2]sp 1 —sin26
A (2)-(4) —1/2D— 1/2X4+1/2 )45 1+ sin26
B (1)-1(2) +1/2D— 1/2X —1/2]4p 1+ sin26
B (3)-1(4) +1/2D— 1/2X4+1/2]4p 1 —sin26

The expressions of frequency and intensity allow us describing the way the two-spin spectrum
changes as we go from the weak case AX trough the strong case AB. Indeed, the stronger is
the coupling, the higher are the inner lines whereas the outer ones gradually decrease (see
intensity columns of the table I. This well-called “roof effect” could be a clue to identify
coupling partners, but it may rapidly evolve in a strong distortion making multiplet analysis far
more complex, as illustrated in the aromatic region of the spectra in figure A.6. Moreover,
although the outer splittings remain equal to /45, the center of this doublet do not match
with the exact chemical shift value anymore. Therefore, a special care must be taken when

extracting chemical shift values from strongly coupled spectra.
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Figure A.6. *H spectra of ibuprofen recorded at 500 (top) and 43 MHz (bottom). It worth noting how
the strong coupling effect at 43 MHz makes unsuitable the analysis of the aromatic signals while
structural insights in this region are still provided at 500 MHz.

Even more spurious is the phenomenon of “virtual coupling” in which apparently first-order
multiplets contain false coupling information. In some cases, protons that are not actually
coupled will exhibit splitting. This phenomenon is involved in higher strongly spin systems than
AB and can be summarized as follows: when two or more protons are strongly coupled, then
any protons coupled to them will lead to multiplets with false coupling information on the
spectrum and/or unexpectedly complex multiplet structure. This phenomenon was
discovered as soon as the 60’s where low-field magnet were used [22]. Since then, virtual
coupling has been a source of complications for structural characterization [23]. This complex
feature is well illustrated by the potential impact of virtual coupling on the signal of methyl
groups. Indeed, methyl groups usually provide reliable simple multiplets in NMR spectra.
Unfortunately, if such a methyl group is coupled to a proton which is part of a strongly-coupled
system, then its NMR signal can become a more complex multiplet generating misleading

information (figure A.7).
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Figure A.7. Virtual coupling in an ABX3 spin-system where X3 is a methyl group. Evolution of the methyl
signal in function of frequency difference v,z between A and B. J4,5 = 10; Jgx = 7; Jax = 0. Note
that the CH; seems to be coupled with A as of v45 = 14 Hz while J,x is null. The figure is available
online via this webpage [24].

A last feature that should be addressed is related to the strong coupling artifacts encountered
in J-Resolved experiment as well as in constant time (CT) 2D experiments. Strong coupling
potentially leads to additional peaks in those 2D spectra making their interpretation
ambiguous [21]. Strong coupling artefacts arise from a mixing effect occurring when a 180°
pulse is applied within the evolution period. Indeed, besides the coherence inversion, a 180°
pulse causes a partial coherence transfer in a strongly coupled spin-system. The resulting
artefacts cannot be suppressed by phase cycling or pulsed field gradients, as the artefact

signals originate from the same coherence transfer pathway as the required signals.
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In summary, the strong coupling effect commonly encountered at low-field involves potential

drawbacks that should be taken into account when analyzing a LF spectrum:

This makes predicting or analyzing the spectra much more difficult than in the case of

weak coupling.

Both chemical shift values and scalar coupling constants measured on the spectrum
potentially do not match with the real ones from the electronic structures. This
spurious spectroscopic values can hamper the use of databases (generally built from

HF spectra) to signal identification.

In contrast to the weak coupling case, 180° pulses cause a partial coherence transfer

so that strong coupling artifacts occur in 2D J-Resolved and in 2D CT experiments.

Since the coupling and the chemical shift Hamiltonian do not commute anymore,

strong coupling makes harder a rapid analysis of pulse-sequences, even if a product

operator description of AB and ABX spin systems has been reported [25].
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2. Applications of low-field NMR spectroscopy

Compact NMR is widely applied in food science, technology and industry. The applications and
studies of low field NMR can be classified into the different great themes of NMR, namely
relaxation, diffusion measurement, spectroscopy and imaging. In the following section, we
focus on the recent application in LF NMR spectroscopy reported in the field of process

monitoring and quality control.

2.1.Reaction monitoring and Process Control

Reaction monitoring based on analytical spectroscopy provides essential kinetic and
speciation information in a variety of application fields, from organic and inorganic synthesis
to biochemistry and bioengineering [26]. It is therefore a major tool of interest for kinetic
studies as well as for the understanding of reaction mechanisms. Besides these academic and
fundamental applications, process monitoring through the use of process analytical tools
(PAT) has a growing relevance for chemical production and manufacture, especially in the
pharmaceutical, food and (petro-) chemical industries [2]. Counting among the PAT, NMR has
the great advantage of being non-specific, non-destructive and it does not require elaborated
sample preparations and calibration procedures [27]. Moreover, NMR spectroscopy exhibits
a strict linearity between the absolute signal area and the sample concentration, which is also
valid in complex matrices [3]. Based on all these assets, HF NMR has been successfully used in
(bio)-organic and pharmaceutical applications for monitoring chemical processes [28-31],
either directly inside the NMR tube [31-33] or by using a flow-NMR setting [27, 30, 34-40].
Moreover, the recent work for reaction monitoring performed in flow synthesis should be
highlighted [40-42]. Yet, it is striking to see that HF NMR spectroscopy — based on a bulky and
expensive equipment - has not reached the degree of compactness required for use in the
chemistry laboratory and in the production sites whereby safe, practical and cryogen free
systems are preferred to control the manufacturing processes. In this framework, there is a
huge need to develop tools based on compact NMR spectroscopy. The new generation of
benchtop spectrometers meets these economic and practical demands in bringing NMR
directly onto the work bench of the organic chemist or in being integrated within industrial

process lines. The present section aims at emphasizing the central features of reaction
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monitoring through compact NMR spectroscopy as well as the successful applications that

have been reported so far in 2017.

2.1.1.Working with non-deuterated solvents

Deuterated solvents are widely used in NMR since they are convenient for locking and
shimming the system as well as for calibrating the spectra. Unfortunately, their use becomes
unsuitable for almost all the studies in the framework of process monitoring. Indeed, even a
short percentage of deuterated solvent is not acceptable since deuterium can cause unwanted
isotope effects especially for solvents with exchangeable 2H that may confuse the kinetics of
the studied process. Besides this fundamental aspect, a more detrimental reason is the
increase in the cost of the monitoring for large volume reactions. Nowadays, modern
benchtop spectrometers include an external lock-system, which is able to balance the drift of
magnetic field in the course of time while pure protonated solvent are used. These

technological effort makes these compact spectrometers well-suited for process monitoring.

The other side of the coin to the exclusive use of protonated solvents is that the solvent signals
become dramatically intense relative to the solutes. Such big signals obscure the spectral
features of the interesting analytes for several reasons: (i) the dynamic range of the receiver
limits the simultaneous detection of signals with orders of magnitude differences; (ii) the
broad solvent signal can overlap the lines of interest; (iii) analog receiver overflow potentially
leads to baseline distortions, which can make the integration of relevant signals far more
difficult. Further details on these features as well as a review of the different solvent
suppression methods are described in the section C.3.2. In this context, solvent suppression
methods are vital tools to cope with this overall effect, especially in LF NMR where the

overlapping issue becomes more stringent due to the reduced spectral width in frequency.

2.1.2. Monitoring set up

Monitoring chemical reactions can be achieved through different settings, each one having its
specific advantages and disadvantages. An obvious way is to collect amounts of the reactional
mixture from the reactor at different instants in the course of the reaction. This “at-line” or
“off-line” methodology — often encountered in organic chemistry — involves quenching the
collected samples and it is hardly compatible with automation. To circumvent this tedious

periodic sampling, one may carry out the chemical reaction directly inside the NMR tube. This
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method exhibits the best NMR performance in terms of sensitivity, shimming and available
pulse-sequences so that it is valuable for structural characterization in the context of
understanding reaction mechanism [42]. However, monitoring inside the NMR tube suffers
from major drawbacks regarding the experimental conditions while the time lag imparted for
mixing reactants and inserting the NMR tube into the spectrometer makes the beginning of
the reaction difficult to follow, unless specific settings are introduced to add reactants directly
into the probe. Moreover, as permanent magnet are thermosensitive, only a limited range of

temperatures can be admitted, further reducing the scope of applications.

On the contrary, monitoring chemical processes through a bypass system, whereby the
reactor is connected to the NMR apparatus, exhibits a greater flexibility regarding the
experimental conditions: regulated temperature, mechanical stirring, inert atmosphere, etc.
In this type of monitoring — commonly referred to as “on-line monitoring” - a pump generates
a continuous flow to refresh the sensitive volume of the magnet with the reaction mixture in
the course of the studied process; afterward the mixture returns to the reaction vessel [27].
Inert materials such as PEEK or PTFE can be used for the connections between the reactor and
the NMR flow probe. All transfer lines could also be thermostatted to maintain a constant
temperature of the flowing mixture [43]. It is worth mentioning that this higher flexibility
regarding experimental conditions provides more relevant kinetic data compared to the
monitoring directly inside the NMR tube [44]. Despite its obvious advantages, particular
features needs to be considered when a bypass is used. First, the detection of a change in the
reactor by the NMR spectrometer is delayed because of the bypass set-up [2, 3, 45]. Hence,
the time spent into the tubing should be short enough to minimize the error in a subsequent
analysis of the reaction kinetics. Furthermore, the NMR experiment performed on flowing
systems involves specific considerations — discussed in details in a dedicated section — so that
the choice of the flow rate becomes a special tradeoff between time-resolution and NMR

performance.

The availability of compact LF NMR spectrometer enables on-line monitoring directly in
chemical laboratories as well as in production sites. Especially, these flow-through
measurements can be achieved under a fume hood, which is an important asset for safety
requirements. Moreover, the smaller size of compact spectrometers allows the use of shorter

bypass setups providing a better time resolution. Nonetheless, as sensitivity is a long-standing
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concern, especially in LF NMR, the design of a flow-cell, which maximizes the sensitive volume
is strongly recommended. Such a design has been investigated with numerical simulations and
experimentally by *H NMR spectroscopy and imaging to determine the characteristics of flow
cells such as residence time distribution and mixing effects [46]. Nowadays, most of the
benchtop NMR systems can be purchased with a kit for flow-measurement consisting of the

flow-cell and the necessary tubing, and potentially a peristaltic pump.

2.1.3. Examples of monitoring with compact NMR spectroscopy

Recently, the number of publications and conference papers on reaction monitoring with
LF NMR spectroscopy has been increasingly growing. Reaction monitoring with a compact
NMR spectrometer started with a prototype based on a commercial device usually applied for
relaxometry, which was adapted for spectroscopy [47, 48]. Guthausen and coworkers
monitored the emulsion polymerization of butyl acrylate via a bypass system whereby 'H
spectra were collected every 60 s. To follow the progress of the reaction, the olefinic signal
was integrated with a Gaussian line-fitting. Moreover, as the sterical arrangement of the
produced polymer evolved in the course of the reaction, involving a reduction of the
transverse relaxation, the line width was also used for the monitoring. Afterwards,
experimental data from both integrals and line widths were analyzed with kinetic models for
free-radical polymerization. This monitoring led to the determination of entry and termination
rate coefficients [47]. The authors pointed out some complications arising from the overlap

between the olefinic region and the solvent signal, a recurring problem in LF NMR monitoring.

In a similar framework, the hydrogenation of toluene to methyl cyclohexane in lab-scale
reactor was monitored with a similar customized benchtop system in an on-line fashion [48].
The NMR spectra were recorded in a single scan experiment and the resulting data were
analyzed with chemometric tools to cope with huge overlaps in the aliphatic region arising
from the reduced spreading of chemical shifts at 20 MHz. Furthermore, the results were
compared with success to off-line gas chromatography pointing out the potential of compact
LF NMR spectroscopy as a processing analytical device. A few years later, Dalitz et al integrated
a similar 20 MHz spectrometer in a more appropriate setting in an industrial context [43].
Particular attention was paid to the temperature regulation. A heating circulator maintained
a constant temperature within a bypass system while a flow probe using a glass dewar limited

the temperature loss in the spectrometer.
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The first reaction monitoring with a benchtop spectrometer under the fume hood was
reported by Casanova and coworkers in 2011. A fist-sized Halbach magnet, operating at 0.7 T,
i.e. 27 MHz, enabled the monitoring of the indium trichloride catalyzed trimerization of
propionaldehyde [10]. The reaction mixture was flowing through the bore of the magnetin a
closed loop with the help of the peristaltic pump. The experiment was controlled by a console
placed outside of the fume hood. The progress of the reaction was followed by integration of

the aldehyde peak of the reactant.

The recent development of longer Halbach magnets equipped with a set of shim coils,
provided higher and more homogenous By, fields leading to a better sensitivity and a sub-Hertz
line width. This amazing technological effort enabled more challenging applications such as
the monitoring of standard reactions at concentrations lower than 1 M. In 2014, Danieli et al
probed a transfer hydrogenation reaction on-line with a 43 MHz benchtop system placed next
to the reactor [6]. Different kinetic curves were measured as a function of the catalyst
concentration (figure A.8c); both direct integration and line fitting were used. A linear
dependence of the kinetic constant on the catalyst concentration was observed in good
agreement with a gas chromatographic data. The authors reported a detection and
guantification limits of 3 and 10 mM, respectively, for a single scan experiment. This study
showed how these recent compact magnets (figure A.8a) used with optimized flow
parameters are suitable to probe chemical reactions even at realistic low concentrations and

paved the way of further real-time monitoring.

21



@ | (b)

O OH
OH 0
[ir]
*)\ IPA )\
AP solvent PE
M . )
x 40
(c) m
© GC measurement
0.101. 1 0.1 mor% el )]

Fl : R e >

Zoon) i — J

oosl A o v |

%0.06~ Vilp _om| x 40
30.04- n/ s “Eo‘az— = ) min

a J'/ - — v ¥

§oo2| [ e v W

{;/ vtr),o‘rwtromfan 1m%|3=v.1 — i f
0.00
——TT 1T 1 I I I rr-r
0 20 40 “g% [miar?l 100 120 8 7 6 5 2 3 2 1 0 e

3 [ppm]

Figure A.8. On-line monitoring of a chemical reaction under the fume hood by using compact NMR
spectrometer. (a): 43 MHz benchtop NMR system (Spinsolve, Magritek) located inside a chemical fume
hood. The Schlenk reactor is closed to the spectrometer and the peristaltic pump can be seen on the
left. (b): Scheme of the studied reaction and two NMR spectra recorded at the beginning and the end
of the monitoring. (c): Kinetic curves for different catalyst concentrations. The bigger opened squares
over the fastest reaction curve correspond to the GC measurements of reference samples taken from
the reactor at particular times. The inset shows the characteristic rates for the three curves as a
function of the Iridium concentration. Figures reproduced from Ref. 6.

In this field, Blimich and collaborators investigated the potential of LF NMR spectroscopy to
probe in real-time a transesterification reaction for biodiesel production [49]. The reaction
mixture was stirred and passed through a bypass system integrating the magnet of a 43 MHz
spectrometer. Single-scan spectra were recorded in continuous flow mode at 10 s intervals. A
multivariate calibration model relying on partial least squares regressions was previously built
to analyze the measured data and to obtain the biodiesel conversion ratio with errors on the
order of 1 %. Afterwards, this information was used in combination with a Lorentzian
deconvolution of the spectra to evaluate the relative concentrations of methanol present in
the ester-rich phase in comparison with the one in the glycerol phase. Beyond the promising
potential for process control in biodiesel production, this study points out the capability of

monitoring biphasic reactions.
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Although the real time monitoring of chemical process occurring on short timescales is an
important challenge, probing complex reactions over long periods of time is also an issue.
Indeed compact and permanent magnets potentially suffer from drifts of the static magnetic
field so that one may question their stability for such applications. In this context, the long
fermentation processes in slurries of the two microbial cultures Hansenula polymorpha and
Ustilago maydis were monitored in continuous flow mode over 23 h. 'H NMR spectra were
recorded every 15 s with a 43 MHz benchtop system located close to the bioreactor [50]. Gas
bubbles generated in the multiphase mixture were removed with a bubble trap during the
continuous-flow fermentation process. It is worth mentioning that such a setting including gas
recycle and circulation pumps, bubble trap and stirred tank reactor is strongly facilitated by
the compact size of the benchtop device. The data recorded at low-field in an on-line manner
for the Hansenula polymorpha fermentation were then compared with results obtained at
400 MHz from samples collected in the course of the reaction. During this fermentation,
glycerol consumption could accurately be evaluated within the resulting complex mixture. In
addition, the quantification of glucose, itaconic acid, and the relative amount of glycolipids
could be performed during the cultivation of Ustilago maydis, despite the formation of several

by-products.
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Figure A.9. Schematic diagram of the experimental setup used for fermentation monitoring.
Cultivation broth was pumped through a 43 MHz LF NMR spectrometer (Spinsolve, Magritek) via the
external bypass and was then aseptically recycled to the bioreactor. Air bubbles were removed with a
bubble trap and a peristaltic gas recycle pump. Inside of the NMR spectrometer a polyurethane tube
with an inner diameter of 3mm was used. By indicates magnetic field strength for NMR measurements.
Figure reproduced from Ref. 50.
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Alongside these studies achieved with bypass systems, Elipe et al. explored the pros and cons
of capillary-sized sample volumes for reaction monitoring [51]. Three different types of
chemical reactions were followed with a compact NMR spectrometer at 45 MHz in injection
mode (figure A.10a): a Fischer esterification inside the NMR flow cell, the Suzuki coupling
performed in a small reaction vessel and finally the formation of an oxime in a larger scale
jacketed reactor. In the Fisher esterification, methanol, acetic acid and a small amount of
sulfuric acid were mixed in a vial, and an aliquot of the reaction was immediately injected into
the flow cell of the benchtop instrument through a HPLC filter. The spectra were collected
over a period of time without stirring at 42°C. The kinetic curves were obtained by integrating
the peaks of the methoxy group of methanol at 3.42 ppm and the methoxy group of
methylacetate at 3.68 ppm. Next, the Suzuki coupling reaction allowed to evaluate the impact
of protonated solvents on the spectra and the potential overlapping of the proton signals of
the solutes (figure A.10b). The reaction was carried out in a small reaction vessel under stirring
and probed by collecting small aliquots from the reactor in regular intervals for analysis by
injecting them into the spectrometer through a filter. Each experiment was performed with
50 scans to reach a sufficient sensitivity. To face the overlap between starting and final
materials, integration was achieved with global spectral deconvolution. The last mentioned
reaction involved a biphasic system whereby reactants were contained exclusively in the
aqueous layer to react and give the product, which was extracted into the organic layer. The
reaction was carried out in a large scale jacketed reactor to optimize the reaction parameters.
Samples were taken from the organic phase every 15 minutes, centrifuged, filtered and then
injected into the spectrometer for NMR analysis. This work demonstrated the feasibility of at-
line monitoring with capillary-size samples in the cases of reactions involving concentrated

materials.
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Figure A.10. (a): Benchtop system (picoSpin-45 NMR, Thermo Scientific). Reaction monitoring is carried
out by simple injection of aliquots in the inlet port through an HPLC filter. (b): *H NMR stacked spectra
of the methoxy region for the time course array of the Suzuki coupling reaction of 5-bromo-2-
methoxypyridine and phenylboronic acid catalyzed with PdCI2 in DMF-H20 1:1. Figures reproduced
from Ref. 51.

These recent applications have witnessed how the inherent low H chemical shift dispersion
at low-field could be a limiting factor, especially when non-deuterated solvents are used.
Hence, one may consider the opportunity to probe other nuclei providing a higher chemical
shift dispersion. 13C NMR is a common solution, however, its low natural abundance leads to
time-consuming experiments making it unsuitable for reaction monitoring. '°F exhibits a
sensitivity close to 'H as well as an appealing spectral width limiting potential overlaps.
Maiwald and coworkers described an automated procedure for successive 'H — °F NMR
experiments to monitor an esterification reaction, in which one reactant includes a —CF3
group, in an on-line manner [52]. In the same study, the experimental data are automatically
processed and an accurate comparison of different analyzing methods: direct integration, line

fitting, PLS (Partial Least Square) calibration and indirect hard modelling, is described.

Hitherto the monitored reactions in the aforementioned applications were carried out inside
a vessel. It is worth reporting the recent in-line integration of compact NMR within flow
chemistry systems. Continuous-flow chemistry is gaining interest in industry and research
laboratories due to the inherent efficiency of the reactor configuration which is superior to
batch reactors [53]. Integrating analytics in-line enables obtaining a large amount of insights
in real-time about the reaction progress, catalytic activity or stability [41]. Furthermore, such
a process monitoring allows controlling the reaction progress and selectivity via manual or

automated feedback optimization. In this framework, Cronin and coworkers described a
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synthetic flow chemistry platform consisting of a flow reactor, an in-line benchtop NMR
spectrometer as well as an automatic control system, which analyzes NMR data and carries
out self-optimization relying on a Nelder—-Mead algorithm [54] (figure A.11). They performed
a range of reactions including imine formation, electrophilic fluorinations and Diels—Alder
reactions. This platform enabled kinetic studies, structural characterization and self-
optimization of flow conditions. The use of different NMR experiments such as DEPT 3C, 1°F

NMR and 2D NMR was reported in this study.

Again in this background, Duchateau and coworkers recently achieved the in-line monitoring
of the production of widely used Grignard reagents from magnesium metal under continuous
flow in integrating a 43 MHz compact spectrometer within their flow setup [55]. This

monitoring allowed the quick optimization of working conditions for this process.

A last example of the use of NMR as an integrating PAT in flow synthesis was reported by Ley
and coworkers. In this work, a continuous flow process that is fully integrated with a 43 MHz
benchtop device for a hypervalent iodine (lll) mediated cyclization to generate substituted
cyclopropanes was developed [56]. An interesting point was the proposed solutions to
circumvent the overlapping situation as well as the use of non-deuterated solvent to perform
the reaction. First, a solvent evaporation device was incorporating together with a solvent
switching system between the flow outlet and the benchtop instrument so that the NMR date
were recorded with a deuterated solvent while the reaction was continued with a protonated
one. Then, to overcome the remaining overlaps between the reactants, COSY spectra
recorded in around 10 min allowed tracking the consumption of starting material and the

formation of products in the overcrowded region, otherwise unsolvable by 1D 'H NMR.
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Figure A.11. Self-optimization reaction of an imine synthesis under flow employing in-line NMR to
feedback the signal. TFA: trifluoroacetic acid; tr: residence time; xi: volumetric fractions and J: space-
time yield of the reaction. Figures reproduced from Ref. 54.

Finally, compact NMR spectrometers have also been shown to enable hyphenation with other
techniques such as size exclusion chromatography (SEC) [57, 58]. Table Il gives an overview of
the recent reaction monitoring and process control achieved by LF NMR spectroscopy from

2009 to 2017.
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Table II: Overview of the recent reaction monitoring and process control achieved by LF NMR spectroscopy from 2009 to 2017.

First author (year) Applications Setups Frequency / NMR Data analysis Process
apparatus experiments timescale
Guthausen et al (2009) Monitoring of hydrogenation On-line with a bypass system. 20 MHz / Prototype mq 1D 1H Direct intergration Several
Ref.48 of toluene to 20 minispec (Bruker) and PLS hours
methylcyclohexane adapted for
spectroscopy
Vargas et al (2010) Ref. 47 Monitoring of emulsion On-line with a bypass system. 20 MHz / Prototype mq 1D 1H Intergration by line- Around 2
polymerization 20 minispec (Bruker) fitting hours
of butyl acrylate adapted for and peak-width
spectroscopy
Cudaj et al (2011) Ref. 57 Analysis of synthetic polymers On-line setup hyphenated to 20 MHz / Prototype mg 1D 1H na Around 20
and a size exclusion 20 minispec (Bruker) min
block co-polymer chromatography adapted for
spectroscopy
Kiister et al (2011) Ref. 10 Monitoring of the trimerization ~ On-line with a bypass system. 27 MHz magnet 1D 1H Direct intergration Several
of opereted by a Kea hours
propionaldehyde catalyzed by spectromter (Magritek)
indium trichloride placed outside the
fume hood
Dalitz et al (2014) Ref. 43 Monitoring of an esterification On-line with a bypass system 20 MHz / Prototype mg 1D 1H Integration by Around 2 h
reaction adapted for high 20 minispec (Bruker) Lorentz-Gaussian
temperatures. Fed lines and adapted for line fitting
pump heads were spectroscopy
thermostated. Flow probe
with a glass dewar
Danieli et al (2014) Ref. 6 Monitoring of a transfer On-line with a bypass system. 43 MHz / Spinsolve 1D 1H Both direct Around 2 h
hydrogenation reaction (Magritek) integration and
Lorentzian line fitting
Killner et al (2015) Ref. 49 Monitorig of a On-line with a bypass system. 43 MHz magnet 1D 1H Integration by Around
transesterification opereted by a Kea Lorentzian line fitting ~ 1h30

for a biodiesel production

spectromter (Magritek)
placed outside the
fume hood

and PLS
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Table IlI: (continued)

First author (year) Applications Setups Frequency / NMR Data analysis Process
apparatus experiments timescale
Kreyenschulte et al (2015) Monitoring of fermentation On-line with a bypass system 43 MHz / Spinsolve 1D 1H Direct Integration Around
Ref. 50 processes including including gas (Magritek) 24 h
recycle and circulation
pumps, bubble trap
Sans et al (2015) Ref. 54 Process control and self In-line/ On-line integrated 60 MHz / Spinsolve 1D: 1H, 19F,13C, Directect Integration na
optimiatization of within (Magritek) DEPT and and deconvolution
a flow chemistry platform a flow synthesis setting 2D: COSY and
HSQC
Elipe et al (2015) Ref. 51 Assessment of LF monitoring of  At-line with injection mode 45 MHz / picoSpin 1D 1H Directect Integration na
three different (Thermo Scientific) and deconvolution
reactions
Zientek et al (2015) Ref. 52 Simultaneous 1H and 19F On-line with a bypass system 43 MHz / Spinsolve 1D 1H and 19F Direct integration, 3h
monitoring of adapted for high (Magritek) line fitting and
an esterification temperatures. Fed lines and indirect hard
pump heads were modelling
thermostated. Flow probe
with an evcuated dewar tube
Goldbach et al (2016) Ref. 55  Optimizing the preparation of In-line/ On-line integrated 43 MHz / Spinsolve 1D 1H Direct integration 2h
Grignard reagents from within (Magritek)
magnesium metal under a flow synthesis setting
continuous flow conditions
Ahmed-Omer et al (2016) Monitoring of a hypervalent In-line/ On-line integrated 43 MHz / Spinsolve 1D: 1H Direct integration na

Ref. 56

iodine(lll) mediated
cyclopropanationin a
continuous flow process

within
a flow synthesis setting

(Magritek)

2D: COSY and J-
Res
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2.2. Authentication and quality control

One major application of NMR spectroscopy in industry is product and quality control. HF NMR
has proved to be an efficient tool in such applications, as highlighted by numerous studies in
food sciences [59]. However, HF NMR is not generally seen as a good candidate technique for
routine applications due to the aforementioned practical and economic reasons. Based on the
recent technological improvements, benchtop NMR spectroscopy can now compete with and
complement other routine analytical techniques such as GC, high performance liquid
chromatography (HPLC), Raman and FT-IR in delivering valuable insights without the need of

elaborated sample preparation.

The last years have witnessed the use of LF NMR spectroscopy as a screening tool in different
matrices: food, emulsions, pharmaceutics as well as raw rubber and biodiesel samples. Table
Il gives an overview of this promising potential. The driving idea can be summarized as
follows: is the HF NMR performance needed to achieve quality control? Otherwise, might it
be possible to balance the resolution losses in LF NMR by subsequent chemometric analysis?
Following this question, the studies presented above rely on two approaches: (i) identification
and quantification of key markers. This is possible if LF NMR provides enough resolution; (ii)
“profiling approach”, based on the comparison of LF NMR fingerprints and supported by

statistical methods.

Malet-Martino and coworkers demonstrated the potential of a 60 MHz benchtop
spectrometer for uncovering adulteration of “100% natural” sexual enhancement and weight
loss dietary supplements [60]. After a very simple and rapid sample preparation, around
20 min of recording was sufficient to detect the adulterants at a concentration of 0.9 mM.
Furthermore, the quantification by the internal standard method could be achieved with the
LF NMR spectrometer in a reasonable period of time (45 min) and led to data similar to those

obtained with HF NMR (500 MHz) for concentrations near 2 mM.

Blimich and coworkers investigated the potential of compact NMR spectroscopy as a reliable
method for biodiesel quality control. The 'H spectra of rapeseed oil, rapeseed biodiesel as
well as of methanol and glycerol could be clearly differentiated at 43 MHz. Despite several

peak-overlaps, spectra of biodiesel samples produced from different feedstocks enabled the
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estimation of the unsaturated fatty acid methyl esters percentages for each of the samples by
integrating relevant resolved signals [61]. The obtained results were in good agreement with
those provided by HF NMR measurements. This practical and rapid analytical method (two

scan acquisitions) are advantageous for further standard tests at production sites.

The same research group described a suitable approach for quality control of solutions from
raw rubber in the rubber manufacturing industry [62]. Samples collected from oil-extended
styrene-butadiene rubber (SBR), solution polymerized SBR, emulsion polymerized SBR, and
SBR from different lots and the same lots are analyzed at 43 MHz. *H and 3C spectra recorded
in 10 s and more than one hour, respectively, exhibited differences not only between SBR
samples polymerized in different ways but also between the same type of SBR from the same

and from different lots from the same manufacturer (figure A.12).
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Figure A.12. NMR spectra of oil-extended solution-polymerized SBR (blue) and emulsion-polymerized
SBR (red). (a) Superposed 1H NMR spectra. *C spectra of solution-polymerized SBR (b) and emulsion-
polymerized SBR (c).Figures reproduced from Ref. 63.
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Very recently, a new screening protocol to address the issue of coffee authenticity was
reported relying on NMR analysis operated at 60 MHz [63]. After a simple chloroform-based
extraction, the low-field NMR experiments performed on the lipophilic fraction were shown
to be sensitive and selective enough to monitor a key marker compound: 16-Omethylcafestol,
found only in robusta coffees. This compound gives rise to an isolated peak at 3.16 ppm. By
analyzing an assortment of laboratory-prepared coffee mixtures, the effective limit of
detection was estimated to be 10-20% w/w robusta in arabica for approximatively 40 min

experiments.

Other relevant studies related to the authentication issue in food science have been recently
reported. Nevertheless, the 'H spectra generated by low-field devices do not provide in some
instances a sufficient resolution and sensitivity to detect and quantify a key marker capable of
discriminating samples from different sets. Such a situation is encountered in the analysis of
triglycerides of food samples whose spectra suffer from numerous and severe peak overlaps
(figure A.13). Thus, a screening approach considering the most abundant fatty acids to
characterize the overall lipid fingerprint is preferred at low-field. Such a profiling approach —
nowadays popular in food authentication [64] — combined with chemometric tools has been
described to screen edible oil adulteration. In this study, Kemsley and coworkers combined
1D H experiments in 16 scans with PLS regression to detect olive oil with hazelnut oil samples
within an adulteration level of 11 % [65]. In the same vein, *H NMR experiments at 60 MHz
were performed on samples of beef and horse meat after a simple chloroform-based
extraction yielding their respective triglyceride fingerprints. Subsequent statistical analysis of
the LF NMR data allowed to differentiate between beef and horse meat with no more than a
10 min spectral acquisition time [66]. This highlights the real potential of LF-NMR spectroscopy

as a rapid and efficient screening tool.
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Figure A.13. 60 MHz 'H spectroscopy for the detection of olive oil adulteration. Annotated 60 MHz 1H
NMR spectra for 20 extra virgin olive oils, 10 hazelnut oils and 144 olive oil-hazel nut oil mixtures. The

inset shows an expansion of the chemical-shift region 0.2-3 ppm. Figure reproduced from Ref. 66.
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Table Ill: Overview of the recent product control and screening applications achieved by LF NMR spectroscopy.

. ... . Frequency (MHz .

Matrices Applications First author (year) q v )/ Sample preparations Methods
apparatus

Pharmaceutics Adulterarion of sexual enhancement and Pages et al (2014) Ref.60 60 MHZ / Pulsar (Oxford samples dissolved in CD;0D 1D H

weight loss dietary supplements

Instrument)

Raw rubber Quality control of raw rubber Singh et al (2016) Ref.62 43 MHz / Spinsolve (Magritek) samples dissolved in CDCl3 1D H and 13C
. extraction of organic phase, . .
Biodiesel Quiality control of biodiel production Linck et al (2013) Ref.61 43 MHz / coupled Wl,th Kea2 NMR washed, centrifiged and ,1D H ! T1 with
spectrometer (Magritek) . S inversion-recovery
dried. No dilution in solvent
i i 14 -
Edible oil Adulteration of olive oil with hazelnu oil Parker et al (2014) Ref.65 60 MHZ / Pulsar (Oxford samples dissolved in 1D°H; .PLS
Instrument) non-deuterated CHCI3 regression
14 -
Adulteration of beef meat with horse 60 MHZ / Pulsar (Oxford Chloroform-based 1D.. H; PCA and
Meat Jakes et al (2015) Ref.66 . Naive Bayes
meat Instrument) extraction e
classification
Coffees Authentication of aribica versus robusta Defernez et al (2017) Ref.63 60 MHZ / Pulsar (Oxford Chloroform-based 1D H

ground roast coffees

Instrument)

extraction
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3. Flow NMR measurements

Flow NNR measurements has been a cross-cutting subject in the previous section. Whether
working in a bypass system or within a flow chemistry platform, benchtop NMR monitoring
involves NMR measurements on flowing mixtures. Yet, NMR experiments on flowing systems
are associated to some special features which significantly impact the sensitivity and the

resolution. These points are discussed in the present section.

NMR on flowing liquids has been reported as early as in the 50’s. In a pioneer study, the
intensity of the NMR signal was found to be proportional to the flow rate and the effects of
the flow on T1 and T, were also evaluated [1]. Over the next two decades numerous
investigations were made, resulting in a comprehensive description of the effects involved by
flowing liquids through the sensitive volume V; of the flow-cell [2, 3]. Next, studies were
undertaken to either improve the signal to- noise of the resulting spectra, reach quantitative
conditions with a shorter repetition time [4] or to use NMR to measure aspects of the flow
itself [5]. The capability of performing NMR on flowing systems also enabled hyphenated
techniques such as LC-NMR [6].

In flow NMR, three essential effects should be taken into account, depending on the velocity
of the flow and the characteristic length scales of the flow cell: the “in-flow” effect, the

olarization build-up and the “out-flow” effect.

3.1.“In-flow effect”

The first of these effects is commonly reported as ‘inflow effect’. During the repetition time
of the NMR experiment, excited volume elements are flowing out of the sensitive volume
while the unexcited ones are flowing into it (figure A.14). Since the repetition time of an NMR
experiment is usually much longer than the pulse sequence and acquisition times, the effect
is to replace saturated volume elements by fresh ones during the repetition time. This
continuous replenishment leads to a potential intensity enhancement per time unit. Assuming

the replenishment is achieved under full thermal polarization, this effect can be regarded as

an effective longitudinal relaxation time TlﬂoW defined as follows [7]:
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T is the residence time, i.e. the time spent by a volume element flowing with a volume flow
rate @, in the sensitive volume V;. This parameter can be computed as the ratio of the length

of the sensitive volume [ by the fluid velocity v.

(A.5)

@‘
Il
< S
Il
o)<

3.2.Polarization build-up

Relying on this in-flow effect, increasing the flow rate reduces the residence time and in turn

leads to an effective TlfloW shorter than Tftatic. This provides potential advantages such as
sensitivity enhancement per time unit as well as preserving quantitative conditions with
shortened reparation times [4]. Unfortunately, this opportunity should be considered with
caution since this bonus effect is true as long as the excited spins are refreshed by fully
polarized ones. This polarization build-up occurs when the sample flows through the pre-
polarization volume V, (figure A.14). A sufficient time — typically five times the T: measured in
static condition - within the pre-polarization volume is required to exhibit full thermal

polarization. Thus, there is a maximum flow rate Q,,4, to hold this condition:

(A.6)

In this context, a careful consideration should be given to the polarization volume of the

hardware. In the case of magnets severely restricted in size, which does not provide a
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sufficient polarization build-up time even at relatively low flow rate, one solution is to
introduce longer polarization regions in the experimental setup which can be achieved by the
use of a specially designed a flow probe incorporating spiral units, leading to a longer path for
the fluid within the magnetic field [8-10]. This approach, however, leads to additional mixing
of the fluid and to a significant reduction of the time resolution in the case of reaction

monitoring.

/4
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Figure A.14. Scheme of a typical flow-cell used for benchtop NMR monitoring. 1,: pre-polarization
volume; I} : sensitive volume and FO): static magnetic field.

3.3.“Out-flow effect”

A last feature, commonly referred to as “out-flow effect” in the literature must be mentioned
as it impacts significantly the resolution of the NMR spectra. During pulse sequence and
acquisition, the fluid moves according to the local velocity. There is a certain probability that

volume elements, which were polarized and excited and therefore exhibit transverse
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magnetization, leave the sensitive volume before the acquisition is finished. This leads to a

Tzf low

higher effective transverse relaxation rate 1/ , Which is given in analogy to the

longitudinal effective relaxation rate:

= +

flow static
T, T,

1 1 1
7 (A.7)

This higher effective transversal relaxation rate involves severe line-broadening. Obviously,
this effect depends again on the velocity field, polarization state, and geometry of the sensitive

volume, i.e. the length along the flow direction.

3.4.Practical considerations

The aforementioned phenomena leads to an overall effect, which results in a special tradeoff
concerning the choice of the flow rate. The compromise between the in-flow effect and the
polarization build-up is well illustrated in figure A.15 extracted from reference [11]. This figure
shows the signal area as function of the flow rate. As expected the curve has a maximum: first,
the in-flow effect improve the sensitivity in continuously refreshing the spins; next, over a
certain value of flow rate, the replenishment is done with partially polarized spin so that the
curve vanishes. Along with this, the signal becomes broader and broader as the flow rate
increases. Overall, there is an optimal range of flow rates, which compromise sensitivity per

time unit and resolution.
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Figure A.15. Signal intensity in function of the flow rate. The sensitivity increase as the spins spend
enough time in the pre-polarization volume to be fully polarized. Figure reproduced from Ref. 11.

In setups whose pre-polarization volume is short, this compromise leads to a relative low flow
regime, which might be in conflict with the use of bypass systems whereby a fast sample
transfer from the reactor to the NMR flow-cell is required to improve the time resolution of
the on-line monitoring. This issue can be circumvented by using a split valve prior to the NMR
probe so that the sample can be transferred with a larger flow rate up to this point. The main
part is fed back to the reactor, while only a small amount is transferred into the probe at lower

velocities to tune the flow rate as described above [12, 13].
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4. Speeding up 2D NMR

Despite the high homogeneity of the recent compact magnets, LF NMR H spectroscopy
involves complex and crowded spectra when mixtures or medium-sized molecules are probed.
2D NMR alleviates this inherent issue by offering an orthogonal dimension leading to a
resolution enhancement. However, it is worth noting that 2D NMR is not widely used at low-
field in practical situations (see table Il and Il in section A.2) whilst 2D experiments are
nowadays available on modern benchtop systems and easily usable even by non-experts. The
main reason is probably the long experiment duration, which becomes a significant handicap
for the most popular applications of benchtop NMR such as reaction monitoring and high-
throughput screening. Therefore, the implementation of fast 2D NMR experiments would be

a relevant tool in the LF NMR context.

Fortunately, the NMR community has made strong efforts toward reducing the experiment
duration of these 2D acquisitions at high-fields. The present section aims at emphasizing these
methodological developments that have been realized in the last decades. First, an overview
of the different approaches to speed up 2D NMR is given. Afterwards, a particular emphasis is
placed on ultrafast 2D NMR, which is capable of delivering 2D spectra in single scan. A first
picture of key principles and popular applications of this sub-second methodology is proposed,

followed by a more comprehensive review of methods and applications.

46



4.1.Review of the fast 2D approaches

Fast n-Dimensional Data

Acquisition Methods

Laetitia Rouger, Boris Gouilleux and Patrick Giraudeau

(Original book chapter published in Encyclopedia of Spectroscopy
and Spectrometry, 3rd Edition (2017) 588-596)

Abstract

This article describes the principles and the main features of the numerous methods which
have been developed to overcome the time limitation of multi-dimensional NMR. They are
classified into four main categories: the first one contains strategies aiming at reducing the
repetition time between successive scans, while the methods consisting in reducing the
number of t1 increments belong to the second category. The third family of approaches
contains more exotic approaches departing from the conventional Jeener-Ernst scheme:

Hadamard and Ultrafast spectroscopy. Finally, the methods relying on parallel receivers are
presented.
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Abbreviations

2D: two-dimensional

ALSOFAST: alternate SOFAST

ASAP: acceleration by sharing adjacent polarization

BEST: band-selective short transient

bPR: back projection-reconstruction

COSY: correlation spectroscopy

CS: compressed sensing

D-DNP: dissolution dynamic nuclear polarization

DFT: discrete Fourier transform

FDM: filter diagonalization method

FID: free induction decay

FM: forward maximum entropy

nD: multi-dimensional

HMBC: heteronuclear multiple-bond correlation

HMQC: heteronuclear multiple-quantum correlation
HPLC: high-performance liquid chromatography

HSQC: heteronuclear single-quantum correlation

IMPACT: improved and accelerated constant time
INADEQUATE: incredible natural abundance double quantum transfer experiment
INEPT: insensitive nuclei enhanced by polarization transfer
LP: linear prediction

MaxEnt: maximum entropy

MDD: multi-dimensional decomposition

MINT: maximum entropy interpolation

NUS: non-uniform sampling

PANACEA: parallel acquisition NMR, an all-in-one combination of experimental applications
PANSY: parallel acquisition NMR spectroscopy

rMDD: recursive MDD

SMART: small recovery time

SNR: signal-to-noise ratio

SOFAST: band-selective optimized flip-angle short-transient

UF: ultrafast



Speeding up n-dimensional NMR

The emergence of two-dimensional (2D) spectroscopy in the 1970s has literally revolutionized
the field of NMR, offering an almost infinite number of experiments capable of yielding
valuable information for structural analysis of small molecules. Later on, the development of
higher dimensionality experiments has been decisive in understanding the structure and
dynamics of macromolecules. The basic scheme for multi-dimensional (nD) NMR experiments
was proposed by Jeener in 1971 and further developed by Ernst and co-workers. It consists in

repeating the following sequence:

Preparation — Evolution (t1) — Mixing — Acquisition (t2)

while incrementing the evolution time to indirectly monitor the evolution of spin interactions
during t1. The second dimension (t2) corresponds to the direct detection of the free induction
decay (FID), while the preparation and mixing periods enable spin manipulations capable of
yielding the desired coherence pathway. The strength of this generic scheme is that it can
lead, after Fourier Transforming the data along the two time dimensions, to a variety of two
dimensional spectra correlating the chemical shift and/or coupling information of two nuclei
along orthogonal dimensions. The incorporation of further evolution and mixing periods
makes it possible to increase the dimensionality of the experiment to 3D, 4D spectra or even
more. But the Jeener-Ernst scheme also comes with long experiment times as a major
drawback. The experiment time is given by Texp = Tscan'NS-T[E N; where N; represents the
number of increments in the n-1 indirect dimensions, Tscan the repetition time separating two
successive acquisitions, and NS the number of scans (or transients). Ni has a direct impact on
the spectral resolution in the corresponding dimension. It results in long experiment
durations: from a few tens of minutes to a few hours for 2D experiments, and up to several
days for 3D or 4D spectra. This duration has several consequences: i) the overload of
spectrometer schedules, ii) the impossibility to monitor fast kinetic or dynamic processes and
iii) the sensitivity to hardware instabilities between the successive increments, which reduces
the signal-to-noise ratio (SNR) in the indirect dimension(s).
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The last decades have witnessed considerable research efforts geared towards reducing this
experiment duration. A number of valuable solutions have been described and applied to a
variety of situations where conventional nD NMR fails. The description of these approaches is
the aim of this article, where the various time-reduction approaches are categorized as
described in Table 1. The first family of methods consists in reducing the time separating two
successive increments, most of the time by a clever optimization of pulse angles and delays.
The second category focuses on the methods that reduce the number of increments in the
indirect dimension, the subsequent resolution losses being compensated by adapted signal
processing methods. Then, more exotic alternatives are described that completely depart
from the classical scheme: Hadamard spectroscopy and Ultrafast NMR. Finally, recent
hardware-based developments capable of speeding up the acquisition of nD data are

described, as well as some fruitful combinations of the methods mentioned above.

Table 1. Classification of the main fast n-dimensional acquisition methods in NMR

Reduction of TR e Fast-HMQC
e SOFAST-HMQC
e ALSOFAST-HMQC
e 3D BEST experiments
e IMPACT-HMBC

e ASAP-HSQC
e SMART
Reduction Uniform e Reduction of N;
of N; Sampling e Spectral Aliasing
Non- e Off-grid (Radial sampling)
uniform e On-grid (Random, exponential, Poisson-Gap sampling)
sampling
Non-Jeener methods e Hadamard Spectroscopy
e Ultrafast spectroscopy and hybrid approaches
Simultaneous e PANSY
acquisitions
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Combined strategies e SOFAST + NUS
e NUS + aliasing
e UltraSOFAST
e Ultrafast + CS
e Ultrafast + aliasing
e Ultrafast + Hadamard

e Ultrafast + PANSY

Increasing the repetition rate

The speed of multidimensional experiments can be significantly improved by shortening the
duration of each scan required to sample the whole nD FID. This duration, 7scan, consists of
the length of the pulse sequence 7rr, plus the acquisition period 73, plus the recovery delay
Trecinserted between scans to let the spin system relax back to equilibrium (Figure 1a). Of all
these delays, Trecis clearly the longest one (typically several seconds) and appears to be the
only one which can be reduced without losing resolution. As the signal available at the
beginning of each scan is related to the amount of polarization that the spins have reached
during the relaxation period, reducing T7rec involves a deep understanding of how the
sensitivity depends on the recovery delay. The equation presented in Figure 1b makes the
essential link between the sensitivity, the excitation angle and the recovery delay Treg

highlighting the need to balance repetition rate and sensitivity.

Ernst and co-workers developed a sensitivity optimization in the case of simple pulse-acquire
1D experiments with high repetition rates by a fine tuning of the excitation angle. Figure 1c
shows the optimal flip angle (Ernst angle) as a function of 7rec. While the 90° excitation is the
best choice when the recovery delay is fixed at least to four times the longitudinal relaxation
time constant Ti, other flip angles are actually more efficient to take incomplete
magnetization recovery into account. The optimization of the flip angle provides significant

improvement of sensitivity within the context of the fast-pulsing regime.
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Figure 1. (a) Schematic representation of fast-pulsing experiments. (b) Signal-to-noise ratio (SNR) for
a multi-scan experiment expressed as a function of pulse sequence delays and flip angle excitation. (c)
Optimal flip angle as a function of relative recovery delay Trec/Tl' (c) Reprinted from Prog. Nucl. Magn.

Reson. Spectrosc., 55, P. Schanda, Fast-pulsing longitudinal relaxation optimized techniques: Enriching
the toolbox of fast biomolecular NMR spectroscopy, 238-265, Copyright (2009), with permission from
Elsevier.

This methodology becomes more difficult to set up for complex pulse sequences of the kind
used in multidimensional experiments. However in HMQC (Heteronuclear Multiple-Quantum
Correlation), applying an Ernst angle excitation is relatively straightforward, which has led to
the first optimized fast-pulsing sequence, called FAST-HMQC. In this experiment a flip angle
higher than 90° is applied to the initial pulse, leading to a 25% gain in sensitivity compared to
the conventional version. In addition to the Ernst optimization, fast-pulsing 2D experiments
generally use a longitudinal H relaxation enhancement in order to further improve the
sensitivity when short repetition delays are applied. Spin relaxation depends on its own
deviation from thermal equilibrium, e.g. auto-relaxation, but also on the state of the other
spins, e.g. cross-relaxation. The key idea is to excite only protons of interest thanks to shaped
and band-selective pulses, while all the other protons remain unperturbed, e.g. along the z-
axis. As the non-perturbed neighboring protons cross-relax with the protons of interest via
dipole-dipole interactions, they provide a significant acceleration of the proton longitudinal

relaxation.

The combination between the Ernst optimization and the reduction of longitudinal H

relaxation has led to a myriad of fast-pulsing sequences. In the context of macromolecules
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such as proteins, the band-Selective Optimized Flip-Angle Short-Transient Heteronuclear
Multiple Quantum Coherence (SOFAST-HMQC) (Figure 2a) has become a central pulse
sequence, yielding 2D HMQC spectra in a few seconds only. The ALSOFAST (alternate SOFAST)
experiment was also proposed, yielding similar results but with a non-selective INEPT scheme
instead of selective pulses. Fast-pulsing experiments have also been extended to 3D via the
BEST (Band Selective Short Transient) method. The 3D BEST HNCO/CA pulse sequences are
capable of recording 3D H-N-C correlated spectra on a small protein in a few minutes only,

with enough sensitivity to detect all expected cross-peaks.

Fast-pulsing experiments have also been adapted for small molecules. Contrary to
macromolecules, dipole-induced cross relaxation is almost inefficient, and the addition of a
spin-lock period between scans provides an efficient exchange of z-polarization via scalar
interactions. This approach (Figure 2b) named ASAP (Acceleration by Sharing Adjacent
Polarization), was applied to HMQC and HSQC (Heteronuclear Single-Quantum Correlation)
experiments, while a version adapted to long-range couplings was also developed, named
IMPACT-HMBC (IMProved and Accelerated Constant Time Heteronuclear Multiple-Bond
Correlation). The gain of sensitivity compared to conventional 2D NMR is illustrated in Figure
2c. All these optimized experiments have become fast and efficient tools, even though they

are quite hardware-demanding.

A last approach worth mentioning is the SMART (SMAIl Recovery Time), recently proposed by
Pelupessy et al. This strategy, inspired from fast MRI, consists in quenching residual
coherences stemming from previous scans by applying random inter-scan gradients along the
3 spatial directions. This strategy enables a drastic reduction of the recovery delay (0.1 s),
yielding COSY (Correlation spectroscopy) spectra in ca. 1 min. Nevertheless, this approach

requires a triple-axis gradient probe, which limits its general use.
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Figure 2. Schematic representations of SOFAST-HMQC (a) and ASAP-HSQC (b) pulse sequences,
designed to record *H-X (X=13C or >N) 2D spectra in a reduced time. Filled and open boxes indicate 90°
and 180° rf pulses, respectively, pulse phases are x unless indicated otherwise. The delay A is usually
set to (1/2Jux). The combination of grey and open boxes indicates the switching gradient for every
other scan. For SOFAST-HMQC (a), T..c represents the recovery delay before the first selective pulse
with a flip angle of B, the delay 6 takes into account the spin evolution during this pulse. For ASAP-
HSQC (b), an isotropic mixing block is added prior to each scan. (c) Comparison of conventional HSQC
(top) and ASAP-HSQC (bottom) spectra of menthol in CDCl; with equivalent overall measurement time.
For an equivalent spectral quality, a gain in sensitivity of 3-4 is observed in the case of the ASAP
experiment. (c) Reprinted with permission from J. Am. Chem. Soc. 136, 1242-1245. Copyright (2014)
American Chemical Society.

Reducing the number of increments

Numerous sampling schemes and signal processing methods have been proposed to
compensate the resolution losses subsequent to the reduction of the number of increments
in the indirect dimension. There are two categories of sampling schemes: uniform or non-

uniform sampling (NUS).

Using uniform sampling, the number of increments can be reduced in two ways: by reducing
either the sampling rate or the maximum evolution time in the indirect dimension. On the one
hand, reducing the sampling rate leads to spectral aliasing or folding, as the Nyquist sampling
theoremis no longer respected. However, algorithms may be used to reconstruct the unfolded

spectrum. On the other hand, reducing the maximum evolution time in the indirect dimension
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leads to truncation and to subsequent artefacts on the spectrum. To minimize these ones,
linear prediction (LP) is nowadays widely used. This signal reconstruction method relies on the
hypothesis that at any time, the signal can be described as a linear combination of past values.
It also assumes an exponential decay of the signal; a small deviation from this model leads to
incorrect reconstruction of peak positions. This method is especially useful for spectra with a
limited number of resonances. An alternative to LP is the Filter Diagonalization Method (FDM),
which reduces the problem into the diagonalization of a small matrix by constructing a matrix
where the off-diagonal elements represent the correlations between resonances. Thus, the
output is not a spectrum, but a list of parameters describing it. The main drawback of the FDM

is its sensitivity to low SNR and overlapping.

The use of the Discrete Fourier Transform (DFT) to process NMR signals implicitly relies on the
periodicity of the sampling, and appears to be unsuited for non-uniform sampling schemes.
Nevertheless, DFT can be applied to zero-augmented data, ie. NUS data supplemented by zero
values for the times of the uniformly-spaced scheme that are not sampled. The resulting
spectrum contains strong sampling artifacts, as it is a convolution of the DFT spectrum of the
uniformly sampled data with the DFT of the sampling vector. Thus, non-FT methods are

needed to reduce these sampling artifacts.
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Figure 3. Non uniform sampling schemes for 30% sampling coverage of the underlying Nyquist grid:
radial sampling (a), random sampling (b), exponentially weighted random (c) and Poisson gap (d).
Reproduced from Phys. Chem. Chem. Phys. 14 (2012) 10835-10843 with permission of the Royal
Society of Chemistry.

NUS schemes can be classified into two categories, on-grid and off-grid sampling schemes.
The former are subsets of the uniformly-sampled Nyquist grid, the latter rely on uniform
sampling along radial vectors in the t1-t, space. Indeed, in the so-called radial sampling (Figure
3a), the evolutions of the two time dimensions are coupled. The spectra can be retrieved using
specific reconstruction methods such as radial Fourier transform or a method inspired from
tomography: the back Projection Reconstruction (bPR). Due to its specific sampling artifacts

56



and reconstruction methods, radial sampling is unsuited for high dynamic ranges or complex

spectra.

On-grid NUS schemes have been widely investigated, and numerous sampling schemes and
reconstruction algorithms have been designed. Historically, the first NUS approaches applied
to nD NMR were purely random and exponentially biased random sampling (Figure 3b and c).
In these sampling schemes, the distribution of the gaps is Gaussian. Later on, a Poisson gap
sampling was developed. As the distribution of the gaps follows a Poisson distribution, this
schedule avoids long gaps between the samples. Therefore, this strategy shows a better

repeatability than random and biased random sampling.

The following processing strategies can be applied on datasets acquired with any sampling
scheme. The Maximum Entropy (MaxEnt) iterative optimization follows two constraints:
maximize the entropy in the frequency domain and minimize the difference between
reconstructed and experimental data in the time domain. As the linearity of this processing is
relatively poor, it is unsuitable for quantitative applications. In this case, Forward Maximum
entropy (FM) or Maximum entropy INTerpolation (MINT), both derived from MaxEnt, are
preferred as they are highly linear. Contrary to MaxEnt where the regularization functional is
the entropy, Compressed Sensing (CS) explicitly seeks to maximize the sparseness of the
reconstructed spectrum, using li-norm. This widely used method is mainly applied to 2D data.
To process higher dimensionality data, Multi-Dimensional Decomposition (MDD) is a valuable
tool. This processing strategy is based on multivariate analysis. A recursive variation, called
rMDD, needs less data, but the assumption of Lorentzian shapes has to be verified. Finally, in
the Covariance processing method the Fourier transform is only performed in one dimension,
followed by the calculation of the correlations between frequencies. This strategy leads to an
equivalent frequency resolution in the indirect dimension as in the direct dimension,
regardless the number of data points in the indirect dimension. An equivalent processing is

available for heteronuclear experiments, known as indirect covariance.

The approaches based on a reduction of the number of t1 increments not only allow to speed
up the acquisition of nD spectra, but can also be used to increase the spectral resolution for a
given acquisition time. Numerous sampling schemes and processing algorithms are available,
and must be chosen carefully according to the studied system and to the type of spectrum to
be recorded.

57



Hadamard spectroscopy

Hadamard spectroscopy is an alternative non-FT method inspired by the continuous-wave
slow passage technique which was widely used before the advent of FT-NMR. It relies on the
sampling of the discrete frequency domain thanks to an array of narrow independent
frequency channels. Instead of applying hard excitation pulses, selective radiofrequency
pulses with an effective bandwidth from 1 to 100 Hz are employed. The main feature of
Hadamard spectroscopy is the introduction of an encoding/decoding scheme based on
Hadamard matrices. One scan, recorded with a combination of frequencies (e.g. excitation of
different regions of the spectrum), matches with one row of the Hadamard matrix. For each
row, signals from the different regions of the spectrum can be positive or negative according
to the sign of the matrix coefficients, in order to complete the Hadamard encoding. The whole
information is next decoded thanks to the same matrix, where the different peaks are
obtained by performing additions/subtractions from the columns. Note that the completion
of all scans of the Hadamard-matrix is necessary to achieve the encoding/decoding process.

An example of such Hadamard matrix is proposed on the Figure 4a.

The processing of this strategy becomes very interesting in the context of nD NMR
experiments. Indeed, the Hadamard encoding actually replaces the common t;
incrementation, resulting in a significant time saving since the number of scans related to the
size of the Hadamard matrix is generally lower than the number of increments for the
conventional nD FT-NMR. In practice, as NMR spectra are often relatively sparse, recording an
initial 1D spectrum can be useful to determine the regions of interest before the Hadamard
encoding. Standard 2D pulse sequences are then employed but without an evolution period.
Such a workflow to acquire Hadamard 2D spectra is illustrated in Figure 4a. As shown in Figure
4b and 4c, Hadamard spectroscopy can significantly accelerate nD NMR experiments.
Nonetheless, some drawbacks arise from this methodology such as the need to obtain prior
knowledge of the sample, and the relaxation losses induced by the length of the encoding

pulses, especially when narrow frequency bands are chosen.
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Figure 4. (a) Schematic workflow to obtain a 2D spectrum by Hadamard Spectroscopy. (b) Conventional
800 MHz TOCSY spectrum recorded on a sample of erythromycin; 256 increments were required for a
total experiment time of 2 h 53 min 50 s. (c) 800 MHz TOCSY spectrum recorded on erythromycin by a
Hadamard approach in 2 min 33s (around 68 times faster). Twenty two protons sites were selected
from the preliminary fingerprint for direct excitation. A Hadamard matrix of order 28 was also required
for encoding and decoding. Reprinted from Prog. Nucl. Magn. Reson. Spectrosc., 42, E. Kupce, T.
Nishida, R. Freeman, Hadamard NMR spectroscopy, 95-122, Copyright (2003), with permission from
Elsevier.
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Ultrafast nD NMR and hybrid methods

Ultrafast (UF) NMR, also known as single-scan, is the fastest and the most recent of the
methods described in this article. The main feature of UF NMR (Figure 5a) is that instead of
repeating the N1 experiments of the conventional 2D NMR scheme, the sample is divided into
N1 slices undergoing different evolution periods, all within a single scan. Proposed by Frydman
and co-workers in 2002, this sub-second method is inspired from imaging and relies on a
spatial-encoding block, where the spins located at different z coordinates are treated as
independent sub-ensembles. This spatial encoding is generally carried out in a continuous
fashion, as described in Figure 5b. The key element in the UF pulse sequences (here on the
example of COSY) is the application of linear frequency-swept pulses together with gradients
along the z axis. After a conventional excitation, the two successive pulses applied with bipolar
gradients generate a z-dependent phase of the form ¢ = C-Q1-z where Q1 is the resonance
frequency and C an adjustable constant dependent on the spatial-encoding scheme. After a
conventional mixing period, the linear dephasing is refocused during signal detection by a
linear gradient,! yielding a series of echoes at times proportional to the corresponding
resonance frequencies. This series of echoes is similar to a 1D spectrum obtained without FT,
and forms the first dimension of the UF 2D spectrum. The second dimension is then obtained
in an Echo-Planar Spectroscopic Imaging (EPSI) fashion, by alternating positive and negative
gradients yielding a series of 1D sub-spectra while the transverse magnetizations evolve in a
conventional way. The rearrangement of this series of 1D spectra, followed by their Fourier

Transform along the time dimension, leads to a 2D spectrum in a single-scan.

L The expression "linear gradient" is not exact, although commonly encountered in the NMR literature. In fact,
the gradient is a constant value, and the magnetic field which results from the application of this gradient has a
linear dependance with z. Footnote added in the thesis after publication of the article.
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Figure 5. Principle of Ultrafast 2D NMR. (a) Generic scheme for the acquisition of UF spectra; (b) shows
—on the example of an UF COSY pulse sequence— how this spatial encoding is made possible by
simultaneously applying frequency-swept pulses together with gradients along the z axis. (c) Example
of the UF COSY spectrum of a mixture of small molecules (metabolites, 100 mmol.Lin D,0), recorded
in ca. 110 ms on a 400 MHz spectrometer with a conventional probe; (d) Example of the UF HSQC
spectrum of an ibuprofen sample (2 mol.L™? in aceton-ds), recorded in ca. 110 ms spectrometer with a
cryogenic probe. The peaks circled in red are folded and correspond to the aromatic part of the
spectrum.

The strength of UF NMR is its general character, which makes it applicable to any kind of 2D
NMR correlation. Examples of homo- and hetero-nuclear 2D spectra recorded in a single-scan
are given in Figure 5. UF NMR is even extendable to 3D or 4D single-scan experiments, by
spatially encoding the sample along two or three orthogonal dimensions. Still, UF NMR is
characterized by the need to compromise between sensitivity, resolution and accessible
spectral width. This is mainly due to limitations in the gradient system and to the need to
acquire the signal with high filter bandwidths. But the performance of UF NMR has been
remarkably increased during the last decade, thanks to clever pulse sequence developments.
Moreover, large efforts have been made to improve the accessibility of UF NMR: while not
commercially available at the time of writing, a number of web-available protocols may help

potential users to set this experiment on their own hardware.
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While UF NMR is certainly the fastest 2D method, it still suffers from low sensitivity: typically,
for a single-scan homonuclear 2D acquisition, limits of detection of a few mM have been
reported under favorable configurations (high field and cryogenic probe). Consequently,
single-scan applications have been mainly oriented towards concentrated samples. The most
exciting of these applications include the real-time monitoring of fast (bio)chemical processes,
where UF NMR offers a unique opportunity to characterize short-lifetime reaction
intermediates. It also shows great promises when NMR is coupled with another analytical
technique, as the hyphenated character of the experimental setting is often incompatible with
multi-scan acquisitions. UF NMR has been successfully coupled to high-performance liquid

chromatography (HPLC) and to dissolution dynamic nuclear polarization (D-DNP).

However, sensitivity is often an issue, and single-scan experiments are not always adapted to
the study of diluted samples such as mixtures of biological interest. Moreover, the detection
of large spectral widths in a single-scan leads to significant resolution and sensitivity penalties.
Therefore, when time permits, a much higher performance can be reached via hybrid UF
acquisition strategies which consist of repeating and/or combining several UF scans. These
methods result in substantial sensitivity, resolution and/or spectral width improvements,
while the experiment time remains quite short. Figure 7 summarizes the three main families
of hybrid strategies. The most basic hybrid approach (Figure 7) consists in simply accumulating
several UF scans, separated by a recovery delay, to increase the SNR and/or for phase cycling
purposes. Figure 3b illustrates the principle of interleaved acquisitions, consisting in repeating
several UF scans while incrementing a pre-acquisition delay t in order to increase the spectral
width, improve the resolution or reduce the demand on gradient amplitudes. Finally, Figure
3cillustrates how hybrid acquisitions can yield spectra with n dimensions in the time required
to record a (n-1)D conventional spectrum, by coupling conventional time-encoding with
ultrafast spatial-encoding strategies. For an equivalent overall experiment time, these hybrid
methods are generally more efficient than their conventional counterparts. In particular, they
are much more immune to hardware instabilities, resulting in improved analytical
performances in terms of sensitivity, robustness and repeatability. Promising applications to

fast quantitative metabolomics have been demonstrated by Giraudeau and co-workers.
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Figure 6. Principle of the main hybrid strategies based on UF 2D NMR. (a) Multi-scan single-shot (M3S)
approach, consisting in accumulating several UF scans for sensitivity or phase cycling purposes. (b)
Interleaved UF acquisition procedure, consisting in repeating several UF scans while incrementing the
pre-acquisition delay 7 in order to increase the spectral width, improve the resolution or reduce the
demand on gradient amplitudes. (c) Fast hybrid 3D approach, illustrated on the example of Jres-COSY,
capable of recording 3D spectra with a single time incrementation coupled to a spatially-encoded 2D
pulse sequence. Reproduced from Magn. Reson. Chem. (2015) doi: 10.1002/mrc.4237 with permission
from John Wiley and Sons

Multiple receivers

Parallel Acquisition NMR SpectroscopY (PANSY) allows the acquisition of multiple types of
spectra in the same sequence, using multiple receivers. The principal aim of this hardware-
based approach is to elucidate the whole structure of a molecule with a single experiment, as
illustrated in the PANACEA pulse sequences (parallel acquisition NMR, an all-in-one
combination of experimental applications). Figure 7 illustrates one of these sequences, which
leads to the acquisition of a 1D 3C, a 2D '3C INADEQUATE, a 2D 'H-'3C HSQC, and a 3D 3C-'H
J-HMBC spectra within the same experiment. This pulse sequence has also been modified by

adding the capability to acquire the corresponding '°N correlation spectra.
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As all the spectra are acquired simultaneously, the use of this methodology not only speeds
up structural elucidation, but it also avoids the influence of slow variations such as
temperature or sample degradation. Nevertheless, this powerful tool is not adapted to fast-
relaxing systems such as macromolecules, due to the length of the pulse sequences; moreover

it requires specific hardware.
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Figure 7. PANACEA pulse sequence designed for the simultaneous observation of a decoupled one-
dimensional 3C spectrum, a two-dimensional *C-3C INADEQUATE spectrum, a two-dimensional
multiplicity-edited *C-'H HSQC spectra, and a three-dimensional ¥*C-'H J-HMBC spectrum on a
spectrometer equipped for parallel acquisition of *H and 3C signals. Reprinted with permission from J.
Am. Chem. Soc. 130, 10788-10792. Copyright (2008) American Chemical Society.

Combined strategies

The methods described in this article illustrate how the researchers’ imagination has helped
shortening the duration of 2D experiments by innovative strategies. Of course, each method
has its pros and cons, and there is no universal fast nD method. The choice of the most adapted
strategy should therefore be made depending on the targeted question. Nevertheless, these
methods are not independent and further progress in speed, sensitivity or resolution can be
expected by combining them. Among the experiments described in Table 1, almost any
combination is conceivable, especially those between methods from different categories.
Many combinations have already been proposed in the recent literature, with the main
leitmotiv that the combination of two methods can bring much more than the sum of their
parts. As an example, non-uniform sampling has already been combined with SOFAST or

64



spectral aliasing, in order to reduce the number of increments while avoiding resolution
losses. Ultrafast NMR has been combined with almost all the other methods such as SOFAST,
aliasing/folding, compressed sensing, Hadamard spectroscopy and even with parallel
acquisition methods. And further combinations will certainly arise in the near future, in a

permanent quest towards higher performances in the shortest possible time.

The NMR community is also aware of the need to make these developments available to a
broad community of end-users. While some of the methods described above are already
available in major commercial software, web available protocols greatly help in the
implementation of others. Moreover, NMR spectroscopists are still very active in this field,
and new methods will certainly emerge from NMR labs in the years to come. While fast
methods often have to pay a price in sensitivity, promising perspectives arise from their
combination with hyperpolarization techniques, suggesting exciting new developments and

applications in the near future.
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4.2 . Ultrafast NMR: an overview of principles and
applications

Ultrafast multi-dimensional NMR:
principles and recent applications

Boris Gouilleux, Laetitia Rouger and Patrick Giraudeau

(Original book chapter published in eMagRes, 5 (2016) 913-922)

Abstract

Multi-dimensional NMR (nD NMR) spectroscopy is widely used in chemical and biochemical
analyses. Conventional nD NMR experiments, however, are affected by inherently long
acquisition durations, arising from their need to record numerous 1D experiments in a time-
incremented fashion. Proposed in 2002 by Frydman and co-workers, ultrafast (UF) 2D NMR is
capable of yielding arbitrary nD homo- or hetero-nuclear NMR spectra in a single scan. The
performance of this sub-second 2D NMR methodology has been greatly improved in the last
decade, and UF NMR has become a powerful analytical tool witnessing an expanded scope of
applications. Recent developments also gave birth to a new generation of multi-scan hybrid
methods which offer an appealing alternative to conventional NMR for a variety of
applications where the sensitivity of single-scan methods is limited. This article summarizes
the principles and the recent developments which have contributed to the success of this
method, and focuses on applications which have been recently demonstrated in various areas
of analytical chemistry —from the real-time monitoring of kinetic or dynamic processes to high-
throughput metabolomics. Promising perspectives arising from the association of UF NMR
with other techniques (such as hyperpolarization methods) are also highlighted.
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1 Introduction

Multidimensional (nD) spectroscopy has played a central role in the development of NMR
methods for a broad range of applications, from chemistry to biology and medicine. nD
spectroscopy brings invaluable correlation information as well as a considerable resolution
enhancement, which are both essential to elucidate complex molecular structures. However,
conventional nD NMR suffers from long acquisition durations due to the need to sample the
indirect dimension(s) through the repetition of numerous experiments. These long
experiment times have several consequences: i) the overload of spectrometer schedules, ii)
the impact of instabilities on the signal-to-noise ratio (SNR), leading to t1 noise and iii) the
incompatibility of nD experiments with samples whose composition is evolving with time, and
with most hyphenated techniques.

Numerous strategies have been developed to overcome this limitation.! A first family of
approaches consists in optimizing pulse angles to minimize the inter-scan delay. Several other
strategies, such as Non-Uniform Sampling (NUS) consist in reducing the number of time
increments by a sparse sampling of the indirect dimension(s), associated with non-linear
reconstruction methods. Other developments are based on alternatives to Fourier Transform
(FT) NMR, such as Hadamard spectroscopy.

A decade ago, a new generic multidimensional approach was designed by Frydman and co-
workers,? allowing the acquisition of homo- or heteronuclear 2D NMR spectra within a single
scan. The so-called “ultrafast” (UF) method provides analogous information to its
conventional counterpart, but in a fraction of a second only.

In this article, the principles and specificities of UF 2D NMR are first summarized, as well as
the specificities of this methodology and its extension to 3D NMR. Then, applications of this
methodology are illustrated in a variety of fields in which the experiment duration plays a
crucial role, such as real-time monitoring of fast processes, coupled techniques or high-

throughput metabolomics.
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2 Principles and Characteristics of Ultrafast NMR

2.1 Principles

The key feature of the UF methodology is the replacement of the time-incremented period in
the conventional 2D NMR scheme by a spatially-dependent evolution period. Figure 1
illustrates how spatial encoding enables spins throughout the sample to undergo spatially

distinct t; evolution periods within a single scan.
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Figure 1. General scheme for ultrafast 2D NMR experiments. Instead of repeating experiments with an
incremented t; evolution period, the sample is subdivided into N; slices which undergo different t;
evolution periods within a single scan. This discrete spatial encoding approach can be extended to a
continuous one by considering an infinite number of infinitesimal slices, i.e. N; — oo.

Spatio-temporal encoding can be achieved in different ways. The initially proposed pulse
sequence relied on a discrete scheme where a train of frequency selective pulses was applied
in combination with a pair of bipolar gradients.? Since this technically demanding procedure
suffered from several drawbacks such as the presence of “ghost peaks”, it was replaced in
2003 by a continuous scheme which can be achieved either in real-time or in constant time
(Figure 2b).> Whichever the continuous encoding pattern, an encoding gradient G, is applied
along the Bo axis, leading to a z-dependent resonance frequency. A chirp pulse with a linear
frequency sweep is applied simultaneously so that the spins located at different z positions
are excited at different times t(z) (Figure 2a). This gradient/pulse combination yields a non-

linear dephasing ¢(£);, z) which is then changed into a linear —and much easier to manipulate—
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form through an additional spin manipulation, by applying an identical chirp pulse together
with an opposite gradient. The resulting dephasing is of the form @(z) = C - Q; - z, where C
is an adjustable constant depending on the encoding pattern (Figure 2b). It can be viewed as
a sum of helices —each resonance frequency being characterized by a different winding. As in
conventional 2D NMR, this generic encoding period is preceded by a preparation period and
followed by a mixing period, identical to those applied in conventional 2D pulse sequences.

A whole 2D NMR signal can be retrieved from the encoded information if the spin evolution
during a time t, is collected in a way that refocuses the magnetization windings obtained
through the spatial encoding process. To this end, an acquisition gradient G, is applied while
the receiver is open, which refocuses the dephasing ¢((};, z) induced by the spatial encoding.

The magnetization helices are successively unwound, leading to a series of echoes in the k
. . . . t
space, where k is a wave number depending on the acquisition gradient: k = y, fo G,(tHdt'

(yq is the gyromagnetic ratio of the detected nuclei). Echoes occur when the refocusing
induced by the acquisition gradient exactly compensates the dephasing imparted by spatial
encoding, i.e. k = —CQ;. This series of echos resembles a 1D spectrum, though obtained
without Fourier transformation, yielding the first dimension of the UF 2D spectrum (Figure
2c). This indirect domain is generally called the “ultrafast dimension”. The additional
dimension is obtained through a detection block based on Echo-Planar Spectroscopic Imaging
EPSI. In this scheme, the classical free evolution of the spins is monitored during a time t;
through a train of bipolar gradient pairs which are capable of mapping the spatial dimension
k and the time dimension t, (Figure 2c). This leads to a series of mirror-image 1D spectra along
the ultrafast dimension while the system evolves during t, under the influence of the
conventional NMR parameters such as J-couplings, chemical shift and transverse relaxation
(Figure 2c). This t, evolution will eventually lead to the second dimension of the 2D spectrum
after FT. As this additional dimension arises from a conventional evolution during the signal

detection, it is referred to as “conventional dimension”.

70



(a) off /e (b) .. -
| on . EOPR TR
oif \ _
] 6 | @(z) = CQyz
z t Gz GE G 'y
90° o IS
%Yz, I
#-mmeos TE - >
1 :
Oi Of Offset G, G, G

(d) UF spectrum
c @ )
9o
-
£
o
2
2 o °
g
z
8 e

Ultrafast dimension

Figure 2. Overview of the main features characterizing ultrafast NMR experiments. (a) Principle of
continuous spatial encoding. The action of an encoding gradient G, is combined with a chirp pulse
whose frequency is linearly swept, so that spins located at different z positions in the sample are
excited at different times. It induces a z-dependent dephasing ¢ of the transverse magnetization,
which also depends on the resonance frequency (), . (b) Typical pulse sequences capable of achieving
this continuous spatial encoding, in a real-time (top) or constant time fashion (bottom). Both encoding
patterns lead to a linear dephasing of the form C -, -z, where C is a spatio-temporal constant
depending on the duration of spatial encoding TE. (c) Principle of EPSI-based detection in UF NMR. An
acquisition gradient G, is applied to refocus the z-dependent dephasing, leading to several echoes (as
illustrated at the top). The timing of these echoes in the k space is directly proportional to the
resonance frequency {;, leading to a 1D spectrum without FT. To record the second dimension, a train
of bipolar gradients is continuously applied in order to map the (k, t,) space. The bottom figure shows
such a 2D map recorded at 400 MHz on a sample of ethanol. (d) shows the resulting UF 2D spectrum
after FT along t.

This particular data acquisition procedure requires a specific processing to obtain the 2D
spectrum. This processing first consists in splitting and rearranging the echoes detected during

the successive acquisition gradients, leading to two mirror-image S(k, t2) maps akin to the
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S(F1,t2) interferogram resulting from a conventional 2D dataset after FT along the indirect
dimension. The FT of these maps along t yields two symmetric S(F1, F2) maps, which are added
after inverting one of them along the ultrafast dimension, leading to the final 2D spectrum
(Figure 2d). Additional corrections are generally applied, such as shearing the two mirror-maps
to cope with a potential positive/negative gradient offset of the gradients, or the application
of a spatial apodization in the k domain to remove the effect of non-linearities on the edge of

the detection coil.

2.2 Examples

Contrary to other fast 2D methods which target a specific pulse-sequence, one of the main
assets of UF NMR is its generic nature that makes it suitable for any kind of 2D NMR
correlation. In principle, any conventional 2D experiment can be converted into its UF variant,
by applying a spatial encoding scheme instead of the incremented evolution period and by
replacing the classical acquisition by an EPSI block. Figure 3 shows representative examples of
UF spectra obtained using commercial spectrometers, together with the corresponding pulse
sequences. Although not comprehensive, this figure illustrates the versatility of UF 2D NMR,
pointing out some of its characteristic features, such as the possibility to record homo- or —
hetero-nuclear spectra or to perform single- or double-quantum experiments, relying on a

single- or multi-scan approach.
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Figure 3. Examples of UF pulse sequences and spectra illustrating the versatility of the UF approach.
(a) UF COSY pulse-sequence applied to a sample of ethyl-3-bromopropionate in acetone-ds. The
spectrum was recorded in 0.11 s at 400 MHz. (b) UF DQS (Double-Quantum Spectroscopy) pulse-
sequence applied to a mixture of 7 metabolites in H,0/D,0 (90/10). The spectrum was recorded at 600
MHz with four interleaved scans to increase the observable spectral width, resulting in an acquisition
time of 41 s. The build-up delay was t = 25 ms. Reproduced from Ref. 3’ with permission from The
Royal Society of Chemistry. (c) UF H-*C HSQC pulse-sequence applied to a sample of ibuprofen in
acetone-ds, and recorded in 0.12 s at 500 MHz with a cryogenic probe (aliphatic range only). In all these
schemes, TE refers to the duration of spatial encoding; the open rectangle without annotations refer
to conventional coherence-selection gradients.
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2.3 Specificities of UF NMR

Ultrafast NMR obviously suffers from an intrinsically low sensitivity owing to its single-scan
nature, when compared to multi-scan acquisitions characterizing conventional nD NMR. In
addition, the SNR is also impacted by several factors arising from the spatially-encoded
nature of UF NMR:*

e Translational molecular diffusion during spatial encoding leads to the need of a
compromise between resolution and sensitivity. In fact, a better resolution requires a
longer spatial encoding duration; however the latter leads to SNR losses arising from
the effects of diffusion in the presence of magnetic field gradients.

e Due to the constant time nature of the spatial encoding scheme which is employed in
most UF experiments, the SNR is significantly modulated by spin-spin couplings. These
J-modulation effects, if not taken into account, can lead to missing peaks on the UF 2D
spectra.

e The SNRis also impacted by the need to acquire the signal with large filter bandwidths
(several hundreds of kHz) to account for the gradient-induced spread in resonance
frequencies from spins over the whole sample volume.

Additionally, a compromise has to be found between the resolution (Avyg) and the spectral
widths (SW; and SW,) accessible within a single-scan as they are related by the following

equation:

SW, - SW,

.G .L:Z.
YQ a AVUF

where L is the height of the detection coil. The maximum acquisition gradient amplitude
available is thus a major limiting factor. Moreover, the typical sensitivity, resolution and
spectral widths that can be achieved in a single-scan are dependent on the hardware (probe
and magnetic field). Table 1 illustrates these typical performances of UF 2D pulse sequences
for two different hardware configurations, so that users can extrapolate what can be expected
on their own system. Table 1 shows that for a constant resolution, increasing the magnetic
field leads to a better sensitivity, albeit at the cost of a reduced spectral width. Therefore, the

optimum configuration depends on the targeted application.
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Table I. Analytical performance of ultrafast 2D NMR under two typical commercial configurations (400
MHz spectrometer, direct room temperature (RT) probe and 700 MHz spectrometer, inverse cryogenic
probe). The performance of sub-second single-scan experiments is compared to the one of a 60 s
hybrid approach consisting in accumulating UF experiments (here, 16 accumulations consisting of 4
interleaved scans x 4 transients, with a 3.5 s interscan delay). Typical values are given for small
molecule samples analyzed in a 5 mm tube.

UF experiment (0.2 s) Hybrid experiment (60 s)
400 MHz 700 MHz 400 MHz 700 MHz
RT probe Cryoprobe RT probe Cryoprobe
LOD 100 mM 1 mM 50 mM 0.5 mM
SW for COSY (*H x 'H) 6 X 6 ppm 2.5x2.5 ppm 12x12ppm  5x5ppm
SW for HSQC (*3C x tH) 40 x 4 ppm 15 x 3 ppm 80x8ppm  30x6ppm
FWHM (UF dim.) 50 Hz 50 Hz 50 Hz 50 Hz
FWHM (Conv. dim.) 35 Hz 25 Hz 35 Hz 25 Hz

LOD: Limit Of Detection; SW: Spectral Width; FWHM: Full Width at Mid-Height in the spatially-encoded
dimension (UF dim.) or in the conventional FT dimension (Conv. dim.).

2.4 New generation of UF experiments

During the last decade, numerous strategies have been developed to overcome the limitations
mentioned above. To reduce translational molecular diffusion effects, two approaches have
been proposed. The first one consists in reducing the diffusion coefficient by relying on low
temperatures, viscous solvents, or on the encapsulation of the analytes in phospholipidic
vesicules.”> The second one is a multi-echo encoding scheme® which makes UF experiments

more immune to such diffusion effects.

As regards J-modulation effects during constant time spatially-encoded experiments, they
have been characterized very recently through numerical simulations.” Thanks to an in-depth
understanding of this effect, several strategies of J-modulation control are now available to

maximize the SNR arising from UF experiments.

Several approaches were developed to alleviate the compromise between resolution and
spectral widths. Most of them rely on folding methods to recover the peaks lying outside the

detected spectral window, such as gradient-controlled folding?, spatial/spectral encoding® or
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reverse detection.'® UF datasets can also be recorded in a non-uniform sampling fashion to
reach higher resolutions or larger spectral widths.!! The use of interlaced FT has been proved

to double the accessible spectral width along the direct-acquisition domain.?

There are, however, many applications where a single-scan experiment is not needed. In such
cases, significant improvements can be achieved through multi-scan hybrid approaches,
capable of yielding 2D spectra whose quality is comparable to the one of conventional
experiments, but in a much shorter time (from a few tens of seconds to a few minutes). For
example, the multi-scan single-shot (M3S) method, consisting of a classical signal
accumulation, leads to an increase of the SNR and to a better repeatability compared to the
single-scan approach.’® Another multi-scan approach based on interleaved acquisitions was
also optimized to increase the accessible spectral widths or to ease the gradient demand.
These two strategies can be easily combined, resulting in 2D spectra whose performance is
significantly improved compared to single-scan acquisitions. Table 1 illustrates this feature for
a one minute experiment —still much shorter than conventional 2D NMR.

Thanks to the numerous improvements mentioned above, which can be combined, UF NMR
has become a powerful analytical tool capable of delivering high-resolution 2D spectra with a

drastically reduced acquisition time compared to conventional 2D NMR.

2.5 UF spectroscopy at arbitrary dimensions

Multi-dimensional spectra can also be acquired within a single-scan —at least in principle— by
spatially encoding the sample along independent spatial dimensions.?® Shrot and Frydman
have shown how 3D and 4D experiments can be recorded in a single scan, by replacing the
indirect dimensions of conventional nD experiments by spatial encoding along two or three
orthogonal directions. Decoding the complex resulting magnetization windings requires
applying rapidly oscillating gradients along two or three dimensions during the detection.
However, these experiments require a probe with triple axis gradients and put a high demand
on the associated hardware. Moreover, they accumulate the drawbacks of UF 2D NMR along
additional dimensions, leading to a very limited sensitivity and resolution.

An alternative approach consists of a hybrid method allowing the recording of a 3D spectrum

in the time of a conventional 2D experiment.'® In this “fast spatially encoded 3D NMR”, one
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of the indirect dimensions is spatially encoded while the other one results from a conventional
time incrementation. Although the durations of these experiments are longer than those of
the fully spatially encoded one, this method does not require any specific hardware.
Moreover, the limitations arising from the spatially-encoded nature of the experiment are

counterbalanced by the signal accumulation arising from the conventional dimension.

3 Applications

3.1 Real-time monitoring

Monitoring chemical or biochemical processes via analytical spectroscopies plays a central
role in kinetic and dynamic studies, and in the elucidation of reaction mechanisms. Among
spectroscopic techniques, NMR has the great advantage of being non-specific and non-
destructive; it does not require any prior knowledge on the analyzed compounds and delivers
both structural and quantitative information. In this context, UF 2D experiments have
considerably extended the potential of reaction monitoring by NMR, making it possible to
study, in real time, complex (bio)chemical processes involving multiple analytes whose 1D
spectra are overlapped.'” For instance, Herrera et al. applied the UF methodology to study the
mechanisms leading to the formation of pyrimidines.'® They recorded 525 UF TOCSY spectra
(every 10 s during a 1h 30 min reaction) to monitor the reaction between an aliphatic ketone
with an amount of trifluoromethanesulfonic acid anhydride (Tf,0) in the presence of
deuterated-acetonitrile (Figure 4). More recently, the same authors described an interleaved
and excitation-optimized approach capable of recording up to 2500 2D NMR heteronuclear
data sets within 100 min, thus considerably increasing the potential of these real time
methods.'® These successful results have then inspired the implementation of 2D real-time
monitoring for other applications like in situ electrochemistry coupled to NMR. Boisseau et al.
implemented an electrochemical cell inside a 5 mm NMR tube, to follow electrochemical
reactions in real time by UF 2D NMR, in order to elucidate unstable reaction intermediates.?

Again, this example highlights the potential of UF NMR to study fast chemical reactions.
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Figure 4. Monitoring of the formation of pyrimidine by UF TOCSY, illustrating the potential of UF NMR
for real-time reaction monitoring. (a) Proposed mechanism for the reaction between a symmetric
pentanone, triflic anhydride, and acetonitrile-ds. This scheme was established according to the
reactant and product cross-peaks detected by UF TOCSY. (b) Some of the 525 TOCSY spectra recorded
in the course of the reaction every 10 s, over 87.53 min at 37 °C. (c) Graph of the averaged integrated
peak intensity as a function of time for the different species. Reproduced with permission from Ref.

2D NMR is also widely applied to study dynamic phenomena in biochemistry, as it brings
valuable structural and dynamic insight on complex macromolecules. The study of short-lived
excited states is very important for understanding molecular folding/misfolding, binding
interactions or other dynamic phenomena. These fast dynamic processes require analytical
techniques operating on a second’s timescale, such as UF NMR. To enable the fast repetition
of UF experiments, Gal et al. combined UF NMR with the SOFAST methodology (Selective
Optimized-Flip-Angle Short Transient), resulting in a Ultra-SOFAST pulse sequence which can
be repeated at a Hz rate. 2! This UF SOFAST approach was recently applied to understand
central features of the function of RNAs by monitoring conformational transitions and

structural rearrangements in real time.??
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3.2 Coupled techniques

Coupling NMR with other analytical techniques can significantly improve its performance,
either in terms of discriminating capacity (when coupled to chromatographic techniques) or
in terms of sensitivity (when associated with hyperpolarization methods). NMR coupled to
liquid chromatography (LC-NMR) is a hyphenated technique combining the separation power
of LC with the quantitative and structural insights provided by NMR acquisitions. However,
when these experiments are carried out in an on-line mode, the design of a fast and efficient
detection tool is essential to characterize the eluted compounds in real-time. UF NMR
responds to this double time and characterization constraint, and its coupling with a
chromatographic technique was reported by Shapira et al.?% In a more recent work Queiroz et
al. implemented this approach on a commercial high-performance liquid-chromatography
system coupled to NMR (HPLC-NMR), to detect and characterize aromatic compounds in

mixtures within the course of a chromatographic run.?*

The main limitation of NMR remains its relatively low sensitivity, and several approaches
based on hyperpolarization have been proposed to deal with this drawback. In liquid-state
NMR, the most efficient strategies are dissolution dynamic nuclear polarization (D-DNP) or
signal amplification by reversible exchange (SABRE) based on para-hydrogen. These methods
offer a great sensitivity enhancement —up to orders of magnitude— but the hyperpolarized
signals are short-lived, and consequently incompatible with the signal accumulation
characterizing conventional 2D NMR experiments. UF NMR offers an appealing solution to this
limitation, and it was successfully coupled to the D-DNP 2> and SABRE 26 methods, yielding
single-scan 2D spectra of hyperpolarized substrates at sub-millimolar concentrations. The
application of these methods to biological mixtures —such as those studied in metabolomics—
is particularly promising. Very recently, heteronuclear 2D correlation spectra of
hyperpolarized breast cancer cell extracts have been obtained in a single scan after a 30 min
polarization step, with a sufficient sensitivity to characterize metabolites whose conventional

detection required hours of acquisition at high field (Fig. 5) %’.
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Figure 5. 'H-13C HMBC spectra of partially *C-enriched extracts from human breast cancer cell lines.
(a) Conventional HMBC spectrum, recorded in 13 h 42 min at 500 MHz with a cryogenic probe. (b)
Hyperpolarized single scan HMBC spectrum at 500 MHz after 30 min of polarization. Reproduced from
Ref. 27 with permission from The Royal Society of Chemistry

3.3 Metabolomics and fluxomics

2D NMR is increasingly used in metabolomics, a field where NMR is one of the major analytical
tools to determine the metabolic content of samples from biological origin. In such complex
samples characterized by strong peak overlaps, 2D spectroscopy is highly relevant to improve
the identification of putative biomarkers, but also to increase the accuracy of quantitative
analysis.?®. However, conventional 2D NMR is barely compatible with the high-throughput
needs characterizing metabolomics studies which involve large sample collections. UF 2D
NMR is therefore a valuable alternative to conventional 2D methods in this field. Single-scan
experiments, however, are generally not adapted to samples from biological origin, due to
their intrinsic low-sensitivity. But an alternative is offered by hybrid methods, consisting in
accumulating several UF experiments to improve the sensitivity, the resolution and/or the
spectral width.?° These experiments offer an interesting compromise between single-scan and
conventional 2D acquisitions. Furthermore, hybrid methods, such as M3S are characterized

by a better repeatability than their conventional counterparts, owing to their better immunity
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vis-a-vis hardware instabilities during the experiment. In particular, the hybrid COSY
experiment has been proved efficient to provide homonuclear correlation spectra of biological
samples within only a few minutes. Le Guennec et al. have shown that this method offers an
easier and less ambiguous biomarker identification than 1D pulse sequences which are
generally used in metabolomics.'® Moreover, the high repeatability of fast hybrid COSY makes
it particularly appropriate for the targeted quantitative analysis of complex metabolite
mixtures, as recently shown on breast cancer cell extracts (Fig. 6 a) or plant extracts (Fig. 6
b).1330 In a similar vein, another recent quantitative application of UF NMR pertains to the
field of fluxomics. 2D NMR is an efficient tool for studying metabolic fluxes by measuring 3C
enrichments in complex mixtures of 3C-labeled metabolites. However, the methods reported
so far have been hindered by long experiment durations, thus limiting their use in fluxomics
studies. To take advantage of the time saving and higher precision offered by UF experiments,
several acquisition strategies have been proposed, consisting in recording homonuclear *H 2D
spectra where 3C couplings are expressed in one dimension only. 3! The signal overlap is
significantly reduced while quantitative site-specific information can be extracted from lines
of the 2D map (Fig. 6 c). Even more, the overlap can be further reduced by tilting the *H-13C
isotopic pattern along a third dimension.3? This approach requires a 3D acquisition, which can

be achieved in a few minutes only via a hybrid strategy based on UF NMR (Fig. 6 d).

81



d (500 MHz, 20 min, e b . L =
ancer coll extract g e & 3 700 MHz, 5 min, tomato extrac.t r g
< 2 - B GABA N o
) . Fo—
- -

L ] L ] . I~
o~

':i 8 Mal-—-.lcl- Gln :

Q Cho W C
o \ o l ./ C

r ] - . -

-3 . Cit C
o - <

o -

Lo r
M 0

TTTTTTT T[T T T T[T Tr[TrorTrT

4 3 2  F2[ppm]

i

o

500 MHz, projection from fast3D

. 500 MHz, 20ss, & [ - §
T . Coli, extract " 8 20 min, £ Coli, extract Voo o0 3 e ﬁ =Y
LRz’ o I S : & . [T
'™ S Kotk - A Kort K g - -
B (-} - Lo o r
Eec o = fes® :
o Ved! o
8 o r
DaatYaatFoa = e L
o Dunt YautFor  HE - -
= = = Rsd Lo
™ =gE: L
o= r
s i o”aﬂs -é*: “M‘“‘s =" -
= 2 <~ : AT L
S ABT T AB” -
I T

‘ ///// 2 oo

Ty OTE

Figure 6. Examples from recent literature showing the potential of fast hybrid nD NMR techniques
based on ultrafast nD spectroscopy in the fields of metabolomics and fluxomics. (a, b) Fast COSY
spectra recorded on metabolic extracts for absolute quantification purposes; major metabolites
(indicated on the figure) were quantified with an accuracy of a few percent relying on standard
addition (a) or external calibration (b) approaches. (a) Spectrum obtained in 20 min at 500 MHz with
a cryogenic probe using a multi-scan single-shot (M3S) strategy on a breast cancer cell extract.
Reprinted with permission from Ref.®; Copyright 2012 American Chemical Society (b) Spectrum
obtained in 5 min at 700 MHz with a cryogenic probe using a hybrid interleaved and M3S strategy on
a tomato fruit pericarp extract. Reprinted from Ref. 3° with kind permission from Springer Science and
Business Media (c, d) Spectra recorded on a biomass hydrolysate from E. Coli. cells grown in a partially
13C-enriched glucose environment, used in the field of fluxomics to measure site-specific 3C
enrichments. (c) Ultrafast COSY spectrum recorded in 4 scans (20 s) at 500 MHz with a cryogenic probe.
Reproduced from P. Giraudeau and L. Frydman, Ref.* (d) FiF, plane from a 3D J-resolved-COSY
spectrum recorded in about 20 minutes at 500 MHz with a cryoprobe, with a hybrid pulse sequence
based on ultrafast 2D NMR, where the spatio-temporal encoding of two dimensions is associated with
the conventional temporal encoding of the third one. Reproduced with permission from Ref.1®
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3.4 Towards UF in vivo spectroscopy

Localized 2D spectroscopy is a powerful tool to disentangle the overlapping resonances
resulting from the acquisition of in vivo 1D spectra. However, the long experiment times are
ill-suited for in vivo applications where the effect of motion is particularly critical, leading to
large noise ridges along the indirect dimension. Extending the UF approach to in vivo
spectroscopy would therefore be extremely promising, and a first step was taken by Roussel
et al., who proposed an approach capable of recording UF 2D J-resolved localized spectra on
in vitro phantoms placed in a small animal imaging system.33 Unfortunately, the extension of
this approach to an in vivo setting would inevitably suffer from the inhomogeneity of the voxel
where the acquisition is performed. But Pelupessy et al. have designed a new class of spatially-
encoded experiments, based on UF 2D NMR and capable of recording high-resolution 2D NMR
spectra in inhomogeneous fields.3* Based on this methodology, Wei et al. reported the
acquisition of ex vivo localized 2D spectra in inhomogeneous biological tissues.3> While not yet
applied to in vivo spectroscopy, these developments have paved the way towards promising
developments and applications. In a parallel magnetic resonance community, UF 2D NMR has
recently inspired extremely promising developments in the field of MRI. Frydman et al.
developed a new class of “SPEN” (spatiotemporal encoding) experiments, capable of
delivering single-scan 2D images in an inhomogeneous environment, an approach which was

successfully applied in a hyperpolarized context.3®

4 Conclusion

Thanks to recent methodological and analytical developments, ultrafast multi-dimensional
NMR has become a method of choice for a variety of applications, offering a valuable
alternative to conventional nD spectroscopy. It is of particular interest for applications
requiring short experiment times associated with a high spectral dispersion, such as the
monitoring of fast kinetic or dynamic processes. Furthermore, while single-scan experiments
are not as sensitive as their conventional analogues, their performance has been significantly
enhanced by the development of multi-scan hybrid techniques. The latter offer —within a

reasonable time— numerous application perspectives in the field of analytical chemistry,
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particularly for high-throughput applications such as metabolomics. But one of the most
exciting research avenues currently explored concerns the coupling of UF spectroscopy with
dissolution-DNP. Associating these two techniques results in a powerful tool that should find
applications in a broad array of domains. Finally, promising perspectives also arise in the
extension of the UF methodology to an in vivo context, a field where the coupling with

hyperpolarization could also open new research avenues.

The widespread use of ultrafast multidimensional spectroscopy among a broad community of
users will also depend on its implementation on commercial NMR equipment. Large efforts
have recently been devoted to improve the accessibility of UF NMR, and hopefully it is just a
matter of time before manufacturers begin to implement it systematically on commercial

spectrometers.
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and applications

Ultrafast 2D NMR:
Methods and applications

Boris Gouilleux, Laetitia Rouger and Patrick Giraudeau

(Original review article accepted

in Annual Reports on NMR Spectroscopy, 2017)

Abstract:

Multidimensional NMR (nD NMR) has become one of the most powerful spectroscopic tools
to deliver diverse structural and functional insights into organic and biomolecules as well as
on raw materials. A long-standing concern of nD NMR is related to its long experiment
duration, arising from the need to sample the indirect dimension(s) in a multi-step fashion.
For decades, the NMR community has been developing numerous strategies to speed up nD
NMR experiments and therefore extend their scope of applications. Among them is the
ultrafast (UF) NMR methodology, capable of delivering arbitrary homo- or heteronuclear
multidimensional spectra in a single scan. Since the initial concept was published in 2002, the
performance of this sub-second 2D NMR approach has been greatly improved so that UF NMR
is nowadays a relevant analytical tool used in broad variety of situations whereby the
experiment duration is crucial. Following a description of the principles of UF NMR, the
present review aims at emphasizing the numerous methodological developments that this
approach has undergone so far in 2017. Thereafter, the high versatility of UF NMR is
highlighted through the review of the applications that have been reported in a variety of
settings and disciplines, in isotropic as well as anisotropic media.
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1. Introduction

Nuclear magnetic resonance (NMR) is a highly versatile spectroscopic technique with
applications in a large range of disciplines, from chemistry and physics to medicine including
organic chemistry, natural products research, metabolic studies, structural biology, drug
discovery and environmental sciences, owing to its wealth of information about structural,
guantitative and dynamic features. The development of 2D NMR by Jeener in the 1970’s
enabled a true “revolution” in the world of NMR as it brings invaluable correlation information
together with resolution enhancement, which are both determining for the fields of
application that we know today [1]. Later on, the development of higher dimensionality (nD
NMR) experiments has been decisive in understanding the structure and dynamics of bio-
macromolecules. The downside of conventional nD NMR is mainly the long acquisition
durations arising from the need to sample the indirect dimension(s) through the repetition of
numerous transients. This long experiment time involves several drawbacks such as the
overload of spectrometer schedules, the impact of hardware instabilities in the indirect
dimension(s) and obviously, the incompatibility of nD experiments with samples whose
composition is evolving over time and with most hyphenated techniques. The NMR
community has invested considerable research efforts geared towards reducing this
experiment duration [2]. A first strategy is directed at reducing the time separating two
successive increments through i) a decrease of the relaxation times for the relevant nuclei by
relying on a reservoir of longitudinal magnetization and ii) an optimization of the pulse angles.
In this vein, the selective optimized flip-angle short-transient (SOFAST) and the acceleration
by sharing adjacent polarization (ASAP) methods have proved to be effective in the analysis of
bio-macromolecules and small organic molecules, respectively [3]. A second approach focuses
on the methods that reduce the number of increments in the indirect dimension. Numerous
sampling schemes and signal processing algorithms have been proposed to compensate the
subsequent resolution losses such as spectral aliasing [4] and non-uniform sampling methods
(NUS) [5]. Other developments are based on alternatives to Fourier transform (FT) NMR, such

as Hadamard spectroscopy [6].

The present review deals with one of the most recent fast multi-dimensional methods: the so-
called ultrafast (UF) NMR experiment, first proposed in 2002 by Frydman and co-workers for

the sake of collecting 2D NMR spectra in a single scan [7]. The basic scheme of UF NMR
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spectroscopy enables the collection of arbitrarily high multidimensional homo or
heteronuclear NMR spectra within a single transient. By contrast to Jeener’s concept, the
central feature of UF NMR is the replacement of the time-incremented period in the
conventional 2D scheme by a spatiotemporal manipulation, whereby spins undergo spatially
distinct ti-evolution periods throughout the sample within the same transient. Subsequent
gradient-based methods — based on imaging principles — were proposed to read out this
spatially encoded information and to retrieve multidimensional correlation into patterns that
are identical to those afforded by conventional techniques. Several reviews about UF NMR
have already been published, the reader could refer to ones proposed by the Frydman’s
research group for a deep understanding of theoretical matters [8,9] while the one written in
2014 by Giraudeau & Frydman deals with this topic from the point of view of analytical
chemistry [10]. The present review claims to pursue these endeavors by reporting the
methodological improvements that UF NMR has undergone so far in 2017 and providing an

overview of its multidisciplinary scope of practical and fundamental applications.

In a first part, the principles and the characteristics of UF NMR are described, as well as
methodological developments concerning spatial encoding, detection, processing, hybrid and
combined methods. The extension to UF nD NMR is also discussed. Besides this
methodological review, a comprehensive work-flow to implement UF NMR is proposed
including pulse-programs and processing routines. In a second part, applications of UF NMR
are illustrated in a variety of settings and disciplines, both in liquid state and in oriented media.
First, applications in which the experiment duration plays a crucial role are reported: the real-
time 2D NMR monitoring of samples whose composition evolves over time, in the field of
organic and bio-chemistry; the coupling of UF 2D NMR with chromatography and
hyperpolarization techniques, where the single-scan nature offers an appealing solution to
the irreversibility issue of the separation/preparation processes. Then, promising applications
in the field of quantitative NMR (QNMR) are also reported, especially in “omics” disciplines.
Furthermore, the high versatility of this generic approach is highlighted by the development
of pseudo-2D UF experiments, which dramatically speed up diffusion experiment, relaxation
measurement and even the study of chemical exchange saturation transfer (CEST). Finally, the
potential of the UF methodology in the context of inhomogeneous By magnetic fields is

described, as well as applications to localized 2D NMR spectroscopy.

89



2. Methods
2.1. Principle
2.1.1. General

The key feature of ultrafast 2D NMR experiments is the replacement of the conventional time
incrementation by a spatial encoding, as illustrated in Figure 1. Thanks to this substitution, the
spins located at different z positions undergo distinct t; evolution periods according to their
position in the tube, and these different evolution periods take place simultaneously within
the course of a single scan. While the preparation and mixing steps are similar to the ones
encountered in conventional experiments, a specific detection scheme is required to decode

the information encoded in the evolution step.
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" | Relaxation + Evolution - Detection
A 4 Mixing il
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Figure 1. General diagram for conventional 2D experiments (left) and for ultrafast 2D NMR
experiments (right). Whereas in conventional experiments the pulse sequence is repeated with an
incremented t; evolution period, in ultrafast experiments each slice of the sample undergoes different
t1 evolution periods within a single scan.

2.1.2. Spatial encoding

The spatial encoding method initially used in ultrafast NMR was based on a discrete scheme
[7], but it was quickly replaced by continuous schemes [11-13]. Whichever the encoding
scheme, a magnetic field gradient (noted Ge) is applied along the encoding axis so that spins

at different locations in the tube experience different effective magnetic fields, thus
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undergoing different resonance frequencies. It results in different rotation times in the
transverse plane according to the frequency, directly related to the z-position of the spins. The

induced spatial dependence of the phase is of the form:

$(z)=C-Q, -z Equation 1

where C is a constant depending on the encoding scheme, €}, is the frequency of the

chemical site i and z the position in the tube. In the initial discrete encoding scheme, this result
is obtained by applying a series of selective pulses with incremented offset applied in
combination with pairs of bipolar gradients, as illustrated in Figure 2a. This approach is
technically demanding, moreover it is characterized by the occurrence of ghost peaks and a

limited resolution [13].

Soon after the emergence of the ultrafast methodology, different types of continuous
encoding schemes were proposed. Shrot and Tal suggested two different real-time encoding

schemes [11,12], thereafter named [%—%j and (%—7[) On the other hand, a constant

time phased-modulated scheme was proposed by Pelupessy [13], thereafter named (7[—7[)

. In these continuous encoding schemes, the sample is virtually divided into an infinite number

of infinitesimal slices, unlike the discrete way.

In the real-time encoding schemes, this infinitesimal division is performed thanks to the
application of a % chirp pulse simultaneously to the encoding gradient (Ge, Figure 2b). Again,
spins are excited at different times according to their z-position in the tube. The spatial

dependence of the phase induced by this gradient - % chirp pulse pairis [12]:

57[/2 Gﬁ/ZL 57r/2 Gﬁ/ZL Gﬂ/25ﬂ/2
¢”/2(z)=7-[91+7/°’2 + o 7"5 -, gt O 62L -z Equation 2

In this equation, 5”/2 is the duration of the % chirp pulse, Ge”/2 the amplitude of the gradient

applied simultaneously to this chirp pulse, 7, the gyromagnetic ratio of the encoded nucleus,

L the length of the sensitive volume and €2, the chemical sift precession of the considered
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spin. A z —dependent phase is obtained, but the z?> quadratic evolution term prevents the

refocusing of the magnetizations by a linear magnetic field gradient.

A first solution to refocus this quadratic term is to apply a second similar % chirp pulse
together with an opposite gradient (—Ge”/z). This second % chirp pulse also flips back the
magnetizations along the z-axis, and a non-selective % pulse is needed prior to detection. This

T
(E—EJ encoding scheme, illustrated in Figure 2c, leads to an amplitude-modulated signal.

In order to achieve phase-modulated experiments such as correlation spectroscopy (COSY) or
Vs
J-resolved spectroscopy, Tal et al. proposed to replace the second 5 chirp pulse by a  chirp

pulse. The spatial dependence of the phase induced by this gradient - 7 chirp pulse pair is

[12]:

0"y G'L 20" 0"y Gr
¢ (z):%—&y}/ﬁ: —T-Ql}-z-i-%-zz Equation 3

In this equation, 0" is the duration of the 7 chirp pulse and G, the amplitude of the

gradient applied simultaneously to this chirp pulse. The optimization of this parameters allows

to compensate the z2 dephasing induced by the first chirp pulse while keeping magnetizations

V4
in the tranverse plane. This (E—ﬂ'j encoding scheme is illustrated in Figure 2d.

Additionally to these two real-time encoding scheme, the constant time (77—7[) scheme

T
(Figure 2e) starts with a non-selective Y excitation of all the spins, and the evolution time is

spatially modulated thanks to the presence of a 7 chirp pulse together with an encoding
gradient G . The spatial dependence of the phase induced by this gradient - 7 chirp pulse

pair, as described above, includes a quadratic term which prevents the refocusing of the

magnetizations by a linear magnetic field gradient. A second 7 chirp pulse is thus applied

together with an opposite gradient -G”, in order to cancel this quadratic dephasing. As for

e

92



. T .. . .
the real-time (E—ﬂ'j scheme, magnetizations end in the transverse plane, leading to phase-

modulated experiments.

Regardless of the encoding scheme used, a linear spatial dependence of the phase is obtained
(Equation 1). The spatial encoding constant C which characterizes the resulting
magnetization winding for each scheme is defined in Table 1 depending on the overall
duration T, of the spatial encoding, i.e. the time spent by the spins in the transverse plane.
One should note that a different magnetization winding is obtained for each resonance

frequency in the sample, leading to a specific spatial encoding for each chemical shift.

Table 1. Description of the main continuous spatial encoding schemes in UF NMR.

encoding . .
real/constant time  modulation T, C
scheme
v/ 2T
(E — E) real-time amplitude 5m/2 Te
™ n/2 2T, 1—-G?/GT
(— — n) real-time phase 6 + 8™ —e. 9—/2/3
: 2 L o1+677%/cz
2T,
(r —m) constanttime phase 26™ Te
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Figure 2. (a) Principle of discrete spatial encoding. The action of an encoding gradient Ge is combined
with a selective pulse so that spins located in a particular slice of the sample are excited. This
combination is repeated while varying the offset of the selective pulse so that the different slices of
the sample are excited at different times. (b) Principle of continuous spatial encoding. The repetition
of selective pulses is replaced by a chirp pulse whose frequency is linearly swept. By combining this
pulse with the encoding gradient, spins located at different z positions in the sample are excited at
different times. (c - e) Typical pulse sequences capable of achieving this continuous spatial encoding,
in a real-time (c and d) or constant time manner (e).

Following this encoding step, the mixing period is similar to the one of conventional 2D NMR

experiments.

2.1.3. Detection

Once the receiver opened, a reading gradient (Ga) is applied to refocus the linear dephasing
created during the spatial encoding. Since the spatio-temporal encoding step leads to a
different magnetization winding for each resonance frequency, the application of G,

generates a series of gradient echoes occurring when:
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k=-C-Q, Equation 4

where
t
kzya'[Ga (¢")drt' Equation 5
0

is a wave number in the k space (Figure 3a). Therefore, the resulting signal is equivalent to a
1D spectrum, obtained without Fourier transform. The dimension created this way will be
called the “ultrafast” dimension in the rest of the manuscript, and is also reported as
“spatially-encoded dimension” in the literature. It corresponds to the indirect dimension in

the corresponding conventional experiment.

To obtain the second dimension, a technique analogous to EPSI (Echo-Planar Spectroscopic
Imaging [14,15]) is used. It consists in a series of bipolar gradient pairs which replaces the
normal free evolution. This train of gradients leads to periodic refocusings and defocusings of
the signal, giving rise to a series of mirror-image 1D spectra along the UF dimension (Figure
3b). Meanwhile, the system evolves under conventional NMR parameters, according to the
experiment type (chemical shift, couplings ...). After FT along the detection time t», this leads
to the second dimension, called “conventional dimension”, corresponding to the direct

dimension in conventional 2D experiments.

95



Ta
Encoding | Mixing / { S !! +G, \

[

B

L 4

Figure 3. Principle of EPSI-based detection in UF NMR. (a) An acquisition gradient G, is applied to
refocus the z-dependent dephasing, leading to several echoes. The timing of these echoes in the k
space is directly proportional to the resonance frequency Q;, leading to a 1D spectrum without FT. (b)
To record the second dimension, a train of bipolar gradients is continuously applied in order to map
the (k, t2) space.

2.1.4. Data processing

The processing workflow specific to UF experiments is illustrated in Figure 4. As a first step,
data arising from positive and negative gradients are split and rearranged, leading to two

mirror-image S(k, t2) maps. A FT is subsequently applied along the t; dimension, leading to
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symmetric S(F1, F2) maps. The map arising from negative gradients is then inverted, and added

to the other one to give the ultrafast spectrum.
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Figure 4. Diagram of the data processing for UF 2D experiments. Series of echoes acquired during
positive and negative gradients are divided and organized in two V,—f, maps. Two mirror-image

spectra are obtained after FT along t,. One of them is inversed and added to the other, leading to the
UF 2D spectrum.

2.2. Main characteristics of the UF methodology

The ultrafast methodology is characterized by several compromises, described in the following
lines. However, in the past fifteen years, numerous solutions were developed to circumvent

those limitations, of which an overview is given thereafter.

2.2.1. Spectral width and resolution considerations

A first characteristic of UF experiments is that spectral widths cannot be adjusted
independently, contrary to conventional experiments. Accessible spectral widths and
resolution in the ultrafast domain depend on experimental parameters and are linked to each

other according to the following relation:

SWUF ) SVVconv

y,-G,-L=2- Equation 6

Avy,

where 7, is the gyromagnetic ratio of the detected nucleus, G, is the acquisition gradient

amplitude, L is the length of the coil for the encoded nucleus, SW,; and SW,, are the
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spectral widths in the ultrafast and conventional dimensions respectively, and AV, is the

peak width at half maximum in the ultrafast dimension.

Giraudeau and Akoka demonstrated that independently of the spatial encoding scheme, the
resolution in the ultrafast dimension is inversely proportional to the spatial encoding constant

C [16]:

Av,, oo L Equation 7

LC

Consequently, a better resolution should be achieved by increasing the duration of the spatial

encoding 7, ,as C isdirectly related to 7,, for each encoding scheme (see Table 1). However,

the next paragraphs show that increasing 7, leads to sensitivity losses and that a compromise

has to be set between resolution and sensitivity.

Finally, the resolution in the conventional dimension (Av

n ), €quivalent to the direct
dimension in conventional 2D experiments, is determined by the number of acquisition
gradient pairs N in the EPSI train:

AV, oc— Equation 8
conv 2N

2.2.2. Compromises / limits

One of the key issues of the ultrafast methodology is its low sensitivity. The latter is not only
due to the single-scan nature of such experiments, but is also related to different effects which
have been widely described in the literature, such as J-modulation (in the case of constant
time encoding), the need to use large filter bandwidths, and the effects of translational

molecular diffusion.

The use of strong gradients during the detection is actually the main source of sensitivity losses
in UF experiments. It induces a large frequency dispersion, forcing to set a large digital filter
bandwidth. This augmented digital bandwidth leads to a lower signal-to-noise ratio (SNR) as

noise increases, and this is even more critical when large spectral widths are targeted. Under
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typical conditions, this results in a per-scan sensitivity reduced by a factor between 5 and 10

compared to a one-scan 1D acquisition.

During the spatial encoding, and particularly during the application of the chirp pulse together
with a gradient, translational molecular diffusion can be detrimental to sensitivity [17].
Indeed, the motion of the spins induces a loss of information as their evolution is imperfectly
spatially encoded. Furthermore, the longer the spatial encoding, the higher the effects of

diffusion; but as mentioned above (Equation 7), the resolution in the ultrafast domain is
inversely proportional to the duration of the spatial encoding 7. Thus, a compromise has to

be found between sensitivity and resolution in the ultrafast domain. Giraudeau and Akoka

showed that regarding this compromise, the (m — 7) encoding scheme is the most favourable
[17]. For this particular encoding scheme, a value of 7,= 30 ms was found to be the best

compromise for most small molecules samples.

Finally, when the (72'—71') spatial encoding scheme is used, ultrafast experiments can be

considered as constant time experiments, leading to J-modulation effects as it is the case for
conventional constant time experiments. This J-modulation induces sensitivity losses and

possible missing peaks, depending on the nature of the spin system and J-coupling values [18].

Equation 6 highlights the need to set another compromise, as the maximum gradient
amplitude available is a major limiting factor. Indeed, for an equivalent resolution in the
ultrafast domain, the two spectral widths are interdependent [19]. This results in a
compromise related to the maximum gradient amplitude available, and thus highly hardware
dependent. The maximum gradient amplitude reached is typically 50 to 60 G/cm on

conventional probes.

The quality of the gradient system also has a major influence on the ultrafast experiments.
The train of alternate gradients during the acquisition has to be stable. Otherwise, it could
lead to important line shape distortions and sensitivity losses. The achievable resolution in the
conventional dimension thus depends on the stability of the train of acquisition gradients, as
it is governed by the duration of the latter. Eddy currents could also occur during the
beginning of each gradient [20], leading to the same disturbances. To prevent this, a delay of

a few dozen of micro-seconds is usually inserted between consecutive acquisition gradients,
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and their shape is usually trapezoidal. Typical EPSI trains that can be achieved on modern

hardware are formed of 100 to 200 bipolar gradient pairs.

2.3. Ameliorations

Since the first UF experiments were suggested, numerous improvements were developed to
get rid (at least partially) of the compromises mentioned above. The different pulse sequence
elements of UF pulse sequences were targeted, from spatial encoding to detection including

data processing.

2.3.1. Spatial encoding

2.3.1.1. Spatial/spectral encoding

The spatial/spectral encoding method is based on the partition of the ultrafast domain into
relevant and irrelevant spectral regions [21,22]. The latter are excluded from the spatial
encoding, whereas the former are encoded with the desired linear dephasing. This selectivity
can be performed by the use of Serial Selective Encoding (SSE) or Parallel Selective Encoding

(PSE).

In the SSE scheme [22], the various frequencies to be encoded are addressed sequentially.
This discrete encoding suffers from long pulse durations and relaxation losses if the targeted
frequencies are close to each other or when dealing with numerous sites. It is also unsuitable

for samples with short T, transverse relaxation times.

All the targeted frequencies are simultaneously encoded in the PSE scheme [21], thanks to the
use of 2D spatial-spectral pulses. Signal losses arising from T, relaxation effects or
homonuclear J-coupling modulations during the encoding period are decreased, compared to
the SSE scheme. However, this method needs complex radiofrequency (RF) waveforms and

requires the use of stronger gradients than SSE.

Although information from the 1D spectrum is needed to design such a spatial/spectral
encoded experiment, the use of this technique reduces the gradient demand, so that diffusion
effects become negligible. Moreover, it leads to a better sensitivity and to an enhancement of

the resolution.
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2.3.1.2. Hadamard

As for the spatial/spectral encoding method, only regions of interest are encoded in multiscan
2D Hadamard NMR. This Hadamard encoding is performed by modifying the phases of the
different regions of interest through the different scans [23]. Thus, one encoded spectral
region corresponds to a line of the Hadamard matrix. In multiscan 2D Hadamard NMR, traces
are obtained thanks to FT in the direct dimension (Figure 5A), which is followed by the
application of Hadamard Transform (HT) in the indirect dimension, leading to the 2D

spectrum.

In ultrafast 2D Hadamard NMR, each line of the Hadamard matrix is spatially encoded, thanks
to the use of spatial-spectral pulses. During the EPSI detection block, spatially resolved traces
are obtained as series of echoes, without FT (Figure 5B). As in its multiscan counterpart, HT is

applied in the ultrafast dimension to retrieve the 2D spectrum.

The use of Hadamard spatial encoding is particularly interesting when the ultrafast domain is
sparse, as the gain in sensitivity is inversely proportional to the size of the Hadamard matrix
(correlated to the number of spectral regions to be encoded). This technique is thus unsuitable
for crowded spectra and, as for the spatial/spectral encoded experiments, requires an a priori

knowledge of the 1D spectrum.

A) Multiscan 2D Hadamard NMR B) Spatially encoded 2D Hadamard NMR
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Figure 5. A) Original Hadamard-encoded scheme proposed for obtaining 2D NMR spectra. B) UF 2D
Hadamard approach based on a combined spectral/spatial encoding of the indirect-domain
information. Both data are processed on the basis of a Hadamard transfer which weights the spectral
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set by a matrix— for the illustrated example—to afford the desired site-resolved
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information. Reproduced from Ref. 23 with permission from John Wiley and Sons.

2.3.1.3. Gradient folding

In UF experiments, aliasing occurs in the conventional dimension, i.e. the resonances are
folded with respect to the extremity of the spectral window. This feature can be used to
alleviate the compromise between spectral widths. On the contrary, there is no aliasing in the

ultrafast dimension since there is no FT, but “folding” gradients can be tuned to symmetrically
fold the spectrum. This method, based on the (71'—72') spatial encoding scheme, requires the
addition of “folding” gradients before and after the mixing period, named G, and G,
respectively [24]. It makes use of the two symmetrical magnetization windings generated by

this particular encoding scheme.

Indeed, two mirror-image echo trains are actually detected in the ultrafast dimension, where

the symmetry point is:
k,=-7,G,7, Equation 9

G, is usually set to observe only one echo train during the acquisition gradient. By changing

the amplitude and duration of G, the two mirror-image echo trains can be partially

superimposed, so that all the signals of interest can be observed in a reduced spectral width

compared to the original UF experiment.

Although this gradient-controlled folding is applicable to almost all UF 2D experiments, it
proves to be particularly useful for heteronuclear ones, usually characterized by a large

spectral width in the ultrafast dimension and a sparse spectrum.

2.3.1.4. Reduction of diffusion effects

As discussed in paragraph 2.2.2, translational molecular diffusion during spatial encoding can

lead to significant sensitivity losses. Two different approaches can be used to alleviate this
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limitation: physically reduce the translational molecular diffusion, or modify the spatial

encoding to reduce the effects of this diffusion.

Simple precautions can physically reduce diffusion, like lowering the sample temperature or
using a more viscous solvent. However, these are often unsuitable, particularly for biological
samples. A specific sample preparation protocol has been developed for such cases, using
medium-size phospholipid vesicles to encapsulate the analytes [25]. As a result, the local

mobility is unchanged while limiting the motion of the analytes along the z dimension.

An alternative is to design pulse sequences that would be less sensitive to diffusion effects,
such as the multi-echo spatial encoding scheme. It is based on the (7[—7[) scheme, the pair
of 180° chirp pulses being replaced by a succession of shorter 180° chirp pulses pairs (Figure
6) [16]. For identical durations of the whole spatial encoding scheme (7,), the achieved

resolution is the same as in the original one. However, molecular diffusion effects are reduced
due to the use of shorter gradients. Consequently, the resolution can be increased thanks to
multi-echo spatial encoding, while limiting the SNR losses due to molecular diffusion effects.

Nevertheless, when diffusion is not predominant (i.e. when using short T,) this technique

leads to sensitivity and resolution losses, due to adiabaticity losses.

However, it should be highlighted that for most UF experiments, the typical 7, values -

resulting from the need to compromise between spectral widths and resolution - do not lead

to significant diffusion effects. An exception is J-resolved UF spectroscopy, where much longer

T, values can be applied due to the reduced spectral width in the conventional dimension

[26].
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Figure 6. Pulse sequence for the acquisition of ultrafast 2D J-resolved spectra based on the (7{—7[)

phase-modulated encoding scheme, using the multiple-echo excitation scheme designed to limit
diffusion effects.

J-modulation
Due to their constant time nature, UF experiments based on the (7[—7[) encoding scheme

suffer from J-modulation. The signal intensity thus depends on the nature of the spin system,

the J coupling constants, and the duration of the spatial encoding (7, ). The latter can be tuned

by a small delay added prior to the pair of chirp pulses, noted as tmix [18]. This delay can be
optimized for each spin system independently, but it can also be optimized for different spin
systems by the use of selective excitation pulses. However, an a priori knowledge of the
sample is required. These optimizations have to be performed for each sample. Another
method relies on the averaging of J-modulation effects by adding UF spectra recorded with
different delays tmix. Although this solution requires several scans, and thus a longer
acquisition duration, it is more general and does not require any a priori knowledge on the

sample.

J-modulation effects can also be exploited to determine small J-coupling constants, e.g. ’Li-’Li
J-couplings. To access to this information, the acquisition of numerous 2D spectra is required,
leading to very long acquisition durations using conventional constant time 2D NMR
experiments [27]. The acceleration provided by UF experiments is particularly beneficial for

this kind of analysis [28].
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2.3.2. Multi-scan strategies

When the targeted application does not require sub-second acquisition times, various multi-
scan strategies can be used to overcome the limitations of UF 2D NMR such as the sensitivity
or the accessible spectral widths [29]. The acquisition time of such experiments is thus
extended to dozens of seconds or a few minutes, with an improved performance while still

much faster than their conventional counterpart.

2.3.2.1. Multi-Scan Single-Shot acquisitions

Multi-Scan Single-Shot acquisitions (M3S) consist of the accumulation of UF experiments for
signal averaging, leading to sensitivity improvements proportional to the square root of the
number of experiments [29]. In addition, Pathan et al. proved that signal averaging in
homonuclear UF NMR results in a better precision than what could be achieved by
conventional 2D experiments in the same time [30]. This feature is related to a better
immunity of UF experiments towards spectrometer instabilities. As a consequence, the signal-
to-noise is similar in the two dimensions of UF experiments while ti noise occurs in

conventional 2D NMR [31]. This is particularly critical in samples with large dynamic ranges.

2.3.2.2. Interleaving

Interleaved UF experiments are designed to access higher spectral widths in both dimensions,
but can also be used to reduce the demand on the acquisition gradient amplitude, or improve
the resolution in the conventional dimension [32]. These experiments rely on the repetition
of the pulse sequence along with the incrementation of the pre-acquisition delay, as

illustrated in Figure 7. For n, interleaved scans, the pre-acquisition delay is incremented by

2-T

a

n.

1

between each scan. The different scans form interleaved trajectories in the (k, t2) space.

After processing these trajectories in an interleaved fashion, the spectral width in the

conventional dimension thus becomes:

Sw.,,, =— Equation 10
2-T

and is increased by the interleaving procedure. As shown by the following relation,
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y.-G T -L )
Sw,, =4 <4 ¢ Equation 11
UF 27—; q

the increase of T, to reach a higher SW,,. can also be compensated by interleaving in order

to keep SW_  constant. Similarly, the gradient demand during acquisition can be reduced by

conv

increasing T, together with interleaving. The specific interleaved processing may lead to

artifacts in the conventional dimension, at a position —=*- for each peak. However, several
n.

data processing strategies were developed to correct those artifacts [33]. At the cost of few
scans, this procedure allows the acquisition of a full-range UF spectrum comparable to its
conventional counterpart, as illustrated in Figure 7b. Interleaved experiments were routinely

used in several recent applications [34-36].
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Figure 7. (a) Principle of the interleaved UF acquisition procedure, consisting in repeating several UF
scans while incrementing the pre-acquisition delay in order to increase the spectral width, improve the
resolution or reduce the demand on gradient amplitudes. (b) lllustration of the potential of this
procedure, for ethyl crotonate COSY spectra recorded on a 700 MHz spectrometer. On the center:
single-scan UF-COSY spectrum. The accessible spectral widths are limited to approximatively 2 ppm,
and aliasing occurs in the conventional dimension (red circles). On the left: UF-COSY spectrum with 8
interleaved scans. The whole spectral width is retrieved, giving access to a spectrum comparable to
the conventional one (on the right) 70 times faster. Reproduced from Ref. 29 with permission from
John Wiley and Sons.
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2.3.3. Data processing

In addition to the improvements based on modifications of the pulse sequence mentioned
above, different data processing solutions were proposed to improve the performances of UF

experiments, such as the application of a “spatial apodization” or the use of interlaced FT.

2.3.3.1. Apodization

In UF experiments, apodization in the conventional dimension can be applied as in
conventional 2D experiments. It is particularly useful since the signal is highly truncated in this

dimension due to the limited number of alternated gradients during acquisition.

Apodization can also be applied in the spatially-encoded domain, i.e. in the ultrafast
dimension, in order to correct asymmetric line shape distortions [37], as shown by the
comparison of Figures 8a and 8c. In addition to the line shape improvement, this processing
also leads to an enhancement of the sensitivity. Simulations showed that the asymmetric
lineshapes arise from gradient non-uniformities on the edge of the sample or from a non-
uniform excitation on the edge of the RF pulses. This is particularly critical in cryogenically

cooled probes.

To perform this “spatial apodization”, a FT is applied in the indirect dimension, transforming
the time domain into spatial domain. The resulting profile (Figure 8d) is then multiplied by an
apodization window, usually Gaussian, to eliminate the signals arising from the edge of the
detection volume. Finally, an inverse FT is applied to the data to retrieve echoes in the time
domain. Since it was suggested, this spatial apodization method has been used routinely in

numerous studies [33,35,38,39].
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Figure 8. Spatial apodization procedure applied to an UF 2D COSY spectrum recorded in 0.1 s on a
mixture of metabolites. A Fourier transform is applied in the ultrafast dimension, and the time-domain
signal is multiplied by a gaussian window. After inverse Fourier transform, the resulting signal profits
from a smaller linewidth and more symmetric lineshapes. Reproduced from Ref. 37 with permission
from John Wiley and Sons.

2.3.3.2. Interlacing

In the usual UF data processing, signals detected during positive and negative gradients are

processed independently, thus halving the signal used in the FT. This signal separation leads

to an SNR loss by a factor \/5 and halves the spectral width in the direct dimension. As
proposed by Mishkovsky and coworkers in 2005, these losses can be avoided by the use of
interlaced FT [40]. This transform exploits odd and even echoes simultaneously, leading to a
better SNR and a larger spectral width in the direct dimension. However, extra experimental
precaution has to be taken concerning the proper alignment of the indirect domain k-peaks in
both odd and even data sets. Despite their potential in terms of sensitivity and spectral width,
such interlaced ultrafast experiments are barely used in routine due to the impact of non-

idealities on the resulting spectra.
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2.3.4. Detection

2.3.4.1. Non-uniform sampling

A non-uniform sampling pattern can be applied in the conventional domain, thanks to the use
of pseudo-random oscillating gradients [41]. In this way, the amplitude of the acquisition
gradients (G, ) is reduced, thus alleviating technical issues and increasing the sensitivity, as
the bandwidth of the digital filter can be reduced. The spectrum is retrieved thanks to

Compressed Sensing, an iterative reconstruction algorithm. Due to this reconstruction of the

spectrum, NUS-UF experiments require high SNR and sparse spectra in the direct domain.

(A) Square-Wave (B) Pseudo-Random
Oscillating Gradient Oscillating Gradient

Figure 9. (A) Traditional ultrafast acquisition scheme. (B) Pseudo-random ultrafast acquisition scheme
for the sake of an iterative v, reconstruction. The upper and middle panels display the G, waveforms

and their corresponding k-t, trajectories. The bottom row considers a cross section of these
trajectories for a given k - value (dashed line), and shows the sampled FID points with black and white
dots denoting data recorded during positive and negative gradient, respectively. Unlike the regular
sampling provided by the square-wave modulation in (A), the random sporadic sign-changes in
waveform (B) provides a sampling pattern that is suitable for an iterative reconstruction that is not
necessarily bound by Nyquist criteria. Reproduced from Ref. 41 with permission from Elsevier.
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2.3.4.2. z% gradients

In magnetic resonance imaging (MRI) systems, longer switching times between acquisition
gradients need to be used, due to hardware limitations. It leads to longer dwell times in the
direct dimension (usually greater than 200 ps), and thus a smaller spectral width in the direct
dimension. To alleviate this, sinusoidal gradients can be applied during acquisition, resulting
in a non-linear sampling of the k-axis, i.e. the ultrafast dimension [42]. To retrieve linear k-

axis, data must be “regridded” by unidimensional linear interpolation, without FT.

2.3.4.3. Constant gradient

The fast switching of the acquisition gradients often leads to the occurrence of eddy currents,
thus creating inconsistencies in the data. One of the solutions to avoid it is to use a fixed and
constant-valued throughout the entire course of the data acquisition [43]. The excitation

scheme is then based on discrete spatial encoding. The latter is formed by a train of temporally

overlapping selective pulses (of duration Tp ), applied simultaneously to a constant gradient
G,, followed by a storage or inversion of the spin coherences thanks to a chirp pulse applied

simultaneously to a gradient G, ', where G,'#G,.

The achievement of narrow and well separated voxels by long selective pulses leads to
significant sensitivity losses. A solution to partially recover sensitivity is the use of chirp pulses

instead of selective pulses, giving rise to larger voxels. As overlap occurs between the latter,

-G
Ve Ye . Although these experiments

constructive interferences arise with a period of
0-7.-G,

are potentially more affected by molecular diffusion effects, they could be useful for rapidly

relaxing systems and higher-dimensional experiments.
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Figure 10. Ultrafast 2D COSY NMR pulse sequence using the constant-gradient acquisition protocol to
record phase-modulated 2D data. Reproduced from Ref. 43 with permission from American Institute
of Physics.

2.4. Protocol to implement UF 2D NMR experiments

The practical use of UF experiments is significantly different from conventional 2D NMR
experiments. This difference makes UF NMR hardly accessible to non-specialists of this
technique. The difficulty to implement and use UF experiments may act as a major brake on
the development of this methodology. The improvement of its accessibility is thus one of the
major challenges of the spreading of this technique among the NMR spectroscopy community.
Several implementation protocols were proposed in recent years [44,45] but tedious
parametrization is still needed. Here, we propose a simplified implementation protocol, being
all integrated in the acquisition software, in which UF experiments are automatically
parametrized from conventional 2D NMR acquisition parameters. At the time of writing, since
Agilent has retired from the NMR business, Bruker is the only manufacturer of high field NMR
spectrometers whose hardware is compatible with UF experiments; this protocol is thus
dedicated to the implementation of UF experiments on Bruker spectrometers of the Avance

generation.

All programs and experiments used in the following protocol were developed in the EBSI group
(CEISAM laboratory) from Nantes (France). The pulse sequences are based on the (7[—7[)
continuous phase-encoding excitation scheme, as the latter was found to be the best
compromise between sensitivity and resolution limitations [16]. Preliminary calibrations,

designed to characterize hardware performances, are thereafter used to automatically

parametrize UF experiments. This automatic parametrization of 2D UF experiments from
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conventional 2D NMR parameters not only handles the acquisition of single-scan experiments,

but also calculates interleaving and processing parameters (including spatial apodization). The

automatization of this parametrization makes UF NMR experiments accessible to non-

specialists of this technique. Only UF-COSY and UF-HSQC (UltraFast Heteronuclear Single

Quantum Correlation) implementations are described here, but two other *H homonuclear

ultrafast experiments can also be automatically parametrized following this protocol: UF-

TOCSY (UltraFast TOtal Correlation SpectroscopY [7]) and UF-DQS (UltraFast Double-Quantum

Spectroscopy [36,46]). Implementation files can be downloaded at http://madoc.univ-

nantes.fr/course/view.php?id=24710, and must be copied to the folder indicated in Table 2.

Table 2. Quick description of the files used in the protocol to implement UF experiments, and in which
folder they should be copied.

of UF-HSQC spectra

File: Description: To be placed in:

echograd pulse program for gradient | \Bruker\TOPSPIN\exp\stan\nmr\lists\pp\user
and chirp pulse calibration

ufcosy pulse program for acquisition | \Bruker\TOPSPIN\exp\stan\nmr\lists\pp\user
of UF-COSY spectra

ufhsqc pulse program for acquisition | \Bruker\TOPSPIN\exp\stan\nmr\lists\pp\user

UF-chirp-15-11

example of Chirp pulse for *H

\Bruker\TOPSPIN\exp\stan\nmr\lists\wave\user

ufset

AU program for automatic
settings

\Bruker\TOPSPIN\exp\stan\nmr\au\src\user

UFfeatures1H.txt

text file of the spectrometer
H UF
experiments, used by ufset

characterization for

and ufcalauto

\Bruker\TOPSPIN\exp\stan\nmr\au\src\user

UFfeatures13C.txt

text file of the spectrometer
characterization for 3C UF
experiments, used by ufset
and ufcalauto

\Bruker\TOPSPIN\exp\stan\nmr\au\src\user

ufproc

python processing program
for ultrafast spectra, including
automatic calibration

\Bruker\TOPSPIN\exp\stan\nmr\py\user

ufcalauto

python program for

automatic  calibration  of

ultrafast spectra

\Bruker\TOPSPIN\exp\stan\nmr\py\user

ufcal

python program for manual
calibration of ultrafast

spectra

\Bruker\TOPSPIN\exp\stan\nmr\py\user

ufsym

python program for
symmetrization of ultrafast

spectra

\Bruker\TOPSPIN\exp\stan\nmr\py\user
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2.4.1. Preliminary calibrations

Preliminary calibrations must be done on a sample with a limited number of resonances, for
example ethanol (10%) in D20. Run a preliminary 1D 'H experiment, tune and match, lock and

shim, and calibrate the 90° pulse angle (pw90).

The echograd pulse sequence (Figure 11a) is used for the calibration of the gradients and chirp
pulse. The chirp pulse is first inactivated to calibrate the gradients. It leads to a spin echo
which, after FT and phasing, shows a profile of the sample. In a second experiment, the

selective pulse is activated for calibration.

Create a new experience by copying the previous one (1D !H spectrum), set the pulse program
(echograd), and run the automatic parametrization macro: ufset. Adjust the receptor gain, and
run the acquisition. The FID should look like Figure 11b. Delay d5 should be adjusted to shift
the echo approximatively in the center of the acquisition window. The processing parameters
have also been automatically parametrized by ufset. The apodization window used is
Gaussian, and the center of the latter (parameter GB in Topspin) must be set according to the
position of the echo, i.e., 0.5 if the echo perfectly centered in the acquisition window. Process
the free induction decay (FID), by Topspin commands GM, FT and phase the spectrum starting
by first order phase correction. Due to the phase dispersion induced by the gradients, a huge
first order phase correction is necessary. A symmetric image can then be obtained via a small
zero order phase correction. The resulting profile should look like Figure 11d. Measure the
width at the base of the dispersion profile (AF', in Hz — as indicated in Figure 11d); it

corresponds to the frequency dispersion induced by a 10% gradient. The corresponding

gradient amplitude value (in T/m) can be calculated as 27

, where y is the gyromagnetic
7-L

ratio for 'H nucleus and L is the length of the sensitive volume.

Create a new experience by copying the previous one, in order to calibrate the chirp pulses
used for spatial encoding. The pulse shape used for this calibration is UF-chirp-15-11 (already
set by ufset). The GPZ0 gradient must induce a frequency dispersion equivalent to the chirp
pulse bandwidth (11 kHz in this case). This value can be calculated thanks to the last
experiment. Adjust the power of the chirp pulse (sp1) to obtain an effective inversion (as

Figure 11e). Signal must be processed with the GFP command. There is no need for an accurate
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value of spl1 as adiabatic inversion is efficient over a wide power range. However, residual

oscillations may appear if spl is too small.

d1 pLl pl, d2 . d3.p2 . d4. dS5
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Figure 11. (a) echograd pulse sequence for the calibration of UF experiments; (b) FID obtained,
centered in the acquisition window; dispersion profile obtained after FT, (c) before and (d) after phase
correction; (e) dispersion profile inversed by the calibrated chirp pulse.

Open the file \Bruker\TOPSPIN\exp\stan\nmr\au\src\user\UFfeatures1H.txt in a text editor.
This file is used by the ufset program to automatically parametrize UF experiments. Indeed,
many parameters are hardware-dependent. The first line will be modified thereafter. On the
second line, indicate the frequency dispersion induced by a 100% gradient (in Hz): ten times
the AF value measured above. This value is used in the ufset program to calculate all gradient
amplitudes in the pulse sequence according to the desired spectral widths. On the third line,

indicate the calibrated power of the chirp pulse (in dB). Save and close the file.
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2.4.2. Implementation of UF-COSY experiments

As for the preliminary calibrations, a simple sample such as ethanol in D0 may be used for

this implementation.

Create a conventional COSY experiment, by the use of a parameter file (rpar), and adjust the

following parameters to the sample: offset, spectral widths (note the spectral width in the

indirect dimension as SW,,

), pulse durations and powers. One scan and two dummy scans are
recommended for the first experiment, but these values can be adjusted as needed. Then set
the pulse program to ufcosy. Run the automatic settings program ufset. The latter calculates
all the necessary experimental parameters to run this experiment in an ultrafast manner, and
directly set them in the Topspin experiment. The execution of the program ends with a
message displaying the effective spectral width in the conventional dimension, an eventual
modification of the recovery delay if the latter was too short for ultrafast experiments, or
warnings concerning the experiments duration. Ultrafast settings are now applied to this

experiment. Note that the command “ufset r” allows to retrieve the initial conventional

parameters.

Adjust the receptor gain, and run the acquisition. Processing parameters have also been
calculated and modified by the ufset program. Process the data with the ufproc command.
The latter lasts a dozen of seconds while nothing must be done before the apparition of the
“ultrafast processing done” message. The spectrum thus obtained is automatically calibrated,
thanks to the features indicated in the file UFfeatures1H.txt. Although, as the first parameter
of this file has not been adapted to the spectrometer, the automatic calibration is still
inaccurate. Calibrate the spectrum with the manual calibration program (ufcal), then measure

the effective spectral width in the ultrafast dimension (SW

[

» ). Change the first line of the
UFfeatures1H.txt file to 2-SW, /SW,, . The automatic calibration will be more accurate for
the next experiments.

On any other sample, a new ultrafast experiment can be created, acquired and processed

following the same procedure as above, after calibration of the 90° pulse angle in a 1D 'H

experiment.
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2.4.3. Implementation of UF-HSQC experiments

The implementation of the UF-COSY experiments must be done prior to this procedure. A
sample as concentrated ibuprofen in acetone-de is recommended. Preliminary settings include

1D H and 13C experiments, and calibration of the pw90 for each channel.

Open the file \Bruker\TOPSPIN\exp\stan\nmr\au\src\user\UFfeatures13C.txt in a text editor.
The first line will be modified thereafter, as well as the second one if needed. On the third line,
indicate the power of the 3C chirp pulse (in dB). In a first approximation, the latter can be
considered equal to the 'H one. The frequency bandwidth encoded during the spatial
encoding step is usually five times larger than the desired spectral width. However, if the

maximal 13C spectral width needed ( SW,-" - in Hz) is higher than 0.04-G™ (where G™ is

the frequency dispersion — in Hz — induced by a 100% gradient, as indicated in the

UFfeatures1H.txt file), then encoding gradients will not reach the required amplitude. In this

max

0.2
case, change the second line of the UFfeatures13C.txt file to —————. Save and close the

max
UF

file.

Create a conventional HSQC experiment, by the use of a parameter file (rpar), and adjust the
following parameters to the sample: average coupling constant (cnst2), offsets, spectral
widths (note the spectral width in the indirect dimension as SW,), pulse durations and
powers... Eight scans and two dummy scans are recommended for the first experiment, but
these values can be adjusted as needed. Then set the pulse program to ufhsqc. Run the

automatic settings program ufset.

Adjust the receptor gain, and run the acquisition. Process the data with the ufproc command.
The spectrum thus obtained is automatically calibrated, thanks to the features indicated in
the files UFfeatureslH.txt and UFfeatures13C.txt. Although, as the first parameter of this
latter file has not been adapted to the spectrometer, the automatic calibration is still

inaccurate. Calibrate the spectrum with the manual calibration program (ufcal), then measure

the effective spectral width in the ultrafast dimension (SW,, ). Change the first line of the

UFfeatures13C.txt file to 2-SW, /SW,, . The automatic calibration will be more accurate for

the next experiments.
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On any other sample, a new UF-HSQC experiment can be created, acquired and processed
following the same procedure as above, after calibration of the 90° pulse angles in 1D 'H and

1D 13C experiments.

As mentioned above, two other experiments can be parametrized by the ufset program (UF-
TOCSY and UF-DQS). Additionally, this program can be completed to include the
parametrization of any other UF experiment. Other developments of UF experiments as

presented in part 2.3. can be included in this program by advanced users if needed.

2.5. Higher dimensionality

All the developments mentioned above were intended for UF 2D experiments. Nevertheless,
higher dimensionality spectra are accessible using the ultrafast method. Two strategies can

be used for this purpose: pure single scan or hybrid experiments.

2.5.1. Pure single scan

Thanks to multiple axis gradient systems, combinations of linearly independent gradient
geometries can be used to simultaneously monitor the spins’ evolution along separate time
axes. All indirect time domains being monitored thanks to spatial encoding, this methodology
enables the acquisition of a whole 3D or even higher-dimensional spectrum in only one scan,
i.e. a fraction of a second [19]. Nonetheless, its single scan nature also implies a very low
sensitivity, and limitations in terms of resolution and spectral ranges in the two spatially
encoded dimensions. In addition, as this technique relies on multiple axis gradients, specific

hardware is required.

2.5.2. Hybrid

To reach higher-dimensional experiments, spatial encoding and conventional time
incrementation can also be used simultaneously [29,47]. In a so called hybrid 3D experiment,
one of the indirect dimensions is thus acquired with a conventional time incrementation,
whereas the other one is acquired in an ultrafast manner. This hybrid method lowers the
acquisition time of a nD spectrum to the time usually needed to acquire a (n-1)D spectrum.
Even though these are long acquisition times compared to the pure single scan method, the
hybrid one does not require specific hardware, and is less demanding for the latter.
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Furthermore, hybrid experiments are more sensitive than their pure single scan counterparts,
and limitations of the resolution and spectral range only occur in the dimensions acquired in

an ultrafast manner.

Incrementation of {,

Figure 12. Principle of the fast-hybrid 3D approach, illustrated on the example of Jres-COSY, capable
of recording 3D spectra with a single time incrementation coupled to a spatially encoded 2D pulse
sequence. Reproduced from Ref. 29 with permission from John Wiley and Sons.

3. Applications
3.1. Real-time reaction monitoring by UF 2D NMR

Reaction monitoring relying on analytical spectroscopy plays a central role in a variety of
applications, from organic and inorganic synthesis to biochemistry and bioengineering [48]. It
is a determining tool for kinetic studies as well as for the deep understanding of reaction
mechanisms. Among spectroscopic techniques, NMR has the great advantage of being
nonspecific and nondestructive and delivers both structural and quantitative information.
Although NMR is a well-recognized processing analytical tool in organic and pharmaceutical
applications [49-52], one dimensional spectra can suffer from numerous overlaps and
become ill-suited for the real-time monitoring of complex reactive mixtures. Unfortunately,
2D NMR is not adapted in its original form for such monitoring. This is true even in the case of
slow processes compared to the 2D NMR timescale since the sample composition evolves
while gathering the 2D-interferogram. This leads to incoherent chemical information between
the different lines of the 2D matrix [38]. It is worth noting that time-resolved schemes based
on NUS can circumvent this issue in the case of processes occurring in a relative long timescale
[53,54]. More generally, fast 2D NMR experiments performed in a duration significantly

shorter than the time scale of the studied process would be an appealing and more convenient
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solution to extend the scope of NMR monitoring. Early after their ground-breaking publication
in 2002 [7], Frydman and coworkers investigated the potential of UF 2D NMR to monitor (bio)-
chemical processes on the fly. A first example was reported in 2003, where a set of mixing-
incremented 2D exchange NMR experiments was collected in a ultrafast fashion to probe the
interconversion of N,N-dimethylacetamide between its two rotamers [55]. Kinetic rates and
the activation energy of such a dynamic process occurring on a timescale of 1 s were
estimated. This UF methodology gained further interest through the real-time monitoring of
an H/D exchange involved by the dissolution of a protonated protein in D20 [56]. In this study,
a series of four-scan interleaved UF >N-1H HSQC spectra - recorded every 4 s - was carried out
in order to monitor the kinetics of hydrogen exchange in ubiquitin at a site-resolved level.
Beyond this potential of UF NMR to characterize a dynamic phenomenon, the same article
highlights the capability of detecting short-lived intermediate species. This is portrayed by the
real-time in situ tracking of a transient Meisenheimer complex that forms upon rapidly mixing
two organic reactants inside the NMR tube (Figure 13). After the triggering of the organic
reaction, UF-TOCSY experiments were performed every 2.4 s. Figure 13 shows the changes of
UF spectra patterns occurring in the course of the reaction, showing a competition between
thermodynamic and kinetic controls on a 2-s timescale. These pioneering works shed light on
how UF NMR delivers on the fly kinetic information as well as mechanistic insights, and
anticipated further exciting applications. Numerous examples are herein described
highlighting the potential of UF 2D NMR for the real-time monitoring of fast organic reactions

and of dynamic biomolecular processes.
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Figure 13. Example of real-time monitoring with UF 2D NMR. (a) formation of Meisenheimer
complexes. (b) examples of spectra taken from a set of UF TOCSY spectra. (c) scheme of the ultrafast
TOCSY pulse-sequence based on an amplitude modulated spatial encoding. (d) the different
homonuclear scalar correlations that distinguish the complexes | and Il. Reproduced from Ref. 56 with
permission from American Chemical Society.

3.1.1 Monitoring chemical reactions

Since the aforementioned monitoring, UF 2D NMR has been used to probe complex chemical
reactions involving multiple analytes whose 1D spectra were overcrowded. This is well
illustrated by the work of Herrera and coworkers [57]. In a first study, the mechanisms
involved in the formation of alkyl pyrimidines was investigated via homonuclear UF
experiments [58]. 525 UF-TOCSY spectra were recorded - every 10 s during a 1 h 30 min
reaction - to follow the reaction between an aliphatic ketone with a two-fold amount of a
strong electrophile: trifluoromethanesulfonic acid anhydride (Tf,0) in the presence of
deuterated acetonitrile as both co-reactant and the solvent. The UF-TOCSY experiments
delivered structural insights from well-resolved cross-peaks matching with the different
species involved in the mechanism (Figure 14). The evolution of the cross-peak intensity versus
reaction-time provided the kinetic rates of the starting material and the final products, then

ensured the intermediate nature of some detected compounds.
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Figure 14. UF TOCSY monitoring of a complex organic reaction. (a) proposed mechanism for the
reaction between a symmetric ketone (1), triflic anhydride, and deuterated acetonitrile. The
mechanism was proposed according to the cross-peaks from species reactant detected by UF TOCSY.
(b) plots of the averaged integrated peak intensity as a function of the reaction time. (c) UF TOCSY
spectra taken from different instants in the course of the reaction. Reproduced from Ref. 58 with
permission from John Wiley and Sons.

In spite of the elucidation of transient species and the obtained kinetic features, some
interrogations remained open concerning the initial stage of the mechanism. A deeper
understanding of the mechanism was reached by additional monitoring based on
heteronuclear correlations. In this context, UF-HMBC (UltraFast Heteronuclear Multi-Bond
Correlation) monitoring led to supplementary mechanistic insights, especially on the evolution
of non-protonated carbons, which are important reactive sites. In addition to confirming the
results previously established with UF-TOCSY experiments, structures of new transients were
identified [59]. It should be mentioned that this series of UF-HMBC spectra was recorded on
13C-labeled compounds for sensitivity reasons. Hopefully, recent methodological
developments enhancing the sensitivity and the robustness for multi-scans experiments now
make the UF approach suitable to probe the *3C-1H correlations at natural abundance. Such a

study was reported by Giraudeau and collaborators, where UF-13C-1H HSQC experiments were
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performed to monitor the mutarotation of glucose at natural abundance [60]. Based on the
same optimizations, Herrera and coworkers applied such a UF-HSQC monitoring on the
previous reaction at natural abundance in order to go even further in the details of the
mechanism involved in the formation of alkyl pyrimidines. To screen the broad 3C ultrafast
dimension, an interleaved and excitation-optimized pulse-sequence enabled to monitor
several spectral regions of interest in the course of the reaction. Up to 2 500 2D HSQC NMR
data were recorded in this fashion during a 100-min reaction. This led to the detection of new
transient species, which was a determining point for a whole and deep understanding of the
studied reaction [61]. Furthermore, this complementarity between homo and heteronuclear
monitoring have recently encouraged the authors to develop the Tandem Ultrafast TOCSY /
HMBC experiments to study in details the reactivity of alicyclic ketones [62]. Still in this
framework, other results should be highlighted such as the characterization of intermediates
through the UF-HSQC monitoring of a hydrolysis of an acetal [63] or the comprehensive study
of a Michaelis-Arbuzov reaction by UF 'H-31P-HMBC [64]. This series of articles highlights the
versatility of the UF methodology, which enables homo or heteronuclear 2D monitoring on
the fly. These great results encouraged other UF monitoring achieved on different settings and
in various field of applications. For instance, Boisseau et al reported the use of UF NMR in the
case of in-situ electrochemistry [38]. An electrochemical cell was implemented inside a5 mm
NMR tube to study in real time electrochemical reactions. Again, the UF-COSY experiments
revealed the presence of unstable transients leading to new chemical insights. Moreover, the
UF methodology was recently implemented on a 43-MHz benchtop spectrometer. The key
idea in this strategy is to combine the time-resolution of UF 2D NMR with the versatility of a
benchtop spectrometer to obtain a rapid and informative processing analytical tool operating
directly under a fume hood. The proof concept was demonstrated by probing in real-time a
palladium catalytic Heck-Matsuda reaction through a train of UF-COSY spectra collected at
43 MHz. This monitoring was performed in situ [65], as well as in online fashion via a by-pass

system [66].

3.1.2. Monitoring biomolecular dynamic processes

Besides the control and the study of organic reactions, NMR is widely used in the field of
biochemistry since it delivers structural and dynamic insights from samples of

macromolecules. Probing biophysical events such as folding / misfolding of proteins or binding
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interactions between ligands and receptors is a key feature in biochemistry. However, such
real-time monitoring on macromolecules by NMR is far from straightforward. The short
timescale of these events — typically about few seconds — combined with the complexity of
the sample require fast multidimensional NMR experiments [3,67]. Even if UF 2D NMR meets
this demand by delivering 2D acquisitions within a single scan, practical sensitivity in
biomolecular measurements requires the signal averaging of at least a minimal number of
transients in order to reach an acceptable SNR. In the protein NMR community, the
development of the SOFAST excitation has dramatically reduced the inter-scan delay upon
gathering a large amount of longitudinal magnetization [68]. Such a gain in sensitivity per unit
time is achieved by selectively exciting a subset of protons that are of interest (typically amid
groups for protein samples) while leaving all other protons unperturbed. This assists in
efficiently relaxing the protons of interest, significantly decreasing their effective spin-lattice
relaxation time. Therefore short recycle delays (e.g. 100 — 300 ms) can be applied allowing
experiments at high-repetition rates. If possible, the flip angle is also tuned (Ernst angle) to
further improve the sensitivity. *N-'H UF-HMQC (UltraFast Heteronuclear Multi-Quantum
Correlation) monitoring the >N dimension by a constant time phase-modulated spatial
encoding was merged with this SOFAST excitation leading to an UltraSOFAST HMQC
experiment. By averaging UF spectra with a recycling delay within a 100-300 ms range, this
method yields 2D heteronuclear spectra in about 1 s on protein samples at 2 mM (Figure 15)
enabling the real-time monitoring of protein kinetics occurring on timescales down to a few
seconds [69]. Bearing in mind that the EPSI detection block is demanding for the hardware, a
special care should be taken when applying such a fast-pulsing method together with ultrafast
experiments. Shortly after this impressive results, Gal and coworkers further improved the
signal-to-noise ratio of this methods by improving the shape of the 2D-peaks [70]. This
resulting fast and sensitive tool paves the way for further biomolecular dynamic applications
as highlighted by the real-time analysis of the adenine-induced folding of an adenine-sensing
riboswitch, with nucleotide-resolved resolution. By following changes in 2D spectra at rates of
approximately 0.5 Hz, distinct steps associated with the ligand-induced folding of the

riboswitch were identified [71].
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Figure 15. Real-time monitoring of protein kinetics occurring on timescales down to a few seconds. (a)
scheme of the UltraSOFAST HMQC sequence. A constant time phase-modulated spatial enconding is
performed to monitor the N indirect dimension. This sequence incorporates a SOFAST excitation
where both excitation and refocusing 'H pulses are band-selective on the protons of interest, i.e.,
amide protons. Note that the selective excitation is applied with a tuned flip angle (Ernst angle) to
further enhance the sensitivity per time units. (c) resulting UltraSOFAST HMQC spectrum versus (b) its
reference SOFAST counterpart of °N-labeled Ubiquitin at mM concentration. Dashed boxes contain
folded peaks arising from amine groups. Reproduced from Ref. 69 with permission from American
Chemical Society.

3.2. UF 2D NMR coupled with liquid chromatography

Coupling liquid chromatography (LC) with high resolution NMR (LC-NMR) aims to simplify the
NMR analysis of mixtures by detecting successively the analytes in the course of the elution
[72]. This combination of the discrimination power of the chromatography with the wealth of

information provided by NMR leads to a performant tool, so that this hyphenated technic has
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become increasingly routine in pharmaceutical laboratories for drug discovering [73] and for
the analysis of natural products [74]. In the “on-flow” mode, 1D NMR spectra are acquired
directly on the flowing mixture after elution through the column. 2D NMR provides new vistas
towards the characterization of organic and pharmaceutical compounds that are unavailable
with its 1D counterpart. Nevertheless, the time constraint of conventional 2D experiments is
not compatible with the on-flow procedure. Hence, an alternative mode called “stop flow
mode” is applied, whereby fractions which have eluted from the column are successively
collected and then inserted individually into the spectrometer allowing the desired
experiment duration. The downside of this approach is a longer waiting time, axial diffusion
issues and the impossibility for real-time visualization of the LC separation. In addition, this
involves robot-driven devices for collecting the successive fractions. Therefore, there is a need
for fast multidimensional NMR suitable with the practical and versatile on-flow procedure.
Two different strategies have been carried out for coupling LC separation with fast 2D NMR
detection in this continuous mode. 2D Hadamard was successfully applied within a LC-NMR
setup to probe with a high time resolution a model synthetic mixture as well as human urine
samples [75]. This methodology provides interesting performances in terms of sensitivity and
resolution, nonetheless, it should be mentioned that prior knowledge is required to properly
achieve the frequency encoding. Alternatively, the potential of UF 2D NMR was investigated
and the proof of concept of LC-UF NMR was reported by Shapira et al in 2004 [76]. In this
work, ultrafast TOCSY experiments were carried out on a mixture of model organic analytes,
which were previously separated viaa homemade experimental setup, consisting of a classical
silica-based glass column designed specifically for this kind of experiment. Thereafter, this
coupling was extended to a commercial (High Performance Liquid Chromatography) HPLC-
NMR device [77]. Constant time phase-modulated UF-COSY spectra were collected every 12 s
during a 12-min chromatographic run carried out on a mixture of natural aromatic compounds
(Figure 16). A noticeable feature was the use of an analytical C-18 column with regular HPLC
solvents, highlighting the suitability of this approach to common HPLC-NMR hardware and

conditions.
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Figure 16. UF 2D NMR hyphenated with a commercial LC device. (a) schemes of the studied
aromatic compounds. (b) a subset of constant time phase-modulated ultrafast COSY spectra,
recorded in the course of the elution. The flow rate was fixed at 0.4 mL.min! and the sample
injection volume was 100 mL. Reproduced from Ref. 77.

3.3. UF 2D NMR coupled with hyperpolarization

In spite of its incomparable wealth of information, NMR still suffers from an intrinsic low-
sensitivity compared to other spectroscopies. Therefore, improving sensitivity has been a key
feature since the early days of this spectroscopy. Numerous determining improvements, such
as ultrahigh-field superconducting magnets (nowadays above 1 GHz) and cryogenic probes
have boosted the NMR sensitivity and extended the scope of applications. Beyond this
technological effort, the last decade has undergone the advent of hyperpolarization
techniques, which directly deals with the root issue by replacing the weak bulk polarization

arising at room-temperature (10°) with metastable spin states to reach unity values. Once

126



suitably prepared, the hyperpolarized sample can be exploited by the NMR spectrometer in
order to yield a super-signal with an enhancement of several orders of magnitude of the SNR.
Several strategies have been developed to build and exploit this hyperpolarized state in
liquids, including the optical pumping of noble gases [78,79], the use of parahydrogen [80]
and microwave-driven dynamic nuclear polarization (DNP) from unpaired electrons [81,82].
Whatever the method, hyperpolarization is a short lived state depending on relaxation
mechanisms so that it can be exploited on a timescale dependent on the longitudinal
relaxation time Ty of the hyperpolarized nuclei. Thus, hyperpolarized NMR is best-suited for
experiments performed in a single or at most a few scans. This timescale is a poor starting
point to consider implementing 2D NMR on such samples. Against this background, UF 2D
NMR is a well-suited approach to circumvent this limit and deliver 2D hyperpolarized NMR
spectra. This potential is illustrated by the use of this spatial encoded approach as a reference

method to yield 2D spectra on hyperpolarized compounds.

3.3.1. UF 2D NMR coupled with dissolution DNP

DNP refers to the mechanisms which transfer electron spin polarization to nuclear spins by

resonant microwave excitation of electron spin transitions. The maximum DNP enhancement
of the NMR signal is given by the electron to nuclear gyromagnetic ratios }/e/j/n . Several in

situ [83] or ex situ [84,85] setups have been proposed to carry out DNP prior to liquid NMR
analysis. Particularly promising has been dissolution DNP (D-DNP), whereby the sample is
previously frozen at low temperature (1.1 — 1.5 K) and subsequently polarized through
microwave irradiation in the presence of radicals. After this polarization step, the sample is
rapidly melted and dissolved in a suitable hot solvent and transferred to a conventional liquid-
state spectrometer. Golman and collaborators reported a gain of SNR about 10* via such a
procedure [86]. As mentioned above, this amazing boost in sensitivity is however associated
with a short-lived state so that only experiments with a single (or at most a few) scan(s) are
conceivable to yield 2D hyperpolarized spectra. Hopefully, UF NMR comes to the rescue by
replacing the conventional ti-incremented evolution period by a one-step spatial encoding.
This potential of D-DNP hyphenated with UF 2D NMR was demonstrated in 2007 by Frydman
and Blazina [87], who showed that 2D spectra of hyperpolarized liquid samples at
submicromolar concentrations could be acquired in 0.1 s. Their results shed light on the high

complementarity of the two techniques: UF 2D NMR solves the irreversibility issue of D-DNP,
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and hyperpolarization copes with the inherent low sensitivity of this spatial encoded
experiments. A further complication related to D-DNP is the significant necessary time (e.g.
1 s) to transfer the sample from the polarizer to the spectrometer. Bearing in mind that the
hyperpolarization vanishes through relaxation mechanisms, this transfer time involves that
only sites with relatively long liquid states T1 can be used to retain a sufficient amount of
super-signal. Therefore, UF experiments relying on the hyperpolarization of slow relaxing low-
y nuclei as quaternary '3C or >N are best-suited. UF-HMBC, exploiting long distance
correlation between protons and non-protonated '3C and >N was successfully coupled with
D-DNP [88]. Thereafter, a band-selective version of this UF experiments were reported to
measure several correlations in a single shot, a strategy that was successfully applied to
mixtures of hyperpolarized natural products at millimolar concentrations (Figure 17) [22].
Along the same lines, hyperpolarized plant and cancer cell extracts were recently studied by
UF 2D %3C-'H HMBC at natural abundance on a 500 MHz spectrometer equipped with a
cryogenic probe. The 2D spectra were recorded in a single scan after a 30 min polarization
step (assisted by cross-polarization [89]), with a sufficient sensitivity to characterize
metabolites whose conventional 2D detection required several hours of acquisition [90]. In
parallel, it was also reported that a modified DNP setting provided a faster transfer from the
polarizer to the spectrometer and in turn allowed the acquisition of homonuclear UF 2D
experiments [91]. Overall, these results highlight the capability of DNP coupled with UF NMR
of delivering 2D spectra in fraction of second on biological substrates at millimolar
concentrations and at natural abundance. This paves an exciting way towards applications
such as metabolomics where sensitivity is an inevitable limitation. Furthermore, the
application to large-scale metabolomics studies imply to improve and validate the
reproducibility of the whole procedure. The higher the repeatability, the greater the likelihood
that one can detect small biologically relevant differences between samples. A first step to
this direction was very recently reported, whereby the average repeatability of a D-DNP
setting applied on metabolomic samples was 3.6 % for signals above the limit of quantification

(SNR > 10) [92].
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Figure 17. Examples of UF 2D heteronuclear experiments performed on hyperpolarized natural
products via D-DNP. (a) and (d) Respectively 2D HMBC and HSQC *3C-'H performed in the ultrafast
fashion, including gradient and timing parameters (in G/cm and ms) and spectral/spatial manipulations
bringing the relevant signals within the spectral window. (b) and (e) Projections of UF HMBC and HSQC
2D spectra obtained after polarizing a 0.5 M limonene/a-pinene/camphene 1:1:2 solution in a
toluene/toluene-ds 1:5 mixture with 20-mM BDPA (a,y-bisdiphenylene-B-phenylallyl). Sudden
dissolution in methanol-d. led to a final concentration of 1 mM for limonene and a-pinene, and 2 mM
for camphene. (c) and (f) Conventional HMBC and HSQC 2D NMR spectra recorded on a 20-mM
equimolar terpene mixture in CDCls, obtained in 90 min using 32 scans, 64 ti-increments, a 2 s recycle
delay, and a 0.5 s acquisition time. These conventional data were acquired with the same 3C spectral
widths as the UF spectra, leading to the aliasing of some of the peaks. Also shown are the unfolded
positions of the 3C resonances characterized in each experiment (in ppm from TMS). Both HSQC and
HMBC conventional pulse sequences were made spectrally selective to avoid the appearance of
unwanted 3C resonances. Reproduced from Ref. 22 with permission from American Chemical Society.
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3.3.2. UF 2D NMR coupled with Parahydrogen techniques

Para-Hydrogen Induced-Polarization (PHIP), relying on the total spin alignment of
parahydrogen (p-H2) molecules, is another emergent hyperpolarization technique [80]. In
particular, Signal Amplification By Reversible Exchange (SABRE) is a promising PHIP method
based on the reversible binding of p-H; and the substrate of interest to a metal center, usually
an iridium complex [93]. The resulting transient coupling network can transfer the spin order
of p-Hz to the nuclear spins of the substrate, thereby observable polarization is formed. SABRE
has widely extended the application field of parahydrogen-based hyperpolarization and a
1000-fold *H NMR signal enhancement for free pyridine was reported [94]. SABRE is generally
used to record 1D NMR spectra. In the case of complex mixtures, this leads to numerous
overlaps, which can be even more server when co-substrates are used to improve the limit of
detection. As the SABRE-enhanced H signal is short-lived, the use of ultrafast 2D NMR is again
an appealing way to yield 2D spectra on such hyperpolarized samples. Yet, it is worth to
mention that unlike other strategies previously described, SABRE enables the production of
hyperpolarized substrates in few seconds with an intensity that is reproducible to within a 5%
tolerance. Based on this property, conventional 2D NMR spectra can be recorded with SABRE-
enhancement by repeating the parahydrogen hyperpolarization for each ti-transients. This
involves, nevertheless, the use of a specific hardware, which periodically shuttles the sample
between a polarization chamber and a NMR flow-probe. The same authors reported the use
of UF-COSY experiments to detect SABRE-based hyperpolarization of quinoline at 10 Mm.
Moreover, Daniele et al reported the use of UF-COSY coupled with SABRE, assisted with
deuterated co-substrates, to yield COSY spectra in less than 1 s on a complex mixture of

analytes at sub-millimolar concentrations (Figure 18) [95].
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Figure 18. lllustration of UF 2D NMR coupled with SABRE-enhancement. Single-scan ultrafast COSY
spectrum of a mixture composed by small molecules at concentrations on the order of 0.5 mM, with
SABRE hyperpolarization. In addition to the substrates, the sample contained 0.13 mM of complex
precursor [Ir(COD)(IMes)Cl], 10 mM of deuterated pyridine as a co-substrate and 4 bar of p- H; in
methanol-ds. Reproduced from Ref. 95 with permission from John Wiley and Sons.

3.4. UF 2D NMR for quantitative applications

Beyond the obvious potential of ultrafast 2D NMR for real-time monitoring and hyphenated

techniques, it was proved to be relevant for quantitative NMR applications.

3.4.1. Principles of quantitative 2D NMR

Quantitativity has been associated with NMR spectroscopy since its early days. In the field of
analytical chemistry, NMR is classified as a primary method as the measured signal of a
compound S, is directly proportional to its concentration: S, =k-p.-C,, where p, is the
number of nuclei related to the measured site; C, is the concentration of the compound and

k is a proportionality constant depending on the hardware. This means that the measure of a
NMR signal relatively to a reference compound provides the concentration of the probed
molecule. Numerous methodological developments in gNMR have extended the

measurement of analyte concentrations from pure samples to complex mixtures [96]. gNMR
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is a determining tool in a variety of applications, such as pharmaceuticals [97,98], natural
products [99,100], metabolomics [101-103], food science [104,105] etc. Yet, major
methodological challenges are associated with quantitative NMR applied to complex
mixtures. The first one is the signal overlap that becomes particularly critical when complex
mixtures are analyzed by 'H gNMR. The fields of metabolomics and natural products are
particularly affected by this issue, because the ubiquitous peak overlap that characterizes *H
NMR spectra prevents the accurate determination of peak areas. Several strategies have been
used to cope with this resolution issue, such as deconvolution methods or heteronuclear
analysis via nuclei providing broader ranges of chemical shift: 13C, °N, 3!P etc. Moreover, a
very efficient alternative in terms of analytical performance is multidimensional experiments,
which has the advantage of offering a much better discrimination of resonances than 1D NMR,
as the peaks are spread along one (or more) orthogonal dimension(s) [106—115]. Despite this
asset, some features have hampered the use of multidimensional NMR as a quantitative tool.
The first one is related to the long experiment duration that is ill-suited for high-throughput
applications or for the analysis of unstable biological samples. Moreover, this acquisition time
becomes even higher due to the necessary long recycling delay (5 x Ti) to vouch full-
longitudinal relaxation between each ti-transient. This makes such long experiments sensitive
to the spectrometer instabilities over time [116,117]. This generates additional noise in the
indirect dimension —commonly called “ti-noise”- leading to a reduction of the overall 2D-peak
SNR. From an analytical point of view, this reduced SNR involves a penalty in terms of
repeatability, a critical point for quantitative prospects. Another feature is the complexity of
the 2D-peak response that is highly site specific. Indeed, the 2D peak volumes are still
proportional to the analyte concentration, but the coefficient of proportionality k become
peak-dependent, as it is modulated in a complex manner by J-couplings, relaxation, pulse
sequence delays, pulse angles and off-resonance effects. This issue is often circumvented by
a calibration procedure —as with other analytical techniques: mass spectrometry, UV-
spectroscopy etc. — consisting of recording spectra of model mixtures at different
concentrations and plotting the peak volumes versus the concentrations for each peak of
interest. However, such a calibration method involves the acquisition of several 2D spectra
collected in quantitative conditions making this 2D gNMR method even more time-

consuming. This drawback highlights the need for alternative and faster 2D NMR strategies.
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By drastically reducing the duration of 2D experiments, ultrafast NMR offers promising
perspectives for quantitative analysis [118]. The time saving leads to a double benefit: first,
the ability to deal with large batches of samples, and furthermore a better resistance to the
hardware instabilities since a whole 2D interferogram is obtained for each transient. In 2009,
Giraudeau et al. performed an analytical evaluation of UF 2D NMR on model mixtures [119].
Two homonuclear UF sequences: J-resolved spectroscopy and TOCSY, were evaluated in terms
of repeatability and linearity on model mixtures. A repeatability better than 1% for UF J-
resolved spectra and better than 7% for TOCSY spectra was obtained. In addition, both
methods were characterized by an excellent linearity, which is a determining property in the
case of a calibration procedure. Nonetheless, the sensitivity of UF NMR should be discussed
in this framework. Obviously, the single-scan nature of UF experiment does not provides a
sufficient sensitivity for most quantitative applications. Since signal averaging is generally
required, it is worth considering the SNR per time-unit obtained with UF experiments versus
the one obtained with its conventional counterpart. Such an analytical comparison was
performed on model mixtures of metabolites. Interestingly, M3S [29] UF homonuclear
experiments yielded a better sensitivity than conventional 2D experiments for a same
experimental duration [31]. This was attributed to the higher immunity of UF experiments to
the temporal instabilities of the hardware. Based on this performance, ultrafast gNMR has

emerged as a promising tool, especially in the field of metabolomics.

3.4.2. Quantitative UF NMR in metabolomics

NMR is widely used for metabolomics studies, where it often exploits a very standardized 1D
'H NMR protocol associated with uni- or multivariate statistical analysis to compare samples
from different sets [120,121]. Although this method provides efficient discrimination between
samples, it does not provide the quantification of metabolites responsible for this
discrimination. In order to yield such a precious quantitative insight, a targeted approach —
metabolic profiling— that consists in identifying and quantifying a few tens of metabolites in
unfractionated extracts is necessary [102,121,122]. The severe overlaps encountered on the
1D spectra and the need of high-throughputs analysis of large batches of metabolomic
samples make ultrafast 2D NMR well suited to such applications. The high-repeatability and
accuracy of this method was applied to the determination of absolute metabolite

133



concentrations in biological extracts. Le Guennec et al. collected UF-COSY spectra to measure
the absolute metabolite concentration in three breast cancer cell line extracts [30]. A
calibration procedure based on a standard addition protocol ensured the quantitativity of the
measurements. M3S COSY spectra of such extracts were recorded in 20 min and provided the
absolute concentrations of 14 major metabolites (Figure 20a and b), whereby a significant
metabolic differences was revealed between cell lines. This work portrays the further use of
UF 2D NMR for targeted approach in metabolomics as illustrated by the use of the same

strategy for a targeted study on plant extracts (Figure 19) [35].
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Figure 19. Analytical workflow for the determination of the absolute metabolite concentrations in
biological extracts. Herein an example on tomato fruit pericarp extracts. This work-flow relies on a fast
2D NMR acquisition strategy (hybrid multi-scan COSY based on ultrafast 2D NMR) associated with a
calibration protocol. This workflow is general and may be applied to any kind of biological samples with
any 2D experiment. Reproduced from Ref. 96 with permission from John Wiley and Sons.

In the case of homonuclear correlation experiments, the strong and numerous diagonal peaks
potentially disturb the accurate quantification through overlap with relevant correlation

peaks, which is particularly critical when large dynamic ranges are involved. Fortunately, the
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generic nature of UF NMR allows to perform DQS in an ultrafast fashion. The proof of concept
was established by Le Guennec et al on a model mixture [46], and this UF-DQS proved its
analytical potential through the quantification of taurine in an energy drink sample with a far
better accuracy than with a UF-COSY experiment [36]. Further quantitative applications of UF
2D NMR pertain to the field of fluxomics. 2D NMR is a relevant tool for studying metabolic
fluxes by measuring 3C-enrichments in complex mixtures of !3C-labeled metabolites
[123,124]. However, this 2D approach is again hampered by its long acquisition time. In order
to combine the time saving and the higher precision provided by UF 2D NMR, several
acquisition strategies for measuring 3C-enrichments from fast 2D spectra have been recently
proposed, consisting in recording homonuclear *H 2D spectra where 3C couplings are
expressed in one dimension only [125]. The signal overlap is significantly reduced while
guantitative site-specific information can be extracted from lines of the 2D map (Figure 20c).
Furthermore, the overlap can be further reduced by tilting the 'H-'3C isotopic pattern along a
third dimension (Figure 20d). This approach requires a 3D acquisition, which can be achieved

in a few minutes only via a hybrid strategy based on UF NMR [47].
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Figure 20. Illustrations of the potential of UF NMR for quantitative application in metabolomics and
fluxomics. (a) *H M3S COSY spectrum recorded in 20 min of a breast cancer cell line extracts. (b)
Metabolite concentrations of intracellular extracts obtained from three cell lines, by a quantitative
M3S COSY protocol associated with a standard addition procedure. (c) UF zTOCSY on a sample of a
biomass hydrolyzate from E. coli cells grown on 50% of [U-'3C]-glucose and 50% of n.a. glucose. This
ultrafast spectrum - recorded in 3 min (40 scans) - is used in the field of fluxomics to measure site-
specific 1*C-enrichments. (d) (F1, F2) plane from a 3D J-resolved-COSY spectrum recorded on a similar
sample in about 12 min at 500 MHz with a cryoprobe. The hybrid pulse sequence is based on ultrafast
2D NMR, where the spatio-temporal encoding of two dimensions is associated with the conventional
temporal encoding of the third one. (a) and (b) reproduced from Ref. 30 with permission from
American Chemical Society, (c) reproduced from Ref. 125, (d) reproduced from Ref. 47 with permission

from John Wiley and Sons.
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3.5. Pseudo-UF NMR

In the methodological section, we described how the ultrafast methodology yields arbitrary
homo or heteronuclear 2D spectra, departing from conventional pulse-sequences and
replacing the ti-evolution by a spatial encoding and the detection under free evolution by an
EPSI block. While this approach was mainly used to spatially encode spectroscopic parameters
as chemical shifts or J-couplings, this broad concept can be further applied to spatially encode
dynamic parameters such as relaxation-times T1, T2 or diffusion coefficients D. Widely used
and popular pseudo-2D experiments such as diffusion ordered spectroscopy (DOSY), Inversion

Recovery (IR) or even 2D Laplace NMR, can be collected in a ultrafast manner.

3.5.1. Single-scan measurement of longitudinal relaxation

A first example of such a pseudo-UF approach relates to the development of fast methods for
the measurement of longitudinal relaxation times T1. Single-scan relaxation measurements
could be determining to understand the dynamics of spin systems and to probe molecular
motions over a wide range of timescales. Generally, T: measurements are achieved by IR [126]
based on a multistep scheme where the inter-transient delay must be long enough (> 5 x T1)
to vouch full longitudinal relaxation. The resulting experiment duration is of course beyond
the usual scope of real-time dynamic studies. This drawback has urged strong efforts to speed
up the Ti-measurment. As soon as in the 1970’s, single scan schemes were proposed such as
the triplet pulse-sequences [127,128]. However, the drawback of almost all these experiments
is that they lack chemical shift resolution and/or return a value that reflects a combination of
longitudinal and transverse relaxation. More recently, slice-selective approaches were
proposed. The key feature in these experiments is to prepare the magnetization differently in
different parts of the sample. The data is then acquired in such a way that the spatial
modulation of the magnetization is reflected in the spectrum. Moreover, unlike previously
reported single-scan methods, these kind of experiments preserve chemical shift information
and are therefore applicable to samples with multiple resonances [129,130]. Although very
helpful, these slice-selective methods are, nevertheless, ill-suited for the measurement of
short T1s (e.g. < 1s), which hinders their use for probing dynamic phenomena at the molecular
level. In this context, Smith et al. proposed a pulse sequence akin to UF 2D NMR experiments

to perform single-scan IR experiments best-suited for short Tis measurements [131]. It is
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worth noting that in contrast to the standard UF processing, a 2D FT transformation is applied
on the (k, t2) maps obtained after EPSI detection. The effect of the longitudinal relaxation is
reflected by the variation of magnetization along the length of the sample (Figure 21). This

pseudo-ultrafast method opens new opportunities to study real-time molecular dynamics.
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Figure 21. Single scan measurement of short T;s (a) Ultrafast IR pulse-sequence. (b) UF-IR spectrum
acquired on 100 mm D-xylose dissolved in DO obtained after a 2D FT transformation applied on the
(k, t2) pseudo-interferogram. (c) Slices taken at 3.3 ppm and 3.9 ppm (dashed lines) portray the
variation of magnetization along the length of the sample provided by an adiabatic inversion pulse
applied synchronously with a magnetic field gradient. Shown in gray are profiles arising from the same
sites after full recovery. These are used as reference for an accurate reconstruction of the IR curves.
Reproduced from Ref. 131 with permission from John Wiley and Sons.

3.5.2. Single-scan measurement of translational diffusion

DOSY encodes the effect of random Brownian motion in the indirect dimension while the
chemical shift information is retained along the direct dimension [132]. This enables the
separation of the analytes according to their diffusion coefficients within a same sample. DOSY
is a powerful and popular tool for the analysis of complex mixtures. In the conventional
version, this experiment relies on a series of transients recorded with incremented gradient
strengths. Due to this multistep-scheme akin the other conventional 2D or pseudo-2D
approaches, DOSY is associated with a significant acquisition time. Moreover, the original
DOSY pulse sequence involves multiple steps of phase cycling increasing even more the
experiment duration. In this context, several attempts have been made to address this time
constraint. In this vein, the Oneshot DOSY [133] reduced the time-consuming phase-cycling

to a single step, while Urbanczyk et al reduced the number of increments through a non-
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uniform sampling of the diffusion dimension [134]. Alternatively, the acquisition of the DOSY
data may be parallelised with a spatial encoding of the diffusion dimension. This concept,
introduced by Keeler and co-workers [135], and then reintroduced by Frydman et al [136],
makes it possible to acquired 2D DOSY data in a single scan. In this approach the incremented
gradients of the classic stimulated-echo DOSY (STE-DOSY) pulse sequence are replaced with
the concurrent application of linearly swept chirp pulses and magnetic field gradients. This
leads to a spatial dependence of the local diffusion weighting, which may be seen as a parallel
encoding of all DOSY sub-experiments. In such a spatially encoded DOSY, the diffusion
information for each resonance is recovered at the acquisition stage by acquiring an “image”
of the sample by either applying a constant read-out gradient when the receiver is open [135],
or by using an EPSI scheme [136]. Furthermore, Dumez and coworkers have very recently
provided optimizations of this approach based on numerical simulations (see Figure 22) and
demonstrated that this spatial encoded DOSY scheme is suitable for the extension to 3D
experiments [137]. They developed a 3D DOSY-COSY pulse-sequence, in which the correlation
interferogram is built with a conventional ti-incrementation while the diffusion dimension is

spatially encoded, accelerating this 3D pseudo-spectra by one order of magnitude.
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Figure 22. lllustration of the potential of the UF concept to yield DOSY spectra within a single scan. (a)
Pulse sequence for spatial encoded DOSY. The selected coherence transfer pathway is shown in red.
Gradients “a” and “b” are crushers surrounding the refocusing chirp pulses; gradient “c” selects the
anti-echo pathway for the stimulated echo; gradient “f” is a spoiler during longitudinal storage; “g.”,
“g,” and “gs” are compensating gradients. (b) 2D spectroscopic imaging data set obtained with the
spatial encoding 2D DOSY experiment on a mixture of three alcohols (methanol, ethanol, propanol)
and an amino-acid (L-valine), at a concentration of ~100 mM in D,0. (c) Diffusion decay curve obtained
from the data set shown in (b), for the methanol CH; resonances at 3.2 ppm. (d) 2D DOSY display
obtained from the data set shown in (b). The water peak is folded and indicated by an asterisk. The H
pulse-acquire spectrum is shown above the DOSY display. The experiment was carried out with a 600
MHz spectrometer equipped with a triple-axis gradient high-resolution probe. Reproduced from Ref.
137 with permission from Royal Society of Chemistry.

3.5.3. Ultrafast Laplace NMR

We have described how the ultrafast methodology can be applied to correlate dynamic
parameters with the chemical shift information. In some fields of applications, there is a need
of mapping such dynamic constants together instead of retaining the chemical shift. These T1-
T, and D-T; correlation experiments are referred as 2D Laplace NMR due to the 2D inverse

Laplace transformation involved in the process of such experiments. This approach is popular

140



for the investigation of porous media in food science [138] but suffers from a prohibitive
experiment duration arising from the need of encoding successively the studied dynamic
parameters. Recently, Telkki and coworkers applied the ultrafast concept to Laplace 2D NMR
reducing the experiment time by one to two orders of magnitude for T1-T, [139] and D-T;
correlation experiments [140], as illustrated in Figure 23. The so-called ultrafast
multidimensional Laplace NMR methodology was established both with high-field
spectrometers [139,140] and with a low-field single-sided NMR system [141].
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Figure 23. Ultrafast multidimensional Laplace NMR. (a) Pulse sequence of the UF D-T, experiment. (b)
Spatial dependence of the inversion time inversion and the value of wave vector g due to the spatial
encoding. (c) Transverse magnetization profile after the diffusion encoding. (d) An excitation block
replacing the first 90° pulse suited for PHIP experiments. (e) PROJECT loop replacing the CPMG loop in
order to eliminate J-modulation. (f): *H NMR spectra and ultrafast D-T, maps of 1.65 M hexane, 0.79
M pentadecane and a mixture of 1.36 M hexane and 0.65 M pentadecane in CCls. While the compounds
are not resolved in the *H NMR spectrum of the mixture, they are resolved in the D-T, map. The
experiments were carried out on a 600-MHz NMR spectrometer. Reproduced from Ref. 140.

3.5.4. Reducing the experiment duration of chemical exchange
saturation transfer
Another example of such a UF pseudo 2D method was addressed to speed up the chemical

exchange saturation transfer (CEST) experiment [142]. CEST has become a popular technique

for generating enhanced MRI contrast in vivo and in vitro. To fully characterize these
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phenomena and to investigate suitable candidates for contrast agents, the polarization of the
reporter signal (typically water) is measured as a function of the frequency offset of the
saturating radio-frequency irradiation. The resulting “Z-spectrum” is obtained point by point
involving a long experiment duration. In 2013, Jerschow and collaborators proposed an
ultrafast method to obtain a Z-spectrum over a large range of frequency offsets from only two
scans [143]. This UF sequence consists in a saturation with radiofrequency pulse applied
together with a gradient, followed by a 90° excitation and finally a read-out gradient is applied
during the detection. The saturation is turned off and on for respectively the first and second
scan, leading to a whole Z-spectrum by a simple comparison of the two scans (Figure 24). In
order to take advantage of this time saved, this UF version — often reported as “UFZ” — has
been used for the fast screening of para- and diamagnetic CEST contrast agents under
different experimental conditions (saturation time and RF power). Further developments and
applications have been recently reported. This ultrafast CEST strategy was applied for the
monitoring of fast temperature and pH changes as well as for the high-throughput screening
of CEST contrast agents [144,145]. Moreover, Dopfert and coworkers developed UF CEST
experiment hyphenated with hyperpolarized Xenon [146] and with 12°Xe-based sensors [147].
Finally, UF-CEST combined with a point-resolved spectroscopy (PRESS) scheme was recently

applied in the field of localized spectroscopy in phantoms and in-vivo [148].

- UFZ
——— Conventional

6 4 2 0 -2 -4 -6ppm

Figure 24. Principles of ultrafast CEST experiment (UFZ). (a) Pulse sequence for the UFZ spectroscopy.
(b) Reference spectrum without saturation (upper curve) and raw UFZ spectrum (lower curve). (c) A
comparison of the conventional Z-spectrum (solid) and the UFZ spectrum (dashed). Reproduced from
Ref. 143 with permission from John Wiley and Sons.
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3.6. UF 2D NMR in oriented media

In the previous sections the potential of UF NMR has been illustrated in the liquid state. Some
applications have also been reported in oriented media, from the measurement of anisotropic
interactions in liquid crystals to studies in High Resolution Magic Angle Spinning (HR-MAS) as

well as in the solid-state.

3.6.1. UF 2D NMR in liquid crystals

NMR in oriented media provides valuable and relevant interactions such as chemical shift
anisotropy, dipolar and quadrupolar couplings that are averaged to zero in liquids. Residual
dipolar couplings (RDCs) are a well-known source of spatial structural and dynamic
information. Their measurement by conventional 2D methods is time-consuming so that an
ultrafast version of such experiments would be convenient, and the time saved could allow to
probe RDC on unstable samples. Against this background, Giraudeau, Thiele and coworkers
reported in 2012 the first use of UF 2D NMR in an oriented media [149]. This work
demonstrated the ability of measuring RDC via a sub-minute UF-HSQC experiment on small
molecules in high concentration at natural abundance, dissolved in a weak oriented media
(Figure 25b). The RDC values obtained were close to the ones established with a time-
consuming conventional experiment. Such a UF approach in a weak oriented media was
recently reported through the measurement of another valuable order dependent parameter:
the residual quadrupolar coupling (RQC). Lesot et al developed an anisotropic deuterium UF
experiment (ADUF) - performed on deuterated analytes dissolved in lyotropic polypeptide
chiral liquid crystals — which allowed the discrimination of enantiopic site (Figure 25d) [150].
This pioneering work would be particularly promising for the monitoring of chiral enzymatic

transformations in oriented media, where the experiment time is critical [151].
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Figure 25. UF 2D experiments performed on oriented media for RDC and RQC measurement. Ultrafast
1H-13C-coupled HSQC spectra of isotropic (a) and anisotropic (b) (+)-isopinocampheol samples,
acquired at 300 K on a 500 MHz spectrometer equipped with a cryoprobe. The peaks within the dashed
box were folded along both dimensions of the 2D spectrum. The molecular structure of (+)-
isopinocampheol is shown on the spectrum at the bottom. The projection shown corresponds to the
column at 38.9ppm (C4). PBLG: poly-g-benzyl-L-glutamate. (c) Proton decoupled 2H 1D spectrum in a
PBLG mesophase. (d) Single-scan ADUF-{*H} 2D map recorded in 400 ms. (a) and (b) reproduced from
Ref. 149 with permission from John Wiley and Sons, (c) and (d) reproduced from Ref. 150.

3.6.2. UF 2D NMR in the solid-state

A last example relates to UF 2D NMR applied to solid-state samples. HR-MAS is a very powerful
and convenient tool to analyse raw materials such as biopsies, plant tissues or foodstuffs,
inaccessible to other analytical techniques. UF 2D NMR was developed on this setting to speed
up the long experiment duration of 2D methods limiting the high throughput analysis of
complex samples as illustrated by André et al [34]. In this article UF spectra were recorded on
a model sample, then on banana slopes, while spinning at the magical angle (Figure 26a and
b). Besides this development in HR-MAS, the UF methodology was developed in the solid-state
at very high field (17.6 T), using a double resonance MAS probe together with external micro-
imaging gradients [152]. In this work two popular 2D solid-state NMR sequences: double-
guantum correlation and RF-driven proton spin diffusion, were applied in through an ultrafast
format on elastomers under magic-angle spinning (Figure 26c and d). Such an ultrafast 2D

approach is particularly convenient to expedite time-consuming arrayed 2D experiments. An
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example of this time saved by UF NMR was highlighted in recording spin-diffusion build-up

curves, which are a central tool for structural studies in disordered solids.
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Figure 26. Ultrafast 2D NMR applied in HR-MAS and solid-state. Left panel: (b) Ultrafast experiment
with two interleaved scans to increase the SQ dimension and (a) Chemical structure of sucrose, D-
glucose and D-fructose. (b) Ultrafast HR-MAS DQS spectrum of a 10 mg sample of fresh banana,
spinning at a frequency of 4.53 kHz. Pairs of correlation peaks for the three most abundant sugars in
the sample (glucose, fructose and sucrose) are indicated by colored lines. (c) Ultrafast DQ spectra of a
natural rubber sample recorded in 36 s. (d) Ultrafast PSD spectra of the same sample, recorded in less
than 1 s. The folded region appears in purple. (a) and (b) reproduced from Ref. 34 with permission
from Royal Society of Chemistry, (c) and (d) reproduced from Ref. 152 with permission from Elsevier.
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3.7. UF 2D NMR in inhomogeneous fields

Besides the aforementioned UF applications, which were carried out with samples submitted
to a homogenous Bo magnetic field, the UF NMR concept plays a central role to record high-
resolution NMR spectra in inhomogeneous fields. Many circumstances arise in which the
spatial and temporal homogeneities of magnetic fields are degraded such as the study of
heterogeneous biological tissues in human or animal in vivo NMR detection, food matrices,
rock samples for oil exploration [153], or even in-situ NMR spectro-electrochemistry [154].
Numerous strategies have been developed to address this challenge. One relies on
intermolecular multiple-quantum coherences (i-MQCs) originating from long range dipolar
interactions among spins in different molecules [155], while another one is based on nutation
echoes, very popularin ex situ NMR [156,157]. Both approaches have individual prerequisites:
a concentrated component to generate the distant dipolar field for the i-MQCs techniques
and a known and time-independent Bo(r) profile for the second strategy [153]. Alternatively,
Pelupessy et al proposed in 2009 a spatially encoded method to yield high-resolution 2D
spectra in a single scan in inhomogeneous fields in a manner that is highly inspired from the
previously described ultrafast multidimensional experiments [158]. This UF method deals with
unknown spatiotemporal variations of the magnetic field profile, which is a determining
advantage for practical applications such as in vivo experiments. The key feature of this
method is to track in a single scan the differences of the precession frequencies of two coupled
spins. This is achieved with two similar spatial encoding schemes localized on both sides of a
mixing pulse while considering a +1 - -1 coherence transfer pathway. This leads to the
differential evolution of two single-quantum coherences while the unknown spatially
dependent frequency induced by the inhomogeneous Bo field is eliminated by simple
subtraction. As a result, the overall phase before detection is only dependent on the
difference of precession frequency between the coupled spins and proportional to the spatial
encoding constant. The J-coupling is then monitored during a UF detection scheme similar to
the one used by Giraudeau et al for recording UF J-resolved spectra [159]. This leads to a map
in which the J-coupling in F2 is correlated in F1 to the difference of chemical shifts from
coupled spins. However, this F1 dimension that is reminiscent of a zero quantum (ZQ)
evolution makes direct spectral assignments challenging and the uncoupled spins (singlets)

are lacking. Further efforts were made to circumvent these drawbacks. In 2011, Chen and
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coworkers proposed a new experiment, which combines a spatial encoding approach similar
to the one described by Pelupessy with another coherence transfer scheme based on
intermolecular zero-quantum coherences (i-ZQC) [160]. This leads to a 2D spectrum akin the
common 2D-J-resolved with chemical shifts and J-coupling along two orthogonal dimensions
(Figure 27). Relying on this strategy, Chen and collaborators applied UF NMR together with
other i-MQC schemes leading to ultrafast intermolecular single-quantum coherences (UF i-
SQC) [161,162] and ultrafast intermolecular double-quantum coherences (UF i-DQS)
experiments [163]. Furthermore, the same research group extended this approach to 2D
correlation spectroscopy. After mathematical manipulations of UF-SECSY (UltraFast Spin-Echo
Spectroscopy) and SETOCSY (Spin-Echo TOCSY) data, they could obtain 2D COSY and TOCSY
spectra in a single scan [164]. This method is suitable through linear inhomogeneities along
the orientation of encoding and decoding gradients. Besides this work on homonuclear
experiments, Zhang et al developed 2D heteronuclear correlation experiments based on
distant dipolar field modulations and ultrafast acquisitions. This new class of pulse sequences

is compatible with unknown spatial variations of the field [165].

This new set of homo or heteronuclear ultrafast 2D pulse sequences immune to Bo
heterogeneities could be combined in the near future with the 3D-localized version of UF
experiments previously reported for 2D J-resolved [166] and COSY experiments [167]. This
would open exciting opportunities in the field of ex / in-vivo spectroscopy. In this framework,
a first step was taken by Chen and coworkers in reporting the acquisition of ex vivo localized

2D spectra in inhomogeneous biological tissues [168,169].
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Figure 27. 2D J-resolved experiment in inhomogeneous fields combining spatial encoding and i-ZQC
coherence transfer scheme. (A) Conventional 1D 'H NMR spectrum of the solution of ethyl 3-
bromopropionate and methanol in acetone recorded in a homogeneous field. The peaks with asterisk
are solvent. (A’) Same, but in the presence of ~3.6 ppm (or 1.8 kHz at 500 MHz) field inhomogeneity
artificially introduced by detuning the spectrometer’s {z1,x1,y1} shim coils. (B, B’) 2D i-ZQC J-resolved
spectra, obtained in the homogeneous and inhomogeneous B, fields, respectively. (C, Co) Projections
along the F2 dimension of the quadruplet at 4.16 ppm in (B) and (Bo) spectra, respectively. (D, Do)
Accumulated projections along the F1 dimension (chemical shift axis) from (B) and (Bo) spectra,
respectively. The spectra are presented in magnitude mode. Reproduced from Ref. 160 with
permission from American Chemical Society.
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4. Conclusion

Thanks to methodological and analytical developments in the past fifteen years, the ultrafast
nD NMR spectroscopy has emerged as a valuable alternative to its conventional counterpart.
It has become an appealing solution for numerous applications, giving access to the
monitoring of fast processes, unattainable in the conventional way. While single-scan
experiments are characterized by a limited sensitivity compared to their conventional analogs
and need some compromises between spectral widths, resolution and sensitivity, numerous
hybrid multi-scan techniques have been developed to circumvent those limitations. Such
hybrid experiments offer a reasonable acquisition time, short enough for numerous

applications, particularly high throughput quantitative analysis such as metabolomics.

In addition to these developments and applications, new exciting perspectives arise from the
association of ultrafast 2D experiments with D-DNP. In this case, each technique compensates
for the limitations of the other: while ultrafast NMR circuvments the irreversible character of

D-DNP, the latter overcomes the sensitivity limitation of the former.

Simultaneously to methodological and analytical developments, efforts have been geared
towards the improvement of the UF techniques accessibility. These are essential to broaden
the community of users among NMR spectroscopists and achieve a widespread use of this
technique. The latest implementation protocol available proposed in this article further

simplifies the implementation and use of UF experiments for non-specialists of this technique.
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B. Outline of the thesis

1. Purpose of the thesis

The new generation of compact and permanent magnets is a breakthrough in the field of LF
NMR. Their high degree of homogeneity leads to sharp peaks with a line width typically < 1 Hz
and thereby offering a sufficient resolution to characterize small molecules (see section A.1.2)
However, the situation becomes more complex when medium-sized molecules or mixtures
are probed, involving crowded 'H spectra (see section A.1.3). This is even truer if a non-
deuterated solvent is used. It should be noted that these current limits are intrinsic with the
use of a low magnetic field and will remain as long as the permanent magnets provide

magnetic fields < 2 T.

To go further and use benchtop NMR to probe reactive mixtures or relative complex samples,
researchers have often hyphenated 1D 'H NMR experiments with deconvolution methods
and/or chemometric tools to extract relevant information from overcrowded spectra. Another
way would be to improve the analytical performance at the stage of the acquisition. Indeed,
a large panel of sophisticated experiments have been developed in HF NMR, which enable, for

instance, the acquisition of 2D spectra with a high time resolution as described in section A.4.

Yet, these aforementioned methods were not implemented on benchtop apparatus at the
beginning of this PhD work, and researchers rather use 1D *H NMR supported by post
acquisition treatments (devolution, chemometric) as illustrated by tables Il and Il from section
A.2. This may be because the implementation of these modern methods is not straightforward
on a benchtop system. Indeed, many of them require a specific hardware, i.e. a powerful
gradient coil which is not yet routinely available on benchtop spectrometers. Moreover, the
implementation of tailored pulse-sequences as well as the use of selective pulses and pulse
with linear frequency swept (chirp pulses) is not possible with most of commercial software

provided with LF instruments.

Relying on a prototype benchtop NMR spectrometer equipped with a gradient coil, the
present thesis aims to implement gradient-based methods, especially ultrafast 2D NMR (see

section A.4.2 and A.4.3) and modern solvent suppression methods on such a LF instrument.
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To conduct these objectives, the thesis is positioned within the “ResoNantes” project, which

is described in the following section.

2. “ResoNantes” project

The “ResoNantes” project is funded by Région Pays de la Loire and carried out in the EBSI
(Elucidation de Biosynthese par Spectrométries Isotopiques) team within the CEISAM
laboratory (Chimie Et Interdisciplinarités: Synthése, Analyse et Modélisation) at the University
of Nantes. This project, started in 2014, aims to implement advanced gradient-based NMR
methods on benchtop apparatus to improve its analytical performance and to extend its scope

of applications.

Based on a collaboration with Magritek (Aachen, Germany), the first benchtop NMR
spectrometer equipped with a gradient coil has been designed. This hardware development
is a cornerstone for the implementation of ultrafast 2D NMR as well as of tailored solvent
suppression methods. Besides this prototype, an alternative interface to the normal Spinsolve
software is provided. This programming interface, built on the Prospa language, allows, among
other things, to generate chirp pulses and to code home-written scripts to process data from

ultrafast experiments.

This project is conducted in three stages. The first one consists of a theoretical analysis of UF
2D NMR based on a product operator description and numerical simulations to optimize the
performance of this spatially encoded method and to anticipate the spin response at low-field.
This first step — carried out at high-field - has led to J-controlled UF 2D NMR, which has enabled
UF sensitivity-optimized COSY and double quantum experiments as well as the accurate
measurement of sub-Hertz J-couplings. The second one consists in implementing the UF
methodology on the prototype benchtop device and more generally, in implementing
gradient-based methods that would be relevant in the LF framework. Based on this
methodological effort, practical applications are conducted in the last stage, especially in
collaboration with the CORAIL team (Catalysis, ORganometallic chemistry And synthesls of
Ligands) in the CEISAM laboratory whose organic chemists are expert in catalytic chemistry

and in organic synthesis with flow devices. Thus, the potential of these gradient-based
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methods has been evaluated through several reaction monitoring, which have been carried
out with different settings. Moreover, the ability to record fast 2D spectra has urged us to

investigate their potential for high-throughput screening applications.

3. Material

3.1.Prototype benchtop NMR instrument

The experiments performed at low field were recorded on a customized Spinsolve (Magritek,
Aachen, Germany) operating at a frequency of 43 MHz via a permanent magnet based on a
Hallbach design (see section A.1.1). Through the collaboration with Magritek, this equipment
includes a gradient coil along the Bo-axis (i.e. along the transverse plane of the NMR tube)
which can generate a maximum field gradient of 0.16 T.m™*. This compact spectrometer —total
volume: 60 cm x 40 cm x 43 cm and weight: 55 kg - includes a simple channel *H, '°F. This
instrument is designed to work with standard 5 mm (outer-diameter) NMR tube. An external
lock system is also included so that the use of deuterated solvents is not required. Finally, this
benchtop device is plugged with a standard power cable and connected in USB with a

computer.

3.2.Software and programming interface.

The Spinsolve commercial software is available with the benchtop instrument. This interface
designed and adapted for non-expert users includes “press-button” 1D and 2D NMR
experiments: 1D H, 1D °F, *H-'H COSY and H J-resolved as well as T1 and T> measurements
achieved by IR and CPMG respectively. Moreover, the Spinsolve software provides automatic

shimming algorithms.

This software is well suited for routine applications by non-expert users. Yet, all the acquisition
parameters are not tunable and this interface does not allow pulse-programming, which is a
poor starting point for methodological developments. Through the collaboration with
Magritek, a programming interface has been made available to us. This interface, built on
Prospa language (general purpose script based application which has been used by Magritek

to provide different interfaces for its spectrometers) enables:
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e Full access to pulse-program parameters

e Pulse programming capabilities

e The design of shaped pulses and chirp pulses

e A scripting language to control the experiment, process and save the data.

e 1D and 2D processing and display facilities.

The implementation of ultrafast 2D NMR (acquisition and processing) and solvent suppression

methods has been achieved via this programming interface.

3.3.Shimming procedure

Besides the mechanical shimming performed on the Halbach magnet, the fine field correction
required to reach sub-Hertz resolution is achieved by finely tuning the current of a set of
electrical shim coils. This is automatically achieved on a reference NMR tube (H,0/D;0) and
via algorithms available in the Spinsolve software. Different routines are proposed depending
on the starting line width. In practice, we run a “Quickshim” (about 5 min) every morning and
a “Powershim” (near 45 min) if the benchtop system has been moved. A line width

characterized by a FWHM < 0.6 Hz has been typically obtained with such a procedure.

3.4.Flow measurements setup

Flow measurements have been carried out thanks to a kit furnished by Magritek. This consists
of a specially designed glass flow cell, a peristaltic pump and PEEK tubing. The glass flow cell
has an outer diameter of 5 mm at the sensitive volume of the magnet to maximize the
sensitivity. To avoid the formation of vortices, the inner diameter of the glass cell increases
gradually from 1 to 4 mm over a transition region of about 10 mm in length. In a similar way,
the diameter of the cell gets reduced after the sensitive volume to shorten the flow time after
the NMR experiment. A scheme of such a flow cell is proposed in figure A.15 (section A.3). The
active sample volume V; defined by the RF coil is about 60 pL while the pre-polarization 1,
volume is roughly 370 pL. No appreciable line distortions were observed under static

conditions compared with a conventional 5 mm NMR tube.
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C. Methodological Developments

1. J-controlled UF 2D NMR

1.1.Constant time experiment and J-modulation

The first methodological work of this PhD was a theoretical investigation of UF experiments in
order to pursue the studies already conducted in our laboratory to track the sources of
sensitivity losses in UF 2D NMR and to anticipate the behaviour of UF 2D NMR at low magnetic
field.

As described in the literature review, the continuous spatial encoding can be achieved in three
different manners: by amplitude-modulation (AM), phase modulation (PM) or by constant
time phase-modulation (CT PM) (see section A.4.3). In what follows, the latter was used to
perform all the UF experiments since it offers the best compromise between sensitivity and
resolution. The expression “constant time” means that all the spins spend the same evolution
time in the transverse plane, alike conventional constant time experiments such as CT COSY.
As a result, the UF CT PM experiments exhibit similar properties to their conventional
counterparts. An important feature is the strong and complex impact of J-couplings on 2D
peak intensities. This J-modulation effect had been poorly investigated in the UF CT PM
experiments whilst it is a potential source of sensitivity losses. The following section - based

on a research article — attempts to address this feature.
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1.2.Description and optimizations of the ]-modulation
effect in UF 2D NMR

Understanding J-modulation during spatial
encoding for sensitivity-optimized ultrafast NMR

Boris Gouilleux, Laetitia Rouger, Benoit Charrier, llya Kuprov, Serge Akoka,

Jean-Nicolas Dumez and Patrick Giraudeau

(Original research article)

ChemPhysChem, 16 (2015) 3093-3100.

Abstract

Ultrafast (UF) NMR is an approach yielding 2D spectra within a single scan. This methodology
has become a powerful analytical tool used in a large array of applications. However, UF NMR
still suffers from an intrinsic low sensitivity, and from the need to compromise between
sensitivity, spectral width and resolution. In particular, the modulation of signal intensities by
the spin-spin J-coupling interaction (J-modulation) impacts significantly the intensities of the
spectral peaks. This effect can lead to large sensitivity losses and even to missing spectral
peaks depending on the nature of the spin system. We used a general simulation package
(Spinach) to describe J-modulation effects in UF experiments. The results from simulations
match with experimental data and the results of product operator calculations. Several
methods are proposed to optimize the sensitivity in UF COSY spectra. The potential and
drawbacks of the different strategies are discussed. These approaches provide a way to adjust
the sensitivity of UF experiments for a large range of applications.
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Introduction

Two dimensional nuclear magnetic resonance (2D NMR) spectroscopy is a powerful analytical
tool used in a wide array of applications like structure elucidation, quantitative analysis, or
metabolomics.!* Conventional 2D NMR experiments suffer from an intrinsic long experiment
duration, which is necessary to obtain the indirect dimension by repeating numerous
transients with incremented delays. This long acquisition duration makes conventional 2D
NMR sensitive to hardware instabilities in the course of the experiment, and unsuitable for
the study of fast processes or the coupling with other techniques.’?! A large number of
methods have been proposed to cope with this time limitation. Some of these approaches
consist in optimizing recovery delays and pulse angles, such as the SOFAST (ref. [3]), BEST (ref.
[4]) or ASAP (ref. [5]) approaches. Several other strategies have been developed to improve
the length of 2D experiments by reducing the number of t1 increments, the subsequent
resolution losses being compensated by adapted signal processing methods.[®! Others are
based on an alternative to Fourier transform (FT) NMR, such as Hadamard spectroscopy.’! A
decade ago, Frydman and co-workers developed a new generic multidimensional approach,
Ultrafast (UF) NMR, yielding homo-or heteronuclear 2D spectra within a single scan.l®! In this
method, the incrementation of the evolution period ti is replaced by a spatial encoding
scheme. After a conventional mixing period, the spatially encoded information is decoded by
a detection block based on Echo Planar Spectroscopic Imaging (ESPI).[°! At the heart of this
methodology, the spatial encoding step is generally performed in a continuous fashion thanks
to a combination of bipolar gradients and linearly frequency-swept pulses.['9 In particular, the
phase-modulated encoding block using a double spin echo scheme has been established as

the optimum compromise between sensitivity and resolution. "]

Since its performance has been significantly improved during the last decade, UF NMR is
nowadays an efficient method applied in numerous fields such as metabolomics, real-time
reaction monitoring or hyphenated techniques such as chromatography and dissolution
DNP.[*2l However, in spite of its high potential, this approach still suffers from an intrinsic low
sensitivity, and from the need to compromise between sensitivity, spectral width and
resolution,!3 even if several strategies have been proposed to alleviate this compromise.[4
There are several reasons for these sensitivity losses, such as the need to record the signal in

the presence of strong gradients, leading to large digital filter bandwidths impacting the
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signal-to-noise ratio (SNR), or the effect of translational molecular diffusion during spatial

encoding.[*”]

A significant source of sensitivity losses in ultrafast NMR is the effect of spin-spin scalar
couplings (J couplings) during the spatial encoding step. Since most UF experiments rely on an
encoding step in which all spins spend an equal amount of time in the transverse plane, a so-
called “constant time” approach, the intensity of the detected signals is modulated
by J couplings in a complex, spin-system-dependent way. This “J-modulation” effect is well
described in the case of conventional constant time experiments*® but it remains poorly
understood for ultrafast experiments that rely on spatial encoding. Since J-modulation can
lead to large SNR losses and even to missing spectral peaks, there is a motivation to develop
tools for its understanding and control, which may result in ways to optimize the signal to
noise ratio of UF experiments. We propose here a description of J-modulation effects in a large
range of spin systems in order to predict their impact on sensitivity. For that, we first rely on
a theoretical description, then on numerical simulations for more complicated spin systems
with strong couplings. The calculated J-modulation effects are also compared to experimental

results, and finally used to optimize the sensitivity in a variety of situations.

Theory

Pulse sequence

In order to evaluate the impact of J-modulation on the signal of constant time UF experiments,
we introduce in this section a theoretical description using the product-operator formalism.
We focus here on the case of the UF CT-COSY, one of the most widely used UF experiments,
which relies on a CT phase-modulated spatial encoding. This double spin echo method starts
with a hard 90° pulse, followed by the application of a pair of 180° chirp pulses applied during
alternating gradients (Fig. 1A). The constant time nature of this scheme is due to the identical
time spent in the transverse plane by all the spins regardless of theirs position along the
z-axis. A theoretical description of this pulse sequence applied to a system of two coupled
spins has been already proposed by Wu et al.'7! who established an expression of the density
matrix at the beginning of detection, showing a J-modulation that is different for the diagonal

peak (cosine modulation) and for the cross peak (sine modulation). It is also demonstrated
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that this modulation depends on the scalar coupling constant J and on the total time T spent
in the transverse plan. In practice, this J-modulation can be modified by adding a new delay
called tmix prior to the spatial encoding step, which allows to control the total time spent by
the spins in the transverse plane (Fig. 1A). Given the trigonometric nature of the J-modulation,
there is an optimal tmix value, which maximizes the sensitivity depending on the spin system
and on the coupling constant. As J-modulation effects in more complex spin systems is not
described in the study of Wu et al., it is necessary to extend this initial description to a more

general ANMpXq system.
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Fig. 1. Pulse sequence of UF CT-COSY (A), and schematic view under the assumption of instantaneous
inversion (B).

Spin system and interaction

Consider three coupled spins-% A, M and X. The propagation of the density matrix is computed
with the product-operator formalism, ignoring relaxation and diffusion effects. Only the case

of weak couplings is considered with analytical calculations; strong couplings will be treated

168



numerically. In the case of weak couplings, the free precession Hamiltonian Hep for an ANMpXq

system is expressed as follows:

Hyp = z QA+ z QuM,, + z X,
n 14 q
+2T[]AM Z Z Anszz + ZT[]AX Z Z Aanqz + 2T[]MX Z z Mszqz
14 q q

n n p

Where (); is the chemical-shift offset of spin i, and J;; is the scalar coupling constant between
spins i and j. An important feature is the response of the spins to the m-chirp pulses during
the spatial encoding with alternating excitation gradients +Ge. The proposed description
assumes an instantaneous rotation provided by the chirp pulse (Fig. 1B), when its carrier
pulsation 0™ matches the total offset of the spini: 0 = Q; + yGez. This is a common
assumption already proposed by Tal et al.[’®l A last point to be considered is the different
rotation time of the spins included in the same spin system. As shown in the previous matching
equation, for a given slice z the carrier frequency of the chirp does not match simultaneously
the different total offsets of each spin. This results in small additional delays in the predicted
modulation. Numerical simulations show, however that these delays can be reasonably
neglected under typical experimental parameters. Therefore, they will not be considered

further.
Density matrix propagation

Consider the application of the UF CT-COSY pulse sequence to a general ANMpXq spin system.
The effective length of the sample is L, and the z coordinate ranges from —L/2 to L/2. All
the radiofrequency RF pulses are applied along the x-axis, and the density matrix is

propagated under the assumptions discussed previously. The initial density matrix is:
O[o] = Ay,

After the first 90° pulse the matrix becomes:

1
O[] = —Ayy = Y (Ar+ — A1)
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Given the coherence transfer pathway (CTP): O; -1; +1; -1; -1, only the evolution of A;_ is
relevant. During period (a) (Fig. 1. B), the density matrix evolves with the free precession

Hamiltonian for a duration tmix:

H_t

FP"mix
Olo*] = Ola]
COS(T[]Athix)P COS(T[]AXtmix)Q A _

— i L COS(TCJAXtmix)Q COS(”]Athix)P_l sin(7t] gyt i) z 2A1—Mpz L
2i p

£ cOS(TL] prtimin)” COS(T) axtinin) @™ SIN(L gt i) Z 24, X,
q

Here only operators providing signal during detection are retained, in particular, operators in
“multiple anti-phase” are ignored since none of them provide in phase -1 order operators.

Then spatial encoding generates a phase depending on the z position as follows:

cos(1] 4, T)F cos(1) ;4 TH? A;_

1 | icos(m],,T)? cos(n]AMT)P-lsin(n]AMT)z 24,_M,,
Z_i p

O'[b] = ei'QAtmixeiC'QAZ

i cos(rt] ;, T)F cos(m] ;4 T)91 sin(n]AXT)Z 24,_X,,
q

Where C refers to the spatio-temporal encoding constant (C = 2TE/L). After the mixing

period, i.e. the action of the second hard 90°pulse, the coherence transfer is obtained:

cos(1t) 4, T)F cos(m] 4, THC A, _

1 ) = cos(m] ;4T)? cos(m] 4, T)F 1 sin(m] ,,T) z 2A,,M,,_
p

Olc] = 4

eiQAtmixeiCQAZ

—cos(rt] ;T cos(m] ,, T)? 1 sin(n]AXT)z 2A1,X,-
a

Thanks to the density matrix established at the beginning of the detection, i.e. t; = 0, the
analytical expressions of the J-modulation of the diagonal peak S, 4 and of the cross-peaks S,

and S, are obtained as follows:
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Saq ¢ cos(1] 4, THF cos(m] 44T)C
Sau < cos(n] ;xT)? cos(rt] 4 TP~ sin(nf 4 T)

Sax « cos(rt) ;uT)® cos(nt) ;5T sin(m] 44 T)

These expressions show how the J-modulation depends on the scalar coupling constants and
on the total time T spent in the transverse plane, impacting in a variety of ways the peak
intensities. This total time may be tuned by varying the tmix delay placed immediately after

excitation.

Methods

Numerical simulations

Numerical simulations were performed using the Fokker-Planck theory module implemented
in version 2.0 of Spinach library.[*8! The calculation was carried out in the direct product F of

spin state space S and the three-dimensional Cartesian space R3:

F=SX®R?3

Matrix representations of the spin Hamiltonian H, the diffusion operator D and the magnetic
field gradient operators {Gx, G,, GZ} have the following expressions in the Fokker-Planck

space:

~ 02 02 92
H(t):H(t)@l D:D(1® ﬁ+a—}12+@>

6,=1,®x 6,=1,0y 6,=1,®z zyzzykzgc)
k

where D is the diffusion coefficient, 1 is a unit matrix of an appropriate dimension, ﬁ(t) is the
spin Hamiltonian commutation superoperator, y; are magnetogyric ratios of the spins in the
system and Z(Zk) are the corresponding longitudinal spin operators. Finite-difference

matrices’® were used as representations of the differentiation operators. The resulting

equation of motion
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F(©) = H®) + gx(0 Gy + g, () Gy+g,(D) Gz + D

d .
PO =—F(O)p(®)

where g, ,, , are gradient amplitudes, was solved for the free induction decay f(t) using the
standard time-ordered exponential propagation technique!?® with the initial condition pg set
to spatially uniform longitudinal magnetization and the detection state & to spatially uniform

E+ spin operator:

£ = <0'|exp(0) (~i i FCodr) | p>

Trajectory-level state space restriction functionality of Spinach?!l was used to keep matrix
dimensions manageable throughout the simulation. The number of points in the discretization
of R3 and the finite difference stencil size were increased until convergence was achieved in

the simulation result.

All simulated spectra were performed with the following features. Acquisition parameters:
512 points separated by a dwell time of 0.55 ps were used to compute the UF dimension
whereas the conventional one was obtained with 128 loops in the detection block. Acquisition
gradients were fixed at 0.687 T-mL. For the encoding parameters, excitation gradients of 0.020
T-m were applied while the m-chirp pulses were performed by a WURST built with 1000
points, sweeping a bandwidth of 13 kHz in 15 ms. The second chirp of the double spin echo is
flanked by two crushers. The CTP was completed in the same way as on the Fig. 1a, via gradient
pulses at 0.48 T-m™* applied during 1 ms. The length of the sample was fixed at 1.5 cm and the
Liouvillian propagation was performed over 500 z-positions. In all simulations a Bo field of
11.77 T-m was considered and ideal pulses were assumed. The simulated 2D FID was then
processed in the same way than the experimental spectra: sinusoidal apodisation for the
conventional dimension while a Gaussian apodisation was applied in the UF dimension,

including zero filling in both dimensions.
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Sample preparation

The experimental UF CT-COSY spectrum of histidine (Fig. 3F) was recorded on a sample
containing histidine dissolved in 1 mL of a mix of phosphate buffer (pH = 7) and D,0 (37.5 /
62.5: v/v) to obtain a concentration of 110 mmol.L™l. The UF CT-COSY spectra related to Fig.
2B and Fig. 3E were respectively recorded on samples of alanine at 100 mmol-L'! and taurine
at 160 mmol-L?, both in D,0. The metabolic mixture related to Fig. 4B and C was prepared
with 4 metabolites alanine (Ala), lactate (Lac), threonine (Thr), and taurine (Tau), plus
choline(Cho) acting as an internal relaxation reference, dissolved in a
2.4 mL mix of phosphate buffer (pH = 7) and D,0 (37.5 / 62.5: v/v) leading to a concentration
of 50 mmol-L* for each metabolite. The UF CT-COSY spectra related to Fig. 5C, D and G were

recorded on a 207 mmol.L? ferulic acid sample in acetone-d6.

NMR spectrometer

NMR spectra were recorded at 298 K on a Bruker Avance Il 500 spectrometer, operating at a
frequency of 500.13 MHz and equipped with a dual 1H/13C cryogenic probe including a z-axis
gradient. Conventional 1D experiments were recorded with routine pulse sequences available

within the commercial software Bruker Topspin 2.1.

UF experiments

For all the ultrafast experiments, spatial encoding was performed using a constant time spatial
encoding scheme, i.e. double spin echo with 15 ms smoothed chirp encoding pulses. The
sweep range for the encoding pulses was set to 13 kHz for all the spectra, and the amplitude
of the encoding gradients was adapted to obtain a frequency dispersion equivalent to the
frequency range of the pulses: Ge = 0.0204 T-m™. Coherence-selection gradients were added
for the UF CT-COSY as indicated on Fig. 1A. The acquisition gradient parameters were set as
follows: 0.688 T-m™ for the sample of taurine, histidine and metabolic mixture and
0.573 T-m! for the experiments on the sample of ferulic acid. For all the experiments, the

acquisition gradient duration was Ta = 281.6 us and the detecting block used 128 detection

173



gradients pairs. The specific processing for ultrafast spectra was performed on MATLAB using

the same method as described for the simulated spectra.

Results and discussion

We discuss here the ability to predict J-modulation effects with both numerical simulations
and the analytical expressions. Several spin systems are considered, including different
regimes of scalar couplings, i.e. weak and strong couplings, through comparisons between
computed J-modulation and experimental results. Calculations of J-modulation are used to

customize the UF CT-COSY experiments and improve its sensitivity in a variety of situations.

Predicting the effect of ]-modulation with numerical

simulations

Case of weak coupling.

To evaluate the ability to predict the J-modulation, the UF CT-COSY sequence was
simulated for different tmix increments with a step of 5 ms. All the simulations were
performed with the Spinach package, which was adapted to include the simulation of
spatial encoding schemes. A fixed spatial encoding duration of TE = 30 ms was used for
all the simulations, corresponding to typical experimental parameters in UF CT-COSY.
This series of simulations was performed on a small molecule, alanine, which provides
a weak coupled system AszX with a scalar coupling constant of 7.24 Hz (Fig. 2A and B).
For each increment of tmix, the peak volumes were measured by integration on the
simulated spectra, leading to the evolution of intensities for the four peaks as a
function of tmix. The same procedure was carried out experimentally, then the results
were compared to the simulated data and to the analytical expressions established in

the previous section (Fig. 2C-F).

To take transverse relaxation into account, both the simulated data and analytical
expressions were multiplied by a pure exponential factor with a t decay constant. The
latter was estimated experimentally from the signal decay observed as a function of
tmix for a peak without J-modulation, i.e. the singlet of choline which was added in all

the samples described in this article and used as an internal reference for relaxation
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effects. The t decay constant was estimated at 220 ms from a series of experiments

where tmix ranged from 0 to 1000 ms.
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Fig. 2. J-modulation effects in a weakly coupled spin system (alanine). UF CT COSY spectra obtained
experimentally (A) and from Spinach numerical simulations (B) were processed and integrated in the
same way. The analytical expressions of J-modulation (blue line) are compared to results from
numerical simulations (blue circles) and to experimental data (red crosses). TE was set to 30 ms.
J modulation is studied as a function of tmi for the cross peaks AX (C) and XA (D), and for the diagonal
peaks AA (E) and XX (F). All the curves are normalized to their mean value.
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In this study, we assume that all the small molecules studied have similar t decay
constants, an assumption which is supported a posteriori by the good match between
the analytical, simulated and experimental results. The effect of the J-modulation
predicted by the analytical expressions and numerical simulations matches very well
with the experimental data (Fig. 2C-F). The only slight difference is observed for the XX
peak, due to a small overlap of the experimental peak with the singlet of the internal
relaxation reference (choline). Also noticeable is the asymmetric evolution of peak
intensities for symmetric signals on each side of the diagonal, an effect that can be
expected as such signals undergo different ] modulation effects. These results highlight
the efficiency of our simulation platform for predicting UF spectra of small molecules.
Moreover these curves shows that the effect of J-modulation is highly peak-dependent,

even in a simple case like alanine.
Case of strong coupling.

While the analytical expressions of J-modulation were suitable to predict the optimal
tmix in the case of a weakly coupled AsX spin system, these expressions are no longer
valid in the case of strongly coupled spin systems. In this context, numerical simulations
are essential to analyse the J-modulation. Here we evaluated the ability to predict the
optimal tmix in such cases with taurine and histidine samples, which respectively provide

strongly coupled A;B; and ABX (geminal coupling) spins system (Fig. 3A-F).

As for the alanine sample, transverse relaxation was taken into account with a t decay
constant of 220 ms. A noticeable feature of these spectra is the excellent match
between experimental and simulated spectral patterns. The effect of J-modulation is
shown for the circled peaks. A good match is obtained for taurine (Fig. 3G) whereas in
the case of histidine the match is only qualitative (Fig. 3H). The discrepancies between
simulation and experiment can be explained by the difficulty to accurately determine
the actual chemical shifts —used as input values in the simulations— in the presence of
second order effects. Still, the numerical simulation platform remains efficient enough

to predict the local maxima. Overall, even for strongly coupled spin systems, the
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numerical simulations performed through the Spinach package appear to be a relevant

tool to optimize the J-modulation for complex spin systems.
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Fig. 3. 1D H spectra of taurine (A) and histidine (B) showing strong second order coupling effects.
Simulated constant time phase-modulated UF CT-COSY spectra of the A;B, spin system from taurine
(C), and ABX spin system from histidine (D) performed with the Spinach package. TE was set to 30 ms
in all cases. Experimental constant time phase-modulated UF CT-COSY spectra of taurine (E) and
histidine (F). Integral of the simulated versus experimental signals as a function of tmix for the circled
cross peaks of taurine (G) and histidine (H).
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Optimization strategies and applications

Best compromise strategy. Understanding and predicting the effects of J-modulation can
prevent unnecessary sensitivity losses. However, the optimization for real-life samples
containing different spin systems (either from the same compound or from different
molecules) is not straightforward. A first approach consists in choosing the best
compromise between the different spin systems, an approach that is well suited for
spectra of complex mixtures. Let us consider, as an example, the quantification of
metabolites inside a mixture, a domain where UF CT-COSY is recognized as a powerful
tool.[??] We focus here on the detection of alanine (Ala), lactate (Lac), threonine (Thr)
and taurine (Tau). Each of these metabolites is usually quantified, relying on a
calibration procedure, through one well-resolved cross-peak: Ala (1.47, 3.78) ppm, Lac

(1.32,4.10) ppm, Thr (1.33, 4.26) ppm and Tau (3.26, 3.42) ppm (Fig. 4B).

Here, the best approach consists in avoiding situations where some peaks would be
missing while others would have a maximum intensity under the influence of J-
modulation effects. On the contrary, a situation where all the signals of interest have a
similar response is far more preferable, the limiting factor being the peak with the
lowest SNR. Simulating the intensity of the cross peaks as a function of tmix can help
choosing a compromise value averaging the effects of the J-modulation. Fig. 4A shows
these curves for the system described above, obtained on a series of 15 simulated
spectra with a tmix value ranging from 0 to 140 ms. To predict the local maxima more
accurately, the data from numerical simulations were multiplied by a pure exponential
decay with a t decay constant of 220 ms. From these curves, an optimum tmix of 20 ms
can be chosen, leading to a sensitivity improvement of about 20% for Lac, Thr and Ala
cross-peaks, while the SNR of the taurine peak is decreased to match those of the other
metabolites (Fig. 4B and C). This sensitivity optimization requires knowing accurately
the characteristics of the detected compounds which is usually the case in a
quantification issue. Regarding quantitative applications, it should be noted that the
coefficient of proportionality between peak volumes and concentrations will remain
peak-dependent in most cases, hence the need to rely on a calibration protocol, as it is

the case in almost all quantitative 2D NMR experiments.[?3]
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Fig. 4. Calculated signals as a function of tmix (with TE = 30 ms) for the cross peaks of interest from Ala,
Lac, Thr and Tau. A compromise is found at tmx = 20 ms (A). Experimental constant time phase-
modulated UF CT-COSY spectra of a 50 mmol.L™? mixture of metabolites in D,0, recorded in a single-
scan at 500 MHz with a cryoprobe for tmix values at 0 ms (B) and 20 ms (C)

Recording spectra without missing peaks.

While this first example requires optimizing the sensitivity of one specific peak for each spin
system, other common situations —such as structure elucidation— require the observation of
all the peaks arising from a given molecule. Unfortunately, as mentioned above, J-modulation
effects can lead to missing peaks in the 2D spectra. This phenomenon is clearly illustrated on
the case of ferulic acid (Fig. 5A), a small molecule showing a variety of coupling patterns.
Under non-optimized experimental conditions, two diagonal peaks are missing: CC at
(7.16, 7.16) ppm and DD at (6.89, 6.89) ppm, while two symmetric cross-peaks: AE
(6.40, 7.63), EA (7.63, 6.40) ppm show very low intensities (Fig. 5C). These occasional
missing peaks become a tricky issue to check or elucidate a molecular structure, making
it difficult to set up the UF constant time experiments as routine sequences. Averaging
the effect of the J-modulation on all the spin systems of interest forms an appealing
solution to avoid these missing peaks. As the sensitivity issues of UF experiments often
require the accumulation of a few scans, adding several spectra recorded with
incremented tmix values is a convenient way of doing it in a reasonable time. This multi-
scan approach was evaluated on the same sample of ferulic acid by adding a serial of
nine spectra with tmix values ranging from 0 to 40 ms. The resulting spectrum (Fig. 5D),

recorded in 46.13 seconds, contains all the expected peaks, showing the efficiency of
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this approach. This straightforward method has the advantage of being applicable to

unknown samples.

Enhancement of cross-peak intensities for multiple spin systems.

While achieving the detection of all the expected peaks, the multi-scan approach does not
maximize the peak intensity, as it results from the signal averaging of J-modulation effects.
Still, several applications such as reaction monitoring require maximizing the intensity of
cross-peaks, and being able to do it in a single scan would be particularly appealing. This
requires, however, the simultaneous optimization of J-modulation effects for different spin
systems. To achieve this goal, we propose a new excitation block where the 90° hard
pulse is replaced by spectrally selective pulses followed by delays, in order to excite
successively and independently each spin system of the sample (Fig. 5E). These
selective pulses are separated by suitably chosen delays, calculated so that each spin
system spends an optimal time in the transverse plane to optimize the effect of J-
modulation. The optimum delay can be predicted from the calculated (or simulated) J-
modulation curves (Fig. 5F). This single-scan approach was applied to the ferulic acid
sample characterized by two different spin systems (Fig. 5A). The corresponding spin
systems have very different J coupling constants (16.0 Hz for AE and 8.1 Hz for CD).
Thanks to a prediction of the J-modulation for each cross-peak, the inter-pulse delay
can be adjusted so that each spin system reaches the maximum of its J-modulation
curve in the same experiment (Fig. 5F). In this example, p4r and pgcp are the durations
of the selective pulses exciting spins A-E and spins B-C-D, respectively. Note that here,
the pulse exciting A and E has to be polychromatic to excite two different regions at
the same time. The inter-pulse delays d; and d, can be computed relying on the
following equations, where T,r and Tgp represent respectively the total time spent in

transverse plane for the spin systems AE and BCD, respectively.

TAE =%+dl+pBCD+d2+TE
Pscp
TBCD =T+d2+TE
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Relying on these equations and on the calculated J-modulation curves, an UF CT-COSY
spectrum using this excitation block was recorded on the ferulic acid sample with
d;=17.5 ms and d, = 27.8 ms. The selective pulses had a Gaussian shape with a
duration of par = 17.91 ms for the first one and pscp = 7.15 ms for the second one. The
resulting spectrum (Fig. 5G) clearly shows the high cross-peak intensity reached for all
the correlation peaks within a single-scan, it also results in a strong decrease of the
diagonal peaks. This approach requires a fine-tuning of the pulse sequence parameters,

and is therefore suitable to the study of spin systems which are a priori known.
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Fig. 5. 1D 'H spectrum of a 207 mmol.L™ ferulic acid sample in acetone-d6 (A). The molecular structure
is shown with the corresponding J coupling constants. Pulse sequence for constant time phase-
modulated UF-COSY (B), and corresponding spectrum of ferulic acid recorded in 1 scan with a tmi of
30 ms (C), and by adding 9 spectra acquired with a tmix incrementation of 5 ms per scan from 0 to 40
ms (D), with TE = 30 ms. Pulse sequence for constant time phase-modulated UF CT-COSY including a
new excitation block based on spectrally selective pulses (E). Calculated J-modulation as a function of
T, i.e. the total time spent in the transverse plan, for the cross peaks of ferulic acid (F). UF CT-COSY
spectrum obtained with the pulse sequence shown in (E) using the new excitation block (G).

Due to the use of selective pulses, it is also limited by the position of peaks in the 1D

spectrum, but polychromatic pulses make it possible to excite simultaneously several

182



distinct spectral regions. Therefore, this approach could be useful when the intensity
of targeted cross peaks needs to be optimized, such as in the monitoring of real-time

dynamic phenomena which generally focus on targeted cross-peaks.

Conclusions

This paper highlights the significant role of J-modulation as a potential source of sensitivity
losses in the case of the UF constant time experiments, and demonstrates how understanding
J-modulation effects can lead to significant sensitivity recovery in a variety of situations. The
combination of theoretical description and numerical simulations shows the possibility to
predict the J-modulation effects for several spin systems, even strongly coupled. Based on this
prediction, several single-scan or multi-scan strategies were designed to optimize the peak
intensity in UF CT-COSY spectra. The optimal strategy depends on the targeted applications,
and the potential and drawbacks of the different approaches were discussed so that the user
can choose the optimal approach for a given situation. We hope that these tools will help
users of the ultrafast NMR method to tune the sensitivity of their experiments for a large range

of applications.
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1.3.Further applications in UF double quantum
spectroscopy (DQS) and J-coupling measurements.

This article showed how the control of J-modulation can lead to a sensitivity enhancement in
a varieties of situations. These optimizations, here performed on UF COSY, could be applied
to other UF experiments as long as a constant time spatial encoding is involved. In this context,
| contributed —as second author— to two articles which can be seen as a direct application of

the previous article.

First, a similar work were achieved to yield a sensitivity-optimized UF double quantum
spectroscopy (DQS) experiment. Towards this end, we added a delay tmix between the double
guantum (DQ) building block and the CT spatial encoding in order to adjust the J-modulation
effects. Still, numerical simulations offer a good prediction of the J-modulation effects so that
a sensitivity enhancement can be achieved by finely tuning the tmix delay. Furthermore, this
optimized UF DQS experiment led to a practical application in the field of quantitative 2D
NMR. This methodological work and the related application are described in a research article

in Appendix 1.

Beyond its impact on sensitivity, J-modulation can also be exploited for accurate
measurements of J-coupling constants. The research article previously presented pointed out
the reliance of the signal intensity S on the coupling constant / and the time spent in the

transverse plane T

S =f(m.].T) (C.1)

Where the function f depends on the nature of the spin-system. Thus based on prior
knowledges on the J-modulations profile, the scalar coupling constant can be determined by
recording a series of CT experiments like CT COSY with different values of T. In such time-
consuming arrayed 2D experiments, the ultrafast version of the CT COSY seems to be an
appealing solution. Such an application of UF CT PM COSY was carried out in collaboration
with Oulyadi and coworkers at the University of Rouen to measure small ’Li-’Li scalar coupling
constants (< 1 Hz). This experiments also constitute the first UF experiments on ’Li. The whole

study is described in the corresponding research article in Appendix 2.
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2. Development of UF 2D NMR at 43 MHz

After receiving the customized benchtop NMR spectrometer in May 2015, the first
methodological development at low field was the implementation of the ultrafast
methodology on this apparatus. This following work has been largely inspired by the many

improvements that UF 2D NMR has undergone at high field over the last fifteen years.

2.1. Description of the pulse field gradients

The main ingredient involved in UF NMR is the application of magnetic field gradients. Our
customized benchtop spectrometer enables pulse field gradients (PFG) with a trapezoidal

envelope, which are programmed as follows (figure C.1):

i.  First a gradient ramp is programmed to reach progressively the desired gradient
amplitude Gy. This progressive ramp alleviates the overshooting issues.
ii.  The gradient amplitude is then maintained during a delay 7

iii. Atthe end, the gradient amplitude decrease through a similar ramp

Gf (% Gmax)“

v

Gi (% Gmax)

—> —>

Gramp (KS) Tg (ms) Gramp (KS)

Figure C.1. Overview of the parameters required to program a PFG on the Spinsolve spectrometer. The
ramp delay Gyqpmp is the transition state from the starting gradient amplitude G; (commonly null) to
the final one Gy, is the latter being defined as a percentage of the maximum gradient amplitude. This
ramp consists of n; steps with a duration §t;. These parameters are fixed by the user.
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Based on the parameters, the gradient amplitude is computed on the fly during the ramp for
each step n:

(Gr — G;)

Gn)=G;+n — 2]

Where n takes the value 0 to ng - 1. In practice, n; is fixed at 100 with a step duration §t; in

arange of 1 -2 ps.

2.2. Frequency dispersion induced by a PFG

The key parameters to achieve the spatial encoding and the EPSI block are linked to the
gradient strength generated by the gradient coil. Hence, the determination of the frequency
dispersion induced by a pulse field gradient in our benchtop system is a prerequisite for

implementing UF NMR.

To experimentally evaluate this dispersion, we used a pulse sequence — further called
“echograd” — consisting of a spin echo, in which a gradient G is located prior to the 180° hard
pulse (figure C.2). A readout gradient G, is then applied to generate a gradient echo as shown
in figure C.3a. A FT applied on the time domain yields the frequency response, which can be
seen here as a 1D image of the sample. Following the FT, a large first order phase correction
is required to visualize the profile. This tedious correction can be nonetheless circumvented
in centering accurately the gradient echo within the acquisition window. The circled shape of
the resulting profile in figure C.2b reminds that the gradient direction is collinear to the Bg
field, i.e. orthogonal to the NMR tube. This regular shape highlights the spatial homogeneity

of the gradient coil.
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90 180

ACQ

H

G, G,

Figure C.2. Scheme of the pulse-sequence “echograd”. After FT in the time domain, this experiment
provides a frequency profile which corresponds to a 1D image of the sample.

It is possible to measure graphically the frequency dispersion Af induced by the pulse field
gradient. For instance, with a gradient amplitude G; fixed at 10 % of the maximum value, a
dispersion about 2.8 kHz is measured in figure C.3b so that the maximum Af generated by the
gradient coil is around 28 kHz. Given the characteristic length L of the sample equal to 4 mm

(i.e. inner diameter of the NMR tube), the strength of the PFG can be calculated as follows:

_ 2m. Af
B y.L

(C.3)

This leads to a maximal gradient strength around 0.16 T.m™* as described by the constructor.

i | Af

e O AVARYA™ 2 T

1 % W [

0 2 4 6 8 10 -4 -2 0 2 4
Time (ms) Frequency (kHz)

Figure C.3. (a): gradient echo obtained via the pulse sequence presented in figure C.2 performed on a
sample of H,0 in D;0. G, and G, were fixed at 10 % of the maximum gradient value and applied during
10 and 15 ms, respectively. The signal is centered within the acquisition window by opening the
receiver 5 ms after the application of G, with an acquisition time of 10 ms. (b): frequency response
yielded after FT. The circled shape highlights the transversal gradient direction. The frequency
dispersion Af can be directly measured on this profile.
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2.3. Presentation of the UF CT PM COSY pulse-sequence

The pulse-sequence of the UF CT PM COSY experiment used in this work is presented in figure
C.4. The experiment starts with a spatial encoding step, followed by a 90°mixing pulse and
finally the decoding is achieved through an EPSI block. Each of these blocks are described in
section A.4.3. In what follows, we consider only the continuous constant time phase-
modulated (CT PM) spatial encoding. This choice was guided by prior studies at high-field

which concluded that this encoding offers relevant advantages:

i. It offers the best compromise between sensitivity and resolution. The signal intensity
may be doubled compared to amplitude modulated (AM) encoding. Then, for every z
position, CT PM provides the longer maximal time spent by spins into the transverse
plane so that it offers the finest resolution compared to AM and PM encoding.

ii. Itrelies on 180° chirp pulses that are easier calibrated in practice and less sensitive to

RF imperfections compared to the 90° chirp pulses

o el i

Figure C.4. Scheme of the UF CT PM COSY pulse-sequence. The spatial encoding consists of a 180° chirp
pulse applied during 6™ together with an excitation gradient G, and this block is repeated with a
negative excitation gradient in order to suppress both quadratic and zero-order contributions leading
to a pure linear dephasing ¢(z) = C.Q.z, where C is the spatial encoding constant. EPSI relies on a
train of bipolar G, gradients with a duration T, and which are spaced by a short time t. allowing the
commutation between the positive and the negative ones. N, pairs of bipolar gradients are repeated
in the course of the detection. Gy, is a pre-phasing gradient which translates the echo positions within
the k-space and the delay t,,;, tunes J-modulation. The non-designated gradients are used as crushing
spoilers and for coherence selection. The pulse program is available in Appendix 3.
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Tuning all the pulse sequence parameters can be relatively complex since they pertain to
several compromises between, spectral widths, resolution and sensitivity. In order to get a
comprehensive picture of the further choices, we remind these following equations that are

valid for CT PM encoding (see section A.4.3 for more details)

y.Gy. Ty L 1

SWyp = 5 (C.4) Avyp = ¥ (C.6)
1 1

SWeonv = ﬁ (C.5) Aveony = m (C.7)

2.4. Chirp pulses and excitation gradients

The linearly swept chirp pulse used in the spatial encoding are characterized by a pulse length
6™, a frequency band width BW and a power yB;. In what follows, the chirp pulses were

performed with a WURST shape (figure C.5) whose analytical expression is given below:

yB1(t) < 1 — |sin(mt)™| (C.8)

With nw is fixed at 50. The wurst shape helps smoothing the frequency response of the chirps

and reduces the wiggles of the echoes in the UF dimension.

Since several parameters are involved in the optimization of a chirp pulse, this required fixing
one of them prior to tuning the others. At high field, 15-ms chirp pulses are often used in UF
'H NMR to have a good compromise between spectral width and resolution. Given the shorter
spectral width in frequency at 43 MHz, a longer chirp pulse to improve the resolution is an
appealing choice. Therefore, we decided to start with a pulse duration 6™ of 30 ms. Based on
this value, the pulse bandwidth BW was optimized. In order to rotate all the signals, the BW
must be at least superior to the SW of the 1D *H spectra. For instance, if we consider a SW of

8 ppm at 43 MHz, this leads to BW > 350 Hz. It was important to investigate the spin response
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through the action of the 180° chirp pulse. Indeed, an instantaneous 180° rotation is a
determining feature for the quality of the spatial encoding. To evaluate this property, we
considered a spin at a fixed z-position and evolving into the transverse plane with a +1
coherence order, represented by the product operator I". An ideal 180° chirp pulse provides
a coherence inversion, i.e. converts instantaneously I into I~. Numerical simulations were
performed to compute the trajectories of I*and I~ in the course of the chirp pulse. The results
are displayed in figure C.5. It turns out that the larger is the band width, the faster is the 180°
rotation (figure C.5a versus figure C.5d). A BW > 3500 Hz is necessary to yield an adequate

spin response.

(a) (b)
1.0 1.0
0.8 0.8
2 2
2 o
5 0.6 g 06
e Y
= BW =350 Hz = BW = 1000 Hz
he] 0.4 |- 5 0.4 I
c c
© ©
+ 0.2 + 0.2
0.0 0.0}
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(C) &™ (ms) (d) 6™ (ms)
1.0 1.0
0.8 0.8
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5 0.6 + 0.6
& e
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+ 0.2 + 0.2
0.0 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
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Figure C.5. Trajectories of the Itand I~ product operators during a 30-ms chirp pulse applied together
with a positive excitation gradient. (a), (b), (c) and (d) chirp pulses with respectively a BW of 350, 1000,
3500 and 5000 Hz. These simulations - performed with SpinDynamica [1] (Mathematica) — were carried
out on a single spin located at the middle of the length of the sample (z=0). Theses numerical
simulations highlight the necessary time to achieve the coherence inversion regarding to the band
width of the chirp pulse.
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At this stage, it may be tempting to increase again the band width thereby obtaining even
more efficient chirp pulses. Unfortunately, it is worth keeping in mind that increasing BW
involves the use of stronger excitation gradients since the frequency dispersion induced by G,
should match with BW to yield an efficient encoding: Af = BW. The use of stronger G, is
associated with sensitivity losses due to the diffusion effects. Thereafter, to empirically
determine an optimal band width value, we carried out a series of four UF diagonal spectra
recorded with several values of BW whereas 8™ was fixed at 30 ms. These diagonal spectra
are obtained simply by turning off the mixing 90° hard pulse and the coherence selection
gradients of the UF CT PM COSY pulse-sequence. For each BWW value, G, is adjusted so that its
frequency dispersion Af matches with BW. The four different 180° chirp pulse are calibrated
as described in the following section C.2.5. This study was performed on a sample of 3-bromo-
ethylpropionate in acedtone-ds. Figure C.6 shows the projections along the UF dimension
from the methyl signal obtained with the different 30-ms chirp pulses. For low BW, i.e. 350
Hz, the echo suffered from distortions and was not located at the correct chemical shift (figure
C.6a). This result is correlated to the spin response obtained by the numerical simulation
presented in figure C.5a where the 180° rotation is not instantaneous. Higher BW enabled
more efficient spatial encoding leading to echoes with a better line shapes (figure C.6b, 6¢c and
6d). However, a slight line broadening with a decrease of the amplitude was observed with
the BW at 5 kHz compared to the echo obtained with BW = 3.5 kHz (figure C.6¢ versus C.6d).
This is explained by the diffusion arising from the increase of G,. This is coherent with
observations and simulations made at high field [2]. A band width of 3.5 kHz was found as the

best compromise between high degree of spatial encoding and diffusion effects.
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Figure C.6. Projections along the UF dimension of the methyl signal at 1.23 ppm from UF diagonal
spectra recorded with several values of BW and G,. The gradient amplitudes are defined as a
percentage of the maximum value. (a): BW =350 Hz and G, = 1.16 %; (b): BW = 1000 Hz and G, = 3.31
%,; (c): BW = 3500 Hz and G, = 11.6 %; (d): BW = 5000 Hz and G, = 16.57 %. For each experiment the
frequency dispersion generated by G, corresponds to BW.

2.5. Calibration of a 180° chirp pulse

Once both the pulse duration and the band width are fixed, the power of the chirp pulse must
be adjusted to perform the desired rotation. In practice, this is achieved experimentally via
the pulse-sequence displayed in figure C.7a based on the echograd experiment in which the
considered chirp pulse is applied together with the excitation gradient prior to the 90° hard
pulse. After loading the same parameters as those used in the echograd experiment, the
power in decibel of the chirp pulse is then increased step by step until yielding an inversion of
the frequency profile (figure C.7c). It should be noticed that further increase of the power still

leads to a 180° rotation due to the adiabatic regime.

193



90 180

(a)
16 T T | 6 16
o 2
" ACQ
G l Ge \ Gl GZ
(b) (c)

Figure C.7. (a): Scheme of the pulse sequence used for the calibration of a 180° chirp pulse. (b)
Frequency domain obtained without active chirp pulse. (b): Frequency domain when the power is
sufficient to yield an inversion of the profile.

2.6.Implementation of the EPSI block

As shown in figure C.4, several parameters are involved to implement the EPSI block. A cross-
cutting feature is the duration of the acquisition gradient T, since this value pertains to the
spectral widths. Increasing the duration T, extends SWyr (see equation C.4) whereas it
reduces the SW;,,, (see equation C.5). This tradeoff is fortunately less stringent at 43 MHz so

that a high value of T, is an appealing choice.

Since the receiver is open during the application of the acquisition gradient, T, is defined as
follows: T, = N, .DW, where Ny is the number of points acquired during one acquisition
gradient and DW is the dwell time between each point. In practice, T, is therefore determined
by the choice of Ny and DW. The latter should be short enough to digitalize properly the
echoes occurring along the k-dimension. However, It is worth mentioning that the shorter is
the value of DWW, higher is the noise level during the detection. Indeed, the band width of the

digital filter FBW — applied when the receiver is open — is automatically determined by the
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software and is inversely proportional to DW. In what follows, 256 points were acquired with

a DW of 5 ps.

The last parameter is the number of loops N;, which impacts the resolution along the
conventional dimension (see equation C.7). A number of 128 pairs of bipolar gradients was

fixed for the further UF experiments

2.7.Apodisation along the UF dimension

In UF experiments, apodisation in the conventional dimension can be applied as in
conventional 2D experiments [3]. This becomes more complex along the UF dimension since
no FT is applied. As described in section A.4.3, the trick is to apply a FT along the ultrafast
dimension. The resulting spatial profile is then multiplied by a filter function, usually a
Gaussian, and an inverse FT is finally applied to the apodised spatial profile to retrieve echoes
in the k-dimension. This procedure and the overall effect on a UF FID is illustrated in
figure C.8 where a SNR enhancement is clearly visible (figure C.8a versus figure C.8d). At high
field, this apodisation procedure reduces drastically the asymmetry of the line shape as shown
in section A.4.3. In our benchtop system, most of the peaks do not suffer from such an
asymmetric line shape (see figure C.9a). This effect is only observed for intense signal as
illustrated in figure C.9c. Hence, the present spatial apodisation is mainly useful to increase
the SNR (figure C.9a versus figure C.9b) while improving the line shape for intense peaks

(figure C.9c versus figure C.9d).
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Figure C.8. Procedure of spatial apodisation along the UF dimension. (a): initial UF FID. (b): Resulting
spatial profile after FT applied on the initial FID. (c): apodised spatial profile via a Gaussian function.
(d) Apodised FID thanks to an inverse FT applied on the apodised profile. Note how the level of noise
is clearly reduced in the apodised UF FID. The data are from a UF diagonal experiment performed on a
sample of ethanol in H,0.

Without apodisation After apodisation
25
@ " (b) | _
20 F i
< | <
2 15 SNCETY [
2 2
2 10 s a |
(] i [ ] |
+— - 5 4 -
= 5 F =
0 ;‘.(‘h i - R | 0 57_ - - -1
5 4 3 2 1 0 5 4 3 2 i 0
& (ppm) 5 (ppm)
(c) (d)
120
150
© ©
; : 80
=] >
= 100 = ]
£ e
" wv
C c
2 s0 2 40
= £
0 0-
5 4 3 2 1 0 5 4 3 2 1 0
5 (ppm) 6 (ppm)

Figure C.9. Effects of the spatial apodisation on data from UF diagonal experiment performed on a
sample of ethanol in H,0. Projections along the UF dimension from the methyl signal without
apodisation (a) and after apodisation (b). It must be noted the significant SNR enhancement after the
spatial apodisation. (c): the intense hydroxyl signal, which suffers from an asymmetrical line shape.
The spatial apodisation copes with this signal distortion (d).
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2.8.Correction of the acquisition gradient offsets

EPSI is demanding for the hardware. In theory, positive and negative acquisition gradients
amplitudes are perfectly equal and constant from the first iteration to the last one:
Gf = G; = constant. Unfortunately, this condition is not exactly hold in practice due to
imperfections of the gradient coil. These potential gradient offsets lead to echoes whose
positions in the k-dimension change in the course of the (k, t2) trajectory (figure C.10b). This
involves signal distortions after FT along the t;-dimension (figure C.10a). It could be mentioned
that this drift is not purely linear suggesting that the G /G; offset evolves during t2. Hence to
outmatch this issue, the amplitude of one of the acquisition gradient has to become a variable
in function of the index of the EPSI loop. In practice the pulse program automatically generates

a list of G, amplitudes as follows:

Gz (N) = GF + a+ BN; (C.9)

Where alpha and beta were adjusted experimentally to balance the gradient offset (figure
C.10d). After the FT along t, this adjustment offers UF spectra with a significant improvement
of the line shape (figure C.10c). It is worth mentioning that this optimization was carried only
once to correct the hardware imperfections. The resulting couple (a, ) has always been

efficient so far.
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Figure C.10. (a): UF COSY spectra suffering from acquisition gradient offset and (b) the corresponding
(k, t2) map. (c) UF COSY spectra recorded without offsets and the corresponding (k, t2) map (d). Data
from a UF COSY experiment performed on a sample of 3-bromo-ethylpropionate in acedtone-ds.

2.9. Data processing

The principle of the data processing is described in the literature review: section A.4.3. We

wrote a procedure in Prospa language that enables an automatic data treatment from the UF
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FID (Appendix 6). This consists of the following steps:

k-dimension

i.  Aspatial apodisation is applied on the UF FID including zero-filling

ii.  Data arising from positive and negative gradients are split and rearranged, leading to

two mirror-image S(k, t2) maps.

iii.  FT with zero-filling and sinusoidal apodisation is subsequently applied along the t;

dimension, leading to symmetric S(F1, F2) maps plotted in magnitude mode.



iv.  One of the map is inverted and added to the other one (correction of an eventual

shift between the two data set is performed prior to the addition)

It is worth mentioning that the choice of the magnitude mode is justified by the 2D-peak shape
in ultrafast spectra. Unlikely conventional 2D experiments - where the line shape is a product
of two Lorentzian functions — the 2D peak shape is the product of a Lorentzian with a function
f(k /v) depending on the spatial encoding scheme and on the gradient encoding direction. As
demonstrated by Frydman and collaborators, the CT PM spatial encoding provides real,
purely-absorptive line shapes along the ultrafast dimension in contrast to the other schemes
whereby a combination of echo and anti-echo, i.e k >0 and k <0, is required [4]. Therefore,
this property makes the magnitude mode less critical in UF NMR compared to the same

situation in non-phase sensitive conventional 2D experiments.
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3. Gradient-based solvent suppression methods

3.1. A vital need in benchtop NMR

After the implementation of UF 2D NMR on our 43 MHz compact spectrometer, it appeared
relevant to investigate the potential of the gradient coil to implement solvent suppression

methods.

Indeed, the modern benchtop NMR spectrometers have been designed to circumvent the use
of deuterated solvents for locking the static magnetic field. This is a determining advantage in
many applications, especially in the field of reaction monitoring (see section A.1.1.2).
Obviously, the downside of this feature is the associated huge and broad solvent peak, which
often obscures the signals of interest. This is particularly the case at low-field where 1D *H
spectra are already crowded. Beyond the strong overlaps located near the solvent resonance,
other ones can be observed involving the 13C satellite lines from carbonated solvents. Taken
together with the drawbacks already mentioned in section A.1.1.2, it turns out that efficient
solvent suppression methods, suitable with flow measurements, become a vital need to

extend the potential of LF NMR spectroscopy.

The research article in the following section deals with the implementation of gradient based-
solvent suppression methods on our benchtop device. First, a description of the features
making solvent suppression a tricky task is given as well as a review of the different strategies
to do this. Then, the implementation of such methods as well as an analytical evaluation both

in static and flowing conditions are reported.

200



3.2.Implementation at 43 MHz. Evaluation both in static
and flowing conditions

Gradient-based solvent suppression
methods on a benchtop spectrometer

Boris Gouilleux, Benoit Charrier, Serge Akoka and Patrick Giraudeau

(Original research article)

Magnetic Resonance in Chemistry, 55 (2017) 91-98.

Abstract

Benchtop NMR emerges as an appealing alternative to widely extend the scope of NMR
spectroscopy in harsh environments and for on-line monitoring. Obviously, the use of low-
field magnets induces a dramatic reduction of the spectral resolution leading to frequent peak
overlaps. This issue is even more serious since applications such as chemical process
monitoring involve the use of non-deuterated solvents, leading to intense and broad peaks
overlapping with the signals of interest. In this article, we highlight the need for efficient
suppression methods compatible with flowing samples, which is not the case of the common
pre-saturation approaches. Thanks to a gradient coil included in our benchtop spectrometer,
we were able to implement modern and efficient solvent suppression blocks such as WET or
excitation sculpting to deliver quantitative spectra in the conditions of the on-line monitoring.
While these methods are commonly used at high-field, this is the first time that they are
investigated on a benchtop setting. Their analytical performance is evaluated and compared
under static and on-flow conditions. The results demonstrate the superiority of gradient-
based methods, thus highlighting the relevance of implementing this device on benchtop
spectrometers. The comparison of major solvent suppression methods reveals an optimum
performance for the WET-180-NOESY experiment, both under static and on-flow conditions.
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Introduction

In the pursuit of a better sensitivity and resolution, modern NMR spectrometers are based on
stronger and stronger superconducting magnets, whose performance makes NMR
spectroscopy essential for a wide range of applications, from the elucidation of (bio) chemical
structures, to pharmaceutical, biomedical or food sciences. Unfortunately, the incompatibility
of high-field NMR with harsh environments, the associated maintenance costs as well as the
need for a dedicated laboratory involving specialized staff, have hampered the use of high

field NMR (HF NMR) in production and industrial sites.

A new generation of compact and cryogen-free low-field spectrometers has emerged as a
relevant alternative to extend the scope of NMR in harsh environments.! These benchtop
spectrometers are no longer restricted to relaxometry, and they now deliver NMR spectra of
sufficient quality to enable promising applications in fields such as chemical process
monitoring 1° or food screening 12, However, the analytical performance at low-field is
significantly reduced compared to its high field counterpart. As a major drawback, the
resolution is dramatically reduced since the frequency dispersion decreases with the static
magnetic field while the scalar coupling constants remain unchanged. Peak overlaps between
signals of interest are therefore ubiquitous. This is particularly true for applications such as
reaction monitoring —the most reported application of benchtop NMR- where non-
deuterated solvents are preferentially used to avoid potential isotope effects and for
economic reasons. A consequence of using protonated solvents is that the intense and broad
solvent signals will hamper the detection and/or quantification of the solute peaks. On top of
that, strong solvent peaks lead to digitization issues since the dynamic range of the receiver
limits the simultaneous detection of signhals with large amplitude differences.'® The resulting
baseline distortions strongly impact the signal-to-noise ratio (SNR) and the areas of the peaks
of interest. In this context, a suitable and efficient solvent suppression pulse sequence is
crucial. Numerous and continuous efforts have been made at high field to suppress the solvent
signal and to circumvent the issues mentioned above. From the first pre-saturation methods,*
several tens of sophisticated suppression blocks have been designed in order to reach stronger
and cleaner solvent suppressions. Some of them are efficient both inside an NMR tube and on

flowing samples, as reported in the literature on hyphenated techniques.®® This last point is of
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particular interest for benchtop NMR, where a wide range of applications are carried out on
flowing systems. In spite of their promising potential for low-field NMR, these modern
suppression methods have not yet been implemented on benchtop spectrometers, since the

implementation of a gradient coil in commercial models is extremely recent.®

Relying on a benchtop spectrometer (designed by Magritek, Aachen, Germany, a version of
the commercial Spinsolve benchtop spectrometer) including a gradient coil, we evaluated the
relevance of gradient-based solvent suppression methods, both on static and flowing samples.
We first present an overview of the major building blocks of solvent suppression pulse
sequences, then the specific features associated with flowing systems are discussed in the
context of solvent signal suppression. Finally, an analytical evaluation of the major methods is

presented through different criteria in terms of residual signal, trueness and robustness.

1. Overview of the solvent suppressions methods

1-1. Specificities of the solvent signal suppression

Efficiently reducing a strong solvent signal is not straightforward, as highlighted by the
numerous articles dedicated to this topic in the last decades. Indeed three main physical and
chemical phenomena make the solvent signal suppression difficult: the radiation damping

(RD), the “faraway solvent” effect and the frequency instabilities.

Radiation damping is a well-known effect, well reported and described in the literature.® This
physical phenomenon may be basically explained as follows: once excited, the strong solvent
transverse magnetization leads to an oscillating current in the receiver coil, which generates
a transverse magnetic field at the same frequency. As a result, the solvent relaxation is
dominated by the short characteristic time of RD rather than by the longer transverse
relaxation time T,. Therefore, the solvent signal becomes much broader with potential phase
distortions, and consequently more difficult to suppress. Since the radiation damping rate is
proportional to Bo,'” its impact is limited at low field compared to the two other effects

described below.
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The “faraway solvent” effect arises from the spins located at the edges of the sensitive volume,
which experience a different radiofrequency and magnetic field compared to the bulk
region.'® These spins mostly contribute to the signal detected at the edge of the solvent peak,
facilitating the peak overlaps with the nearby resonances. Some pulse sequences have been

specifically designed to limit the effect of faraway water.'?

The solvent frequency instabilities are detrimental to the efficiency of the solvent suppression.
This is especially the case for applications like reaction monitoring where the position of the
solvent peak is shifted as the composition of the sample evolves in the course of the reaction.
In practice, a drift of the order of 6 Hz (i.e., 0.14 ppm) is commonly observed on our benchtop

spectrometer, which is detrimental to the quality of the solvent signal suppression.
1-2. Solvent suppression building blocks

Whatever the solvent suppression method used, it can be subdivided into three steps
consisting of a preparation, an excitation and a readout block. For each of these steps, the

different blocks mostly encountered in the literature are described below.
1-2-1 Preparation blocks

Among the panel of preparation blocks, the continuous wave saturation (Sat) (figure 1a) is
probably the most used suppression block on high-field spectrometers.* This popularity is
due to its ease of use and its efficiency for solvent signals located relatively far from the peaks
of interest. Nonetheless, the approach remains sensitive to the various frequency shifts with
a significant risk to impact the signals nearby the solvent peak. Moreover, this block is not

efficient against the faraway solvent effect.

The WET block?® (water suppression enhanced through T1 effects) (figure 1b) has emerged as
a robust and versatile approach. It combines a train of selective shaped pulses applied
together with gradient spoilers to selectively disperse the longitudinal component of the
solvent magnetization. It enables an efficient selective suppression in a reduced time
compared to the Sat-block with no need for signal averaging. The WET block is popular in
hyphenated technics such as LC-NMR since its compactness and its single-scan character make
it ideally suited for on-flow NMR.% Since the first publication, new WET schemes have been

designed to improve the initial WET block.’® 2! In particular, the WET-180% — including a
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toggled 180° (adiabatic or hard) pulse with a modification of the last selective pulse (figure

1c)-yields a narrower solvent signal with a cleaner phase than the classical WET block.
1-2-2 Excitation blocks

The basic 90° hard pulse (figure 1d) is inherently sensitive to the faraway solvent leading to a
broad solvent peak. Numerous excitation blocks have been developed to overcome the
faraway solvent effect and therefore obtain a narrower residual signal. The first approach is
the use of a composite 90° pulse?? (CP) instead of the common 90° hard pulse. This is achieved
by a train of four 90° hard pulses (figure 1e) with the following phases: x, y, -x, -y. By combining
the inefficiency of each hard pulse on the edge of the sensitive volume, the faraway solvent is
thus less excited while the region of interest experiences an effective 90°. Another strategy to
cope with the faraway solvent is the Sat-180 block .*° It is formed by a 90° pulse preceded by
either an adiabatic or a hard 180° pulse, which is toggled on and off together with a change of
180° in the receiver phase (figure 1f). The water is first saturated by the appropriate
preparation block, while the solute magnetizations and the faraway solvent are left intact
along z. The 180° adiabatic pulse then inverts the solute magnetizations from +z to -z, while
the faraway water magnetization is mainly unaffected and remains along +z. As a
consequence, the 90° detection pulse generates a faraway water signal with an opposite
phase compared to the signals of interest. The experiment is then repeated with the inversion
pulse turned off, resulting in a signal where the solute and faraway water magnetizations have
the same phase. The addition of these two transients cancels the faraway water signal while
those of the solute magnetizations are co-added. It should be noted that this approach needs

at least two scans.

The nuclear Overhauser effect spectroscopy sequence (NOESY-1D) is a widely used excitation
block (figure 1g), especially in the field of metabolomics.?3 2* This block is a 1D version of the
2D NOESY pulse sequence. It is well-recognized for reducing the effect of the faraway solvent
by combining several contributions. The first one is a T;-descrimination between the solutes
and the solvent. This aspect is adjusted by tuning the mixing delay between the second and
third 90° pulses. A continuous saturation could be further added if the optimized delay is long

enough for a selective irradiation. The second contribution is related to the phase cycling and
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is actually equivalent to a Sat-180 block without delay between the first two 90° pulses. This

approach also requires two scans.
1-2-2 Readout blocks

The most common readout block is the simple observation of a free induction decay (FID)
(figure 1h), ensuring that all the signals are detected except the solvent peak which has been
suppressed through the use of the preparation and/or excitation blocks previously described.
It is also possible to selectively suppress the solvent resonance at this stage thanks to pulse
sequence elements inspired from the WATERGATE scheme,?> the most widely used being
excitation sculpting.?® This readout block consists in a spin echo flanked by identical spoiler
gradients including a selective 180° pulse prior to the 180° hard pulse. The solute signal is
refocused by the 180° hard pulse while the solvent signal —previously inverted by the selective
pulse—actually experiences a 360° rotation and its magnetization remains dispersed. The most
efficient version —excitation sculpting— is based on a double spin echo (figure 1i).26 These
suppression methods are widely used in the field of protein NMR since they enable to observe
exchangeable protons.?” Nevertheless, these blocks generate signal distortions arising from
the J-modulation during the echo time, making it difficult to quantify the solutes. A solution
to cope with this drawback has been proposed, where the effect of J-modulation is reduced

thanks to the application of a “perfect echo” flanked by spoiler gradients (figure 1j).%2
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Figure 1. Basic building blocks used for solvent suppression methods and considered in this manuscript.
From left to right the columns match with preparation, excitation and readout blocks

2. Specific feature of the on-flow NMR

The emergence of benchtop spectrometers extends the scope of NMR spectroscopy for
chemical process monitoring. Performed in an on-line fashion, NMR provides a time resolved
monitoring of the reaction progress, which is non-destructive and suitable for almost all
compounds in contrast with commonly used spectroscopies such as UV-visible, FT-IR or
Raman. Among the different methodologies, the on-line system in continuous flow is the most
attractive one, especially compared to the case where the NMR tube is used as a reactor,

which is too restrictive for numerous chemical processes.?®

Yet, NMR experiments on flowing systems are associated to some special features which
significantly impact the sensitivity, the resolution and the efficiency of the solvent suppression
methods. NMR experiments on flowing liquids have been reported as early as in the 50’s.

Numerous investigations were made subsequently, resulting in a comprehensive description
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of the effects involved by flowing liquids trough the sensitive volume V, of the flow-cell.3% 3!
The first of these effects is commonly reported as “inflow effect”,® which can be summarized
as follows: during the NMR experiments, the excited spins are flowing out of the sensitive
volume while the unexcited ones are flowing into it. The sensitive volume is therefore
refreshed by unsaturated spins between two repetitions of the pulse sequence. This “inflow
effect” leads to an intensity enhancement and allows shorter repetition times (TR) to reach
quantitative conditions.3? If the replenishment is achieved with fully polarized spins, this effect
can be regarded as a change of the longitudinal relaxation rate Tfmtic value by an effective

low
Tlf expressed as follows:

1 1 1
Tlflow = Tlstatic + ;

where T is the residence time, i.e., the time spent by the spins in the volume V;. Obviously, the
impact of this phenomenon on the NMR signal depends on the flow rate Q and on the
characteristic lengths of the flow-cell, i.e., the length of the sensitive V; and pre-polarization
V, volumes (figure 2a). Assuming a laminar flow — which is usually the case in applications of
online NMR —the mean velocity v is time-independent and can be directly calculated via the
flow rate and section area of the sensitive volume. The residence time is in turn computed as

the ratio of length of the sensitive volume [ by the fluid velocity v:

2
l v. mig(@

v Q Q

where d is the inner diameter of the flow-cell.

In this context, increasing the flow rate limits the residence time and in turn leads to an

TlﬂoW lower than TSt Therefore, a higher flow rate enhances the signal sensitivity

effective
per time unit, then TR can be shortened while preserving quantitative conditions.
Unfortunately, this opportunity should be considered with caution, since this “inflow effect”

enhances the signal intensity as long as the excited volume elements are refreshed by fully
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polarized spins.? 32 Therefore, this requires a sufficient time spent by the flowing sample in
the pre-polarization volume V}, to allow the spins to reach their full thermal polarization. This
necessary time is usually fixed at five times the T; measured in static conditions. Therefore,

there is a maximum flow rate Q,,4, to remain in such conditions:

Typically this maximum flow rate is about 2 mL/min for a T; of 2 s in our experimental setup.
Another feature involved by on-flow NMR, referred as “outflow effect”, makes the use of high
flow regimes even more problematic. Indeed, when the receiver is open, there is a probability
that some polarized and excited spins leave the sensitive volume before the end of the

acquisition. This translates into an effective transverse relaxation rate Tzf o

= — 4+
l tat
Tzf ow TZS atic

1 1 1

T
This effect is even more pronounced for short residence times and leads to significant line
broadening. The overall effect results in a compromise between the two effects mentioned
above, leading to an optimum sensitivity for a flow rate Q,,,4, depending on the TR/T; ratio.
We performed experiments at different flow rates and for different TR /T; ratios on a model
sample —ethanol at 40% in H,O- to illustrate this compromise in the case of our benchtop
spectrometer (Figure 2b). The intensity S, is here monitored through the area of the ethanol
triplet (1.05 ppm). For this signal, a TSt%of 2.60 s was experimentally measured at 43.6 MHz.
Each point was computed as the mean value of three successive experiments performed with
4 scans and an acquisition time of 3.28 s. The results clearly show the existence of an optimal
flow rate, with a relatively flat curve close to this maximum. For common values of TR /T; the
optimal flow rates range from 0.8 to 2.0 mL/min, therefore the evaluation of the solvent

suppression methods will be performed at these two extrema.
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Figure 2. (a) Scheme of the flow cell implemented inside the benchtop NMR spectrometer. E;
represents the static magnetic field vector which is perpendicular to the axis of the tube in the Hallbach
design. V5 and V, are the sensitive and pre-polarization volumes. (b) Curves of Intensity S, as a function
of the flow rate displayed for different TR /T ratios. Each value of intensity matches with the mean
value of three successive experiments performed on a sample of ethanol at 40% in H,0. The intensity
is measured by the area of the ethanol triplet located at 1.05 ppm.

3. Evaluation of solvent suppression methods

3-1 Evaluation criteria

According to the aforementioned aspects, the ideal suppression method on a benchtop
spectrometer should meet the following requirements: i) reduce the solvent signal as much
as possible; ii) be highly selective since the spectral width is dramatically reduced at low field,
while avoiding baseline distortions; iii) be robust vis-a-vis the instabilities of the carrier
frequency in order not to impact the peaks close to the solvent resonance. iv) be adapted to
on-flow conditions, which means that the method should be fast enough to account for the

refreshment of spins, even for short residence times.

We evaluate the solvent suppression methods described in Part 1 through several analytical
criteria such as trueness and robustness. Moreover, these criteria are evaluated at two flow
rates: 0.8 and 2.0 mL/min, and also in static conditions. For this purpose we rely on simple
protocols,3® applied to samples of lactate and alanine in non-deuterated H,O. The alanine
sample provides a common situation with a quadruplet shifted by 1.1 ppm (50 Hz) from the

water signal. The lactate sample provides a more challenging case with a quadruplet located
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at 4.1 ppm, at only 30 Hz from the water signal. The experimental conditions used for these

measurements, both for static and flowing samples, are given in the experimental section.

3-2 Overview of the solvent residual signals

Figure 3 shows an overview of the residual water signal obtained with the different methods
on the lactate sample. In the absence of solvent suppression, there is a strong overlap
between the water and lactate signals. This overlap, combined with a high dynamic range,
makes the spectrum unsuitable for identification and quantification. The different solvent
suppression methods may be divided into two categories. The first one is based on saturation
blocks whereas the second one relies on methods applying gradient-pulses such as WET and
excitation sculpting schemes. The reduction of the water signal is limited with the use of
saturation blocks since the continuous wave power should remain low enough to avoid
impacting the nearby peaks. On the contrary, methods including WET or excitation sculpting
blocks provides a stronger reduction of the solvent resonance. Therefore, the approaches
based on gradient pulses emerge as the best choice according to the first evaluation criterion
mentioned in 3.1. But as mentioned before, the reduction of the solvent peak is not sufficient
to yield spectra suitable for quantification. Indeed these methods have different impacts on
the baseline and on the multiplet close to water resonance. Figure 4 illustrates this impact on
the lactate quadruplet at only 30 Hz from the water resonance. The Sat, Sat-CP, and WET
methods are not efficient since they lead to overlaps between a part of the residual water
signal and the closest peaks of interest. The methods including a scheme dedicated to the
suppression of the faraway water as Sat-180, WET-CP and WET-180 lead to narrower residual
water signals, and the quadruplet at 4.1 ppm is entirely resolved. In terms of baseline, the
NOESY excitation block limits the potential distortions and provides a flat baseline compared
to the other excitation schemes. This result is highlighted, for instance, through the
comparison between Sat-180 and Sat-NOESY, or even between WET-180 and WET-180-
NOESY. The best results are actually obtained by pulse-sequences combining the advantages
of several suppression blocks like WET-180-NOESY, which yields a very narrow residual signal
with a flat baseline. Finally, while the methods based on excitation-sculpting provide an

efficient solvent suppression, they lead to strong signal distortions due to the J-modulation
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arising from the spin echoes. The resulting distorted shapes are detrimental to quantification.
This well-known effect is further aggravated at low-field, since long echo times are imposed
by the long duration of selective pulses due to the very narrow spectral width. A “perfect
echo” version of this suppression method was recently developed to overcome this issue by
cancelling the J-modulation effect through the use of a perfect echo instead of the classical
spin echo. Reported at high-field,?® the PE-ES-Sel appears less suitable at low-field due to the
second order nature of the couplings (figure 4). Beyond this first overview, the specific case of
the exchangeable protons in equilibrium with the solvent should be mentioned. Obviously,
the saturation blocks are not suitable in such a case but both WET and excitation sculpting
schemes could be used with different features. At high field, the WET block preserves the
signal of movable protons as long as the block duration remains short. This property should
be taken with care at low-field. Indeed, the required selectivity involves longer selective pulses
increasing the duration of the WET blocks and could impact the signal from exchangeable
protons. Another solution is the excitation sculpting since it does not saturate the solvent
during the preparation step. However, this method leads to some drawbacks at low-fields as

described above.

To sum up this overview, WET-CP, WET-180, WET-180-NOESY and Sat-NOESY emerge as
promising suppression methods. Therefore, these methods were selected for a more
guantitative study, described in the next paragraphs. In particular, WET-180-NOESY appears
very promising compared to the other approaches as it copes with the faraway water issue

while limiting the baseline distortions.
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Figure 3. Overview of the residual water signals with various solvent suppression methods. The spectra
were recorded from a sample of lactate at 0.2 mol/L in H,0. To facilitate the comparison, the same
receiver gain and vertical scale were applied for all these experiments.
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Figure 4. Impact of the water suppression on the nearby protons for various solvent suppression
methods (zoom of Figure 3). These spectra were obtained from a sample of lactate at 0.2 mol/L in H,0.
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3-3 Evaluation of the trueness

As described above, WET-CP, WET-180, Sat-NOESY and WET-180-NOESY enable a clean and
efficient solvent suppression. However, it is important to evaluate if the resulting spectra
remain quantitative given the potential impacts of the suppression methods on the nearest
resonances and on the baseline. We chose to evaluate this feature based on trueness. To this
end, we compare the area of the quadruplet divided by the area of the doublet located
faraway the peak of water, in the case of alanine and lactate samples. We define the

parameter A to evaluate the trueness:

a —a
A=100. —22 " (o)
Ath

Where a.,, and a;;, are respectively the experimental and theoretical ratio between the area

of the quadruplet (CH) divided by the area of the doublet (CHs). Therefore, A should be as

close to zero as possible.

The repetition time was chosen long enough for quantitative conditions (TR > 5.T1), and for
each pulse sequence the final value is the average of three successive experiments. Before
repeating the sequence, the carrier frequency is readjusted to the water frequency in order
to exclude frequency instabilities from the measurement of trueness. The evaluation is first
performed in static conditions, i.e., inside an NMR tube, then at flow rates of 0.8 mL/min and

2.0 mL/min.
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Table 1. Trueness of the solvent suppression methods for a sample of alanine at 0.2 mol/L in H,0. The
evaluation is first performed in static conditions, i.e., inside an NMR tube, then at flow rates of 0.8
mL/min and 2.0 mL/min. For each flow rate, the first column gives the parameter A, the second one is
the standard deviation (SD) evaluated on three experiments.

0,0 mL/min 0,8 mL/min 2,0 mL/min
A SD A SD A SD
WET-180-NOESY 1.80% 2.9% 3.00% 2.8% 4.50% 5.4%
WET-CP 26.1% 4.8% 32.1% 3.0% 28.53% 8.5%
WET-180 8.11% 2.1% 6.91% 4.3% 3.00% 6.0%
Sat-NOESY 9.01% 2.8% 23.12% 5.4% 14.71% 5.4%

Table 1 gives the ratio obtained for each method on the alanine sample. WET-180, Sat-NOESY
and WET-180-NOESY provide ratios close to the expected value as long as the experiments are
performed in a tube. Especially the WET-180-NOESY approach delivers quantitative spectra,
illustrated by a A of 1.80% with a good repeatability: 2.9 % (table 1). On the contrary, the WET-
CP is not quantitative, even in static conditions. This could be explained by the strong baseline
distortions which were found difficult to correct. The same experiments performed on a
flowing sample highlight the weakness of the Sat-NOESY sequence, which no longer yields
guantitative spectra. The failure of Sat-NOESY on a moving liquid is not so surprising since the
saturated spins of the solvent are refreshed by unsaturated ones in the course of the
experiment, making the saturation far less efficient. Moreover, the frequency drift occurring
through the experiment reduces the efficiency and the selectivity of the pre-saturation. More
generally, this result can be extended for all the suppression methods relying on the Sat block
during the preparation step. On the contrary, the performances of the WET-CP, WET-180 and
WET-180-NOESY are not significantly affected by the flow, even in the challenging case of
lactate (Table 2). The WET blocks, relying on soft pulses instead of a long continuous wave,
are characterized by a short preparation step compared to the Sat blocks and are therefore
less sensitive to the refreshment of the solvent spins even at high regime. This result highlights
the suitability of the different WET blocks on flowing liquids, which confirms previously

reported results in the field of NMR hyphenated with chromatography.® Like in the static
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experiments, the WET-180-NOESY approach yields again the best trueness with a good

repeatability.

While WET-180 and WET-180-NOESY appear well-suited for on-flow applications on common
samples, it is interesting to evaluate their potential through a more challenging case. Table 2
shows a similar evaluation performed on the lactate sample. In this case, only the WET-180-
NOESY method delivers a reasonable trueness. Moreover, this result is extended for a flowing

sample at low and high flow rates with a good repeatability (Table 2).

Table 2. Trueness of the solvent suppression methods for a sample of lactate at 0.2 mol/L in H,0. The
evaluation is first performed in static conditions, i.e., inside an NMR tube, then at flow rates of 0.8
mL/min and 2.0 mL/min. For each flow rate, the first column gives the parameter A, the second one is
the standard deviation (SD) evaluated on three experiments.

0.0 mL/min 0.8 mL/min 2.0 mL/min
A SD A SD A SD
WET-180-NOESY 3.60% 2.7% 4.80% 2.5% 8.41% 4.0%
WET-CP 68.5% 7.2% 58.3% 4.5% 61.0% 5.2%
WET-180 49.3% 4.5% 46.0% 3.6% 33.6% 8.2%
Sat-NOESY 74.5% 8.7% 61.6% 9.5% 54.1% 7.3%

3-4 Robustness versus frequency variations.

Besides trueness, evaluating the impact of the frequency instabilities is particularly relevant
for on-flow NMR, since the carrier frequency is likely to become more unstable in this
situation. A drift from —6 to + 6 Hz (i.e., from -0.14 to 0.14 ppm) is commonly observed in our
on-flow set up, which is potentially impacting at 43 MHz. We evaluated the robustness
through seven experiments varying the carrier frequency from -6 to 6 Hz. For each value of
the difference between the water resonance and the carrier frequency (A¢), we measured the

robustness via the parameter AS; computed as follows:
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Spp—S
AS; =100, L0
So

where S, is the ratio of the area between the doublet and the quadruplet when the water
signal is on resonance, and S, the value of this ratio when the frequency is shifted. AS should

remain as close as possible to zero if the method is robust.

The values of ASy measured with the different methods are plotted in Figure 5 for the alanine
and lactate samples. Since we observed a dramatic increase in AS; with the Sat-NOESY, the
results obtained with this method are not shown on the graphs. This conclusion is not so
surprising since it is well-known that the pre-saturation is highly sensitive to the frequency
variations, which is particularly critical at low field. On the contrary, the results obtained on
the sample of Alanine show an acceptable robustness (lower than 6.5 %) with the use of the
WET-180 and WET-180-NOESY sequences (figure 5a). It can be noted that WET-CP is more
sensitive to the frequency variations than the other WET blocks. This is illustrated by values of
AS; over 10% for variations As superior to 4 Hz. For the more challenging case of lactate
(Figure 5b), the robustness dramatically decreases for all the methods. Nonetheless, the WET-
180 method offers the best robustness whereas WET-CP becomes unsuitable.
ASy (%) (a)

25,0% WET-180-NOESY WET-CP WET-180

20,0%

15,0%

10,0%

5,0%
0,0%

-5,0%

-10,0%

ASy (%) (b)
100,0%
80,0%
60,0%
40,0%
20,0%
0,0%
-20,0% -B -6 -4 -2 0 2 4 6 8
-40,0% Af (Hz)
-60,0%
-80,0%
-100,0%

Figure 5. Robustness versus frequency variations. Evolution of the integral ratio between the
qguadruplet and the doublet as a function of the relative position of the carrier frequency, on a sample
of alanine (a) and lactate (b) at 0.2 mol/L in H,0.
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Conclusion

The reduced spectral width associated with benchtop NMR, combined to the frequent use of
non-deuterated solvents, requires suitable methods to efficiently suppress the high and broad
solvent signal. This article highlights the inability of the common saturation blocks to strongly
reduce the solvent peak at low field without impacting protons resonating close to the solvent
signal. Moreover these common methods become unsuitable for on-line applications such as
chemical process monitoring. The gradient coil included in our hardware opens new prospects
to suppress the solvent peak, relying on more modern and sophisticated sequences for solvent
suppression. The evaluation of these methods in term of residual solvent signal, trueness and
robustness sheds light on the particular efficiency of a WET-180 preparation combined with a
NOESY block, resulting in a WET-180-NOESY pulse sequence. A special trade-off concerns the
monitoring of exchangeable protons in equilibrium with the solvent. In such a situation, both
WET and excitation sculpting schemes could be used with different features. More generally,
the recent methods using gradient-pulses provide a real toolbox for the solvent suppression
while being suitable with flowing systems. Besides modern gradient-based methodologies
such as diffusion experiments or Ultrafast NMR,% ° the results presented in this article form a
new argument towards the systematic implementation of a gradient coil in the hardware of

benchtop spectrometers.

4. Experimental section

4.1 Benchtop spectrometer

The experiments were performed on a Spinsolve from Magritek, working at a frequency of
43.62 MHz via a permanent magnet based on a Hallbach design.3* This equipment includes a
gradient coil along the Bj-axis (i.e., along the transverse plane of the NMR tube) which can
generate a maximum field gradient of 0.16 T/m and operated through the Prospa Software.
The spectrometer enables experiments without deuterated solvents thanks to a built-in

external fluorine lock system.
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4.2 Samples

Lactate and alanine were dissolved in H20, yielding a concentration of 0.2 mol/L. The samples
were either analyzed in a 5 mm NMR tube, or placed in a flask and flowed to the NMR
spectrometer by a peristaltic pump at a rate of 0.8 or 2 mL.min* through a by-pass system

consisting of an NMR flow-cell and PEEK tubing for a total volume of 3.8 mL.
4.3 Suppression methods

The duration of the hard pulses was tuned at 6.35 ps to provide a 90° flip angle at 0 dB, which
corresponds to a power of 39.37 kHz. It should be noted that the RF power values mentioned
in the following description are only approximations due to the non-linearity of the RF
amplifier in our hardware. The carrier frequency was adjusted to the water frequency. All the
spectra were recorded with 4 scans including 2 dummy cycles for experiments performed
inside the NMR tube, then 2 scans without dummy cycles for flowing samples. For each
evaluated method, a series of three experiments was achieved with a dwell-time of 500 us
and an identical receiver gain fixed at 34 dB. Each spectrum was calibrated via the chemical
shift of the doublet at 1.2 ppm for alanine and 1.3 ppm for lactate. The selective pulses
(required for certain blocks) were designed with a Gaussian shape with a truncation level at
1% of the maximum value. The repetition time TR was fixed at 18 s to reach quantitative
conditions, i.e., TR > 5.T; for experiments taking place inside the NMR tube. As the
longitudinal rate is reduced in presence of a flowing liquid, the repetition time is therefore

flow
Tl

adjusted according to the residence time so that TR > 5. . In practice the values of the

effective relaxation rate Tlflow are computed thanks to the equation given in section 2. With
an inner diameter of 4 mm for the flow-cell, TR is fixed respectively at 11.5 s and 6.5 s for 0.8

and 2.0 mL/min flow rates, respectively.
4.3.1 Sat block

The pre-saturation was achieved by a continuous wave at the water resonance frequency

during all the recovery period and with a RF power of 278 Hz.
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4.3.2 Sat-180

The inversion was achieved by a hard 180° pulse, which was toggled on and off together with
a change of 180° in the receiver phase. The water was previously saturated thanks to the same

pre-saturation as in the previous block.
4.3.3 NOESY blocks

The water was saturated during the recovery delay as described in 4.3.1. The mixing time of

the NOESY block was fixed at 6 ms, without pre-saturation during this mixing step.
4.3.5 WET blocks

The four Gaussian selective pulses were applied with a RF power of 1011, 1047, 832, 1189 Hz
and a length of 82 ms. These values were experimentally adjusted in order to obtain the
minimal residual solvent signal. The gradient spoilers (trapezoidal shape) were applied for

2.2 ms with the following power: 85.0, 42.5, 21.3, and 10.6 % of the maximum strength.
4.3.6 WET-180 blocks

The four Gaussian selective pulses were applied with a RF power of 1086, 1047, 832, 412 Hz.
The last soft pulse was followed by a 180° hard pulse. These values were experimentally
adjusted in order to obtain the minimal residual solvent signal. The gradient spoilers
(trapezoidal shape) were applied for 2.2 ms with the following power: 85.0, 42.5, 21.3, and

10.6 % of the maximum strength.
4.3.7 ES-Sel blocks

The refocusing 180° selective pulse was a Gaussian pulse of 82 ms with a RF power of -1217
Hz. The refocusing gradients (trapezoidal shape) were applied for 2.0 ms with the following

strength: 57 and 28.5 % of the maximum power.
4.4 Data Processing and analysis

The FIDs were processed in Mnova (MestreLab Research) with an exponential apodization
(line broadening of 0.2 Hz). A baseline correction was achieved through a Whitthaker

smoother correction provided by Mnova. For each series of experiments the spectra were

220



manually aligned, then displayed together as a stacked plot so that the same regions were

used for peak integrations.
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3.3.Commentaries and perspectives

According to this study the best analytical performance is reached by the application of a WET-

180 block following by a NOESY excitation. Thereafter, this WET-180-NOESY experiment has

often been used for solvent suppression unless a single-scan experiment is strictly required.

In such a situation, WET-180 or WET-CP would be appropriate. So far, this methodological

development has been a precious help to deal with the use of non-deuterated solvents,

especially in flow measurements whereby the solvent line is even broader due to the out-flow

effect (see section A.3). Pulse programs of and scripts necessary to perform WET-180-NOESY

are available in Appendix 8. Nonetheless, some practical considerations should be kept in

mind regarding the efficiency of the method:

The present WET-180-NOESY sequence relies on selective Gaussian pulses with a length
of 82 ms. It turns out that the signals are unperturbed as long as they are shifted by 40 Hz
or more from the solvent frequency. Otherwise, a calibration procedure is required to
maintain the trueness of the measurement. Another way would be the use of more
selective pulses, but at the cost of a longer suppression block, whose efficiency can be

hampered by longitudinal relaxation of the solvent.

The article shows an acceptable robustness of the WET-180-NOESY with frequency drifts
< 4 Hz. In practice, we have noticed that more important drifts can be encountered in
the course of time, in particular in flow measurements. In such a case, the frequency of

selective pulses has to be adjusted to balance the drift.

Even if the central line of the solvent signal is well suppressed, the 3C satellite lines
remain unperturbed by the solvent suppression method. The latter is a real source of
overlaps as the 13C — H coupling constants are not negligible at all with respect to the
spectral width in frequency at low-field (figure). Obviously the situation can be overcome
by a decoupling, but unfortunately there is not a 3C channel available in our benchtop

system.
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Further methodological works would be relevant to make this solvent suppression method
even more versatile. Hitherto, only the case of a protonated solvent involving a single peak
has been considered. In some situations, for examples in the field of reaction monitoring,
widely used solvent as methanol complicates the situation by the presence of two huge peaks
in the NMR spectra. So far, we have dealt with this case by applying successive WET-180 blocks
to suppress one by one the lines of the solvent. This approach is limited by the longitudinal
relaxation of the suppressed signals (the typical length of the WET-180 block is about 330 ms)
and a relative poor performance is obtained. An appealing solution would be to perform a
multi WET-180 that irradiate the different lines of the protonated solvent within the same
block. This solution involves the design of multi-band selective pulses in the Prospa interface.

Some efforts towards that direction are currently performed.

A last perspective relates to the band selective (or pseudo-2D) experiments. When the
situation becomes more complex with the use of solvent exhibiting several multiplets, one
may wonder if would be more judicious to select only the signal of interest by a suppression /
reconstruction approach. Thus, alongside with the solvent suppression methods, we are
currently investigating the potential of 1D selective TOCSY (1D Sel TOCSY). This experiment
selectively excite a signal of interest and recovers the signal of the coupling partners through
spin-locking while other resonances are undetected. This is an interesting solution to extract
a whole spin-system from an overcrowded spectrum. As a proof of concept, we investigated
this methodology on a synthetic metabolic mixture diluted in protonated water via the pulse-
sequence proposed in figure C.11. The result of this band selective method is shown in figure
C.12. It could be noted that we benefit from the gradient coil to achieve the selection step
through a double pulse field gradient echo (DPFGE) leading to a cleaner phase than the
selection by a 90° soft pulse. The comparison between figure C.12a and 12b highlights the

promising potential of this approach.
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Figure C.11. Scheme of the 1D Sel TOCSY. The suppression step is achieved with a DPFGE whose
selective pulse are either Gaussian cascade (Q3) or selective chirp pulses. The spin lock is a DIPSI-2
flanked by zero quantum filters (ZQF). This filter suppress undesirable zero quantum signals, which

impact the phase of the signals.
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Figure C.12. (a) 'H NMR spectra of a synthetic metabolic mixture in non-deuterated water recorded in
12 scans separated by a repetition time of 6 s. (b) 1D selective TOCSY spectra obtained with the pulse-
sequence in figure C.11 after selection of the doublet of lactate (signal with an asterisk). The spectra
was recorded in 64 scans with a repetition time of 6 s. The selective pulses for the selection were chirp
pulses with a duration of 50 ms and a band width of 60 Hz. The isotropic mixing duration was 50 ms
and the ZQF consisted of chirp pulses with a duration of 30 ms and a band width of 3500 Hz applied

together with a gradient at 11.6 % of the maximum value.
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D. Applications for Reaction monitoring
and Food screening

In this part, we present applications, based on the methodological development described in
Part C, in the field of reaction monitoring and food screening. The present part is built as a
compendium of articles — each one being followed by a summary and commentaries — which

have been published or submitted during this three-year PhD

1. Reaction monitoring and Process control

1.1.In-situ monitoring by UF 2D NMR at 43 MHz

1.1.1.Context

Following the implementation of UF 2D NMR on our 43 MHz compact spectrometer, we
wanted to take advantage of fast 2D acquisitions in a practical case. Reaction monitoring,
which potentially leads to complex H spectra of mixtures, is a relevant testing ground to

evaluate the capabilities of UF 2D NMR at low-field.

The organic chemists positioned in the “ResoNantes” project proposed to monitor a Heck-
Matsuda coupling reaction. This choice of this chemical reaction offers interesting features.
This type of Pd-coupling reaction has a growing interest within the synthetic community. In an
analytical point of view, this reaction involved 1D spectra with numerous overlaps whereby
there is no isolated signal to easily monitor the progress of the reaction. Moreover, gas

formation and the presence of a metallic catalyst complicates even more the NMR monitoring.
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1.1.2. Real-time monitoring by UF COSY. Proof of concept

Real-time reaction monitoring by ultrafast
2D NMR on a benchtop spectrometer

Boris Gouilleux, Benoit Charrier, Ernesto Danieli, Jean-Nicolas Dumez, Serge Akoka,
Frangois-Xavier Felpin, Mireia Rodriguez-Zubiri and Patrick Giraudeau

(Original research article)

Analyst, 140 (2015) 7854-7858.

Abstract

Reaction monitoring is widely used to follow chemical processes in a broad range of
application fields. Recently, the development of robust benchtop NMR spectrometers has
brought NMR under the fume hood, making it possible to monitor chemical reactions in a safe
and accessible environment. However, these low-field NMR approaches suffer from a limited
resolution leading to strong peak overlaps, which can limit their application range. Here, we
propose an approach capable of recording ultrafast 2D NMR spectra on a compact
spectrometer and to follow in real time a reaction in the synthetic chemistry laboratory. This
approach —whose potential is shown here on a Heck-Matsuda reaction—is highly versatile; the
duration of the measurement can be optimized to follow reactions whose timescale ranges
between a few tens of seconds to a few hours. It makes it possible to monitor complex
reactions in non-deuterated solvents, and to confirm in real time the molecular structure of
the compounds involved in the reaction while giving access to relevant kinetic parameters.
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Introduction

Reaction monitoring based on analytical spectroscopies provides essential kinetic and
speciation information in a variety of application fields, from organic and inorganic synthesis
to biochemistry and bioengineering. 2 It is therefore a determining tool to deeply understand
reaction mechanisms. The development of accessible, powerful and robust analytical methods
is highly important to characterize in real time the molecular compounds involved in such
processes. Among spectroscopic technics, NMR has the great advantage of being non-specific,
non-destructive; it does not require prior knowledge on the analyzed compounds and delivers
both structural and quantitative information. High field NMR (HF NMR) has been widely used
in organic and pharmaceutical applications for monitoring chemical processes, either directly

inside the NMR tube3 or by using flow cells.®1°

Yet, the high analytical performance of HF NMR is associated with an expensive
instrumentation, a high monetary and environmental cost, and the need for specific facilities
which are barely compatible with the working environment of the synthetic chemistry
laboratory, contrary to other techniques such as UV Vis, FTIR or Raman spectroscopy.
However, low field NMR spectroscopy (LF NMR) has recently been brought under the hood
through the development of a new generation of benchtop spectrometers relying on non-
cryogenic magnets. These spectrometers have the advantage of being relatively inexpensive,
practical, transportable and eco-friendly. During the last few years, the quality of the 'H
spectra recorded with these compact spectrometers has been greatly improved, particularly
in terms of sensitivity and stability. These developments enabled the successful application of
benchtop NMR to monitor reactions “on the fly”.*"13 However, LF NMR suffers from intrinsic
drawbacks vis-a-vis its HF counterpart, particularly in terms of low spectral resolution. The low
magnetic field inevitably leads to a reduced dispersion of frequencies, generating numerous
peak overlaps. Moreover, the real-time identification of chemical compounds is further
complicated by the strong couplings commonly encountered in LF NMR. So far, resolution
losses and peak overlapping have limited the application range of LF NMR to the monitoring

of relatively simple reactions where the peaks of interest are well isolated.

2D NMR experiments'* > are well-known to offer an efficient way of discriminating
resonances while delivering invaluable structural information. A number of 2D pulse-

sequences have already been developed on some benchtop spectrometers to take advantage
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of this methodology at low field.? Unfortunately 2D NMR is affected by a long acquisition
duration, arising from the need to sample the indirect dimension through the repetition of
numerous experiments. As a fundamental consequence, conventional 2D NMR is not adapted
to study samples whose composition evolves in the course of time,® unless time-resolved
schemes based on non-uniform sampling (NUS) are employed.!’ In this context, ultrafast (UF)
NMR, which is capable of acquiring 2D spectra within a single scan,*® offers an attractive way
to circumvent this drawback. Therefore, the implementation of UF NMR on a benchtop
spectrometer would be a powerful analytical tool to monitor chemical reactions directly inside
the synthetic chemistry laboratory and in real time. While UF NMR is now recognized as a
powerful reaction monitoring tool at high field,® °-?* it has never been reported on a
benchtop spectrometer, as it requires a specific hardware. In fact, UF experiments rely on a
spatial encoding scheme, which is also used in many other liquid-state NMR experiments, but

has never been shown at low field.

In this article, we report the first spatially encoded NMR experiment on a compact benchtop
spectrometer, using a permanent magnet based on a Hallbach design.?> 2 This spectrometer
includes a gradient coil along the Bo-axis which is efficient enough to meet the criteria to
implement the UF methodology. Thanks to this device, the first UF spectra recorded on a
benchtop spectrometer are shown, and the promising potential of this new analytical tool is
demonstrated on the real-time monitoring of a Heck-Matsuda coupling reaction,?” through UF

COSY spectra recorded in real time during the chemical process.

Results and discussion

First UF spectra on a benchtop NMR spectrometer

The UF approach relies on the design of a spatially dependent evolution period. In order to
perform this spatial encoding, a magnetic field gradient —applied together with frequency-
swept pulses— is necessary to induce a position-dependent resonance frequency, and also to
refocus spatially-encoded magnetizations during a detection scheme based on echo-planar
spectroscopic imaging (EPSI).?2 The benchtop product (designed by Magritek, Aachen,
Germany, a version of the commercial Spinsolve benchtop spectrometer) includes a gradient

coil designed for pulsed-gradient spin echo diffusion measurements. By implementing an
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appropriate pulse sequence, this gradient coil provides a robust and strong enough magnetic
field gradient to achieve these UF features. Here, we implemented and optimized a constant
time and phase-modulated spatial encoding pulse sequence based on a double spin echo
scheme.?® A combination of bipolar gradients based on EPSI was also implemented during the
detection period. Further information about the pulse-sequence and detailed parameters are

available in the ESI.

As a proof of concept, we acquired an initial UF COSY spectrum in 400 ms on a model sample
at 43 MHz (Fig. 1B). The quality of this spectrum and the good match with the expected
spectrum (numerical simulation shown in Fig. 1C) highlight the suitability of UF experiments
at low field and the technical performance of the benchtop prototype. As the value of coupling
constants is not negligible compared to the resolution, the coupling-patterns are visible along
the vertical dimension for the low-field spectrum (Fig. 1B and C), while they are not observed
at 400 MHz (Fig. 1E and F). The comparison of 1D (Fig. 1A and 1B) and 2D spectra (Fig. 1D and
1E) at low and high field shows that field-induced resolution losses are far less important for
UF COSY experiments than for 1D pulse-acquire H spectra. This is mainly explained by the fact
that the UF experiments used in the present study, which are based on a “constant time”
encoding, are intrinsically decoupled along the horizontal (or ultrafast) dimension,3! i.e., they
are “singly pure-shift” sequences.3? Thanks to this feature, UF experiments provide a valuable
discrimination of resonances at low field. The major drawback is the relatively low sensitivity,
since the experimental limit of detection (LOD) decreases from typically 0.1 mol/L at 400
MHz®° to 1 mol/L at 43 MHz for a one scan acquisition. However, this sensitivity loss is far less
critical than what could be expected from the difference of one order of magnitude between
magnetic fields. This is due in part to the probe design, but also to the fact that UF experiments
are characterized by the need to compromise between resolution, sensitivity and spectral
width.'% At low field, the spectral widths are much smaller, which considerably alleviates this
compromise. Still, the single-scan limit of detection is quite high, but when the timescale of
the targeted reaction is compatible with an acquisition duration between a few seconds and
a few minutes, the single-scan LOD can be increased by signal averaging while avoiding ti-
noise. This hybrid approach has shown great potential at high field for a variety of
applications.3? A detailed evaluation of the analytical performance of UF experiments at low

field will be carried out in further studies.

230



experimental simulated

- = = -2

43 MHz

0.400 s

Conventional dimenslon (ppr
L]

Conventional dimenslon (ppr
60
o0¢

5 4 3 2 i S 4 3 2 1
Ultrafast dimension (ppm) Ultrafast dimension (ppm)

400 MHz

a 0.109's °

Conventlonal dimension (ppm
w

Conventional dimension (ppm)
w

6 5 4 3 2 1 0 6 5 4 3 2 1 0
Ultrafast dimension (ppm) Uttrafast dimension (ppm)

Fig 1. Comparison of low-field and high-field ultrafast 2D and 1D spectra on a model sample. Top line:
1D H spectrum (A), experimental (B) and simulated (C) UF COSY spectra obtained at 43 MHz. Bottom
line: same spectra obtained at high field (400 MHz) (D-F). All the experimental spectra were recorded
on a sample of ethanol in D,O (40/60: v/v). The ”ultrafast” axis refers to the spatially*°-encoded
dimension (without Fourier transformation) whereas the “conventional” axis represents the direct
dimension. The simulations (C and F) were performed thanks to a simulation platform that we recently
introduced.°

Real-time reaction monitoring by UF NMR

We evaluate here the potential of benchtop UF 2D NMR through the monitoring of a Pd-
catalyzed Heck-Matsuda reaction?” (Fig. 2A). This variant of the Heck coupling uses aryl
diazonium salts as highly reactive aryl halide surrogates and allows reaction at room
temperature under ligand- and base-free conditions.>* The Heck-Matsuda reaction has
recently found a growing interest among the synthetic community,3>-3° especially since their
hazardous character was overcome by a bicatalytic strategy*® 4! or a continuous-flow

approach.4>43
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The sequential diazonium formation-coupling reaction, depicted in Fig. 2A, is performed
directly inside an NMR tube with an initial concentration of 0.36 mol/L for the limiting starting
material: 4-methyl-2-nitroaniline (1). In this reaction, the aniline (1) dissolved in methanol first
reacts with t-BUONO and MeSOsH to form a diazonium salt. The latter is then coupled with
the olefin (2) in the presence of Pd(OAc); as the catalyst, in order to produce the styrene (3).
The experiment was designed to keep the mixture as homogenous as possible (the detailed
procedure is available in the ESI). It is important to notice that thanks to an external lock
system, our experiments were carried out in a non-deuterated solvent. This reduces the cost
of the monitoring and allows to avoid unwanted potential isotopic effects that could affect

reaction rates in deuterated solvents.

UF COSY spectra are well-suited to monitor in real time this chemical reaction, as they deliver
well-resolved cross-peaks, both for the product (3) and for the limiting starting material (1)
(Fig. 2C-E). The starting material in excess (2) is also visible. Note that the reaction could not
be studied through 1D spectra because the reactant and product peaks were overlapped
between them and with the strong non-deuterated solvent peak. In order to optimize the
sensitivity of the targeted peaks relatively to the reaction timescale, the number of scans was
set to 36 with a recovery time of 1.25-T1,* leading to the acquisition of a COSY spectrum every
2.6 min. In addition, J-modulation effects, arising from the constant time nature of the spatial
encoding, play a central role in the sensitivity and can be predicted thanks to numerical
simulations.?® These effects were therefore finely tuned for the cross-peaks of interest by
adjusting the total time spent in the transverse plane. In this procedure, the sensitivity was
optimized simultaneously for the limiting reactant (1) and the product (3). The reactant in

excess was not considered in this optimization.
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Fig. 2. Scheme of the one pot Heck-Matsuda reaction in the multicomponent mode (A). The reaction
was followed for 144 min with an initial concentration of 0.36 mol/L for the limiting starting material
(1), at 29°C directly inside the NMR tube. The reaction was monitored through 55 UF COSY spectra
recorded with 36 scans every 2.6 minutes, for instance: at 2 min (B), 26 min (C) and 142 min (D). The
observable cross-peaks which have been relevant for the monitoring are assigned for each spectrum.

The kinetic curves recorded from the time-evolution of 2D peak volumes are shown in Fig. 3A.
These curves depict the two chemical processes involved in the reaction very well. The
decreasing blue curve matches with the initial conversion of (1) into a diazonium salt. After
the aniline is consumed (at ca. 20 min), the coupling reaction starts, leading to the final styrene
(3) (increasing pink curve). Relevant kinetic parameters, namely the rate constants of the two
consecutive processes, can be extracted thanks to a mono-exponential fitting of the
corresponding time domains (Fig. 3B and C). The trend of the curves and the rate constants
reveal that the coupling reaction is the rate-limiting step of the process with respect to the
diazonium formation. In a qualitative point of view, this result is consistent with previous
studies performed at high-field,*? which highlight that the use of an electron-poor aniline leads
to a quick conversion into a diazonium salt, thereby making the coupling process the rate-

limiting step.
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Fig. 3. Kinetics from the reaction monitoring (A) showing the evolution of normalized 2D peak volumes
as the reaction progresses. These volumes were calculated from the cross-peaks (1) a,b and (3) b,a,
matching respectively with the starting material and the final product. Blue open circles show the
consumption of aniline and the pink open squares show the formation of the final styrene. The curves
were obtained thanks to 55 UF COSY spectra recorded every 2.6 min. Kinetic constants can be
extracted through exponential fitting of the 2D peak volumes in the relevant time domains, i.e. from
0-to 40 min for the consumption of aniline (B) and from 20 to 140 min for the production of the final
styrene (C)

Conclusions

This paper demonstrates the potential of benchtop ultrafast 2D NMR. This new analytical
approach extends the reaction monitoring toolkit for a broad community of synthetic
chemists, making real-time 2D NMR directly available under the fume hood. When
concentration allows it, the duration of the 2D measurement can be optimized to follow
reactions whose timescale ranges between a few tens of seconds to a few hours. The ability
of the UF 2D NMR to discriminate overlapping resonances is particularly valuable at low field
where the frequency dispersion is significantly reduced. From the NMR point of view, this first
report of spatially-encoded NMR experiments on a benchtop spectrometer could open the
way to a number of developments for in-lab analysis of liquid-state samples, including other
homo- or heteronuclear UF pulse sequences, pure-shift experiments or diffusion-based
measurements, thereby also providing a higher number of accessible correlation peaks and
resolution improvements. The potential and the suitability of UF NMR on a benchtop
spectrometer have been shown through the real-time monitoring of a Heck-Matsuda reaction,
leading to kinetic results which are consistent with the literature. This first application could
open the way to a broad range of applications in synthetic chemistry, including the on-flow

monitoring of chemical processes, a research avenue that we will explore in the near future.
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1. Ultrafast NMR experiments

1.1 Spectrometers

400 MHz spectrometer. The spectra shown in Fig. 1A and B were recorded on a Bruker Avance | 400 spectrometer
operated with Topspin 2.1, at a frequency of 400.13 MHz with a 5 mm dual probe equipped with a z-axis gradient
generating a maximum field gradient of 0.80 T/m.

43 MHz benchtop spectrometer. The experiments performed at low-field were recorded on a Spinsolve from
Magritek working at a frequency of 43.62 MHz, equipped with a gradient coil along the Bo-axis (i.e. along the
transverse plane of the NMR tube) which can generate a maximum field gradient of 0.16 T/m and operated with the
Prospa Software.

1.2 Experiment at high-field

UF COSY single scan. The experiment at 400.13 MHz presented in Fig. 2B was recorded in 109 ms with the
homemade pulse sequence of Figure S1, consisting in a spatial encoding followed by a hard 90° pulse as mixing
period and by echo-planar detection. The spatial encoding was performed in a constant time phase-modulated
fashion based on a double spin echo scheme,? with two 15 ms smoothed chirp pulses (i.e. TE=30 ms) swept over a
13 kHz range. The amplitude of the encoding gradients Ge was adapted to obtain a frequency dispersion equivalent
to the frequency sweep of the pulses, corresponding to 2.28% of the maximum gradient strength available. During
the acquisition, 128 pairs of bipolar gradient pulses were applied (90% of maximum strength, 294.4 us each,
separated by a 20 ps delay). Conventional coherence-selection gradients were also used. The spectrum was
processed using a home-written routine in Matlab, including an optimized Gaussian apodization in the spatially-
encoded dimension? and a sine-bell apodization in the FT dimension. All the presented spectra are displayed with
the indirect domain called “ultrafast dimension” since it results from specific ultrafast features, whereas the direct
dimension arising from conventional evolution during the detection period is called “conventional dimension”.

1.3 Experiment at low-field

UF COSY single scan. The experiment at 43.62471 MHz presented in Fig. 2E was recorded in 400 ms with the
homemade pulse sequence of Figure S1, consisting in a spatial encoding followed by a hard 90° pulse as mixing
period and by echo-planar detection. The spatial encoding was performed in a constant time phase-modulated
fashion based on a double spin echo scheme, with two 30 ms smoothed chirp pulses (i.e. TE=60 ms) swept over a
3.5 kHz range. The amplitude of the encoding gradients Ge was adapted to obtain a frequency dispersion equivalent
to the frequency sweep of the pulses, corresponding to 11.6% of the maximum gradient strength available. A delay
tmix of 42 ms was added prior to the spatial encoding step in order to optimize the effects of J-modulation arising
from the constant time nature of the double spin-echo encoding.? During the acquisition, 128 pairs of bipolar
gradient pulses Ga were applied (85% of maximum strength, 1280.4 ps each). The desired coherence selection was
obtained as described in Figure S1. The spectrum was processed using a home-written routine in Prospa, including
an optimized Gaussian apodization in the spatially-encoded dimension and a sine-bell apodization in the FT
dimension. All the presented spectra are displayed with the indirect domain called “ultrafast dimension” since it
results from specific ultrafast features, whereas the direct dimension arising from conventional evolution during the
detection period is called “conventional dimension”.

Fast hybrid UF COSY. The UF spectra COSY for the reaction monitoring (Fig. 2B-D) were recorded in 146 s (i.e. 36
scans) with the homemade pulse sequence of Figure S1. The sequence was similar to the previous UF COSY with the
following features. The spatial encoding was performed by combining two 45 ms smoothed chirp pulses (i.e. TE=90
ms) swept over a 3.5 kHz range with encoding gradients Ge fixed at 9.00% of maximum gradient strength. The
detection was then achieved with 128 pairs of bipolar gradient pulses Ga at 85% of maximum strength (1280 ps
each). The desired coherence-selection was obtained thanks to both a standard four step phase cycling and selecting
gradient pulses. The spectrum was processed in the same way as previously described.
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Supplementary figure S1. Pulse sequence of the UF COSY achieved with a constant time and phase-modulated spatial encoding.

2. Numerical simulations

The simulations shown in Fig. 1C and F were performed thanks to a simulation platform that we recently introduced,3
based on the Fokker-Planck theory module implemented in version 2.0 of Spinach library.*

All the simulated spectra are displayed with the indirect domain called “ultrafast dimension” since it results from
specific ultrafast features, whereas the direct dimension arising from conventional evolution during the detection
period is called “conventional dimension”.

2.1 Simulation of UF COSY at 400 MHz

The spectrum presented in Fig. 1F was simulated with the following features. Acquisition parameters: 512 points
separated by a dwell time of 0.575 us were used to compute the UF dimension whereas the conventional one was
obtained with 128 loops in the detection block. The acquisition gradients were fixed at 0.800 T/m. For the encoding
parameters, encoding gradients of 0.020 T/m were applied while the m-chirp pulses were performed by a WURST
pulse built with 1000 points, sweeping a bandwidth of 13 kHz in 15 ms. The second chirp of the double spin echo is
flanked by two crushers. The CTP was completed in the same way as in supplementary figure S1 via gradient pulses
at 0.48 T/m. The length of the sample was fixed at 1.5 cm and the Liouvillian propagation was performed over 500
z-positions. Here a Bp field of 9.416 T was considered and ideal pulses were assumed. The simulated 2D FID was then
processed thank to a home-written procedure in Matlab: a sinusoidal apodization for the conventional dimension
while a Gaussian apodization was applied in the UF dimension, including zero filling in both dimensions.

2.2 Simulation of UF COSY at 43 MHz

The spectrum presented in Fig. 1C was simulated with the following features. Acquisition parameters: 256 points
separated by a dwell time of 5.000 ps were used to compute the UF dimension whereas the conventional one was
obtained with 128 loops in the detection block. The acquisition gradients were fixed at 0.117 T/m. For the encoding
parameters, encoding gradients of 0.016 T/m were applied while the mt-chirp pulses were performed by a WURST
pulse built with 1000 points, sweeping a bandwidth of 3.5 kHz in 30 ms. The second chirp of the double spin echo is
flanked by two crushers. The CTP was completed in the same way as in supplementary figure S1 via gradient pulses
at 0.48 T/m. The length of the sample was fixed at 0.5 cm and the Liouvillian propagation was performed over 500
z-positions. Here a Bp field of 1.010 T was considered and ideal pulses were assumed. The simulated 2D FID was then
processed thanks to a home-written procedure in Matlab: a sinusoidal apodization for the conventional dimension
while a Gaussian apodization was applied in the UF dimension, including zero filling in both dimensions.

3. Procedure of the Heck-Matsuda reaction

t-BUONO (0.317 mmol, 38 uL) was added to a solution of aniline (0.252 mmol, 38.8 mg) in MeOH (0.450 mL). The
resulting mixture was stirred and transferred into an NMR tube. Methyl acrylate (0.555 mmol, 50 pL) and palladium
acetate (1.7 mol%, 1.1 mg) in MeOH (0.200 mL) were added to the solution. The bicatalytic reaction was then
initiated by adding methanesulfonic acid (30 mol%, 5 uL). The NMR tube was stirred and inserted inside the
benchtop NMR at 29°C for 144 min.
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1.1.3. Summary and perspectives

The results presented above highlight the ability of LF UF 2D NMR to monitor the progress of
a chemical reaction. Relying on resolved cross-peaks, this proof of concept offers an
alternative to the use of deconvolution and/or chemometric supports that are often applied

when reactive mixtures lead to overcrowded spectra.

Moreover, as the UF pulse-sequences are demanding for the gradient coil, a question
concerning the robustness of the hardware could be opened. In this study a series of 55 UF 2D
spectra, with 32 scans for each, was recorded without an appreciable reduction of the NMR

performance thereby demonstrating the reliability of the gradient coil.

Beyond these results, the use of an NMR tube as reactor to probe a chemical reaction is
stringent regarding the experimental conditions: stirring, controlled atmosphere,
temperature regulation (see section A.2.1.2). Thus, investigating the potential of this spatially
encoded method in a continuous flow mode, for instance within a bypass system, is an

important perspective to assess the versatility of UF 2D NMR on a benchtop system.

This perspective, among other things, is explored in the next article, which portrays the

analytical performance and promising applications of ultrafast NMR at low magnetic field.
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1.2.UF 2D NMR at 43 MHz: Analytical performance, On-

line monitoring and screening

Ultrafast 2D NMR
on a benchtop spectrometer:
applications and perspectives.

Boris Gouilleux, Benoit Charrier, Serge Akoka, Francois-Xavier Felpin,
Mireia Rodriguez-Zubiri and Patrick Giraudeau

(Original article)
TrAC Trends in Analytical Chemistry, 83, Part A (2016) 65-75.

Abstract

Benchtop NMR spectrometers are associated with significant resolution losses, as peak
overlaps become ubiquitous at low field. 2D spectroscopy offers an appealing solution to this
issue. However 2D NMR is associated with long experimental times which are ill-suited for
high-throughput applications such as real-time reaction monitoring or rapid screening. The
first implementation of ultrafast (UF) 2D NMR on a benchtop spectrometer —including
Bo gradients— was recently reported, making it possible to record 2D spectra in a single —or at
most a few— scans. In the present review, we investigate the analytical performance of UF 2D
NMR at low field (43 MHz) and its application potential in two complementary research fields:
real-time reaction monitoring and rapid screening. UF 2D spectroscopy at low field appears to
be a powerful complement to existing analytical methods, and paves the way towards a
number of developments in the field of spatially-encoded NMR at low field.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful analytical tools,
with applications in a broad range of domains, from the elucidation of (bio)chemical
structures, to pharmaceutical, biomedical or food sciences. In the pursuit of a better sensitivity
and spectral resolution, modern instruments are based on stronger and stronger magnetic
fields generated by huge supra-conducting magnets. The amazing performance reached by
these high field (HF) spectrometers is therefore associated with an expensive equipment and
with the need for cryogenic fluids, involving a high monetary and environmental cost.
Moreover, the incompatibility of this technology with harsh environments requires dedicated
NMR laboratories, as well as a specialized staff to operate the spectrometers. Taken together,
these economic and practical drawbacks have often kept NMR spectroscopy away from

production and industrial sites.

Recently a new generation of low-field (LF) spectrometers, more compact, relatively
inexpensive and cryogen-free, has brought NMR spectroscopy as close as possible to the
production settings such as synthetic chemistry laboratories. Nowadays these so-called
“benchtop NMR” spectrometers relying on permanent magnets, deliver 'H spectra with a
sufficient quality to enable promising applications in different fields such as chemical reaction

monitoring [1-5] or screening applications [6-9].

However, the use of a low magnetic field is associated with a drastically reduced frequency
dispersion as the static magnetic field Bo decreases, leading to highly overlapped resonances.
In addition to this overlapping issue, strong couplings are commonly encountered in LF NMR
since the values of the coupling constants become comparable to the chemical shift
dispersion. As a consequence, the identification and quantification of chemical compounds is
far more complicated, and the resolution losses emerge as a limiting factor to extend the
scope of LF NMR. In this context, NMR methods bringing a spectral resolution enhancement
are particularly relevant in the low-field framework. By spreading the peaks over a 2D map,
two-dimensional (2D) experiments [10, 11] provide this advantage while delivering invaluable
chemical insights on the analyzed compounds. Several homo- and hetero-nuclear 2D pulse-
sequences have recently been developed on some benchtop instruments to take advantage

of these assets at low field [2].
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Nonetheless, the advantages of 2D NMR are associated with an intrinsic long acquisition
duration, arising from the need to sample the frequencies involved in the indirect dimension
through numerous 1D experiments in a time-incremented fashion. This long duration makes
conventional 2D NMR unsuitable to study samples whose composition evolves in the course
of the 2D sampling [12]. Beyond the subsequent time constraints, these conventional 2D
experiments are not well adapted to reaction monitoring, which is a fundamental application
of benchtop NMR. In order to alleviate this time constraint, Ultrafast (UF) NMR, which yields
a whole homo- or hetero-nuclear 2D spectrum within a single scan [13], appears to be a
natural candidate. At high field, UF 2D NMR has been applied to a variety of situations where
the experiment duration is critical, from the real-time monitoring of chemical or biochemical
processes [14] to the coupling with other analytical techniques such as HPLC [15] or Dynamic
Nuclear Polarization [16], but also to high-throughput quantitative metabolomics [17, 18].
Hence the development of the UF methodology on a benchtop spectrometer could generate
a relevant analytical tool for numerous low-field applications. Although UF NMR is nowadays
well established as a powerful analytical tool [19], its implementation at low field is not
straightforward since it requires a specific hardware, i.e. a powerful gradient coil which is not
yet routinely available on benchtop spectrometers. Very recently, we reported the first UF
COSY NMR experiment on a low-field instrument [20]. The spectrometer used is a prototype
version of the commercial 43 MHz Spinsolve (Magritek, Aachen, Germany), which includes a

gradient coil along the Bo-axis designed for pulsed-gradient spin echo diffusion measurements.

This article aims at emphasizing the promising potential of UF experiments at low-field, as well
as discussing the perspectives that could arise from this new analytical tool. The paper focuses
on the COSY experiment, which is the most widely applied UF pulse sequence, and also the
only one reported at low field so far. The first part describes the principle and basics of UF
NMR, in order to provide an overview of the key features and characteristics of this generic
approach. We also report the first evaluation of the analytical performance of UF NMR at low
field. We then focus on the potential applications of this methodology in two domains where
benchtop spectrometers appear particularly promising: reaction monitoring and screening

analysis.

244



2. Principle of UF NMR

The main feature of the UF methodology is the replacement of the t;-incremented period in
the conventional 2D NMR scheme by a spatially-dependent evolution period. To this end,
the sample is virtually divided in several slices, which undergo different evolution periods

according to their positions, all within a single scan (Figure 1).
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Figure 1. Principle of UF 2D NMR. The experiment can be visualized as subdividing the sample into
numerous slices that simultaneously undergo different experiments with incremented t; delay.

This spatial encoding is commonly performed in a continuous fashion by applying a magnetic
field gradient G, together with a linear frequency-swept pulse (chirp pulses), so that the spins
located at different z positions are excited at different times t(z). A constant time spatial
encoding scheme is generally used [21]. After a 90° conventional excitation, two successive
chirp pulses applied with bipolar gradients induce a linear dephasing ¢ proportional to both
the Larmor frequency ; of the spins and their position z in the sample: p(z) =C-Q; -z,
where C is an adjustable constant depending on the spatial-encoding pattern [21]. After a
conventional mixing period, a whole 2D NMR spectrum can be retrieved from the encoded
information if the spin evolution during the detection period ¢, is collected in a way that
refocuses the linear dephasing obtained through the spatial encoding step. To this end, an
acquisition gradient G, is applied while the receiver is open, leading to a train of echoes in the

k space, where k is a wave number depending on the acquisition gradient: k =
Ya fot G, (t)dt' (v, is the gyromagnetic ratio of the detected nuclei). These echoes arise when

the refocusing induced by the acquisition gradient exactly compensates the dephasing ¢

245



previously provided by the spatial encoding step, i.e. k = —C - (};. This series of echoes
resembles a 1D spectrum Bthough obtained without Fourier transformationl corresponding
to the first dimension of the UF spectrum, often called “ultrafast dimension”. The second
dimension is then obtained through the application of an Echo-Planar Spectroscopic Imaging
(EPSI) block during the detection. In this scheme, a train of bipolar gradient pairs enables to
map the spatial dimension k and the time domain t, along a zig-zag trajectory. This leads to a
series of mirror-image 1D spectra with respect to the spatial dimension while the system
evolves in t, under the influence of classical NMR parameters such as J-couplings, chemical
shifts and transverse relaxation. After rearrangement of these series of sub-spectra, followed
by a Fourier transformation, this t, evolution yields the second dimension (often called
“conventional dimension”) so that a complete 2D spectrum is obtained in a single scan. For
more details on the methodology and on the recent methodological developments which have
significantly enhanced its performance, readers are referred to recent reviews on the subject

[19, 22].

By implementing this methodology with parameters properly adapted to a low-field
spectrometer, we recently reported the first experiment based on an optimized constant time
phase-modulated experiment at 43 MHz (Figure 2) [20]. To illustrate this concept, we recorded
a UF COSY spectrum in a single scan (0.4 s) on a sample of ethanol as a model compound. The
quality of the spectrum shown in Figure 2 highlights the suitability of the UF NMR experiments
at low field, and the performance of the hardware. Since the values of coupling constants
become non-negligible at low field compared to the frequency dispersion, the coupling
patterns are visible along the conventional dimension, while they are usually not observed at
higher field because of insufficient resolution. The main drawback is the low sensitivity,
however, this sensitivity loss is far less critical than what could be expected from the
difference of one order of magnitude between magnetic fields. This is due in part to the probe
design, but also to the fact that UF experiments are characterized by the need to compromise
between resolution, sensitivity and spectral width [19]. In LF NMR, this compromise becomes
more flexible as the spectral width is reduced. Moreover, the single-scan limit of detection is
clearly high, but when the timescale of the targeted application is compatible with an
acquisition duration from a few seconds to a few minutes, the single-scan LOD can be

significantly increased by signal accumulation while avoiding ti-noise commonly encountered
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in the conventional 2D experiments. This hybrid approach, which has already shown its great
interest at high field [23] should significantly enlarge the application perspectives of UF at low
field. Note that it is still compatible with dynamic sample evolutions, since a complete 2D
matrix is recorded at each scan —contrary to conventional 2D NMR- resulting in a final

spectrum showing the average sample composition over the overall experiment time.
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Figure 2. UF 2D COSY pulse sequence (a) and corresponding single-scan spectrum (b) of a sample of
ethanol in D,0, recorded in 0.4 s 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; G,: amplitude of pre-acquisition gradient; G,: amplitude of acquisition gradient; N.: number
of loops for the EPSI scheme applied during the signal detection.
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3. Analytical performance.

This section aims at providing an evaluation of the analytical performance of UF NMR at low
field, so that potential users can figure out what kind of applications can be expected from
this methodology. As mentioned above, the high LOD of the single-scan acquisition is not
compatible with most applications such as reaction monitoring with realistic concentrations.
Therefore, our analytical evaluation is based on UF COSY spectra recorded in 12 scans, leading
to a total acquisition duration of 48 s. This duration remains very short compared to the typical
duration of conventional 2D acquisitions and yields a LOD lower than 0.5 mol.L™! that is more
suitable for applications. The ester 3-bromo-ethylpropionate was chosen as a model
compound, and five samples were prepared at different concentrations from 0.5 to 4 mol.L*
in acetone-ds. Figure 3 provides a qualitative comparison of the UF and conventional COSY
spectra recorded at 43 MHz (Figure 3a and 3b) and at 400 MHz (Figure 3c and 3d). The
comparison between UF (Figure 3a and 3c) and conventional spectra (Figure 3b and 3d) at low
and high field shows that field-induced resolution losses are far less important for UF COSY
experiments than for its conventional counterpart. Indeed, at 43 MHz some of the 2D peaks
are almost overlapped in the conventional spectrum while it is not the case for the UF COSY.
This is mainly due to the fact that these UF experiments, relying on a “constant time” encoding
[21], are intrinsically decoupled along the ultrafast dimension [24], like any “singly pure-shift”
experiment [25]. Thanks to this feature, UF experiments provide an attractive way to
discriminate the resonances at low field. To go further, this valuable methodology is now

evaluated through quantitative analytical criteria.
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Figure 3. 2D COSY spectra recorded on a 1 mol.L? 3-bromo-ethylpropionate sample in acetone-ds. (a)
and (c) show the UF 2D spectra recorded with 12 and 1 scans at 43 MHz and 400 MHz, respectively,
with the pulse sequence of Figure 2a. (b) and (d) show conventional COSY spectra recorded in 10

minutes with conventional pulse sequences.

The repeatability was evaluated for each sample by recording five experiments successively.

Here the 2D peak volumes are considered without any normalization, so that the measured

variations reflect all possible sources of irreproducibility. The results, presented in Table 1, are

compared to those obtained with the same sample and in identical experiments at high field.
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Table 1. Analytical performance of UF COSY experiments recorded in 12 scans (48 s) on 3-bromo-
ethylpropionate samples in various concentrations and at two different fields (43 and 400 MHz). The
repeatability is evaluated by the relative standard deviation (RSD) on the 2D peak volumes from five
successive experiments. The linearity is determined after linear regression from the graph showing
average 2D peak volumes as a function of the concentration. Peak labels correspond to the
assignments indicated in Figure 2.

g;giz AD DA BC CB

40M 119% 041% 033% 0,78%

30M 207% 025% 1,13% 0,34%

Repeatability 20M  3,95% 1,00% 2,81% 0,61%

(RSD)

43 MHz 1,0M 11,17% 257% 2,98% 2,67%
05M 6,06% 556% 6,10% 6,71%

Linearity (R2) 0.9714 09893 0.9823 0.9906

40M 7,74% 7,37% 8,07% 8,18%

30M 518% 473% 524% 531%

400 MHz RerzaaStaDt;ility 20M  212% 1,86% 2,15%  2,06%
1,0M 503% 412% 5/13% 5,34%

05M 334% 337% 351% 3,67%

Linearity (R2) 0.9911 09947 0.9921 0.9921

At low field, the repeatability mainly depends on the concentration, i.e. on the signal-noise
ratio (SNR). The RSD is in general higher when the concentration decreases. Yet, the
repeatability does not exceed 3% for most of the peaks at 1 mol.L'l. The situation is quite
different at high field where the worst repeatability is obtained at the highest concentration.
Here, the SNR is not a limiting factor for such highly concentrated samples, and the lower
repeatability for the most concentrated samples is probably explained by radiation damping

effects —which can be suppressed if needed by appropriate methods [26]. But on the whole,
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Table 1 results show that the repeatability of UF COSY at low field is comparable to the one

measured at high field.

The method linearity was also evaluated from the 2D peak volumes measured on the five
model samples. Five spectra were recorded, and for each concentration the average peak
volume was calculated. The high coefficients of determination highlight the good linearity of

the UF COSY both at high and low fields, with a slightly higher performance at high field.

Figure 4 gives a more precise idea of the SNR values that can be measured as a function of
concentration, but also as a function of the experiment time —directly related to the number
of scans. As expected, the SNR evolves linearly with concentration, while evolving with the

square root of the number of scans when signal averaging is carried out.

In conclusion, the analytical performance (in terms of repeatability and linearity) appears
similar to that of identical experiments at high field. The limit of detection is of course higher
for LF UF, but can be decreased at a reasonable time cost when several scans are recorded.
These results open the way to promising analytical applications, while highlighting the

concentration limits of the method.

0 100 200 300
time (s)

Figure 4. Typical SNR determined from UF COSY spectra on model 3-bromo-ethylpropionate samples in acetone-
de. (a) SNR as a function of concentration for a 48 s experiment recorded with 12 scans. (b) SNR as a function of
the experiment time measured on a 1 mol.L"* sample. The SNR was computed on the signal CB as followed:
S(CB)/o(noise), where S(CB) is the amplitude of the peak CB and o(noise) the standard deviation of the noise
evaluated on an area of (F1 x F2) = (0.65 ppm x 1.14 ppm) centered at (F1 ; F2) = (4.6 ppm ; 3.0 ppm).
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4. Reaction monitoring

Reaction monitoring performed through analytical spectroscopies yields essential kinetic and
speciation information which could be determinant in numerous applications such as organic
and inorganic synthesis, and for chemical engineering [27]. The development of accessible,
powerful and robust analytical methods is therefore important to identify and quantify, in real
time, the compounds involved in chemical processes. NMR spectroscopy has the advantage
of being non-specific and non-destructive; moreover it requires no prior knowledge on the
analyzed compounds. Furthermore, it delivers invaluable structural and quantitative
information. HF NMR has been widely used in organic and pharmaceutical applications for
monitoring chemical processes, either directly inside the NMR tube [28-30] or by using flow
cells [31-35]. In spite of the valuable analytical insights, NMR remains less used than other
more accessible spectroscopies such as FTIR or Raman, since it generally requires

sophisticated and customized monitoring systems set up in dedicated laboratories.

It is against this background that benchtop NMR has emerged as a promising processing
analytical tool; however its applicability is reduced by a lower performance compared to its
HF counterpart. So far, resolution losses and overlapping issues have limited the application
range of LF NMR to the monitoring of relatively simple reactions where the peaks of interest
are well isolated, unless deconvolution tools are employed [3-5]. In this context, the potential

of UF 2D NMR seems worth exploring.

We recently reported the suitability of this methodology through the monitoring of a Pd-
catalyzed Heck-Matsuda reaction (Figure 5a) performed in the NMR tube [36]. This variant of
the Heck coupling uses aryl diazonium salts as highly reactive aryl halide surrogates, and
provides reactions in mild conditions under ligand- and base-free conditions [37]. Moreover,
this reaction has recently found a growing interest, especially since its hazardous character

was alleviated by a bicatalytic strategy [38, 39] and/or a continuous-flow approach [40, 41].
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Figure 5. Scheme of the one pot Heck-Matsuda reaction in the multicomponent mode (a). The reaction
was followed at 29 °C for 144 min with an initial concentration of 0.36 mol/L for the limiting starting
material 1. The reaction was followed either in the NMR tube or on-flow with mechanical stirring. (b,
¢, d) show UF COSY spectra recorded with 36 scans in 2.6 minutes at different times (2 min, 26 min and
142 min, respectively) in the course of the in tube monitoring. For the in tube and on-flow monitoring,
55 and 15 successive spectra were respectively recorded every 2.6 min. (e, f) show the evolution of
normalized 2D peak volumes as the reaction progresses, for the “in tube “ (e) and on-flow settings (f).
These volumes were calculated from the cross peaks 1 a,b and 3 b,a indicated in Figure 2,
corresponding to the starting material and the final product, respectively. The blue open circles show
the consumption of aniline and the pink open squares show the formation of the final styrene. Figures
(a-e) reproduced from (Gouilleux et al., Analyst 2015, DOI: 10.1039/C5AN01998B) with permission
from The Royal Society of Chemistry.

In this reaction, the aniline 1 dissolved in methanol first reacts with t-BuONO and MeSOsH to
form a diazonium salt. The latter is then coupled with methyl acrylate 2 in the presence of
Pd(OAc), as a catalyst, in order to produce the styrene 3. The experiment must be designed

to keep the mixture as homogeneous as possible in order to avoid disruption of the NMR
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acquisition. It is important to notice that thanks to an external lock system, experiments are
carried out in a non-deuterated solvent. This reduces the cost of the monitoring and allows to
avoid unwanted potential isotopic effects that could affect reaction rates in deuterated

solvents.

The Heck-Matsuda reaction represents a well-suited model reaction to assess the relevance
of the UF approach at 43 MHz. Indeed, this reaction provides relatively crowded resonances
in the aromatic region, justifying the need for multi-dimensional experiments. Moreover, the
reaction conditions —use of a metallic catalyst and gas formed during the coupling reaction—
form a challenging example. Here, in view of the relatively low SNR obtained in a single scan,
the experiment duration was adapted to the reaction timescale (36 scans with a recovery time
of 1.25:T1, leading to the acquisition of a COSY spectrum every 2.6 min). As previously
reported, the sensitivity was optimized through the optimization of J-modulation effects [42].
The 2D UF spectra shown in Figure 5 highlight how this methodology can deliver time-
dependent and spectrally resolved cross peaks, both for the product 3 and for the limiting
starting material 1 (Figure 5b, 5c, 5d). The starting material in excess 2 is also visible on the

spectra.

In this preliminary work, the reaction monitoring was performed directly inside an NMR tube
in mild conditions, i.e. 29 °C, with an initial concentration of 0.36 mol.L"! for the limiting
starting material. The kinetic curves recorded from the time-evolution of 2D peak volumes
are shown in Figure 5e. These curves depict the two chemical processes involved in the Heck-
Matsuda reaction very well. The decreasing blue curve matches with the initial conversion of
1 into the corresponding diazonium salt. After the aniline is consumed (at ca. 20 min), the
coupling reaction starts, leading to the final styrene 3 (increasing pink curve). The trend of the
curves and the rate constants (as determined in Ref. [20]) reveal that the coupling reaction is

the rate-limiting step of the process with respect to the diazonium formation.

Although this reaction monitoring achieved inside an NMR tube already provides relevant
kinetic information, the experimental conditions remain strongly limited: stirring is
impossible, the temperature cannot be adjusted and the spectral quality is highly sensitive to
potential heterogeneities. On the contrary, an on-flow monitoring through a bypass system
allows to monitor the reaction in a vessel with a greater flexibility regarding the experimental
conditions: regulated temperature, mechanical stirring, inert atmosphere etc. We therefore
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decided to carry out the same reaction, but monitored in an on-flow fashion. In this case, the
reaction takes place inside a conventional flask, which is connected to the benchtop
spectrometer thanks to a bypass system. A peristaltic pump generates a continuous flow to
refresh the sensitive volume of the magnet with the reactive mixture in the course of the

chemical process (Figure 6).

Yet, this setup raises further questions about the recorded UF spectra, such as the robustness
of the spatial encoding performed on a flowing mixture, as reported for online HPLC-UF NMR
coupling [43]. Fortunately, in the Spinsolve Benchtop spectrometer, the gradient-axis used for
the spatial encoding is perpendicular to the flow-cell, therefore reducing the sensitivity of the
UF experiments to the flow. The spins located in a given sample slice can be considered as
undergoing the same magnetic field gradient during the whole pulse sequence. Moreover,
compared to the “in tube” monitoring, the mixture homogeneity is less critical, even though
special care should be given to avoid that precipitates (here, from the diazonium salt) obstruct
the capillary of the bypass system. To compare the results of the on-flow experiment to the
previously reported “in tube” monitoring, the reaction was performed, while stirring, with
identical concentrations (0.36 mol.L'!) and at the same temperature (29 °C). The reaction
mixture flowed continuously from the flask to the spectrometer at a rate of 2 mL.min"%. This
value allows to minimize the time spent by the mixture outside the flask while avoiding some
hardware issues such as a significant drift of the carrier frequency which was observed at
higher rates. NMR parameters and optimizations —as described in Ref. [20]— were kept
unchanged, yielding COSY spectra every 2.6 minutes. The kinetic curves obtained with this
experimental setup are displayed in Figure 5f. As for the monitoring carried out inside the
tube, the curves highlight the two chemical processes, i.e the diazonium conversion followed
by the Pd-coupling. However, a major difference is the significantly shorter time-scale of the
Heck-Matsuda reaction when monitored in an on-flow setting. The plateau is reached at about
40 min, versus 140 min for the “in tube” monitoring. Here, after only 3.6 min, around 60% of
the aniline is already consumed and almost 80% of the final styrene is obtained in
approximatively 17 min. This fast kinetics could be attributed to: i) stirring, which is missing
when the reaction takes place in the NMR tube. This result is consistent with recently reported

results [44]; ii) the time spent by the solution in the by-pass system (ca. 40% of the reaction
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time). Inside the tubing, the reaction is carried out in a continuous-flow fashion involving

different kinetics than inside the reactor.

Figure 6. Picture of the experimental setting for the on-flow monitoring of chemical reactions under
the fume hood.

5. Screening applications

Although the real-time monitoring of fast chemical processes is probably the most obvious
application of UF 2D NMR, another potentially promising utilization of fast 2D experiments at
low field relates to screening analysis. Indeed, relevant results about adulteration and
authentication issues were recently reported using benchtop spectrometers in different fields,
from food matrices - e.g. honey [7], edible oils [6], meat [8] - to sexual enhancement and
weight loss dietary supplements [9]. In this section we focus on the potential of UF NMR at
low field for screening analysis applied to a long-standing concern: the screening of the edible
oils. In particular, olive oil, which is a mixture of tri, di, and mono-glycerides, is considered as
one of the best sources of fatty acids and natural antioxidants. Its nutritional properties and
its excellent taste make olive oil a high-value product that is related to numerous frauds and
adulterations [45]. High-resolution *H NMR has been widely used in this context for assessing
quality and detecting quality adulteration. Moreover, a recent article extended this
background to LF NMR.[6] This study emphasized the ability of benchtop NMR to detect the
adulteration of olive oils through the addition of cheaper substitutes. 1D spectra recorded in

10 min at 60 MHz and combined with a chemometric approach, enabled to detect hazelnut
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oil into an olive oil sample at the level of 11.2% w/w. This result encouraged us to investigate

the potential of fast 2D experiments to improve the screening performance.

Edible oil is formed of monounsaturated, polyunsaturated and saturated fatty acids, mainly in
the form of esters with glycerol (triglycerides), which constitute more than 98% of the total
content in the case of olive oil. The assignment of these components is significantly
complicated by the overlapped resonances commonly encountered at 43 MHz (Figure 7).
Hopefully, numerous fully assigned high-field 'H spectra of edible oils are reported in the
literature, which facilitates the identification of major peaks [46, 47]. An assignment of the
visible signals is proposed in Figure 7 —which compares the LF and HF spectra of the same
sample— where some of them are particularly interesting for the present study. The olefinic
peak A at 5.26 ppm, arising from protons involved in a double bound, refers to the total
number of unsaturated bounds, regardless of whether these are provided by mono- or
polyunsaturated chains. The two peaks at 5.20 and 4.23 ppm respectively match with the -CH-
and -CH;- groups of the glycerol backbones in the triglycerides. Finally, the peak D located at

2.70 ppm arises from the diallylic CH; protons of the polyunsaturated chains (see Figure 7c).
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Figure 7. 1D 1H NMR spectra of a peanut oil sample (60% in chloroform v/v) recorded at 400 MHz (a)
and 43 MHz (b). (c) shows the generic structure of triglycerides, which form the major constituents of
edible oils, together with the assignment of main signals based on the literature.

A convenient way for screening the edible oil at low field is to consider ratios between

integrated peaks that reflect the relative concentration of unsaturated fatty acids (noted UFA),
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polyunsaturated fatty acids (PUFA) and glycerol (GLY) in the oil sample. In practice, a relevant
ratio is obtained by dividing the signal C at 4.23 ppm arising from the -CH,- protons GLY by the
signal A at 5.26 ppm referring to UFA. Although the authors of Ref. [6]. used this criterion to
screen different edible oils through 1D spectra, this procedure at low field suffers from a
measurement bias, since the resonance at 5.20 ppm (peak B) matching with the CH group of
the glycerol is totally collapsed with the olefinic peak A (Figure 7b). In this example, 2D
experiments constitute an attractive way to circumvent this overlapping issue, and UF
spectroscopy potentially provides a convenient way for such rapid screening. The UF 2D
spectra shown in Figure 8, recorded on different oils in 2.4 min, highlight how the UF COSY
experiments overcome the overlapping issue by delivering very well resolved correlation
peaks. It is therefore possible to properly determine peak ratios without measurement bias in
a short experimental time. It is even possible to discern different oils by a simple visual
inspection in the case of peanut, sunflower and olive oils (Figure 8), as the intensity of the
PUFA cross-peaks increases from the olive to the sunflower oil. We evaluated this promising
benefit via a more quantitative approach based on the ratios of integrated peaks. UF COSY
experiments were performed on a panel of 14 oil samples from 5 different sources: olive,
peanut, corn, sunflower and hazelnut. 36 scans, i.e. 2.4 min, were enough to obtain a SNR
higher than 20 for the peaks of interest. J-modulation was tuned to reach a compromise in
sensitivity for the cross-peaks of interest arising from UFA, PUFA and GLY. The screening was
first based on the ratio GLY / UFA previously reported, and a complementary ratio PUFA / UFA
was also determined, reflecting the proportion of polyunsaturated acids in the sample. This
ratio could not be accurately determined in 1D because of peak overlaps with the acyl chain
signals. A series of 5 UF COSY spectra was acquired for each sample and average peak volume
ratios were calculated. The two ratios were plotted in a 2D graph, showing the relevance of
this approach to discriminate different sources of edible oils (Figure 8d). The complementarity
of the two ratios is clearly visible in the 2D plot, where the group of olive oils appears well
separated from the groups of corn and sunflower oils based on the PUFA / UFA criteria, while

the ratio GLY / UFA separates olive from peanut and hazelnut oils.
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Figure 8. 2D UF COSY spectra of sunflower (a), olive (b) and peanut (c) oil samples (60% in chloroform
v/v) recorded in 2.4 minutes at 43 MHz with the pulse sequence of Figure 2. (d) shows the PUFA/UFA
versus GLY/UFA 2D peak ratios, enabling the group separation of 14 edible oil samples from different
origins. UFA and PUFA were calculated by the sum of theirs symmetric resonances; for GLY only the
peak located under the diagonal was taken into account.

Naturally, this study does not allow to accurately assess the intra-group variability due to the
limited number of samples. Yet, this positive result highlights the relevancy of developing UF
2D NMR on a benchtop spectrometer for screening applications. This urges to investigate, in
the near future, further developments along this direction, such as combining UF NMR at low

field with chemometrics to build an efficient and rapid screening tool
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6. Conclusion

This article presents some of the main features and application perspectives of ultrafast 2D
NMR and its hybrid variants at low field. The excellent analytical performance that can be
achieved in a few tens of seconds, and the promising results obtained in the fields of on-flow
reaction monitoring and rapid screening, show that this approach can be a powerful
complement to existing analytical methods. UF 2D spectroscopy should therefore help
increasing the general applicability of benchtop spectroscopy in a variety of situations where

the sample complexity generates spectral overlaps —an omnipresent case at low field.

More generally, these first spatially-encoded NMR experiments on a benchtop spectrometer
could open the way to a number of developments for a fast analysis of liquid-state samples,
including other homo- or heteronuclear UF pulse sequences, pure-shift experiments or
diffusion-based measurements. In particular, heteronuclear pulse sequences would give
access to a better separation of resonances, albeit at a sensitivity cost. In view of these
perspectives, implementing a gradient coil on benchtop spectrometers is likely to become a

standard option on low-field spectrometers.

7. Material and methods

7.1 Spectrometers

400 MHz spectrometer. The experiments performed at high field were recorded on a Bruker
Avance 11l 400 spectrometer operated with Topspin 2.1, at a frequency of 400.13 MHz with a
5 mm BBFO+ probe equipped with a z-axis gradient coil generating a maximum field gradient

of 0.90 T.m™.

43 MHz benchtop spectrometer. The experiments performed at low field were recorded on a
Spinsolve from Magritek working at a frequency of 43.62 MHz via a permanent magnet based
on a Hallbach design [48, 49]. This equipment includes a gradient coil along the Bp-axis (i.e.
along the transverse plane of the NMR tube) which can generate a maximum field gradient of
0.16 T.m* and operated with the Prospa Software. The spectrometer allows to work without
deuterated solvents thanks to a built-in external fluorine lock system.
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7.2 Analytical performance

7.2.1 Model samples

Five samples of commercial 3-bromo-ethylpropionate were prepared in acetone-ds at

different concentrations: 0.5, 1, 2, 3 and 4 mol.L ™.
7.2.2 UF 2D NMR experiments

All the UF spectra are displayed with the indirect domain called “ultrafast dimension” since it
results from specific ultrafast features, whereas the direct dimension arising from
conventional evolution during the detection period is called “conventional dimension”. The

acquisition and processing parameters are given below for each experiment.

UF COSY single scan at 43 MHz recorded on the ethanol sample. The UF single scan
experiment presented in Figure 2b was recorded in 400 ms with the homemade pulse
sequence described in Figure 2a, with two 30 ms chirp pulses (i.e. TE = 60 ms) swept over a
3.5 kHz range. The amplitude of the encoding gradients G. was adapted to obtain a frequency
dispersion equivalent to the frequency sweep of the pulses, corresponding to 11.6% of the
maximum gradient strength available. A delay tmix of 42 ms was added prior to the spatial
encoding step in order to optimize the effects of J-modulation arising from the constant time
nature of the double spin-echo encoding.[42] During the acquisition, 128 pairs of bipolar
gradient pulses G, were applied (85% of maximum strength, 1280.4 us each). The desired
coherence selection was obtained as described in Figure 2a. The spectrum was processed
using a home-written routine in Prospa, including an optimized Gaussian apodization in the

spatially-encoded dimension [50] and a sine-bell apodization in the FT dimension.

Fast hybrid COSY at 43 MHz recorded on the model samples. The UF experiment presented
in Figure 3a was recorded in 12 scans, i.e. in 48 s, with the homemade pulse sequence
described in Figure 2a, with two 40 ms chirp pulses (i.e. TE = 80 ms) swept over a 3.5 kHz
range. The amplitude of the encoding gradients Ge was adapted to obtain a frequency
dispersion equivalent to the frequency sweep of the pulses, corresponding to 11.6% of the
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maximum gradient strength available. A delay tmix of 27 ms was added prior to the spatial
encoding step in order to optimize the effects of J-modulation. Processing were performed as

previously mentioned.

UF COSY at 400 MHz recorded on the model samples. The UF experiment presented in Figure
3c was recorded in a single scan, i.e. in 0.2 s, with the homemade pulse sequence described
in Figure 2a, with two 15 ms smoothed chirp pulses (i.e. TE = 30 ms) swept over a 3.5 kHz
range. The amplitude of the encoding gradients Ge was adapted to obtain a frequency
dispersion equivalent to the frequency sweep of the pulses, corresponding to 11.6% of the
maximum gradient strength available. A delay tmix of 77 ms was added prior to the spatial
encoding step so that the magnetizations spend the same time in the transverse plane as in
the LF experiments. The spectrum was processed using a home-written routine in Topspin,
including an optimized Gaussian apodization in the spatially-encoded dimension and a sine-

bell apodization in the FT dimension.
7.2.3 Conventional (Conv) 2D NMR experiments

Conv COSY at 43 MHz. The UF experiment presented in Figure 3c was recorded in 10 min via
the commercial routine “QuickCOSY” pulse sequence proposed within the Spinsolve software.
The indirect domain was sampled through 256 t1 increments (1 scan each), with each FID
containing 8192 points separated by a dwell time of 200 ps. The processing was then
automatically performed in MNOVA (Mestrelab Research), including sinusoidal apodization in

the two dimensions, followed by a 2D FT to obtain the final spectrum.

Conv COSY at 400 MHz. The UF experiment presented in Figure 3c was recorded in 10 min via
the commercial routine pulse-sequence “cosygpqf”’. The indirect domain was sampled
through 256 increments (1 scan each), with each FID containing 2400 points separated by a
dwell-time of 208 ps. The processing was performed under Topspin 2.1, including sinusoidal

apodization in the two dimensions, followed by a 2D FT to obtain the final spectrum.

262



7.3 Reaction monitoring

7.3.1 Procedures for the Heck-Matsuda reaction

Monitoring performed inside the NMR tube. t-BuONO (0.317 mmol, 38 uL) was added to a
solution of aniline (0.252 mmol, 38.8 mg) in MeOH (450 pL). The resulting mixture was stirred
and transferred into an NMR tube. Methyl acrylate (0.555 mmol, 50 pL) and palladium acetate
(1.7 mol%, 1.1 mg) in MeOH (200 uL) were added to the solution. The bicatalytic reaction was
then initiated by adding methanesulfonic acid (30 mol%, 5 uL). The NMR tube, containing
finally a 700 uL solution, was stirred and inserted inside the benchtop NMR at 29 °C for 144

min.

On-line monitoring procedure. The starting aniline (3.60 mmol, 547.4 mg) was dissolved in
MeOH (8.0 mL) inside a 50 mL round-bottom flask. The mixture was stirred for at least 30 min
until a homogeneous solution was obtained. The mixture was flowed by the peristaltic pump
at a rate of 2 mL/min through the by-pass system consisting of an NMR flow-cell and PEEK
tubing for a total volume of 3.8 mL. Then, t-BuONO (4.50 mmol, 540 uL), methyl acrylate (7.92
mmol, 713 pL) and palladium acetate (1.7 mol%, 13.5 mg) in MeOH (700 pL) were successively
added to the reaction mixture. The bicatalytic reaction was then initiated by adding
methanesulfonic acid (30 mol%, 70 uL). The final 10 mL volume of reactive mixture was

regulated at 29 °C while stirring for about 40 min.

7.3.2 UF COSY experiments

Fast hybrid UF COSY at 43 MHz. The UF COSY spectra for both reaction monitorings (Figure 6)
were recorded in 146 s (i.e. 36 scans) with the homemade pulse sequence of Figure 2a with
the following features: the spatial encoding was performed by combining two 45 ms chirp
pulses (i.e. TE = 90 ms) swept over a 3.5 kHz range with encoding gradients Ge fixed at 9.00%
of the maximum gradient strength. The detection was then achieved with 128 pairs of bipolar
gradient pulses Ga at 85% of the maximum strength (1280 us each). The desired coherence-
selection was obtained thanks to both a standard four step phase cycling and gradient pulses.

The spectrum was processed in the same way as described for the LF experiments (7.2.2).
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7.4 Screening applications

7.4.1 Oil samples

14 samples of edible oils from 5 different sources: olive, hazelnut, sunflower, peanut and corn
were purchased from various supermarkets. For each sample, 600 uL of oil was dissolved in

400 pL of non-deuterated chloroform inside a 5 mm NMR tube.
7.4.2 UF COSY experiments

Fast hybrid UF COSY at 43 MHz. The UF COSY spectra (Figure 8) were recorded in 146 s (i.e.
36 scans) with the homemade pulse sequence of Figure 2a with the following features: the
spatial encoding was performed by combining two 30 ms chirp pulses (i.e. TE = 60 ms) swept
over a 3.5 kHz range with encoding gradients Ge fixed at 11.6% of the maximum gradient
strength. The detection was then achieved with 128 pairs of bipolar gradient pulses Ga at 85%
of the maximum strength (1280 ps each). The desired coherence-selection was obtained
thanks to both a standard four step phase cycling and gradient pulses. The spectrum was

processed in the same way as previously described for the LF experiments.
7.5 Data processing for ultrafast acquisition

All the data recorded in an ultrafast fashion were processed thanks to a home-written routine
implemented in Topspin and Prospa. The first step of this routine consists in splitting and
rearranging the echoes detected during the successive positive/negative acquisition
gradients, leading to two mirror-image S(k, t2) maps. A sine-bell apodization in the t;
dimension is applied, followed by a FT (in magnitude mode) yielding two symmetric S(k, F2)
maps. These maps are then added after reversing one of them along the ultrafast dimension
(i.e. along k), leading to a 2D spectrum. Finally, a Gaussian apodization in the spatially encoded

domain [50] is applied.
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1.2.1. Summary and commentaries

The results presented in this articles gives an overview of the potential and limits of UF 2D
NMR on a benchtop spectrometer. A first important feature was the evaluation of the
analytical performance of UF COSY at 43 MHz in terms of signal-to-noise-ratio, repeatability
and linearity. Based on a series of five successive 12-scans UF COSY experiments on a small
molecules at 1 M, the standard deviation remains lower than 3 % with a linearity higher than

0.98 for most of the 2D peaks.

Concerning the sensitivity, UF COSY spectra recorded in 36 scans (i.e. 2.4 min) were sufficient
to monitor a Heck-Matsuda coupling reaction with an initial concentration of 360 mM for the
limiting starting materials. By delivering a whole 2D spectrum at each scan, the choice of the
UF experiment duration is only a compromise between sensitivity and time resolution. This is
in contrast to what happens in conventional 2D NMR where a minimal duration (about 10 min)
is necessary to encode properly the indirect dimension, no matter the concentration. Next,
another feature is the suitability of UF 2D NMR in a continuous flow mode since the spatial
encoding is performed along an orthogonal direction to the flow. This is a crucial property in

the case of on/in-line monitoring.

Now the nature of the insights yielded by such a monitoring should be discussed. As its
conventional counterpart, UF 2D NMR does not provide directly quantitative information so
that absolute concentrations of the followed compounds cannot be obtained. A prior
calibration is required to do this. Yet, the good repeatability and linearity provided by UF 2D
NMR at 43 Hz are sufficient to probe the progress of a chemical reaction and to extract kinetic
parameters. In this article, UF COSY gave access to the reactive constant rates and the
variations of the 2D-peak volumes in the course of the time, giving a faithful description of the

two-step nature of the studied reaction. To go further in fundamental studies as the
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elucidation of reaction mechanism, the ability to probe transient species is a determining
point. In HF NMR, UF experiments offers such a vista as reviewed in section A.4.3. However,
this potential should be tempered at 43 MHz where the sensitivity hampers the detection of

short-lived intermediates.

1.3. In-line benchtop NMR monitoring in flow chemistry

1.3.1.Context

Hitherto, we have dealt with the potential of UF 2D NMR for real-time monitoring. Besides
the UF methodology, the gradient-based solvent suppression methods described in part C.3
also provided promising applications in this field. In the following research article, WET-180
NOESY experiments were applied in the frame of an in-line process control whereby the

benchtop spectrometer was integrated within a flow chemistry setting.
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1.3.2. Real-time monitoring of an oxidative neutralization

Oxidative Neutralization of Mustard-Gas
Simulants in an On-Board Flow Device
with In-Line NMR Monitoring

Baptiste Picard, Boris Gouilleux, Thomas Lebleu, Jacques Maddaluno,
Isabelle Chataigner, Maél Penhoat, Frangois-Xavier Felpin,
Patrick Giraudeau and Julien Legros

(Original communication)
Angewandte Chemie, 129 (2017) 7676-7680.

Abstract

The fast and effective neutralization of the mustard gas simulant 2-chloroethyl ethyl sulfide
(CEES) using a simple and portable continuous flow device is reported. Neutralization takes
place through a fully selective sulfoxidation by a stable source of hydrogen peroxide (alcoholic
solution of urea—H;0, adduct/MeSOsH freshly prepared). The reaction progress can be
monitored with an in-line benchtop NMR spectrometer, allowing a real-time adjustment of
reaction conditions. Inherent features of millireactors, that is, perfect control of mixing, heat
and reaction time, allowed the neutralization of 25 g of pure CEES within 46 minutes ina 21.5
mL millireactor (tR=3.9 minutes). This device, which relies on affordable and nontoxic
reagents, fits into a suitcase, and can be deployed by police/military forces directly on the
attack site.
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The use of chemical weapons by terrorist groups has become a plausible threat since several
chemical warfare agents (CWA) are currently available to perpetrators, including mustard
compounds with the simplest bis(2-chloroethyl) sulfide as prominent member.[1, 2] This
blister agent is wellknown under common names such as mustard agent, yperite or HD; this
viscous liquid is used as a weapon through dispersion by spraying or explosion, hence the
denomination “mustard gas”. The extreme toxicity of HD is due to the equilibrium with the
strongly electrophilic episulfonium form, which also makes it carcinogenic (Scheme 1).
Conventional processes for the destruction of large quantities of mustard agents (e.g. shells
from World War |, Syrian stockpiles) require highly secure sites, specifically dedicated for this
purpose. The neutralization/destruction of chemical warfare agents is generally conducted
under harsh conditions, that is, direct pyrolysis, hydrolysis in strongly basic solutions or
transformations with aggressive oxidants.[3—6] The limited solubility of HD in water explains
the poor efficiency of the hydrolysis path. In contrast, oxidation has to be regarded as the
method of choice to neutralize this CWA, at least if the process retained is very selective

toward the sulfoxide, since overoxidation affords a highly toxic sulfone (Scheme 1).
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Scheme 1. Oxidation of mustard gas yperite (HD) into the corresponding sulfoxide (HDO) and sulfone
(HDO,).

In recent years, the academic community has made progresses towards the implementation
of highly selective sulfoxidation of HD simulants with peroxides, singlet oxygen, hypochlorite,
for instance, in the presence of metal promoters (including polyoxometallates and metal—
organic frameworks) or in microemulsion media.[7-17] However, most of these protocols are

unsuited for large scales or use in real situation.
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Considering that the terrorist threat would most likely embody the form of a small and
concealable chemical bomb introduced into a densely populated area, the possibility of
intervening directly on site represents a decisive advantage. Therefore, the deployment of
robust and transportable equipment allowing a rapid and selective oxidation of mustard gas
is of utmost importance. Continuous flow devices fulfil all these requirements: they are
compact systems which allow high control on reaction time as well as on heat and mass
transfer, and the process can be easily up-scaled without optimization of new conditions.[18,
19] Moreover, hazardous chemicals such as oxidants are easily handled in a flow system,[20—
24] and it offers the possibility of automation and inline analysis.[25—-27] Herein we show that
the fast neutralization of sulfur mustard simulants can be achieved by fully selective oxidation

in a flow apparatus monitored by an in-line 1H NMR low-field instrument (Scheme 2).

oxidant -.
in-line Q
e— vig— S
RS0
R = Ph (CEPS), Et (CEES) R = Ph (CEPSO), Et (CEESO)

Scheme 2. An integrated flow system with in-line NMR monitoring for the sulfoxidation of mustard
simulants chloroethyl phenyl sulfide (CEPS) and chloroethyl ethyl sulfide (CEES).

The toolbox of organic chemists overflows with oxidants, among which hydrogen peroxide is
certainly one of the most convenient to use, especially under its UHP form (urea-H202 adduct;
m.p. 908C), a very stable solid, hence transportable, source of anhydrous hydrogen peroxide.
Whereas H202 generally requires the assistance of a promoter for efficient oxygen transfer,
it has been shown that the simple use of hexafluoroisopropanol (HFIP) as solvent was able to
efficiently activate the oxidant;[28—31] this activation is mostly due to an increase of the
electrophilicity of peroxide oxygen through strong H-bonding with the solvent.[31, 32]
Notably, Bégué and co-workers reported that complete oxidation of various sulfides into

sulfoxides was attained within only 5 minutes reaction time.[28] Hence, a preliminary
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experiment involving mustard gas simulants (CEPS and CEES) and a solution of UHP (2 equiv)

in HFIP was run in a classical batch setup (Scheme 3).

O
ph-S~"g

CEPSO (100%)
UHP (2 equiv.)

RS"cl .
HFIP, RT o) o 8T
R = Ph (CEPS) \/g\/\m LS~
Et (CEES) ® Cl

CEESO (80%) bisCEES (20%)

Scheme 3. Oxidation of half-mustards CEPS and CEES with UHP in HFIP

Full conversion of both substrates rapidly occurred and CEPS underwent fully selective
sulfoxidation (CEPSO). However CEES, the closest analogue of the real warfare agent HD,[33]
was converted into sulfoxide CEESO (80%), along with 20%of a dimeric sulfonium salt
(bisCEES), whose formation has already been described, among several products, during
hydrolysis.[34] A blank NMR experiment was then performed by diluting CEES in pure HFIP
and after only 5 minutes, the dimeric sulfonium salt (bisCEES), was formed selectively. The
possible reversible dimerization of the bisCEES in the presence of UHP was evaluated on a
benchmark test, but unfortunately, after 15 days of stirring the dimeric sulfonium salts
remained very stable. Thus, to avoid this competitive and irreversible dimerization affording
a compound of unknown toxicity, we switched to the less polar solvent methanol,[35, 36] in
the presence of methanesulfonic acid as proton donor to dissociate/activate UHP. Actually,
CEES proved to remain stable in a MSA/methanol mixture for hours in the absence of oxidant.
These new conditions (methanol/MSA/UHP) were implemented in a two-stream flow reactor
shown on Figure 1. Neat CEES (23.36 mL, 0.2 mol), was pumped at a flow rate of 0.5 mLmin_1
and met in a T-shaped mixer a solution of UHP (1.3 equiv), MSA (2.6 equiv) in MeOH (30 equiv)
pumped at a flow rate of 5 mLmin_1. The resulting stream entered in a PFA tubing reactor
(ID=1.6 mm, L=10.7 m, V=21.5 mL) with a residence time of tg=3.9 minutes. The reactor outlet
was then collected into a bottle containing 40 mL of 10% (w/w) aqueous NaHSO3. Therefore,
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a simple extraction afforded the corresponding sulfoxide CEESO in >99% yield. Similar results

(conditions and yield) were obtained with CEPS.[37, 38]

UHP, MSA
in MeOH

-'

S .
RN
R = Ph (CEPS), Et (CEES)
Legend :

mmm CWA Simulant

Oxidative Selution

| Methanol
* T-shaped
Micromixer

Collect Bottle Collect Bottle

Position 1 Position 2

Figure 1. Continuous flow set-up for the oxidation of half-mustards CEPS and CEES with UHP/MSA in
methanol. See supporting information for details.

These developments can be supported by the implementation of in-line analytical methods
capable of monitoring the reaction on the fly. This enables the real-time characterization of
reaction products, kinetic studies and the optimization of the reaction conditions. Obviously,
high-field NMR spectrometers are not portable, but recent years have witnessed the use of
compact NMR spectrometers for these purposes, either under a by-pass configuration [39—
42] or within a flow chemistry platform.[43]We incorporated such a low-field NMR system
within our continuous flow system in order to evaluate the residence time tR at which the
maximal conversion of CEES into the sulfoxyde CEESO is achieved (Figure 2). However,
performing the reaction with short tg (less than 1 minute) in our setup involved high flow rates,
which significantly impact the sensitivity and the resolution of the NMR experiments. A first
feature—commonly called “inflow effect”—is the continuous replenishment of the excited

spins by unexcited ones. The latter must spend a sufficient time within the pre-polarization
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volume to reach their full thermal polarization. When the flow rate is too high, the saturated
spins are refreshed by non-polarized ones leading to a loss of sensitivity.[44—-46] Another
feature involved by flow NMR— known as “outflow effect”—makes the use of high-flow
regimes even more problematic. When the receiver is open during the detection of a flowing
sample, some polarized and excited spins leave out the sensitive volume before the end of
the acquisition.[44, 46] This phenomenon leads to a reduction of the effective transverse
relaxation time and involves a significant line-broadening. Here, these limitations were
circumvented by finely tuning the flow system, consisting in reducing the reactor volume and
previously dissolving the neat CEES in methanol (further details are available in the Supporting
Information). Thanks to this optimization, it was possible to assess the conversion rate on a
range of tg from 16.2 to 100.8 s without exceeding a flow rate of 3 mL.min’, which is an
acceptable flow regime in our NMR flow system regarding the aforementioned limitations.
The benchtop NMR spectrometer employed in this study (Spinsolve from Magritek) works at
43.62 MHz, relies on a permanent magnet and works without deuterated solvents.[47] This

reduces the cost of the monitoring and avoids undesired isotopic effects.

UHP/MSA

(MeOH)

Figure 2. Continuous flow system including a benchtop NMR spectrometer directly connected to the
outlet of the reactor
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The downside of using non-deuterated methanol is the overlap between the huge solvent
signal and the resonances of interest. This drawback became even more critical at high flow
rates (e.g. 3 mL.min!) due to the inherent line broadening occurring with flowing samples.[44,
45] To outmatch this limitation, we implemented a tailored NMR pulse sequence capable of
suppressing multiple solvent resonances at low magnetic field under flow conditions. The
experiment combined a continuous presaturation with a WET-180-NOESY Scheme that we
recently described (see the Supporting Information for pulse sequence and parameters).[46]
The WET-180 block,[48] added during the preparation step, combines a train of selective
shaped pulses applied together with gradient spoilers to selectively disperse the longitudinal
component of the solvent magnetization. The Scheme includes a hard 180° pulse directly after
the last selective pulse with a modification of the flip angle providing a narrower residual
solvent signal with a cleaner phase. This block was followed by a NOESY excitation with a two-
step phase cycling leading to a reduction of the faraway solvent effect and a flatter baseline
close to the residual solvent signal.[49] As a result of the efficient solvent signal suppression,
the CEESO peak at 3.8 ppm could be detected and monitored through the flow reaction. The
experiments were carried out at decreasing flow rates, that is, at increasing residence times.
The overlapping triplets at 1.25 ppm—arising from the overlaps between the methyl groups
of CEES and CEESO—progressively turned into a simple triplet matching with the
disappearance of CEES (Figure 3). The conversion rate as a function of tg was monitored by
computing the ratio between the peak area of the signals at 3.8 and 1.25 ppm for each kinetic
point. Figure 3 displays the percentage of sulfoxide computed for six different residence times:

full conversion is reached within 67 s, stressing the efficiency of the neutralization method.
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Figure 3. Neutralization of CEES monitored by an in-line NMR system. (Top and middle) two NMR
spectra recorded at different t*. Note that the peak with a * corresponds to a 13C satellite line from the
residual solvent signal at 3.3 ppm. (Bottom) Percentage of CEESO as a function of the residence time.

In conclusion, we have implemented a simple and mobile device allowing fast neutralization
of mustard gas simulants. The neutralization occurs through complete and fully selective
sulfoxidation (>99%) in a millitube reactor using a handy oxidizing system (an alcoholic
mixture of highly stable urea-H.0.adduct and methane sulfonic acid) that can be readily
prepared on demand for on site operation. Intensification at multi-gram scale has been
performed and showed full reproducibility: 25 g of neat half-mustard CEES have been
neutralized within 46 minutes, and kilogram scale could be reached by using adequate pumps
without any further changes. When optimized, an in-line real-time monitoring of the reaction
efficiency is possible thanks to tailored spectroscopic methods on a benchtop NMR

spectrometer. In practice, our mobile device could be embarked in a vehicle for field
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intervention: the toxic agent would be directly pumped from the suspicious gear into the

millireactor and neutralized on site.[50]
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General information. CWA simulants (CEES and CEPS), urea-H,0; adduct (UHP) and methane
sulfonic acid (MSA) were purchased from Sigma Aldrich and used as provided; solvents were
purchased from VWR (except HFIP, which was purchased from Fluorochem) and used without
further purification. When required, purifications by column chromatography were
performed on silica gel 40—63 um (Macherey — Nagel) with cyclohexane/ethyl acetate as
eluent and monitored by UV light (CEPS derivatives) or GC/MS (CEES derivatives).

All fluidic tubing, connections, adapters were manufactured by IDEX Health and Science,
valves were manufactured by Rheodyne. Syringe pumps were manufactured by Harvard
apparatus (Pump 11 Elite) and used for small to medium scale experiments (<10mL) with
Hamilton glass syringes. A peristaltic pump was used for the inline NMR experiments instead
of a piston pump to supress CWA priming.

High field 'H NMR studies were realised on a 300 MHz Bruker Spectrospin spectrometer.
Chemical shifts (6) are given in regard to TMS using solvent as internal reference, J coupling
constants are given in Hertz. Low resolution mass spectra and gas chromatograms were
acquired on a Shimadzu QP2010 hybrid ionisation apparatus (HP5-MS stationary phase,
[I=30m, d=0.25mm, film thickness=0.25um). Infrared spectra were recorded on a Perkin Elmer
ATR universal sampler 100 spectrum. Melting points were observed on a Stuart SMP10
capillary bench. Elemental analyses were run on a Thermo Flash 2000.

All reactions were conducted at room temperature (23 °C) except if noted otherwise, with no
particular precautions with regard to residual moisture and air. However due to the acute
toxicity of CWA simulants, reactions were carried out under closed atmosphere in a very well
ventilated fume hood. All glassware and materials in contact of simulants were immersed in a
bleach bath under the fume hood for one day before further washing and/or disposal.

Procedure for the synthesis of bisCEES

CEES (214 mg, 1.7 mmol) was dissolved in HFIP (2 mL), stirred for 5 min and the reaction
mixture was directly analyzed.

o
HC'
®

1H NMR (300 MHz, HFIP): & = 3.99 (dd, J=4.7, 2.1, 2H), 3.85 — 3.52 (m, 4H), 3.45 (q, J=7.4, 2H),
3.07 (m, 2H), 2.69 (q, J=7.4, 2H), 1.59 (t, J=7.4, 3H), 1.34 (t, J=7.4, 3H).2

13C NMR (75 MHz, HFIP): 8 = 43.9 (CH3), 42.4 (CH2), 36.8 (CH2), 36.4 (CH>), 26.1 (CH>), 25.8
(CHy), 12.7 (CH3), 7.5 (CH3).2

HRMS: Calcd m/z : ([M-CI]* 3°Cl) 213.0538 ([M-CI]*37Cl) 215.0509; Found: 213.0540 (+0.9 ppm)
215.0509 (0 ppm) by Direct Introduction ESI.

2 Performed with a coaxial insert filled with Cg¢Ds.
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General procedure for the synthesis of samples of sulfones CEPSO; and CEESO:

KMnOas (9.4 mmol, 1.5 g) is dissolved in a water/acetonitrile mixture (1:3 v/v ratio, 20 mL) in a
50-mL round bottomed flask. The CWA simulant (0.5 mmol) is then added. The medium is then
cooled to 0 °C by an ice bath, and concentrated sulfuric acid (1.1 mL, 20 mmol) is added
dropwise (Caution is advised when adding the acid to keep the medium cold during addition,
to avoid explosive manganese heptoxyde formation). After 17 h, the reaction is quenched with
an aqueous solution of sodium bisulfite (40% w/w) until full discoloration. The resulting
mixture is extracted with DCM and concentrated to afford an NMR pure product.
CEESO:: Starting from CEES (63 mg), CEESO, was obtained directly as a pale yellow liquid (64
mg, 80% yield).

O, Je)
S~
14 NMR (300 MHz, CDCls) § =3.91 (t, J=6.8, 2H), 3.40 (t, J=6.8, 2H), 3.12 (q, J=7.5, 2H), 1.43 (t,
J=7.5, 3H).
13C NMR (75 MHz, CDCl3) § = 54.3 (CH3), 49.1 (CH2), 36.0 (CH2), 6.7 (CH3).
IR v@(cm™) = 1296 (SO2), 1117 (SO,), 878 (C - Cl).
HRMS calcd m/z: 156.00118 ([M]* for 3>Cl) and 157.99823 ([M]* for 3’Cl); Found: 156.00153
and 157.99863 by GC/HRMS (Electron ionization)

CEPSO;: Starting from CEPS (62 mg), CEPSO; was obtained after column chromatography
(cyclohexane/AcOEt, 70:30) as white crystals (77 mg, 75% yield); mp: 46 °C.
0 0

Ph- S~

14 NMR (300 MHz, CDCl3): & = 7.97 — 7.89 (m, 2H), 7.69 (m, 1H), 7.61 (m, 2H), 3.80 —3.71 (m,
2H), 3.57 — 3.50 (m, 2H).

13C NMR (75 MHz, CDCls): & = 138.8 (C), 134.5 (CH), 129.7 (CH, 2C), 128.3 (CH, 2C), 58.2 (CH2),
35.7 (CHa).

IR vE(cm?) = 1294 (SO;), 1151 (SO2), 753 (C-H Ar), 685 (C-Cl),

El Anal: Calculated for CgHsCISO3: C, 46.95; H, 4.43; S, 15.67. Found: C, 46.70; H, 4.50; S, 15.87.

General procedure for the oxidative neutralization of CWA simulants under flow
conditions

UHP (0.53 mol, 50 g) is diluted in methanol (500 mL) in the presence of MSA (1.05 mol, 100g)
in a 1L bottle equipped with a pressure regulating cap. The bottle is hand-shaked and cooled
down for 5 minutes under open atmosphere (later referenced as “the oxidative solution”) and
is pumped at a 5mL/min flow rate. The neat CWA (0.5 mL/min) is pumped directly from the
commercial bottle through a rubber septum equipped with a needle for pressure
equilibration. The fluidic device is composed of 2 Idex Laboratories 5969 Optos 1SIP piston

284



pumps (P1 and P2); a 2 position, 6 way valve standing between the bottle and P2; a mixing
subsection; a main reactor subsection and finally a collection bottle filled with 40 mL of 10%
(w/w) agueous NaHSOs for peroxide quenching purpose.

- The mixing subsection (in black) is composed of an inox T-shaped micromixer, 1/16 in
(1.56 mm) 0.D., 0.02 in (0.058 mm) I.D., equipped with three 12 cm inox tubings (1/16
in 0.D., 0.02 in I.D.) and a female adapter on each side. Total swept volume for mixer
and adapter V = 97.24 uL. The two opposite sides of the mixer are connected to the
pumps by two 1/16 in O0.D., 0.02in I.D. PEEK tubings (each around 50 cm long), while
the last is connected to the main reactor.

- The main reactor is made of a 10.7 m long PFA tubing 1/8in (3.13 mm) 0.D., 1/16 in
(1.56 mm) 1.D., for a swept volume of V = 20.6 mL, for a total volume of 20.7 mL if
accounting for the mixing subsection.

P1is primed and is pumping through the cap and a filter directly into the oxidant bottle. The
6 way valve is put in position 1 to prime methanol (blue) into the line and P2 via syringe. On
the same position, the CWA line (red) is primed via way 4 up to the valve level. The reactor is
then flushed with methanol and the oxidative solution by action of the two pumps with valve
on position 1.

After 5 minutes of reactor flushing, the valve is put in position 2, and now pumps the CWA
simulant into the reactor. The pumping proceeds until the CWA bottle is empty, and until the
line no longer contains any liquid. The valve is switched back to position 1 as soon as this
happens and the pumping carries on for another 10 minutes, in order to recover the material
still in reactor. The resulting solution is collected in a 2.5 L glass bottle, and after completion
of the reaction, is extracted dichloromethane (3x0.5 L) and concentrated in vacuo to afford
the corresponding sulfoxide.

Legend :
mmmm CWA Simulant
Oxidative Solution
Methanol

[ I

| * T-shaped

| Micromixer
I Collect Bottle Collect Bottle

| Pump 2

6
P
3

. i O
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CEESO: Starting from CEES (25 g, 23.36 mL, 0.2 mol), CEESO was obtained as a slightly reddish
oil (27.5 g, 98%).

'H NMR (300 MHz, CDCl3) & = 4.11 — 3.79 (m, 2H), 3.20 — 2.95 (m, 2H), 2.95 — 2.63 (m, 2H),
1.54 -1.14 (m, 3H).

13C NMR (75 MHz, CDCl3) & = 54.2 (CH2), 46.1 (CH>), 37.0 (CH3), 6.8 (CH3).

HRMS calcd m/z: 141.01409 ([M+H]* with 3°Cl) and 143.0111 ([M+H]* with 3/Cl). Found :
141.01355 (-3.80ppm), 143.01036 (-5.45ppm) by GC/HRMS (tBuH Chemical lonisation)

IR vB(cm™1) = 1047 (SO), 863 (C-Cl).

CEPSO: Starting from CEPS (29.35 g, 25 mL, 0.17 mol), CEPSO was obtained as a white powder
(31.1g, 97%); mp: 33 °C.

Q
PhS"cl

1H NMR (300 MHz, CDCl3) & = 7.72 — 7.66 (m, 2H), 7.65 — 7.54 (m, 3H), 4.02 (m, 1H), 3.70 (m,
1H), 3.21 (m, 2H).

13¢ NMR (75 MHz, CDCls) & = 142.9 (C), 131.5 (CH), 129.6 (CH, 2C), 124.0 (CH, 2C), 59.4 (CH.),
36.8 (CH2).

El Anal Calculated for CsHoCISO: C, 50.93; H, 4.81; S, 16.99. Found: C, 50.64; H, 4.80; S, 16.50.
IR vB(cm™t) = 1040 (SO), 690 (C-Cl), 744 (C-H Ar).
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The WET-180-NOESY pulse sequence

v bix b,

y
X I
y Yy II Enix
1H saturation J_L‘

G

This pulse sequence combines a pre-saturation block (at 5.37 ppm) added prior to a WET-180-
NOESY scheme. Narrow and large rectangles represent 90° and 180° hard pulses. The first four
pulses match with the train of selective Gaussian pulses involved in the WET-180 block, with
a yB1 power of 1086, 1047, 832 and 412 Hz, respectively. These pulses impact selectively the
signal of the methanol at 3.3 ppm. The grey symbols represent the spoiler gradients, which
were applied for 2 ms with the following power: 85.0, 42.5, 21.3 and 10.6% of the maximum
strength. The mixing time tmix of the 1D-NOESY block was fixed to 6 ms. The phase cycles are:

¢1 =x,—x and ¢, = x, —x.
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Examples of low-field NMR spectra recorded under flow conditions

| |
exchangeables ‘ MeOH | MSA

protons \

} | j CEES
' \ * H * !
CEESO

/ mL | |\\__,,'||M\

i e et et

75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 00

|
exchangeables MeOH MSA
protons \ CEES
+
. | % CEESO
| l
| h
|‘|| | | | |‘“'m
e ] )
| |

.................................

75 70 &85 a0 55 50 45 40 35 30 25 20 15 10 05 0.0

Low-field NMR spectra recorded on the reactive mixture with a flow rate at 3 mL.min. On
the top, conventional 1D spectrum. The asterisks * match with the 3C satellites lines arising
from the methanol resonance and MSA refers to methane sulfonic acid. The signals of interest
are severely overlapped by the huge methanol signal at 3.3 ppm. On the bottom, low-field
spectrum on the same mixture obtained with the WET-180-NOESY experiment. Thanks to this
pulse sequence, the CEESO peak at 3.8 ppm can be efficiently detected through the flow
reaction.
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Experimental procedure for in-line NMR monitoring of oxidative neutralization of CEES

under flow conditions

The procedure was performed according to the “General procedure for the oxidative

neutralization of CWA simulants under flow conditions” except that CEES was dissolved in

methanol (0.85 M). Total flow rate was increased from 0.5 to 3.0 mL min~! according to the

following Table :

Flow rate ® (mL min™?) tR (min) tR (s)
Ocers Doxidant Orotal
0.04 0.46 0.5 1.68 100.8
0.06 0.69 0.75 1.12 67.2
0.08 0.92 1.0 0.84 50.4
0.12 1.38 1.5 0.56 33.6
0.17 1.83 2.0 0.42 25.2
0.25 2.75 3.0 0.28 16.8
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1.3.3.Summary and Perspectives

This application highlights one more time the ability of benchtop NMR to monitor a chemical
process in flow chemistry. The use of WET-180-NOESY enabled the quantification of the
multiplet of interest at 3.8 ppm, which was obscured in standard 'H spectra by the methyl

group of the non-deuterated solvent.

Another manner to cope with the peak-overlap between this signal of interest and the solvent
would be deconvolution. It should be noted that this method can be hindered by the inherent
line-broadening associated with the increase of the flow rate leading to severe overlaps. This
situation is well illustrated by low field spectra in the supplementary information document
where the spectra were recorded with a flow rate of 3 mL.mint. Moreover, in this kinetic
study, the different residence times were obtained by changing the flow regime. In turn, for
each kinetic point, the line widths become different making the line-fitting methods even
more tedious. In such flow kinetic study, applying a solvent suppression method to overcome

the overlap with a solvent line seems to be a more practical and versatile approach.
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2. Rapid screening and authentication

2.1.Context

In the research article in section D.1.2 a first investigation was conducted to evaluate the
potential of UF COSY at 43 MHz to quickly screen samples of edible oils. It turned out that the
UF spectra exhibited well-resolved correlation peaks matching with the unsaturated and
polyunsaturated fatty chains of triglycerides. By computing several ratios between 2D-peaks
volumes, edible oils from different botanical origins were distinguished. To pursue this
endeavor, we felt it relevant to combine such UF COSY spectra with multivariate statistical
tools. In addition, the following research article describes the potential of these fast 2D
acquisitions in order to detect adulteration of olive oil samples with hazelnut oil, a long

standing concern in food authentication.
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2.2.High-throughput authentication of edible oils

High-throughput authentication of edible
oils with benchtop ultrafast 2D NMR

Boris. Gouilleux, Jérémy Marchand, Benoit Charrier,

Gérald Stanislas Remaud and Patrick Giraudeau

(Original research article accepted to Food. Chem.)

Abstract

We report the use of an ultrafast 2D NMR approach applied on a benchtop NMR system
(43MHz) for the authentication of edible oils. Our results demonstrate that a profiling strategy
based on fast 2D NMR spectra recorded in 2.4 min is more efficient than the standard 1D
experiments to classify oils from different botanical origins, since 1D spectra on the same
samples suffer from strong peak overlaps. Six edibles oils with different botanical origins
(olive, hazelnut, sesame, rapeseed, corn and sunflower) have been clearly discriminated by
PCA analysis. Furthermore, we show how this approach combined with a PLS model can detect
adulteration processes such as the addition of hazelnut oil into olive oil, a common fraud in
food industry.
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1. Introduction

Edible vegetable oils are widely used in cooking at home and in the food industry and
represent an important part in our daily diet. They provide nutritional components such as
fatty acids, but also phytosterols, tocopherols, phenolic compounds, vitamins, and volatile
organic compounds (Zhang, Li, Sun, Wang, Xu, Wang, et al., 2014). The detection of
adulteration of high priced oils with cheaper substitutes is a longstanding concern, both for
economic and safety reasons (Moore, Spink, & Lipp, 2012). The main compounds in vegetable
oils are triglycerides (~ 95 %), composed of fatty acids, whose fatty chains can be saturated
or poly-mono unsaturated depending on the botanical origin. In turn, characterizing this fatty
acid profile is a relevant approach to screen and classify the different varieties of edible oils
(Jabeur, Zribi, Makni, Rebai, Abdelhedi, & Bouaziz, 2014, Lee, Su, Lee, & Lin, 2013; Zhang, et
al., 2014). Over the past years, a large panel of analytical techniques have been engaged for
this purpose such as gas chromatography (GC) (Aparicio & Aparicio-Ruiz, 2000; Bosque-
Sendra, Cuadros-Rodriguez, Ruiz-Samblds, & de la Mata, 2012), mass spectrometry (MS)
(Vaclavik, Cajka, Hrbek, & Hajslova, 2009), vibrational spectroscopies (Nunes, 2014) and
fluorescence spectroscopy (Ge, Chen, Liu, & Zhao, 2014; Poulli, Mousdis, & Georgiou, 2007;
Tan, Li, Jiang, Tang, Wang, Shi, et al., 2017). Moreover, high-field NMR (HF-NMR) has proven
to be an efficient tool to determine the fatty acid profile in a simple and quick manner without
the need of complex sample preparations (Castejon, Fricke, Cambero, & Herrera, 2016;
Castejon, Mateos-Aparicio, Molero, Cambero, & Herrera, 2014; Knothe & Kenar, 2004).
Hitherto, several methodologies — in a one or multidimensional fashion — relying on different
nucleus (*H, 13C, 3'P) have been widely investigated and reviewed (Dais & Hatzakis, 2013;
Sacchi, Addeo, & Paolillo, 1997). Despite its high performance, HF-NMR is not generally
regarded as a candidate technique for routine applications compared to the aforementioned
ones due to practical and economic reasons. By contrast, low-field NMR spectroscopy (LF-
NMR) — relying on benchtop spectrometers based on permanent magnets — is relatively
inexpensive and does not require cryogenic fluids. This emerges as a relevant alternative as a
low-cost and accessible screening tool. Obviously, low-field instruments provide NMR spectra
with a reduced performance in terms of sensitivity and spectral resolution. LF NMR spectra of
edible oils suffer from numerous peak overlaps making the accurate characterization of the

fatty acids profile far more difficult. Therefore, a screening approach considering the most
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abundant fatty acids to characterize the overall lipid fingerprint is preferred. Such a profiling
approach — nowadays popular in food authentication (Cubero-Leon, Pefialver, & Maquet,
2014; Trimigno, Marincola, Dellarosa, Picone, & Laghi, 2015) — combined with chemometric
tools was recently investigated, highlighting the potential of LF-NMR spectroscopy in the
detection of vegetable oil adulteration (Parker, Limer, Watson, Defernez, Williamson, &
Kemsley, 2014). Yet, the high degree of spectral overlap can confuse the subsequent statistical
analysis and limit the discrimination power. An appealing solution to overcome this limit is the
use of two-dimensional NMR (2D-NMR) experiments, which spread the signal over a 2D plane.
The price to pay for this resolution enhancement is a long experiment duration - from tens of
minutes to several hours - required to record a whole 2D interferogram. This drawback
hampers the use of 2D methods in the context of high-throughput analysis in food screening
applications. At high field, the last two decades have witnessed strong efforts to speed up 2D
NMR experiments via different strategies (Rouger, Gouilleux, & Giraudeau, 2016). Among
them, Ultrafast 2D NMR (UF 2D NMR) is a generic approach, which enables the acquisition of
a whole 2D spectrum within a single scan, i.e., in a fraction of second (Frydman, Scherf, &
Lupulescu, 2002). This dramatic reduction of the experiment duration relies on a one-step
spatial encoding performed instead of the time consuming repetition of the ti-evolution delay.
In spite of a low intrinsic sensitivity, this UF method has undergone significant improvements
and is nowadays a well-recognized analytical tool (Giraudeau & Frydman, 2014; Le Guennec,
Giraudeau, & Caldarelli, 2014; Le Guennec, Tea, Antheaume, Martineau, Charrier, Pathan, et
al., 2012), which has been recently implemented on a benchtop NMR system (Gouilleux,
Charrier, Danieli, Dumez, Akoka, Felpin, et al., 2015). While sub-second experiments are barely
sensitive enough for low-field applications, we demonstrated that sub-molar limits of
detection could be reached within a few tens of seconds, which makes this approach
compatible with the analysis of concentrated food products such as edible oils (Gouilleux,
Charrier, Akoka, Felpin, Rodriguez-Zubiri, & Giraudeau, 2016). In this article, we evaluate the
potential of this UF 2D NMR approach on a low field NMR spectrometer (43 MHz) for the rapid
screening of several vegetable oils: olive (EVO), hazelnut (HNO), sesame (SSO), rapeseed (RO),
corn (CO) and sunflower (SO) oils. The benefit in terms of discrimination power of this fast 2D
approach is discussed in comparison with results obtained via conventional 'H NMR
experiments. Furthermore, an application to the detection of adulteration of EVO with HNO

is presented.
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2. Material and Methods

2.1. Edible oil samples and storage

Twenty three vegetable oils of different brands were purchased from local groceries in Nantes,
France. These edible oils included: eight different extra virgin olive oils (EVO), four hazelnut
oils (HNQ), three sunflower oils (SO), two corn oils (CO), three sesame oils (SSO) and three
rapeseed oils (RO). Further details regarding the typical composition of these oil samples are
mentioned in supplementary table S1. These different varieties of edible oils are characterized
by a significant difference of fatty acid composition. Olive and hazelnut oils are rich in
saturated and especially in mono-unsaturated fatty chains (e.g. oleic acid) in contrast to
sunflower and corn oils, which mainly contain poly-unsaturated chains (e.g. linoleic acid) while
sesame and rapeseed provide an intermediate fatty acid composition. These characteristics
are well described in the literature (Kamal-Eldin & Andersson, 1997; Kostik, Memeti, & Bauer,

2013; Ramos, Fernandez, Casas, Rodriguez, & Pérez, 2009).
2.2. Sample preparation

All the samples were stored in the dark at room temperature before analysis. Roughly 350 mg
of vegetable oil was dissolved in 400 uL of non-deuterated chloroform (HPLC grade) ina 5 mL
flask. After stirring, the sample was transferred into a 5 mm-diameter NMR tube and directly
analyzed. The addition of chloroform serves two purposes: first, it reduces the viscosity of the
oil samples thus increasing the transverse relaxation rate of the motionless glyceric protons,
leading to sharper peaks, next, it provides a reference ppm value, allowing a chemical-shift
scale to be properly attached to each spectrum. The choice of the concentration is an optimum

between sensitivity and viscosity.
2.3. Benchtop NMR spectrometer

The experiments performed at low field were recorded on a Spinsolve from Magritek working
at a frequency of 43.62 MHz via a permanent magnet based on a Hallbach design (Ernesto
Danieli, Perlo, Bliimich, & Casanova, 2010; E. Danieli, Perlo, Bliimich, & Casanova, 2013). This

equipment includes a gradient coil along the B0-axis (i.e. along the transverse plane of the
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NMR tube) which can generate a maximum field gradient of 0.16 T.m™! and is operated with
the Prospa Software. The spectrometer allows to work without deuterated solvents thanks to

a built-in external fluorine lock system.
2.4.1D NMR experiments

The 1D spectra were recorded in 16 scans for a total experiment duration of 2.4 min. The flip
angle of 90° was achieved by a pulse length of 6.9 us at 0 dB. The FIDs were recorded with 8
K points and a dwell-time of 200 ps, leading to a detection time of 1.64 s. The 1D data were
processed in Mnova (Mestrelab Research) with the following features. The number of points
was increased to 16 K by zero-filling to improve the digital resolution. All spectra experienced
an automatic phase correction (some data required manual adjustments) and an automatic
base-line correction via the Wittaker-smoother algorithm available in Mnova was applied. The
signal of the chloroform at 7.26 ppm was used for ppm-scaling and the spectra were
normalized by the total area (after excluding the solvent region) to cope with the unavoidable
evaporation of the solvent. The resulting *H spectra are rearranged as a stacked plot and are

realigned automatically.
2.5. Ultrafast 2D NMR experiments

The UF experiments were recorded in 2.4 min — 72 scans with a repetition time of 2 s — with
the homemade pulse sequence described in supplementary information (figure S1). In spite
of the capability of yielding a 2D UF spectrum in a single scan, signal accumulation was
required to reach a sufficient sensitivity to ensure a reasonable repeatability of the
experiment. Two 25 ms chirp pulses (i.e., a spatial encoding time TE of 50 ms) swept over a
3.5 kHz range were considered for the spatial encoding. This value of TE provides a good
compromise between resolution, spectral width and J-modulated sensitivity losses (Gouilleux,
Rouger, Charrier, Kuprov, Akoka, Dumez, et al., 2015). The amplitude of the encoding
gradients Ge was adapted to obtain a frequency dispersion equivalent to the frequency sweep
of the pulses, corresponding to 11.6% of the maximum gradient strength available. During the
acquisition, 128 pairs of bipolar gradient pulses Ga were applied (85% of maximum strength,
1280.4 us each). The desired coherence selection was obtained as described in figure S1. All

the data recorded in an ultrafast fashion were processed thanks to a home-written routine
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implemented in Prospa software, which is explained in details in supplementary information.
The Prospa scripts necessary to perform UF COSY experiments and process the subsequent
data are also available as supplementary materials. The 2D spectrum was finally plotted in

magnitude mode so that no phase corrections were needed.
2.6. Chemometric analysis

The multivariate analyses were performed using the software SIMCA-P +12. (Umetrics Inc,
Kinnelon NJ). The classification of the six varieties of vegetables was achieved by PCA analysis.
For the 2D approach, twenty three experiments and thirteen 2D-peaks were considered.
Thereby, the observations and the normalized 2D-peak volumes were rearranged into a 23 X
13 matrix. The matrix content was preprocessed through generalized log transformation and
Pareto scaling before calculation. This log transformation reduces the impact of the high
dynamic range between the very high diagonal peak 1 and the other ones. In practice, an
optimized separation of the groups was obtained by suppressing the contribution of two
variables (peak 9 and 13) resulting on a final 23 X 11 matrix. Indeed, peaks 9 and 13 arise
mainly from the correlation between acyl protons E and those from aliphatic chains C (see
figure 1 for proton labels). These scalar correlations are shared with all the fatty chains so that
they do not provide valuable insights for the discrimination. Concerning the study based on
1D experiments, two different approaches have been here evaluated. The first one relies on
six integration regions: [4.72, 6.28 ppm]; [3.61, 4.62 ppm]; [2.49, 3.24 ppm]; [1.68, 2.48 ppm];
[0.98, 1.66 ppm] and [0.53, 0.98 ppm] whose values reflects the composition of the sample in
terms of SFA, UFA and PUFA. In practice, the best separation was yielded by deleting the
contribution of the last integration region at [0.53, 0.98 ppm] leading to a final 23 X 5 matrix.
The second one seeks to fully exploit the spectral information through a standard bucket
integration with a width of 0.04 ppm. The bucket integration was performed from 0.03 to
6.23 ppm (the solvent region was previously excluded). The width of the buckets was thin
enough to reflect the complexity of the signals. Afterwards, the buckets from empty regions,
i.e., [0.03;1.03 ppm];[3.23;4.33 ppm]; [4.69;5.29 ppm]; [5.93; 6.23 ppm], were excluded
leading to a 23 X 79 matrix. The same procedure as for 2D Rincluding log transformations and
Pareto scaling® was applied in both 1D approaches. The quantification of the adulteration rate

was performed thanks to a Partial Least Squares (PLS) model. The explained variances of the
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model were evaluated by R?X and R?Y while the prediction ability was measured with Q2
calculated by cross-validation. Finally, the model was further assessed by a 20-cycle

permutation test.

3. Results and discussion

3.1 1D and Ultratast 2D NMR spectra

Figure 1a shows an example of 1D NMR experiment performed on a sample of pure vegetable
oil in chloroform. Clearly, at 43 MHz, the resulting spectrum suffers from numerous overlaps
so that the assignment of the signals becomes overly complicated. Numerous fully assigned
high-field 1H NMR spectra of vegetable oils are reported in the literature (Castejon, Mateos-
Aparicio, Molero, Cambero, & Herrera, 2014; Sacchi, Addeo, & Paolillo, 1997), which facilitate
the identification of major peaks as proposed in Figure 1d. Some of them are particularly
interesting to characterize the fatty acid fingerprint. The olefinic peak | at 5.26 ppm, arising
from protons involved in a double bound, corresponds to the total number of unsaturated
bounds, regardless of whether these are provided by mono- or polyunsaturated chains. Thus,
this signal is labeled UFA (Unsaturated Fatty Acids). The two peaks H and G at 5.20 and
4.23 ppm respectively match with the -CH- and -CH»- groups of the glycerol backbones (GLY)
in the triglycerides. It should be noticed that in such 1D experiment the contribution of the
resonance H is entirely overlapped with the UFA signal. Furthermore, the signal F located at
2.70 ppm matches with the diallylic CH, protons of the polyunsaturated chains; it is labeled
PUFA (Poly Unsaturated Fatty acids). The quantification of these relevant signals: UFA, PUFA
and GLY constitutes a key factor to screen the fatty acid composition of the different vegetable
oils. However, this 1D NMR approach involves significant measurement bias due to the
inherent low spectral resolution (figure S2). The integration of the UFA signal is disturbed by
the overlaps with the peak H from the glycerol backbones and the presence of the 13C satellite
line of the solvent peak. In addition, the relevant PUFA signal is severely overlapped. 2D NMR
experiments form an attractive way to overcome this overlapping issue. The UF 2D spectrum
shown in figure 1b, recorded in 2.4 min, highlights how the UF COSY experiment circumvents

the peak-overlaps by delivering well-resolved correlation peaks. It is therefore possible to
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properly integrate, for instance, UFA, PUFA and GLY signals without measurement bias within
a reasonable experimental time (figure 1b). It is even possible to discern different edible oils
by a simple visual inspection, as the intensity of the PUFA cross peaks increases from olive or
hazelnut oil to the corn, sunflower or sesame oil (figure S3). It should be highlighted that
recording a conventional 2D spectrum in such a short time would not have been possible; in
addition the “pure shift” character of the UF experiments in the horizontal dimension provides

an additional resolution enhancement which is particularly interesting at low field.
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Figure 1: 1D 'H NMR spectra of a vegetable oil sample in chloroform recorded at 400 MHz (a) and
43 MHz (b), together with the structure and nomenclature used for the glycerol and fatty acids protons
(c). (d) Ultrafast 2D NMR spectrum recorded in 2.4 min on the same oil sample.

Beyond the resolved signals related to UFA, PUFA and GLY, a chemometric analysis of the UF
COSY spectra should consider all the peaks present on the 2D spectrum. Among the different
signals, only the 2D peaks with a minimal signal to noise ratio (SNR) of 20 are retained to
ensure a sufficient repeatability of the 2D experiments. Figure 2 shows the 13 selected peaks
together with their SNR and the associated peak volume repeatability. The repeatability is
evaluated by the relative standard deviation (RSD) obtained on a series of five experiments.

Each of these thirteen 2D-peaks are measured with a SNR over 30 and RSD below 10 %.
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Figure 2: On the left, UF 2D spectrum recorded in 2.4 min on a sunflower oil sample in non-deuterated
chloroform. The numbers on the spectrum indicate the 2D-peaks whose volumes were considered as
variables for the multivariate analysis. On the right, the table indicates the signal noise ratio (SNR), the
average 2D peak volumes as well as the relative standard deviation (RSD) in % on 2D peak volumes.
The RSD was based on a series of five successive UF 2D NMR experiments.

3.2. Classification of the vegetable oils

UF COSY experiments were performed in 2.4 min on a panel of twenty three edible oil samples
from different sources: olive, hazelnut, sunflower, corn, rapeseed and sesame. A series of
three UF COSY spectra was acquired for each sample. The average 2D-peak volume for each
of the thirteen signals was computed and finally normalized by the sum of all the peak
volumes. The twenty three experiments and the normalized volumes were rearranged into a
matrix, then submitted to PCA. The matrix content was preprocessed through generalized log
transformation and Pareto scaling. In order to assess the potential benefit of this 2D-approcah
compared to standard 'H NMR, both 1D procedures described in section 2.6 were applied on
the same sample panel. The detailed processing in terms of calibration, phase and base-line
correction is mentioned in section 2.4. A series of three 1D acquisitions was performed for
each oil sample and the mean values for each integration were further considered for the

multivariate analysis. Figure 3 displays the results provided by the PCA from the 2D and 1D
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data. From the score plot of the 2D data (figure 3a), a high level of separation is obtained. The
two principal components together explain 98.3 % of the total variance, with the first one
explaining 94.7 %. These edible oils are clearly classified into six groups, among which a first
cluster consisting of olive and hazelnut oils is far from another one including sunflower,
rapeseed, sesame and corn oils. From the 1D data, slightly different results are obtained
depending on the procedure (figure 3b versus 3c). The approach based on the five chosen
integration regions provides a PCA analysis whose two components explain 98.4 % of the
variance, from which 96.3 % is explained by the first one. With the method relying on a regular
bucketing, the two components explain 92.6 % of the variance, from which 70.2 % is explained
by the first one. Although the PCA obtained with 1D data provides this overall cluster
separation it is apparently not possible to graphically distinguish varieties with similar
composition such as corn and sunflower oils, and the distinction between olive and hazelnut
oils is also reduced. Itis also interesting to note that the procedure based on a 0.04-ppm width
bucketing does not enable the separation between sesame and rapeseed oil samples (figure
3c). In conclusion, this method does not provide a better discrimination compared to the
wider integrations. Overall, whatever the 1D procedure, the comparison of the score plots in
figure 3 highlights the higher discrimination power of the 2D NMR methodology compared to
its 1D counterpart. Furthermore, it is worth exploring the variables distribution related to this
chemometric analysis. According to the loading plot (figure S4), the variables which contribute
the most to the first component are the volumes of peaks 7, 11, 3 and 1 with loading values
of 0.52, 0.51, 0.47 and -0.15, respectively. Bearing in mind that signals 11, 7 and 3 are
associated with the presence of PUFA, these loading values are consistent with the variance
of linoleic acid concentration in the different edible oils. In addition, a discrimination based on
the concentration of saturated fatty acids (SFA) is clearly associated with the intensity

of peak 1.
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Figure 3: PCA analysis on 23 edible oils samples from different botanical origins. (a) score plot from data obtained
with UF 2D NMR experiments, (b) with standard 1D experiments and a variable bucketing approach (5 wide
integration regions), (c) with standard 1D experiments and a constant bucketing approach (0.04 ppm width).
Both 1D and 2D spectra were recorded in 2.4 min.

PC2

3.3. Adulteration of olive oil with hazelnut oil

This efficient discrimination of six varieties of edible oils highlights the potential of fast 2D
benchtop NMR as a versatile tool to cope with adulteration issues. To illustrate this capability,
we focused on the adulteration of olive oil samples with hazelnut oil. Due to their similar fatty
acid compositions, this form of adulteration is a challenging analytical issue and a long
standing concern as evidenced by the numerous related articles and reviews (Dais & Hatzakis,
2013; Parker, Limer, Watson, Defernez, Williamson, & Kemsley, 2014; Poulli, Mousdis, &
Georgiou, 2007; Vaclavik, Cajka, Hrbek, & Hajslova, 2009). To mimic this adulteration, blended

samples were obtained by spiking four different olive oil samples with three distinct hazelnut
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oils. In total, nineteen samples were prepared with different rates of adulteration from 0 % to
100 % (w/w). A two-component PLS regression was used to model the percentage (w/w) of
hazelnut oil present in each sample. Fourteen mixtures were used for calibration and five
other mixtures were used as a validation set for the PLS model. Figure. 4a shows how the PLS
calibration model correlates the observed and estimated values of HNO % from the UF 2D
NMR spectra recorded at 43 MHz. The difference between the real and the predicted rates of
adulterant is relatively small for adulteration over 20 % (w/w) and becomes more significant
for mixtures with a 10 % rate of adulteration. The regression coefficient reaches 0.9895,
highlighting a good linearity of the model, and the root mean square error (RMSE) is 3.67 %.
This two-component model is then characterized by a R?X of 0.950 and a R?Y of 0.990. The
predictive ability is indicated by a Q2 of 0.972, calculated by a cross-validation procedure. The
developed PLS model was further evaluated by a 20-cycle permutation test where both R? and
Q? were systematically calculated. For each re-ordered models, the values of R and Q2 remain
significantly lower than those provided by the original model and the R? intercept and the Q2
intercept are 0.152 and —0.236, respectively (figure S5). This provides evidence of the non-
randomness of the estimated adulterant concentration. Moreover, to assess the prediction
ability on a real case, the PLS calibration model was used to predict the levels of adulteration
on unknown blended samples obtained with olive and hazelnut oils from different sources
than the ones considered for the calibration set. Figure. 4b shows the fit between the real and
the estimated values on this validation set. This fit is characterized by a regression coefficient
of 0.9801 and a RMSEP of 6.27 %. These results highlight the reasonable capacity of this

approach to evaluate the percentage of hazelnut oil into olive samples.

319



100
80  R*=0,9895
60
40

20

Predicted values of % (w/w)

a 20 40 60 80 1co
Observed values of % (w/w)

{

z

100
80 = R?=0,9801
60
40

20

Predicted values of % (w/w)

0 20 40 60 80 100
Ohserved values of % [w/w)

Figure 4: (a) PLS calibration model for the relationship between observed and predicted percentages
(w/w) of HNO into EVO samples. (b) Correlations between observed and predicted percentages (w/w)
of HNO into EVO samples for the validation set.

4. Conclusion

Based on the results of this article, ultrafast 2D NMR - applied on a benchtop NMR device -
provides a real benefit for the authentication of edible oils with different botanical origins
compared to a 1D NMR approach. The PCA analysis highlights the clear discrimination of olive,
hazelnut, sesame, rapeseed, corn and sunflower oils. Moreover, this approach combined with
a chemometric technique as PLS enables the detection of hazelnut oil into olive oil with a
regression coefficient of 0.9801 and a reasonable RMSEP of 6.27 % w/w. As a fast approach
(2.4 min), this spatially encoded 2D experiment is thereby compatible with high-throughput
analysis, leading to a practical and rapid screening tool. Furthermore, the performance of the
method could be further improved in the future with the constant improvement of the

magnetic field strength and homogeneity of benchtop NMR spectrometers.
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Supplementary material

Table S1. Information regarding the vegetable oil samples used in this study. SFA: saturated
fatty acid, MUFA: mono-unsaturated acid, PUFA: poly-unsaturated, nd: non-documented

Distribution in grams for 100 g of edible oil

Botanical origins  refined SFA MUFA PUFA
no nd nd nd
no 18,0 71,0 11,0
no 14,0 69,0 9,0
olive no nd nd nd
no 14,0 nd nd
no 14,6 78,8 6,6
no 12,0 80,0 8,0
no 13,0 73,0 6,0
no 10,0 80,0 10,0
hazelnut nd nd nd nd
nd 8,0 80,0 12,0
nd 9,7 74,7 15,6
no nd nd nd
sunflower no 11,0 25,0 56,0
no nd nd nd
nd nd nd nd
corn yes nd nd nd
no 16,0 40,0 37,0
sesame no 15,0 41,0 44,0
no 16,0 42,0 42,0
no 8,0 61,0 31,0
rapeseed no 7,0 57,0 28,0
no 7,0 57,0 28,0
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Figure S1: Pulse sequence of the Ultrafast 2D NMR experiment. The narrow filled rectangles
correspond to the 90° hard pulses and the large filled boxes to the linearly frequency swept
pulses. The open shaped symbols represent crushing and coherence selection gradients.
TE: duration of spatial encoding; tmix: delay for tuning the J-modulation effect; Ge: amplitude
of spatial encoding gradients; Gp: amplitude of pre-acquisition gradient; Ga: amplitude of
acquisition gradients; L: number of loops for the EPSI (Echo Planar Spectroscopic Imaging)
scheme applied during the signal detection.

Principle of the home-written routine for processing Ultrafast 2D NMR data

The first step of this routine consists in splitting and rearranging the echoes detected during
the successive positive/negative acquisition gradients, leading to two mirror-image S(k, t2)
maps. A sine-bell apodization in the t2 dimension is applied, followed by a FT (in magnitude
mode) yielding two symmetric S(k, F2) maps. These maps are then added after reversing one
of them along the ultrafast dimension (i.e. along k), leading to a 2D spectrum. Finally, a
Gaussian apodization in the spatially encoded domain is applied (Giraudeau & Akoka, 2011).
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Prospa pulse program of UF constant-time phase-modulated COSY

FH R R R

# Ultrast Constant time phase-modulated COSY
#
# Written by Boris Gouilleux - CEISAM - University of Nantes

FH R A

procedure (pulse program,dir,mode)

# Interface description (name, label, x, y, ctrlType, varType)
interface = ["blFreq", "Bl Frequency (MHz)", "o","o", "tbhwv",
"repTime", "Repetition time (ms)", "o","2", "tbhwv",
"1, "Offset (Hz)", wgn, mgn, "y,
"90Amplitude", "90 amplitude (dB)", ", mon, "tb",
"pulseLength", "Pulse length (us)", i, v, "tb",
"dmix", "mixing delay (ms)", mim mom, nipn,
"gAmpExc", "Excitation gradient (%)", "2, "o", "tb",
"pulseLengthChirp", "Pulse length chirp (us)","2","1", "tb",
"ChirpAmplitude", "amplitude chirp (dB)", namw,"2n, "tb",
"ChirpBandWidth", "bandwidth chirp (kHz)", "m, "3, "tb",
"nwurst", "Wurst power (int)", nam, 4, "tb",
"o, "number of loops", n3m mgm, nipn,
"gAmpAcq", "Acquisition gradient (%)", "3, i, "tb",
"dph", "prephasing delay (us)", n3m mom, nipn,
"nprephasing", "Gprephasing (%)", "3, "3, "tb",
"nfolding", "Gfolding (3)", n3n wgm ntpn,
"gAmpAcqComp", "Acq. grad. comp", mgn wow, ntpn,
"gSlopeComp", "Slope comp", mgn wqn, nepn,
]
tabs = ["Pulse sequence","Acquisition", "Processing+Display","File Settings"]

# Relationships between pulse-sequence and GUI parameters
relationships =
["al = 90Amplitude",
"dl pulselLength",
"dz2 pulselLength*2",
"wl = dmix*1000",

"d200=5.0",
"n200 = round (pulselLengthChirp/d200)",
"(tl,t2) =

"float, [0.5,50]",
"float, [20,1e8]",
"float, [-1le6,1le6]",

"float, [-72,01",
"float, [1,500]",
"float, [0,1000]",

"float, [-30,30]",
"float, [10,500000]1",
"float, [-72,0]",

"float, [0,1000001",
"integer, [1,100]",

"integer, [1,100001",
"float, [-90,90]",
"float, [-2000,2000]",
"float, [-2000,2000]",
"float, [-2000,2000]",

"float, [0.9,1.0]",
"float, [0,0.8]"

UF _CT PM COSY:getAmpandFreqTable (blFreq,0l,ChirpAmplitude,ChirpBandWidth,n200,

nwurst)",
"nlla = 0",
"d300 = 2",
"gradRamp = 200",
"gAmpExc = gAmpExc*0.01",
"gAmpAcq = gAmpAcg*0.01",
"nprephasing = nprephasing*0.01",
"nfolding = nfolding*0.01",

"n300 = round(gradRamp/d300)",
"nl2e = round (gAmpExc*32768)",
"nl2a = round (gAmpAcg*32768)",
"nl2aMinus = -nl2a",
"nl2eMinus = -nl2e",

"nl2prephasing = round(nprephasing*32768)"
"nl2folding = round(nfolding*32768)",
"nl2c = round(0.65*32768)",

"nl2cMinus = -nl2c",
"nl2ctp = round(0.80*32768)",
"nl2ctpMinus = -nl2ctp",

326



"nl = nrPnts",

"totPnts = 2*n2*nrPnts",

"totTime = acqTime",

"d55 = acqTime*1000 + rxLat+50",

"d54 = d55/2+dph",

"t9 P
UFCosyBen:getGradAcqgTable (n2, gAmpAcq, gAmpAcgComp, gSlopeComp) "

]

# These parameters will be changed between experiments
variables = [""]

# x and y spacing between controls
dim = [155,26]

# Pulse sequence
initpp(dir) # Reset internal parameter list
#CT-spatial encoding by double spin-echo
pulse (mode,al,pl,dl)
wait (wl)
gradramp (nlla,nl2c¢,n300,d300)
delay (800) #crusher
gradramp (nl2c,nlla,n300,d300)
gradramp (nlla,nl2e,n300,d300)
chirprf (mode, tl,t2,p2,n200,d200) # combine positive gradient + 180 chirp
gradramp (nl2e,nlla,n300,d300)
delay (20)
gradramp (nlla,nl2c¢,n300,d300)
delay (1200) #crusher
gradramp (nl2c,nlla,n300,d300)
gradramp (nlla,nl2eMinus,n300,d300)
chirprf (mode,tl,t2,p2,n200,d200) # combine negative gradient + 180 chirp
gradramp (nl2eMinus,nlla,n300,d300)
gradramp (nlla,nl2c¢,n300,d300)
delay (400) #crusher
gradramp (nl2c,nlla,n300,d300)
delay (20)
#Mixing period
gradramp (nlla,nl2folding,n300,d300)
delay (d54) #folding gradient
gradramp (n12folding,nlla,n300,d300)
gradramp (nlla,nl2ctp,n300,d300)
delay (1200) #CTP gradient performed by gradient coil
gradramp (nl2ctp,nlla,n300,d300)
pulse (mode,al,p3,dl) # mixing 90
gradramp (nlla,nl2ctpMinus,n300,d300)
delay (1200) #CTP gradient performed by gradient coil
gradramp (nl2ctpMinus,nlla,n300,d300)
gradramp (nlla,nl2prephasing,n300,d300)

delay (d54) #prephasing gradient
gradramp (nl2prephasing,nlla,n300,d300)



#Acquisition performed by EPI block

setindex (t9,0)

loop (11,n2)

gradramp (nlla,nl2a,n300,d300)
acquire ("append",nl, d55)
gradramp (nl2a,nlla,n300,d300)
delay (200)
gradramp (nlla, t9,n300,d300)
acquire ("append",nl, d55)
gradramp (t9,nl1la,n300,d300)
delay (200)

incindex (t9)
endloop (11)
### WARNING: DO NOT DELETE THE FOLLOWING LINE ########

gradoff () # set to zero value the current in gradient coil.
# Include this line in all pulse sequences

1lst = endpp() # Return parameter list

# Phase cycle
phaseList = [0,1,2,3; # 90 phase
0,0,0,0; # chirp phase
0,0,0,0; # 90 phase mixing
0,1,2,3] # Acquire phase

endproc (1lst, tabs,interface, relationships,variables, dim,phaselist)
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Prospa procedure to generate WURST Chirp pulses

procedure (getAmpandFreqTable,blFreq,0l, ChirpAmplitude, ChirpBandWidth, n200, nwurst)

fOut = matrix(2*n200)
fInsingle = matrix (n200)

for k = 0 to 2*n200-1 step 2

fIn = (blFreg+0l1/1076d)+ (k-n200)/(2*n200)*ChirpBandWidth/10"3d
if k == 2*n200-2

fIn = (blFreq+01/10~6d)
endif

fInsingle[k/2] = single(fIn)

DDSFword = round((fIn * 2732d )/1000d)

fout [k] = single ( (DDSFword & OxFFFF0000)/(2”16)) # DDS freq
fOout [k+1] = single (DDSFword & O0x0000FFFF)
next k

ampOut = matrix (n200)
ampOut = ampOut + l*keaRun:convertTxGain (ChirpAmplitude)

x=[-0.5:(1/n200) : (0.5-1/n200) ]

nw=50

wurst = l-abs((sin(pi*x)) "nw)
ampOut = ampOut.*wurst
ampOut [n200-1] = 0

Prospa procedure for gradient offset compensation

procedure (getGradAcqgTable, n2, gAmpAcqg, gAmpComp, gSlopeComp)
taux = [0:1:n2-1]/(n2-1)

tsgrt = sqgrt(taux) *n2*gSlopeComp

tOut=matrix (n2)

tOut = tOut - round(gAmpComp*0.01*gAmpAcg*32768) + tsqgrt

(y,x) = max (tOut)
if (mag(y)>=32000),; message

endproc (tOut
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Prospa routine to automatically process and to display UF data

procedure (processing,guipar,plotting)
assignlist (guipar)

Ta=totTime/1000 # in s

scan=nrScans

Ga_ per=gAmpAcq facquisition gradient percentage
Tchirp=pulseLengthChirp/1000000 #in s

curplot ("1d4d",1,1)
(t,sumbData)=getplotdata ("1d")

multiplot ("1d",3,1)
curplot ("1d",1,1)
plot (sumData)

sumData=sumData*scan
pr size (sumData)

ldzfFactor=4 #factor of zero filling in the conventionnal dim (1)
2dzfFactor=2 #factor of zero filling in the uf dim (2)
SIl=n2*1ldzfFactor #number of points in the conventional dim (1)
SI2=nrPnts*2dzfFactor #number of points in the uf dim (2)

#Fourier Transform of FID in order to filter the profile

gradProfile = ft(sumData)

pr totPnts

#filterGate

filterGate = matrix (totPnts)

profileBandwidth = 22000

filterGate[ (totPnts
profileBandwidth) /2: (totPnts+profileBandwidth) /2]=1

gradProfile = gradProfile.*filterGate

#Gaussian apodization
x=[0:1:totPnts-1]
pl=totPnts/2

p2=0.00015 #tune UF apodisation
gaussianFlt=exp (- (x-pl) *2*p2"2)
gradProfile = gradProfile.*gaussianFlt

#Inversed fourrier transform with zero filling of UF dim
sumData = ift(zerofill (gradProfile,2*n2*3SI2,"sides"))

if (plotting=="yes")
curplot ("1d",2,1)
plot (filterGate)
hold ("on")

plot (gaussianFlt)
curplot ("1d",3,1)
plot (gradProfile)
endif

#Building (k,t2) maps
evenEcho = cmatrix(n2,SI2)
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oddEcho = cmatrix (n2,SI2)

for k = 0 to n2-1
for g = 0 to SI2-1
evenEkcho[k,g] = sumDatal[ (2*k) *SI2+q]
oddEcho [k, g] sumDatal[ (2*k+1) *SI2+qg]
next g
next k

# Reverse odd echos matrix
oddEcho = reflect (oddEcho, "horiz")

assign ("oddEcho", oddEcho, "global")
assign ("evenkcho", evenEcho, "global")

#Correction Ga/-Ga offset

evenProj = submatrix (cumsum (mag (evenEcho),"x"),0,0,0,3I2-1)
oddProj = submatrix (cumsum (mag (oddEcho),"x"),0,0,0,3I2-1)
(evenMax, x,evenPos) = max (evenProj)

(oddMax, x, oddPos) = max (oddPro7j)

offset = evenPos-oddPos

ref=50

ref min=ref-10
ref max=ref+10

pr "The index of maximum of even sum-projection = $evenPos$\n"
pr "The index of maximum of odd sum-projection = $oddPos$\n"
pr "Index Offset between odd/even maps = $Soffset$\n"

if (offset > ref min & offset < ref max)

delta=offset

pr "Odd versus Even shift within the standard range \nshift of
Soffset$ index \n"

else

delta=ref

pr "Odd versus Even shift out of range\nreference shift S$ref$ is
therefore used \n"

endif

# FT 2D parameters and apodization along the Fourier dimension

2dfltr = "none"
1dfltr = "sinebell"
2dft = "none"

ldft = "FTEcho"
magnitude = "yes"

fft:2d ("oddEcho", "oddFT",SI1,31I2,1dfltr,2dfltr,1dft,2dft, magnitude)
fft:2d ("evenEcho", "evenFT",SI1,3I2,1dfltr,2dfltr,1dft,2dft, magnitude)
oddFT=eval ("oddFT")

evenFT=eval ("evenFT")

spec2DAll = evenFT+shift (oddFT,0,delta)
spec2DAll trans (spec2DAll)

spec2DAll = reflect (spec2DAll, "vert")
Echo = trans (Echo)

Echo = reflect (Echo, "vert")

Ga=Ga per*0.16
SWuf=(2.67e8*Ga*Ta*0.005)/(2*3.14*4*Tchirp)
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SWuf=SWuf/ (blFreg+ (01*1le-6))

pr "SWuf=$SWufs$\n"

SWconv = (1 / (2*Ta)) / (blFreg+(0l*le-6))
pr "SWconv=$SWconv$\n"

axisl=[0, SWuf]
axis2=[0, SWconv]

if (plotting=="yes")

multiplot ("2d",1,2)

curplot ("2d",1,1)

image (spec2DAll,axisl,axisl)
contour (15, 2)

draw2d ("true")

curplot ("2d",2,1)
image (mag (Echo))

endif

endproc (Echo, spec2DAl11l, axisl, axis?2)
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Figure S2. 1D 'H NMR spectra of different types of vegetable oils recorded at 43 MHz with
parameters and processing described in section 2.4.
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Figure S3. UF COSY spectra of different varieties of vegetable oils recorded at 43 MHz
in 2.4 min. Parameters are given in section 2.5.
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Figure S.4. Loading plot of the PCA analysis carried out with the UF COSY data.
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Figure S5: Validation of the PLS model by a 20-permutation test. R? (green) and Q? (blue)
scores yielded for each permutation are displayed. R? and Q? intercepts are 0.193 and

—0.279 respectively.
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General conclusion and perspectives

The driving force of this thesis has been to improve the current analytical performance of
benchtop NMR through the implementation of gradient-based methods on a 43 MHz compact

NMR spectrometer equipped with a gradient coil.

A first methodological development has been related to UF 2D NMR, capable of delivering a
whole 2D spectra in single or at most a few scans. A theoretical study of this spatially encoded
experiment has led to J-controlled UF 2D NMR, which enables a sensitivity enhancement of
UF COSY in a variety of situations. This optimization is suitable for all UF sequence based on a
constant time spatial encoding. In this vein, a similar work has been achieved to yield a
sensitivity-optimized UF DQS that has proved to a relevant tool for quantitative 2D
applications. Furthermore, it is possible to take advantage of the J-modulation effect to
measure accurately tiny J-coupling constants. Such an approach has enabled sub-Hertz
measurements of Jii.i from lithium aggregates by recording a series of UF COSY experiments

performed with different encoding times.

Following these developments, UF 2D NMR has been then implemented at low-field.
Departing from the first ultrafast 2D spectrum obtained at 43 MHz, a significant effort has
been geared towards the improvement of the line-shape and the sensitivity. As a result,
analytical evaluations have highlighted the high performance of the method in terms of
repeatability and linearity. These analytical properties form an interesting starting point for

benchtop NMR applications.

In collaboration with organic chemists, the monitoring of a Pd-catalytic reaction has been
carried out through UF COSY experiments in different manners: either directly inside the NMR
tube or within a bypass system where UF data have been collected in a continuous flow mode.
The robustness of the hardware has made it possible to acquire series of UF experiments
without appreciable decrease of the performance. Obviously, the inherent low sensitivity of
UF NMR — arising from its single-scan nature and from the need to open the receiver together
with the application of readout gradients — requires signal averaging to reach a sufficient

signal-to-noise-ratio. To summarize the current capabilities, UF COSY spectra recorded in 2.4
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min are sufficient to probe the progress of the Pd-coupling reaction and to extract kinetic

parameters with a starting concentration of 360 mM.

Besides this promising potential in reaction monitoring, UF 2D NMR at 43 MHz has been
applied to the high-throughput authentication of food samples. 2D Spectra recorded in 2.4
min provide a real benefit for screening edible oils with different botanical origins compared
to a 1D 'H approach. Relying on a standard deviation lower than 3% for most of the 2D-peak
volumes, the UF data are well-supported by chemometric tools in order to detect adulteration

of olive oil.

Alongside with the potential of UF NMR, the presence of a robust and powerful gradient coil
has enabled the implementation of efficient and versatile solvent suppression methods such
as WET blocks or excitation sculpting. This methodological development has been consistent
with practical issues encountered in benchtop NMR such as the use of non-deuterated
solvents. The combination of a WET-180 preparation block with a 1D NOESY scheme provides
an efficient solvent suppression in static as well as in flowing conditions. . The potential of this
method has been highlighted through the in-line benchtop NMR monitoring of the
neutralization of a mustard gas within a flow device. WET-180-NOESY has enabled the
detection and the integration of a signal of interest, which is obscured in a standard 1D H
spectrum. Further methodological developments in the design of multi-bands selective
excitations would be a relevant improvement extending the use of the WET-180-NOESY

experiment for solvent exhibiting several lines.

Beyond the results described in the present manuscript, these first spatially-encoded NMR
experiments on a benchtop spectrometer could open the way to a number of developments
for a fast analysis of liquid-state samples, including other homo- or heteronuclear UF pulse
sequences. Furthermore, the opportunity to apply pulse field gradients at LF could become a
cornerstone in the implementation of valuable methods to cope with the overcrowded 1D
spectra arising from mixtures or medium-sized molecules. One could think about pure-shift
NMR [1, 2], which yields a helpful homonuclear decoupling leading to a high resolution
enhancement. Another source of further developments relies on diffusion-based methods,
which are of great assistance to discriminate different analytes within a mixture [3]. Moreover,
this diffusion-based methodology could be even dramatically speeded up thanks to a spatial
encoding, as recently suggested at high field [4].
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In view of these perspectives, implementing a gradient coil on benchtop spectrometers is
likely to become an appealing option. Present and future developments combined with the
high versatility of benchtop NMR systems should also pave the way to the study of more
advanced real-time processes. These include self-optimizing synthetic organic reactors [5] as

well as the on-line monitoring of biochemical processes [6].
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Appendix 1: Further applications in J-controlled UF 2D NMR

Further applications arising from the control of J-modulation in UF NMR have been mentioned
in section C.1.3. This work has led to two research articles presented in this appendix, in which

| have contributed as second author.

The first one entitled “Ultrafast double-quantum NMR spectroscopy with optimized sensitivity
for the analysis of mixtures” is based on a similar study of J-modulation to enhance the
sensitivity of DQS experiments performed in a ultrafast fashion. This optimized UF DQS
sequence, developed by Laetitia Rouger during her PhD thesis, enables a better peak-
separation compared to its COSY counterpart since it provides a larger spectral width along
the ultrafast dimension (double quantum evolution during the spatial encoding). Moreover,
due to the DQ coherence transfer pathway, this experiment limits significantly the signal of
uncoupled spins, which potentially leads to huge diagonal peaks in UF COSY spectra. As a
result, UF DQS is an interesting analytical tool to probe samples involving severe overlaps and
high dynamic ranges. The article presents both theoretical and numerical investigations of J-
modulation during the spatial encoding to improve the sensitivity. Afterwards, the potential
of this methodology is highlighted through the quantification of taurine in homemade and

commercial energy drinks.

The second article exploits J-modulation for the accurate measurements of ’Li-’Li small scalar
coupling constants in order to deliver structural insights of the aggregation state of n-
BuLi/MeLi complexes. Such a study is an important concern in organometallic chemistry as the
aggregation state impacts significantly the reactivity of these Li complexes. Usually obtained
through arrayed data of constant-time 2D experiments, the ’Li-’Li coupling constants are
hereby determined by a series of UF COSY experiments allowing a dramatic reduction of the
total experiment time. Besides the relevance of this application in organic chemistry, this

article shows the capability of recording UF 2D spectra with “exotic” nuclei such as ”Li.
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Ultrafast double-quantum NMR spectroscopy with
optimized sensitivity for the analysis of mixtures+

Laetitia Rouger,?® Boris Gouilleux,® Mariane Pourchet-Gellez,?
Jean-Nicolas Dumez*© and Patrick Giraudeau*®“

Ultrafast (UF) 2D NMR enables the acquisition of 2D spectra within a single-scan. This methodology has
become a powerful analytical tool, used in a large array of applications. However, UF NMR spectroscopy
still suffers from the need to compromise between sensitivity, spectral width and resolution. With the
commonly used UF-COSY pulse sequence, resolution issues are compounded by the presence of strong
auto-correlation signals, particularly in the case of samples with high dynamic ranges. The recently pro-
posed concept of UF Double Quantum Spectroscopy (DQS) allows a better peak separation as it provides
a lower spectral peak density. This paper presents the detailed investigation of this new NMR tool in an
analytical chemistry context. Theoretical calculations and numerical simulations are used to characterize
the modulation of peak intensities as a function of pulse-sequence parameters, and thus enable a signifi-
cant enhancement of the sensitivity. The analytical comparison of UF-COSY and UF-DQS shows similar
performances, however the ultrafast implementation of the DQS approach is found to have some sensi-
tivity advantages over its conventional counterpart. The analytical performance of the pulse sequence is
illustrated by the quantification of taurine in complex mixtures (homemade and commercial energy
drinks). The results demonstrate the high potential of this experiment, which forms a valuable alternative

www.rsc.org/analyst

Introduction

NMR spectroscopy is an essential analytical tool in a wide
array of applications such as structure elucidation of organic
or biological analytes, quantitative analysis or in vivo spectro-
scopy. Two-dimensional experiments"? are particularly
informative, and when associated with analytical procedures
such as calibration or standard addition they become an
efficient tool for the quantitative analysis of complex mixtures
of small molecules.*” The classic acquisition strategy of 2D
NMR spectra, however, does suffer from long experiment dur-
ations. This is due to the requirement to repeat the same sub-
experiment multiple times, with an incremented delay, to
sample the indirect time dimension (¢). This long experiment
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to UF-COSY spectra when the latter are characterized by strong overlaps and high dynamic ranges.

duration -from ten minutes to several hours- is not compatible
with high-throughput analysis, the study of unstable samples or
the coupling with on-flow techniques. Moreover, it makes con-
ventional 2D NMR spectroscopy sensitive to hardware instabil-
ities in the course of the experiment.® Such instabilities may
lead to significant additional noise-like features, the so-called
“t; noise”, which affects the precision of quantitative analysis.
This is particularly critical when the samples contain analytes
whose concentrations are spread over a large range of values, as
the signals of low-concentrated analytes can be hidden in the
noise ridges generated by the high-concentrated ones.

Several strategies have been developed to overcome this
major time limitation.® For example, the inter-scan delay can be
optimized together with the radio-frequency (RF) pulse
angles.'® Several “non-uniform sampling” (NUS) strategies have
also been proposed, which consist of collecting only a randomly
selected subset of ¢; increments and use non-Fourier signal pro-
cessing methods."'™* Other developments are based on alterna-
tives to time encoding, such as Hadamard spectroscopy.'*"*

A decade ago, a generic multidimensional approach was
designed by Frydman and co-workers, which makes it possible
to acquire 2D NMR spectra within a single scan.’®"” In this so-
called “ultrafast” (UF) method, the incremented evolution
period (t;) is replaced by a spatial encoding scheme, based on
a combination of bipolar gradients and linearly frequency-

This journal is © The Royal Society of Chemistry 2016
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swept pulses,'® and the acquisition is carried out with an MRI-
inspired strategy.’®? The sensitivity and resolution of UF
NMR have been significantly improved during the last decade
thanks to several methodological developments, and UF NMR
spectroscopy is nowadays applied in a variety of fields such as
real-time monitoring, metabolomics, or coupled techniques
like chromatography or dissolution dynamic nuclear polari-
zation (DNP).>’ UF NMR has been applied recently to the
quantitative analysis of complex mixtures, showing a precision
and an accuracy of a few percent.>

In spite of its high potential, ultrafast 2D NMR still suffers
from the need to compromise between sensitivity, spectral
widths and resolution.”®>* However, when the targeted appli-
cations are compatible with experiment durations of a few
seconds to a few minutes, spatial-encoding-based techniques
still form a valuable alternative to conventional 2D NMR. Such
“hybrid” approaches remain faster than conventional experi-
ments and address the main limitations of the UF approach.
For example, the sensitivity limit of UF experiments can be
pushed forward by the use of signal averaging. For a similar
experiment duration, this approach is more repeatable than
conventional 2D NMR.>* In a complementary approach, the
spectral widths —for a given resolution- can be increased by
the use of “interleaving”.'”**

The question of resolution is particularly acute in UF-COSY
-one of the most widely used UF experiments. Indeed, the
presence of intense auto-correlation (“diagonal”) peaks can
impede the analysis of such spectra, particularly when signals
of interest are close to the diagonal, or for samples with large
dynamic ranges. This limitation affects the trueness and pre-
cision of quantitative analysis, as recently highlighted in the
case of plant extracts where signals from sugars are heavily
overlapped.”® The recently introduced UF-DISSECT pulse
sequence leads to the acquisition of a homonuclear correlation
2D spectra, with diagonal peak suppression.>” Multiple-
quantum spectroscopy>®*>? is another valuable method to
circumvent this overlap issue, as the lower density of peaks in
multiple-quantum spectra leads to a better peak separation
and removes the strong diagonal peaks, thus lowering the
dynamic range.>*”* Double-quantum spectroscopy (DQS) is
particularly interesting for the quantitative analysis of complex
mixtures, since it provides the same information as COSY
while considerably reducing peak overlap.”> Recently, the
possibility to record double-quantum NMR spectra in an ultra-
fast fashion has been demonstrated.® An added benefit of UF
multiple-quantum experiments is that the artifacts arising
from the interleaving procedure, which can affect the quantifi-
cation in cases where they overlap the peaks of interest, are
fewer and weaker, with no need for specific post-processing.>”
In order to turn this UF-DQS experiment into an analytical
tool, an in-depth understanding of the experiment is essential
to maximize the resulting sensitivity.

In this paper, we show how the recent concept of UF-DQS
can be turned into an accurate analytical approach for the
quantitative analysis of mixtures. First, we exploit a combined
experiment, theory and simulation approach®” to provide a full
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mechanistic description of the UF-DQS pulse sequence and
assess the parameters that govern its sensitivity. We then
compare experimentally the sensitivity of UF-DQS to that of
conventional and ultrafast methods that are currently used for
quantitative 2D NMR. Finally, we assess its quantitative per-
formance, with the quantification of taurine in a homemade
and a commercial energy drink. The UF-DQS experiment
emerges as a promising analytical tool for the quantitative ana-
lysis of complex mixtures.

Methods

Numerical simulations

! was considered and

In all simulations, a B, field of 9.40 T m™
ideal pulses were assumed. Spatial encoding was performed by
using a CT spatial encoding scheme, that is, double spin echo
with smoothed chirp encoding pulses. Those pulses were
defined with 1000 points, with a WURST envelope, sweeping a
bandwidth of 11 kHz in 15 ms. Excitation gradients of 0.013
T m™" and 0.016 T m™" were applied for the alanine sample
and the AMX spin system respectively. The CTP was completed
as shown in Fig. 1. Acquisition gradients were fixed at 0.654
T m™" for the alanine sample and 0.484 T m™~" for the AMX spin
system. 512 points separated by a dwell time of 0.55 ps were
used to compute the indirect dimension, whereas the direct
one was obtained with 128 loops in the detection block. The
sample length was fixed at 1.6 cm and the simulation was per-
formed with 500 grid points in the z direction. The simulated
2D FID was processed in the same way as the experimental
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Fig. 1 (a) UF-DQS pulse sequence (A = 1/4J,_p). (b) UF-COSY and
(c) UF-DQS spectra of a metabolite mixture recorded on a 700 MHz
spectrometer equipped with a cryoprobe. The two spectra were
recorded in four interleaved scans to increase the observable spectral
width, 28 and 46 scans for UF-COSY and UF-DQS respectively, resulting
in acquisition times of 10 min and 16 min, using a double-quantum
buildup delay A = 35.7 ms.
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data: a sinusoidal apodization was applied in the direct
dimension and a spatial Gaussian apodization was applied in
the indirect dimension.*® Zero filling was applied in both
dimensions.

Sample preparation

The experimental UF-DQS spectra of alanine (Ala, Fig. 3) were
recorded on a 100 mmol L™ alanine sample in D,O. The
metabolite mixture related to Fig. 1 was prepared with five
metabolites: Ala, threonine (Thr), lactate (Lac), histidine (His)
and choline (Cho), dissolved in a mixture of phosphate buffer
(pH 7) and D,O (2.4 mL; 37.5/62.5 v/v) leading to a concen-
tration of 50 mmol L" for each metabolite. A stock solution of
homemade energy drink (spectra shown in Fig. 4) was pre-
pared, consisting of 41.63 mg of taurine (Tau), 434.04 mg of
glucose and 644.2 mg of sucrose dissolved in 10 mL of water.
Each sample used in the standard addition procedure contains
650 pL of this stock solution, 150 pL of D,O and graded
amounts of Tau (0 mg, 3.03 mg, 6.20 mg, 9.82 mg and
12.15 mg). For the standard addition procedure performed on
commercial energy drink, each sample contained 650 pL of
this drink, 150 pL of D,O and graded amounts of Tau (0 mg,
3.31 mg, 6.31 mg, 9.49 mg and 12.05 mg).

NMR spectrometry

Experimental NMR spectra of the alanine sample, of the
homemade and of the commercial energy drinks were
recorded at 298 K on a Bruker 400 Avance I spectrometer, at a
frequency of 400.13 MHz with a 5 mm dual+ "H/**C probe
equipped with z-axis gradients. NMR spectra recorded on the
metabolite mixture were performed at 298 K on a Bruker
Avance III spectrometer equipped with a cryogenic probe
"H/"*C and z-axis gradients, at a frequency of 700.28 MHz.

UF experiments

For all UF experiments, spatial encoding was performed by
using a CT spatial encoding scheme, that is, double spin echo
with 15 ms smoothed chirp encoding pulses. The sweep range
for the encoding pulses was set to 10 kHz for the Ala sample,
7 kHz for the homemade and commercial energy drinks, and
20 kHz for the metabolic mixture. The amplitude of the encoding
gradients was adapted to obtain a frequency dispersion equi-
valent to the frequency range of the pulses: G, = 0.012 T m™;
0.009 T m™%; 0.022 T m™" respectively. Coherence-selection gra-
dients were added, flanking the reading pulse (amplitude
ratios: —1:2 for UF-DQS and —1:1 for UF-COSY). The acqui-
sition gradient parameters were set as follows: 0.646 T m™" for
the sample of Ala, 0.404 T m™" for the homemade and com-
mercial energy drinks and 0.325 T m™' for the metabolite
mixture. For all the experiments, the detecting block used 128
detection gradient pairs. The duration of acquisition gradients
was T, = 274.4 ps for the Ala sample as for homemade and
commercial energy drinks, and T, = 266.6 ps for the metabolite
mixture. For UF-DQS experiments, the double-quantum
buildup delay was set to A = 1/4:J;;y; (34.5 ms for Ala and an
average value of 35.7 ms for the metabolite mixture and both
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homemade and commercial energy drinks). UF-DQS spectra of
Ala were recorded in 1 minute with 16 scans. Both UF-COSY
and UF-DQS spectra of energy drinks were recorded in
4 minutes with 45 scans. All spectra of the metabolite mixture
were recorded in four interleaved scans to increase the obser-
vable spectral width, with 28 and 46 scans for UF-COSY and
UF-DQS respectively, resulting in acquisition times of 10 and
16 minutes equivalent to those of conventional 2D experi-
ments (see below). The specific processing of the UF spectra
was performed with Matlab by using the same method as the
one described for the simulated spectra.

Conventional experiments

Conventional experiments performed on the metabolite
mixture used a CT scheme, the time spent in the transverse
plane being set to 34.8 ms as for UF experiments. In order to
reach the desired spectral widths, COSY spectra were acquired
with 93 ¢; increments, and DQS spectra with 150 ¢; increments.
Other experimental parameters (CTP, spectral widths) are
similar to those used in ultrafast experiments. A sinusoidal
apodization was performed in both dimensions on COSY
spectra, whereas a Gaussian apodization was used in both
dimensions for DQS spectra.

Results and discussion
The UF-DQS pulse sequence

The pulse sequence for ultrafast double-quantum NMR
is shown in Fig. 1. During the preparation period,
multiple quantum coherences are generated thanks to a
spin-echo block flanked by 90° pulses. The evolution consists
of a “constant-time” (CT) phase-modulated spatial encoding,
implemented with a pair of 180° chirp pulses applied during
alternating gradients. The CT nature of this scheme is due to
the identical time spent in the DQ state by all spins regardless
of their position along the z-axis. The final “mixing” pulse con-
verts the multiple-quantum coherence back into observable
magnetization, prior to acquisition with an Echo Planar
Spectroscopic Imaging (EPSI) scheme.

Double-quantum 2D spectra display pairs of correlation
peaks for J-coupled spins. Fig. 1(b and c) shows examples of
UF-COSY and UF-DQS spectra recorded on a model metabolite
mixture. The direct dimension is displayed vertically, and the
indirect one is horizontal. In the UF-COSY spectrum, single-
quantum frequency offsets are measured in each dimension.
In contrast, in the UF-DQS spectrum, single-quantum fre-
quency offsets are measured in the direct dimension only, and
in the indirect dimension double-quantum frequency offsets
are measured, i.e. the sum of two offsets.

Analysis and optimization

The UF-DQS pulse sequence involves several parameters that
have a subtle effect on the resulting spectra and govern in part
its analytical potential. In particular, because of the “constant-
time” nature of the spatial encoding block, the duration of the
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evolution period, T has a strong impact on peak amplitudes
and in turn sensitivity, as commonly found in UF NMR.?”*°
Here we extend the framework developed for UF-COSY to
assess this influence using theory and simulation.

The case of an AMX system (ie., a system of 3 weakly
coupled spins I = 1/2), where X is coupled to spins A and M, is
of particular interest, as it is the minimal set of spins that dis-
plays a modulation of correlation-peak intensities by the
J coupling interaction during the encoding period. Analytical
expressions can be obtained, using a product-operator calcu-
lation, for the intensity of the correlation peaks in the double-
quantum spectrum of such AMX system (details of the calcu-
lation are available in ESIt). For the peak located at [€25; 2, +
L], the peak intensity can be written:

Saax o< cos (B/2)*sin f cos (mJuxT) (1)

where Jux is the coupling constant between spins M and
X. The J-dependence of DQS peaks is illustrated in Fig. 2.
Using this knowledge, the duration of the evolution period, T,
can be adjusted by the addition of a delay, ¢y, prior to the
spatial encoding scheme, in order to maximize the intensity of
the correlation peaks, as demonstrated in the case of
UF-COSY.*” In addition to J-modulation, eqn (1) shows the
usual dependence of DQS peaks with respect to the flip angle
of the final mixing pulse, p, resulting in optimal sensitivity
with a 60° (resp. 120°) angle for the anti-echo (resp. echo)
coherence transfer pathway. This dependence is reproduced in
numerical simulations, as shown in Fig. S1.7

Analytical product-operator calculations become cumber-
some when dealing with larger spin systems, and inadequate
in the case of strong coupling. Numerical simulations are then
an efficient approach to J-modulation. The Spinach simulation
package’® has been adapted to include the simulation of
spatial encoding schemes.’” This framework can first be
assessed by comparing simulated results to analytical calcu-
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Fig. 2 Theoretical (solid line) and simulated (circles) J-modulation for
an AMX spin system where spin M is coupled to spins A and

X. J-modulation is studied for the peak located at [Qa; Q4 + Q2x]. The
curves are normalized to their maximum.
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lations for the AMX spin system. Fig. 2 shows an example from
simulated DQS data; J-modulation can be obtained by inte-
gration of the peak volumes in simulated spectra obtained for
a series of values of ¢y, As illustrated in Fig. 2, the effect of
J-modulation matches very well with the analytical expressions
obtained from theoretical calculations - simulations of beta-
modulation are shown in Fig. S1.

The results from simulations can be further validated by
comparison to experimental data for a larger spin system. The
example of alanine was selected here as it provides an A;X spin
system commonly encountered in small molecules. The
J-modulations of the Az;X spin system from alanine (Fig. 3a
and b) show a good match between experimental and simu-
lated curves.

These results demonstrate that the numerical simulations
performed with the Spinach package can be used to optimize
the sensitivity of UF-DQS spectra of small molecules. As
recently shown in the case of UF-COSY, predicting the effects
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Fig. 3 Integrals of the simulated versus experimental signals as a func-
tion of t;x for both peaks on the UF-DQS spectrum of alanine (a and b).
2D spectra and relative projections (c, d) show a significant increase in
sensitivity when t,x is set to the optimal value determined thanks to
these J-modulation curves, i.e. 100 ms (d), compared to t,ix = 0 ms (c).
All the spectra are recorded on a 400 MHz spectrometer equipped with
a 5 mm dual+ *H/**C probe; within 16 scans, resulting in an acquisition
time of 1 min.
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of J-modulation can indeed prevent unnecessary sensitivity
losses.>” Here, from the simulated and experimental J-modu-
lation curves of the A;X spin system from alanine, an optimum
tmix Of 100 ms can be chosen as the best compromise between
the J-modulations of the two peaks, leading to a sensitivity
enhancement of about 50% for the peak located at [£24;€2, +
£y] and 20% for the one at [Q2x;Q2, + £x] (Fig. 3c and d). This
significant sensitivity enhancement for both peaks allows a
reduction of the limit of detection, non-negligible in the case
of UF experiments for which sensitivity remains one of the
major limitations.

The optimization of sensitivity for complex samples con-
taining different spin systems will obviously require compro-
mising between different coupling constants. An appropriate
approach consists in avoiding situations in which some peaks
are missing, whereas others have a maximum intensity under
the influence of J-modulation effects. This strategy was
recently described for UF-COSY,”” as well as a multi-scan
approach which consists in adding several spectra recorded
with different ¢, values. These methods should be easily
transposed to the case of UF-DQS.

Sensitivity considerations

The sensitivity of the UF-DQS approach should be compared to
the one of related methods for quantitative 2D NMR, i.e. con-
ventional DQS on the one hand, and UF-COSY on the other
hand. In order to perform such comparison, UF-COSY and
UF-DQS experiments and their conventional counterparts are
performed on a metabolite mixture. Both UF and conventional
experiments use a CT scheme. The time spent in the trans-
verse plane is the same for all experiments, making the impact
of J-modulation comparable in conventional and UF spectra.
The spectral widths are identical between conventional and
UF-COSY, as between conventional and UF-DQS. As the in-
direct spectral width is larger for DQS vs. COSY experiments,
the two conventional approaches are compared with identical
numbers of points per Hertz in the indirect dimension. For
conventional experiments, it results in a longer experiment
time for DQS vs. COSY (16 min vs. 10 min). UF spectra are
recorded with a number of scans yielding the same overall dur-
ation as their conventional equivalent. Apodization functions
are optimized to yield the best compromise between signal-to-
noise ratio (SNR) and resolution, as previously described.*!
SNR measurements are performed in both direct and indirect
dimensions and normalized by the root mean square of the
experiment duration. The peaks considered for each meta-
bolite in the UF spectra are indicated on Fig. 1b and c. The
corresponding peaks are used in the conventional spectra
(shown in ESI Fig. S21). The DQS/COSY and UF/conventional
relative sensitivity is calculated from the ratios of their res-
pective SNR values, i.e. SNRP®/SNRSY and SNRVY/SNR“™
(Tables 1 and 2 respectively).

Considering SNRP?/SNRY*Y ratios, the nature of the more
sensitive experiment between DQS and COSY appears to be
peak dependent, both in conventional and in ultrafast experi-
ments. This is explained in part by the different J-modulation
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Table 1 SNRP®S/SNRCCSY along the two dimensions of conventional

(Conv.) and UF experiments, for the different metabolites observed in
the spectra shown in Fig. 1

Direct dimension Indirect dimension

Conv. UF Conv. UF
Thr 1.25 +0.13 1.05 + 0.26 1.38 £ 0.54 2.58 £ 0.27
Lac 0.38 £ 0.09 1.67 £ 0.25 1.67 + 0.41 3.28 £0.28
Ala 1.88 + 0.11 1.06 + 0.34 1.97 £ 0.41 2.36 £ 0.27
His 1.01 + 0.16 0.79 £ 0.14 0.65 + 0.22 1.08 £ 0.38
Cho 1.17 £+ 0.13 0.53 £ 0.35 0.80 + 0.22 0.78 £ 0.44

Table 2 SNRYF/SNR°™ along the two dimensions of COSY and DQS
experiments, for the different metabolites observed in the spectra
shown in Fig. 1

Direct dimension Indirect dimension

COSY DQS COSsY DQS
Thr 0.18 £ 0.24 0.15 +0.16 0.78 £ 0.58 1.45+0.17
Lac 0.15 £ 0.24 0.66 £ 0.13 1.38£0.45 2.71+£0.21
Ala 0.27 +0.33 0.15+0.13 1.72 + 0.46 2.07 £ 0.18
His 0.25+£0.14 0.19 £ 0.16 0.63 £ 0.35 1.05 £ 0.27
Cho 0.62 £ 0.15 0.28 £ 0.35 5.36 £0.39 5.24+0.30

effects in the two experiments, which were not optimized for a
specific case. Still, on average no significant losses are
observed using DQS, both in the conventional or UF cases.
Regarding the SNRY"/SNR™ ratios, the sensitivity effects are
dimension-dependent. In the indirect dimension which is the
limiting dimension in terms of sensitivity, SNRVF/SNR®"™
ratios for COSY experiments show that the nature of the more
sensitive experiment is peak-dependent. This is consistent
with previous observations.*

On the contrary, for all metabolites, UF-DQS experiments
appear to be more sensitive than their conventional counter-
parts in the indirect dimension. This feature may be explained
by the large ¢;-noise ridges observed on the conventional DQS
spectra. In the direct dimension, conventional experiments are
more sensitive, which is a well-known characteristic of UF 2D
NMR.>" Nevertheless, the sensitivity issues are mainly gov-
erned by the indirect dimension, as described recently.*

Overall, Tables 1 and 2 show that the sensitivity is similar
for UF-COSY and UF-DQS, but that the sensitivity of UF-DQS
experiments is noticeably higher than its conventional
counterpart in the limiting dimension. UF-DQS appears as a
powerful alternative to existing methods for the analysis of
complex mixtures, especially when peak overlaps in COSY
spectra prevent the accurate quantification of some analytes.

Evaluation of the quantitative performance

In order to assess the quantitative performance of the UF-DQS
approach, we consider here the quantification of taurine, a
small-molecule analyte, in an energy drink. We consider both
a homemade and a commercial sample; the homemade
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sample of known true concentration (29.56 mM) is needed to
evaluate the trueness of the quantitative method. Energy
drinks usually contain highly concentrated sugars, which
result in strong overlap and a high dynamic range in COSY
spectra. This is illustrated in Fig. 4b for the homemade
sample. The DQS approach is expected to overcome these two
limitations. The UF-DQS spectrum of the homemade sample
drink, shown in Fig. 4d, indeed has a lower density of peaks
than the COSY spectrum and thus less overlap. In addition,
the absence of auto-correlation peaks leads to a significant
reduction of the dynamic range. An additional benefit is the
absence, in these interleaved experiments, of artefactual
“ghost” peaks.*®

Quantification is performed here with a standard addition
procedure, an approach commonly used to obtain accurate
quantitative results from 2D NMR spectra.>**>*® The standard
addition approach ensures that the trueness of the result does
not depend on peak-specific parameters such as J-modulation.

Here, to ensure accurate results, all spectra are recorded
in 4 minutes using 45 scans. Such signal averaging yields
sufficient SNR even for the sample containing the lowest
amount of taurine. The resulting standard addition curves are
shown in Fig. 4c and e.
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Fig. 4 Quantification of taurine (a) in a homemade energy drink by a
standard addition procedure. The latter is performed using both
UF-COSY —spectrum shown in (b) and corresponding standard curve in
(c) — and UF-DQS experiments —spectrum shown in (d) and corres-
ponding standard curve in (e). The 2D peak volume is plotted as a func-
tion of the added concentration C,. C; represents the initial taurine
concentration. The signals arising from taurine are indicated in both
spectra (red square). All the spectra are recorded on a 400 MHz spectro-
meter equipped with a 5 mm dual+ *H/**C probe; within 45 scans,
resulting in an acquisition time of 4 min, thus allowing a sufficient SNR
for quantification even for the sample containing the lowest amount of
taurine.
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Table 3 Analytical properties of UF-COSY and UF-DQS pulse
sequences in the quantification of taurine in a homemade energy drink
by a standard addition procedure. True concentration in taurine:
29.56 mM

UF-COSY UF-DQS
Linearity (R%) 0.9991 0.9998
Precision (RSD) 0.82% 2.09%
Trueness ([tau]carc) 47.52 mM 29.96 mM
Error 60.8% 1.4%

The analytical properties -linearity, precision and trueness-
of the UF-DQS pulse sequence are compared to those obtained
from UF-COSY in Table 3.

Even though a good linearity and precision are obtained for
both sequences, the trueness of the method is far better using
the UF-DQS pulse sequence than UF-COSY. The high error on
the determination of concentration in UF-COSY is a clear sign
of bias, which is most likely explained by the strong overlap
between the signals of interest and the neighbouring peaks
from glucose (Fig. 4b). On the contrary, these peaks do not
overlap with the taurine signals on the UF-DQS spectrum
(Fig. 4d) thanks to the spectral simplification obtained
through double-quantum spectroscopy, leading to a strong
reduction of the error on concentration (1.4%).

The same procedure is performed on the commercial
energy drink RedBull. The indicative value of concentration in
taurine given by the supplier is 32.2 mM. By the use of
UF-DQS, the calculated concentration (27.88 mM) is close to
this indicative value, whereas by the use of UF-COSY the calcu-
lated concentration reaches 52.17 mM. These results are in
agreement with the discrepancies in terms of trueness
between UF-COSY and UF-DQS determined by the study of our
homemade energy drink.

These results highlight the usefulness of the UF-DQS pulse
sequence for cases where UF-COSY spectra are characterized
by high dynamic ranges and strong overlaps.

Conclusions

The detailed characterization of the recently introduced
UF-DQS NMR methods provides an in-depth understanding of
its properties and a clear illustration of its analytical potential.
Theory and simulation studies make it possible to fine-tune
experimental parameters: ¢, the delay placed prior to the
spatial encoding step, and S, the angle achieved by the mixing
pulse. As we demonstrate in the case of an example small-
molecule, these optimizations can lead to a significant
enhancement of the sensitivity of UF-DQS experiments, thus
lowering the limit of detection.

Sensitivity considerations and evaluation of the analytical
performance show comparable results between UF-COSY and
UF-DQS, however the latter appear to be far more sensitive
than its conventional counterpart in the indirect dimension
which governs the sensitivity limitations.
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As illustrated by the quantification of taurine in energy
drinks by a standard addition procedure, the UF-DQS experi-
ment yields more accurate results than UF-COSY (one of the
most widely used ultrafast pulse sequences) in cases of high
dynamic ranges and overlaps in the UF-COSY spectrum,
thanks to the absence of auto-correlation peaks and lower
density of peaks in this type of spectra. UF-DQS is thus
expected to become a useful component of the NMR toolbox
for the analysis of complex mixtures.
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The measurement of small homonuclear 2J7._i_7._i scalar couplings
relying on constant time (CT) COSY NMR suffers from strong time
limitations. We describe the first Ultrafast CT COSY experiment on
lithium 7, which provides a considerable acceleration in the study of
the aggregation state and dynamics of n-BuLi/MeLi complexes.

Because they behave as both versatile bases and potent nucleo-
philes, organolithium derivatives are regarded as routine reagents
in organic synthesis. However, these highly polar species tend to
oligomerize in solution to form flexible aggregates of which
reactivity can vary significantly and interfere with the envisaged
applications. Practically, chemists seldom check the aggregation
state of their reagents before handling because accessing this
information is perceived as complex and tedious. Thus, organo-
lithium reagents are employed, in most cases, empirically and
their behaviour is seen as a black box requiring multiple
experiments, fine-tuning of the reaction conditions and, often,
unexplained addition of metallic salts of various kinds.
High-resolution NMR spectroscopy is the technique most
frequently used to characterize the structures of organolithium
derivatives directly in solution.'® This analysis gives a straight
access to primary data such as the spin-spin®” Li-X (X: *C, °N)
coupling constant and the multiplicity of the X nucleus,”™?
affording valuable clues about the structure of the aggregates
adopted by the R-Li systems in solution. However, when lithium
derivatives such as °N unlabelled lithium amides, lithium
alkoxides or lithium enolates are at stake, the multiplicity of
nucleus X and the Li-X coupling constant are generally not
observed, and the information provided by all conventional
NMR experiments remains insufficient to conclude about the
structure and aggregation of these compounds. In this context,
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that is not uncommon, a simple access to homonuclear Li-Li
couplings becomes of fundamental importance.*

In practice, the identification of the °Li homonuclear scalar
coupling has been resolved in a conventional 1D °Li NMR
spectrum in only one case,"® this measurement being prevented
by the signal line-widths in most cases.

Among the various homonuclear 2D NMR experiments used
to detect and measure scalar spin-spin coupling, one can
mention the CT-COSY,'” DQF-COSY'® and INADEQUATE'®'°
experiments. With regards to lithium 6 nuclei, the INADEQUATE
experiment is certainly the most commonly employed for ease of
use and appreciable time saving in its 1D version.****° However,
measuring 2]6“,6“ scalar coupling remains difficult because
of line broadening due to dynamic exchanges and may result
in a poor estimate of the real value of the coupling constant.
Moreover, the relatively long duration of the mixing period (1/4/)
(~1.25 s) in this experiment also causes a strong attenuation
leading to an extremely poor signal-to-noise ratio.

Experiments with °Li generally profit from the smaller line-
width of °Li as compared to “Li signals, but the larger “Li homo-
nuclear couplings (factor 2.64 due to the ratio y("Li)/y(°Li)) are an
attractive feature of ’Li experiments. Information about small
’Li homonuclear scalar coupling constants can be obtained by
manipulating the time evolution of scalar couplings. Typically, we
recently published a study based on the CT-COSY NMR experi-
ment, from which *J7;»;; coupling constants were obtained using
different scalar J-coupling evolution times and by fitting the signal
intensity ratio as a function of this J-evolution time.'” But the
major limitation of this methodology is the long experiment time
(several hours) required to record the associated arrayed 2D spectra.
A long time is indeed necessary to acquire each 2D FID s(ty, ¢,), due
to the repetition of numerous transients with incremented delays.
Moreover, this limitation is amplified by the need to record series
of 2D spectra with an incremented constant-time period. The most
evident consequence is the timetable constraint, but a more
fundamental limitation is the sensitivity to temporal instabilities
leading to noise ridges along the F; dimension. Moreover, the long
experiment duration makes 2D NMR experiments unsuitable

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Pulse sequence of UF CT-COSY. TE = duration of spatial encoding,
T, = duration of adiabatic pulse, T = total time in the transverse plane,
tmix = variable mixing time to tune the J-modulation, Ge = spatial encoding
gradient, Ga = acquisition gradient, ACQ = acquisition. The curved grey
shapes indicate coherence-selection gradients.

for unstable lithiated samples that evolve during the acquisition
and also require keeping the NMR probe at low temperature for
extensive periods of time.

For a fast and easy measuring of 2Forioria coupling constants,
Ultrafast (UF) NMR spectroscopy is an appealing alternative to
reduce by several orders of magnitude the time required
to carry out the 2D CT-COSY experiment.*** In this method,
the incrementation of the evolution period t, is replaced by a
spatial encoding which is decoded during the detection period
by an echo planar spectroscopic imaging (EPSI)** detection
scheme (Fig. 1) allowing the acquisition of a 2D spectrum in a
sub-second duration.

Over the last ten years, the performance of UF experiments
has been greatly enhanced by numerous methodological devel-
opments, which have made UF NMR applicable to a wide range
of analytical situations such as quantitative metabolomics** or
real-time reaction monitoring.>> UF NMR is characterized
by specific peculiarities and limitations which have been
widely described,*® but when the sample concentration allows
single-scan acquisitions, it is the fastest among the family
of accelerated 2D NMR experiments.”” The first detection of
quadrupolar nuclei by UF 2D NMR has been reported very
recently on the example of deuterium (7 = 1),”® but UF 2D NMR
has never been exploited for nuclei with larger quadrupolar
moments such as Lithium 7 (I = 3/2).

In this paper, we report on the first examples of 2D “Li UF
CT-COSY spectra from lithiated samples and on the usefulness
of 2D UF CT-COSY NMR experiments for the characterization
and quantitative estimation of the lithium coupling constants
on various complexes of n-BuLi/MeLi as a model mixture.

The study begins with a 1:1 n-BuLi/MeLi solution in THF-dg
at 185 K,*® which corresponds to typical experimental condi-
tions for these reagents. The "Li NMR spectrum of 1:1 n-BuLi/
MelLi solution in THF-dg at 185 K reveals the presence of eight
separate signals corresponding to a statistical distribution of
mixed tetramers with the following formula: (n-BuLi),_,(MeLi),
(with n between 0 and 4).

The assignment of the “Li signals refers to the work by
F. Paté et al,”® and shows that each mixed aggregate is
characterized by two signals in the 'Li NMR spectrum (Fig. 2).

The “Li UF CT-COSY spectra are recorded thanks to the
pulse sequence described in Fig. 1. This experiment includes a
spatial encoding step achieved by a pair of linear frequency-
swept pulses with a duration T}, applied together with a bipolar
excitation gradient Ge, whose value is fixed to provide a

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) 2D ’Li UF CT-COSY and (b) conventional 2D ’Li COSY spectra
obtained at 194 MHz on the 1:1 n-BuLi/MeLi solution in THF-dg at 185 K.
The conventional spectrum was acquired with 128 t; increments and four
scans for each FID separated by a 10 s recycling delay, involving a total
time of 1 h 35 min. The Ultrafast spectrum was recorded in a single scan
(0.34 s) with a spatial encoding duration TE of 100 ms.

dispersion in Hz equivalent to the frequency sweep of the pulses.
The resulting signal is then decoded by an EPSI block consisting
in a train of bipolar gradients Ga. Both power and duration of Ga
are set according to the required spectral widths. Further details
on acquisition and processing parameters are available in ESL

The resulting 2D “Li UF CT-COSY NMR spectrum (Fig. 2a)
shows the same correlation peaks as those observed on the
conventional one at the following (F,; F;) positions: 2.29 ppm
and 2.09 ppm, 2.04 ppm and 1.86 ppm, 1.81 ppm and 1.67 ppm.
These values are typical of a homonuclear weak scalar coupling
between the lithium signals belonging to the same mixed
aggregates Li,/Li; (n-BuLi);(MeLi), Lis/Lis (n-BuLi),(MeLi), and
Lig/Li, (n-BuLi);(MeLi);, respectively.

The resolution of the UF spectrum is lower in F, owing to
intrinsic characteristics of spatial encoding, but is similar in F;.
The asymmetric appearance of peak intensities for correlated
signals of (n-BuLi);(MeLi); and (n-BuLi);(MeLi); complexes
on each side of the diagonal should be noted; this effect is
expected because such signals undergo different J-modulation
effects in A;X spin systems as recently described by B. Gouilleux
et al. (see below).>' These effects also explain the missing
diagonal peak in the UF spectrum.

This comparison sheds light on the great potential of this UF
approach as it provides similar information while considerably
reducing the experiment duration (0.34 s versus 1 h 35 min).
This time saving is particularly relevant in this study, which
requires the time-consuming acquisition of a series of 2D NMR
experiments with different J-coupling evolution times. Still,
specific features of the UF approach should be taken into
account such as the compromise between sensitivity, spectral
width and resolution. These aspects have been widely described
for "H UF NMR,*** and similar effects should be expected
here. However, some usual limitations of UF NMR become less
critical in the case of “Li. First, the impact of translational
diffusion®*"° is much reduced since the spectra are recorded at
low temperature (7= 185 K). Second, the small spectral width of
“Li makes the compromise between resolution and spectral
width much less critical than for "H.
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A significant source of sensitivity losses that the UF experiment
shares with its conventional counterpart is the j-modulation
arising from the constant-time nature of the spatial encoding
step.>! A theoretical description of this effect applied to a system
of two coupled spins was already proposed by Wu et al.,”” who
established an expression for the density matrix at the beginning
of detection, which showed a J-modulation that was different for
the diagonal peaks (cosine modulation: cos((2 x I)n.J-T)) and
cross-peaks (sine modulation: sin((2 x I)-n-J-T)). This modulation -
depending on the scalar coupling constant J, on the total time
spent in the transverse plane T and on the nature of the spins-
system - can lead to sensitivity losses and even to missing
spectral peaks for samples including different spins-systems.
But as described by B. Gouilleux et al.,** this J-modulation can
also be controlled by adding a delay (¢uix) prior to the spatial
encoding step to tune this total time T = (TE + t.,;x) spent in
the transverse plane. Due to the trigonometric nature of this
J-modulation, there is an optimal 7 value, which maximizes the
sensitivity for a given spin-system.

Here, this effect was optimized by recording a series of
2D "Li UF CT-COSY spectra on the mixture of (n-BuLi),_,(MeLi),
with different ¢.,;x values ranging from 0 to 0.16 s (Fig. S1, ESI+).
From these spectra, an optimum delay t,,x of 0.05 s can be
chosen in order to optimize the overall sensitivity and avoid
missing peaks.

Recently, we showed that the 2D CT-COSY technique in “Li
observation was an excellent method to accurately measure
scalar ’Jry;7; couplings, regardless of the complexity and
resolution of the “Li NMR spectrum. The remarkable efficiency
of this method for extracting small 2Jorior was demonstrated,
for the first time, on a 1:1 n-BuLi/MeLi model solution in
THF-dg with a total experimental time of ~24 h.'” Here, our
aim is to test the ability of the UF CT-COSY experiment, as a
constant time approach, to predict homonuclear “Li-’Li scalar
coupling constant in a much shorter time.

By performing a series of 2D “Li UF CT-COSY experiments with
different 7 values and then by graphically plotting the ratio of the
cross peak volumes I. versus the diagonal peak volumes I; as a
function of T, it is possible to determine *fr;;7; from the simula-
tion of the experimental graph as a tangent function of eqn (1). The
discontinuity in the plot of the tangent function at 7 = 1/(6/p;-1i)
contributes to the precision in the measurement of *fy; 7;;.®

Le = A tan(3nJy;_uiT) 1)
Iy
In the case of 1: 1 n-BuLi/MeLi complexes, ’Li-’Li scalar couplings
measured from the conventional 2D CT-COSY experiments were
very small and discontinuities in the graph showing I./I4 versus T
were attained for about 300-400 ms. Unfortunately, such constant
time delays lead to large sensitivity losses in the 2D “Li UF
CT-COSY spectrum and no peaks could be detected for these
values. These SNR losses were attributed to the transverse relaxa-
tion effect of the lithium nuclei. This observation is consistent
with experimental measurements of 7T,, which show that the
average lifetime of the “Li signals in the transverse plane would
be around 220 ms (Table S1, ESIT).
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An approach that could avoid this complication involves the
incrementation of the time duration of the adiabatic pulse T,
instead of the free evolution period ¢,;,. This idea is based on
recent theoretical investigations of relaxation effects in the
rotating frame during adiabatic pulses.*>*° These works revealed
that the relaxation rates R;, and R,, can be significantly
decreased when increasing T, while the time-bandwidth product
of the pulse remains constant.

Fig. S2 (ESIf) shows several 2D ’Li UF CT-COSY spectra
obtained from a solution of 1:1 n-BuLi/MeLi in THF-dg at 185 K
with a spatial encoding delay “T},” ranging from 50 ms to 215 ms.

While for the 2D ’Li UF CT-COSY experiments with an
incremented ¢« delay, an almost total loss of signal occurs at a
time T'= (TE + t,ni,) around 250 ms (Fig. S1, ESIT), incrementing the
length of the adiabatic pulse T}, results in a significantly enhanced
lifetime in the transverse plane — greater than 440 ms (Table 1).
The significant long life lithium signals due to an adiabatic pulse
makes the 2D “Li UF CT-COSY experiment well suited for the
measurement of very weak homonuclear Li-Li scalar coupling.
Still, 64 scans were necessary to obtain a sufficient SNR for peak
integration, resulting in an experiment time of about 12 min,
which remains much shorter than the duration required to
record the conventional spectrum (1 h 35 min).

The 2D ’Li UF CT-COSY sequence was run for 15 spatial
encoding adiabatic pulse delays “T,” ranging from 50 ms to
200 ms on a 1: 1 n-BuLi/MeLi solution in THF-dg at 185 K. 64 scans
were recorded for each experiment for a total experimental time of
~3 h (versus ~24 h if a conventional experiment was used). All the
2D ’Li UF CT-COSY spectra were processed with the same para-
meters as described previously and the resulting data (ratio of
the integrals as a function of “TE”) were then processed with
GraphPad®™ software in order to obtain a graph representing the
variation of the intensity ratio of the correlation peaks and
diagonal peaks for the (n-BuLi);(MeLi), and (n-BuLi);(MeLi); tetra-
meric structures as a function of TE (Fig. 3). The resulting graph
can be fitted to extract the active coupling for each cross-peak.

Fig. 3 shows the correlation peak to diagonal peak intensity
ratio plotted against TE for the Lic-Li;, Li,-Li; pairs. The curve is
adjusted using the function A tan(3w/;_1;TE) where A is a scaling
factor to account for misrepresentation of intensities in integrals.

The derived J splittings for (n-BuLi);(MeLi); and (#-BuLi),(MeLi);
tetramers lithium signals were 0.558 £ 0.005 Hz and 0.475 +
0.005 Hz, respectively. These values, in perfect agreement
with those obtained by the standard 2D CT-COSY method,"”
highlight the effectiveness of the 2D “Li UF CT-COSY approach,
if the delay of the encoding adiabatic pulse is incremented, in
the measurement of very weak “Li-"Li scalar coupling, with a
total experiment time divided by eight.

Table 1 Signal-to-noise ratio (SNR) and cross peak-to-diagonal peak
ratio (I./lg) of the (n-BulLi);(MeLi)s complex as a function of TE for the
2D ’Li UF CT-COSY, acquired with variable T,

TE(s) 0.1 017 021 025 026 0.33 037 040 0.44

I/1q 0.17 0.40 0.63 1.11 2.72 226 0.85 0.54 0.12
SNR 2934 1484 619 400 360 226 184 120 110

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Variations of integration ratios I./ly as a function of TE for (a)
(n-BulLi)1(MeLi)s, (b) (n-BuLi)z(MelLi); aggregates.

In the present work, we have demonstrated the usefulness of
the UF CT-COSY experiments for the case of quadrupolar nuclei
such as “Li. Moreover, it is the first time that UF experiments are
performed at low temperature. Therefore, this technique can
certainly be regarded as a tool worthy of being added to existing
NMR toolbox for the determination of mixed-aggregates arrange-
ments in the field of organolithium chemistry.

We have also presented a robust and fast method for the
assignment and determination of homonuclear splitting in
cases where scalar couplings cannot be extracted because of
the signal linewidths, due to the large quadrupole moments of
the “Li nucleus. Our strategy was to increment the length of the
adiabatic pulse instead of the ¢, delay to describe modulation
of signal intensities by the spin-spin J-coupling. This led to
a greater lifetime of lithium signals in the transverse plane,
allowing easier measurements of weak 2Irrior homonuclear
couplings, as illustrated in the case of a mixed tetramers
(n-BuLi),_,(MeLi),. This approach may still show limitations in
cases where the species at hand are structurally and dynamically
inhomogeneous. In this case, different cluster sizes could coexist
or interconvert and some signals of interest may decrease faster
than others under transverse relaxation.

still, we believe that the 2D “Li UF CT-COSY experiment can
be extended to other systems in which lithium cations are in
close interaction. Work towards this goal is in progress.

This work has been partially supported by Rouen University,
CNRS, INSA Rouen, ERDF and the Labex SynOrg (ANR-11-LABX-
0029). We thank the Région Normandie for its support to this
research through the CRUNCh network.
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Appendix 2: Prospa pulse program of UF CT PM COSY

FH R R R R

# Ultrast Constant time phase-modulated COSY
#

# Written by Boris Gouilleux - CEISAM - University of Nantes

FH R

procedure (pulse program,dir,mode)

# Interface description (name, label, x, y, ctrlType, varType)

interface = ["blFreq", "Bl Frequency (MHz)", "o","o", "tbhwv",
"repTime", "Repetition time (ms)", "o","2", "tbhwv",
"1, "Offset (Hz)", wgn, mgn, "y,
"90Amplitude", "90 amplitude (dB)", ", mon, "tb",
"pulseLength", "Pulse length (us)", ", v, "tb",
"dmix", "mixing delay (ms)", myn, wom, nepn,
"gAmpExc", "Excitation gradient (%)", "2, "o", "tb",
"pulseLengthChirp", "Pulse length chirp (us)","2","1", "tb",
"ChirpAmplitude", "amplitude chirp (dB)", namw,"2n, "tb",
"ChirpBandWidth", "bandwidth chirp (kHz)", "2","3", "tb",
"nwurst", "Wurst power (int)", nam, 4, "tb",
"o, "number of loops", n3m mgm, nipn,
"gAmpAcq", "Acquisition gradient (%)", "3, i, "tb",
"dph", "prephasing delay (us)", n3m mom, nepn,
"nprephasing", "Gprephasing (%)", "3, "3, "tb",
"nfolding", "Gfolding ()", n3m mgnm, nepn,
"gAmpAcqComp", "Acq. grad. comp", mgn wow, ntpn,
"gSlopeComp", "Slope comp", mgn mqm, nipn,
]
tabs = ["Pulse sequence","Acquisition", "Processing+Display","File Settings"]

# Relationships between pulse-sequence and GUI parameters
relationships =
["al = 90Amplitude",
"dl pulselLength",
"d2 = pulselLength*2",
"wl dmix*1000",

"d200=5.0",
"n200 = round (pulselLengthChirp/d200)",
"(tl,t2) =

"float, [0.5,50]",
"float, [20,1e8]",
"float, [-1le6,1le6]",

"float, [-72,01",
"float, [1,500]",
"float, [0,1000]",

"float, [-30,30]",
"float, [10,500000]1",
"float, [-72,0]",

"float, [0,1000001",
"integer, [1,100]",

"integer, [1,100001",
"float, [-90,90]",
"float, [-2000,2000]",
"float, [-2000,2000]",
"float, [-2000,2000]",

"float, [0.9,1.0]",
"float, [0,0.8]"

UF _CT PM COSY:getAmpandFreqTable (blFreq,0l,ChirpAmplitude,ChirpBandWidth,n200,

nwurst)",
"nlla = 0",
"d300 = 2",
"gradRamp = 200",
"gAmpExc = gAmpExc*0.01",
"gAmpAcq = gAmpAcg*0.01",
"nprephasing = nprephasing*0.01",
"nfolding = nfolding*0.01",
"n300 = round(gradRamp/d300)",

"nl2e = round(gAmpExc*32768)",
"nl2a = round (gAmpAcg*32768)",
"nl2aMinus = -nl2a",
"nl2eMinus = -nl2e",

"nl2prephasing = round(nprephasing*32768)",

"nl2folding = round(nfolding*32768)",
"nl2c = round(0.65*32768)",
"nl2cMinus = -nl2c",

"nl2ctp = round(0.80*32768)",
"nl2ctpMinus = -nl2ctp",



"nl = nrPnts",

"totPnts = 2*n2*nrPnts",

"totTime = acqTime",

"d55 = acqTime*1000 + rxLat+50",

"d54 = d55/2+dph",

"t9 P
UFCosyBen:getGradAcqgTable (n2, gAmpAcqg, gAmpAcgComp, gSlopeComp) "

]

# These parameters will be changed between experiments
variables = [""]

# x and y spacing between controls
dim = [155,26]

# Pulse sequence
initpp(dir) # Reset internal parameter list
#CT-spatial encoding by double spin-echo
pulse (mode,al,pl,dl)
wait (wl)
gradramp (nlla,nl2c¢,n300,d300)
delay (800) #crusher
gradramp (nl2c,nlla,n300,d300)
gradramp (nlla,nl2e,n300,d300)
chirprf (mode, tl, t2,p2,n200,d200) # combine positive gradient + 180 chirp
gradramp (nl2e,nlla,n300,d300)
delay (20)
gradramp (nlla,nl2c¢,n300,d300)
delay (1200) #crusher
gradramp (nl2c,nlla,n300,d300)
gradramp (nlla,nl2eMinus,n300,d300)
chirprf (mode,tl,t2,p2,n200,d200) # combine negative gradient + 180 chirp
gradramp (nl2eMinus,nlla,n300,d300)
gradramp (nlla,nl2c¢,n300,d300)
delay (400) #crusher
gradramp (nl2c,nlla,n300,d300)
delay (20)
#Mixing period
gradramp (nlla,nl2folding,n300,d300)
delay (d54) #folding gradient
gradramp (n12folding,nlla,n300,d300)
gradramp (nlla,nl2ctp,n300,d300)
delay (1200) #CTP gradient performed by gradient coil
gradramp (nl2ctp,nlla,n300,d300)
pulse (mode,al,p3,dl) # mixing 90
gradramp (nlla,nl2ctpMinus,n300,d300)
delay (1200) #CTP gradient performed by gradient coil
gradramp (nl2ctpMinus,nlla,n300,d300)
gradramp (nlla,nl2prephasing,n300,d300)

delay (d54) #prephasing gradient
gradramp (nl2prephasing,nlla,n300,d300)



#Acquisition performed by EPI block

setindex (t9,0)

loop (11,n2)

gradramp (nlla,nl2a,n300,d300)
acquire ("append",nl, d55)
gradramp (nl2a,nlla,n300,d300)
delay (200)
gradramp (nlla, t9,n300,d300)
acquire ("append",nl, d55)
gradramp (t9,nl1la,n300,d300)
delay (200)

incindex (t9)
endloop (11)
### WARNING: DO NOT DELETE THE FOLLOWING LINE ########

gradoff () # set to zero value the current in gradient coil.
# Include this line in all pulse sequences

1lst = endpp() # Return parameter list

# Phase cycle
phaseList = [0,1,2,3; # 90 phase
0,0,0,0; # chirp phase
0,0,0,0; # 90 phase mixing
0,1,2,3] # Acquire phase

endproc (1lst, tabs,interface, relationships,variables, dim,phaselist)



Appendix 3: Prospa procedure to generate WURST Chirp pulses

procedure (getAmpandFreqTable,blFreq,0l, ChirpAmplitude, ChirpBandWidth, n200, nwurst)

fOut = matrix(2*n200)
fInsingle = matrix (n200)

for k = 0 to 2*n200-1 step 2

fIn = (blFreg+0l1/1076d)+ (k-n200)/(2*n200)*ChirpBandWidth/10"3d
if k == 2*n200-2

fIn = (blFreq+01/10~6d)
endif

fInsingle([k/2] = single(fIn)

DDSFword = round((fIn * 2732d )/1000d)

fOout[k] = single((DDSFword & OxFFFF0000)/(2716)) # DDS freq
fOout [k+1] = single (DDSFword & O0x0000FFFF)
next k

ampOut = matrix (n200)
ampOut = ampOut + l*keaRun:convertTxGain (ChirpAmplitude)

x=[-0.5:(1/n200) : (0.5-1/n200) ]

nw=50

wurst = l-abs((sin(pi*x)) "nw)
ampOut = ampOut.*wurst
ampOut [n200-1] = 0

Appendix 4: Prospa procedure for gradient offset compensation

procedure (getGradAcqTable, n2, gAmpAcq, ghmpComp, gSlopeComp)
taux = [0:1:n2-1]1/(n2-1)

tsgrt = sqgrt(taux)*n2*gSlopeComp

tOut=matrix (n2)

tOut = tOut - round(gAmpComp*0.0l1*gAmpAcg*32768) + tsqgrt

(y,%) = max (tOut)
if (mag(y)>=32000); message

endproc (tOut)



Appendix 5: Prospa routine to automatically process and to display UF data

procedure (processing,guipar,plotting)
assignlist (guipar)

Ta=totTime/1000 # in s

scan=nrScans

Ga_ per=gAmpAcq facquisition gradient percentage
Tchirp=pulseLengthChirp/1000000 #in s

curplot ("1d4d",1,1)
(t,sumbData)=getplotdata ("1d")

multiplot ("1d",3,1)
curplot ("1d",1,1)
plot (sumbData)

sumData=sumData*scan
pr size (sumData)

ldzfFactor=4 #factor of zero filling in the conventionnal dim (1)
2dzfFactor=2 #factor of zero filling in the uf dim (2)
SIl=n2*ldzfFactor #number of points in the conventional dim (1)
SI2=nrPnts*2dzfFactor #number of points in the uf dim (2)

#Fourier Transform of FID in order to filter the profile

gradProfile = ft(sumData)

pr totPnts

#filterGate

filterGate = matrix (totPnts)

profileBandwidth = 22000 #en nb de points pour 1 instant

filterGate[ (totPnts-—
profileBandwidth) /2: (totPnts+profileBandwidth) /2]=1

gradProfile = gradProfile.*filterGate

#Gaussian apodization
x=[0:1:totPnts-1]
pl=totPnts/2

p2=0.00015 #tune UF apodisation
gaussianFlt=exp (- (x-pl) "2*p2"2)
gradProfile = gradProfile.*gaussianFlt

#Inversed fourrier transform with zero filling of UF dim
sumData = ift(zerofill (gradProfile,2*n2*3SI2,"sides"))

if (plotting=="yes")
curplot ("1d",2,1)
plot (filterGate)
hold ("on")

plot (gaussianFlt)
curplot ("1d",3,1)
plot (gradProfile)
endif

#Building (k,t2) maps
evenEcho = cmatrix(n2,SI2)



oddEcho = cmatrix (n2,SI2)

for k = 0 to n2-1
for g = 0 to SI2-1
evenEkcho[k,g] = sumDatal[ (2*k) *SI2+q]
oddEcho [k, g] sumDatal[ (2*k+1) *SI2+qg]
next g
next k

# Reverse odd echos matrix
oddEcho = reflect (oddEcho, "horiz")

assign ("oddEcho", oddEcho, "global")
assign ("evenkcho", evenEcho, "global")

processing = "2"

#Correction Ga/-Ga offset

evenProj = submatrix (cumsum (mag (evenEcho),"x"),0,0,0,3I2-1)
oddProj = submatrix (cumsum (mag (oddEcho),"x"),0,0,0,3I2-1)
(evenMax, x,evenPos) = max (evenProj)

(oddMax, x, oddPos) = max (oddProj)

offset = evenPos-oddPos

ref=50

ref min=ref-10
ref max=ref+10

pr "The index of maximum of even sum-projection = $evenPos$\n"
pr "The index of maximum of odd sum-projection = $oddPos$\n"
pr "Index Offset between odd/even maps = $Soffset$\n"

if (offset > ref min & offset < ref max)

delta=offset

pr "Odd versus Even shift within the standard range \nshift of
Soffset$ index \n"

else

delta=ref

pr "Odd versus Even shift out of range\nreference shift S$ref$ is
therefore used \n"

endif

# FT 2D parameters and apodization along the Fourier dimension

2dfltr = "none"

1dfltr = "sinebell"

2dft = "none"

1dft = "FTEcho"

magnitude = "yes"
if (processing == "1")

#shift odd matrix to the offset value and Sum both matrix
Echo = evenEcho+shift (oddEcho,0,delta)
assign("all",Echo,"global")

#Perform 2D FT on the final map
fft:2d("all","allft$scans$",SI11,812,1dfltr,2dfltr, 1dft,2dft, magnitude)
spec2DAll = eval ("allft$scans")

endif



if (processing == "2")

endif

endpr

fft:2d("oddEcho", "oddFT",SI1,SI2,1dfltr,2dfltr,1dft, 2dft, magnitude)
fft:2d ("evenEcho", "evenFT",SI1,SI2,1dfltr,2dfltr,1dft, 2dft, magnitude)
oddFT=eval ("oddFT")

evenFT=eval ("evenFT")

spec2DAll = evenFT+shift (oddFT,0,delta)

spec2DAll = trans (spec2DAll)
spec2DAll = reflect (spec2DAll, "vert")
Echo = trans (Echo)

Echo = reflect (Echo, "vert")

Ga=Ga_per*0.16
SWuf=(2.67e8*Ga*Ta*0.005)/(2*3.14*4*Tchirp)
SWuf=SWuf/ (blFreg+ (0l*le-6))

pr "SWuf=$SWufs$\n"

SWconv = (1 / (2*Ta)) / (blFreg+(0l*le-6))
pr "SWconv=$SWconvS$\n"

axisl=[0, SWuf]
axis2=[0, SWconv]

if (plotting=="yes")

multiplot ("2d",1,2)

curplot ("2d",1,1)

image (spec2DAll,axisl,axisl)
contour (15, 2)

draw2d ("true")

curplot ("2d",2,1)
image (mag (Echo))

endif

oc (Echo, spec2DAll,axisl,axis?2)



Appendix 6: Prospa script to generate selective Gaussian pulses

procedure (getAmpand Phase Table,a2,nl00)

#gaussiand shaped amplitude table
ampOut = matrix (nl00)

ampOut = ampOut + l*keaRun:convertTxGain (a2)
x=[0:1:n100-1]

pl=nl100/2

p2=0.000259

gaussianShape = exp (- (x-pl)"2*p2"2)

ampOut = ampOut.*gaussianShape

gammaBlmax=max (ampOut)
tronc=min (ampOut)
ampOutRec = matrix(nl00)+tgammaBlmax

#Constant phase table
phaseOut = matrix (nl00)

# Report the shaped pulse features

#sgauss = integvector (xtime, real (ampOut))
#srect = integvector (xtime, real (ampOutRec))
sgauss=sum (ampOut)

srect=sum (ampOutRec)

ampRatio=sgauss/srect # Amplitude ratio between the shaped pulse
and the linked gate

troncLevel=(tronc/gammaBlmax) *100 # Troncature level in %

pr "ampRatio: SampRatio$ \n "
pr "gammaBlmax: $gammaBlmax$ \n"

pr "troncature level: S$StroncLevel$$ \n"

endproc (ampOut, phaseOut)



Appendix 7: Prospa pulse program of WET-180-NOESY

FHAHH AR A A R A R R

#
# WET-180-NOESY

# Solvent suppression sequence including WET-180 and NOESY-1D bloc
# Need the 2-steps phase cycling for improving the baseline

# Further information in Magn. Reson. Chem. 2016

#

#

Written by Boris Gouilleux - CEISAM - University of Nantes -
FRANCE
#
S i R

procedure (pulse program,dir,mode)

# Interface description (name, label, x, y, ctrl, vartype)

interface = ["blFreq", "Bl Frequency (MHz)", "o","o", "tbw","freq",
"offFreq", "Offset Frequency (Hz)", "o","1", "tbw","float",
"repTime", "Repetition time (ms)", "o","2", "tbw","reptime",
"90Amplitude", "Hard pulse amplitude (dB)", "i","o", "tbw","pulseamp",
"pulseLength","90° Pulse length (us)", viv, "1, "tbw", "pulselength",
"dummyCycle"™, "Dummy scans", i, 2", "tbw","float",
"SelAmpl", "Soft pulse amplitudel (dB)", "2m, "1, "tbw", "pulseamp",
"SelAmp2", "Soft pulse amplitude2 (dB)", "2m,m2", "tbw","pulseamp",
"SelAmp3", "Soft pulse amplitude3 (dB)", "2m,"3", "tbw","pulseamp",
"SelAmp4", "Soft pulse amplitude4 (dB)", "2m,"4", "tbw","pulseamp",
"SoftLength", "Soft pulse length (ms)", "2","0", "tbw","float,[0.1,10000
"mixDur", "Mixing dealy (ms)", "3, "o", "thw", "float",
"gradAmp", "Gradient Power (%)", "3mr, 1, "tbw","float, [0,901",
"gradDur", "Gradient length(ms)", "3mr,r2r, "thw","float, [0.1,20]"

]

# Relationships to determine remaining variable values
relationships = ["nl = nrPnts",
"0l = offFreq",
"al 90Amplitude",
"dl = pulselength",
"d2 = 2*d1",
"a2 = SelAmpl",
"a3 = SelAmp2",
"a4 = SelAmp3",
"ab5 = SelAmp4",
"wl = mixDur*1000",
# Generate the shaped pulses
"d1i00 = 5",
"dll=SoftLength*1000",
"nl100 = d11/d100",

"(tll,t21) = WET 180 NOESY 1D:getAmpand Phase Table(a2,nl00)"
"(tl2,t22) = WET 180 NOESY 1D:getAmpand Phase Table(a3,nl00)"
"(tl3,t23) = WET 180 NOESY 1D:getAmpand Phase Table(a4,nl00)"
"(tl4,t24) = WET 180 NOESY 1D:getAmpand Phase Table(a5,nl100)"

# Gradient features. By default the power of the next gradient
the half of the previous one
# Trapezoidal shape, max power is reached smoothly: in 100 us,
avoid overshooting
"gradRamp = 100",

"d300 = 2",
"n300 = round(gradRamp/d300)",
"nlla = 0",

"nl2la = round((gradAmp/100)*32768)", # *32768 for conversion

ks

"
’

4
I4
I4
’

is

to



"nl22a = nl2la/2",
"nl23a = nl22a/2",
"nl24a = nl23a/2",
"d5 = gradDur*1000",

"shiftPnts=0",
"totPnts = nrPnts",
"totTime = acqTime"

# Define the tabs and their order
tabs = ["Pulse sequence","Acquisition","Processing Display Std","File Settings"]

# These parameters will be changed between experiments
variables = [""]

# x and y spacing between controls
dim = [190,26]

# Pulse sequence
initpp(dir) # Reset internal parameter list

delay (100)

shapedrf (mode, tl1l,t21,p1,nl100,d100)
delay (50)

gradramp (nlla,nl21a,n300,d300)
delay (d5)

gradramp (nl2la,nlla,n300,d300)
delay (1000)

shapedrf (mode, t12,t22,p2,n100,d100)
delay (50)

gradramp (nlla,nl22a,n300,d300)
delay (d5)

gradramp (nl22a,nlla,n300,d300)
delay (1000)

shapedrf (mode, t13,t23,p3,n100,d100)
delay (50)

gradramp (nlla,nl123a,n300,d300)
delay (d5)

gradramp (nl1l23a,nlla,n300,d300)
delay (1000)

shapedrf (mode, t14,t24,p4,n100,d100)

delay (120)

pulse (mode,al, p5,d2) # 180° hard pulse
delay (6)

gradramp (nlla,nl24a,n300,d300)

delay (d5)

gradramp (nl24a,nlla,n300,d300)

delay (1000)

pulse (mode,al,p6,dl) # 1st 90° hard pulse
delay (10)

pulse (mode,al,p7,dl) # 2nd 90° hard pulse
delay (50)

wait (wl) # Mixing delay

delay (50)

pulse (mode,al, p8,dl) # 3rd 90° hard pulse



delay (20)

# - End of the excitation step--------------------—-
acquire ("overwrite",nl) # Acquisition
lst = endpp(mode) # Return parameter list

# Phase cycle list
phaselist = [0,

; WET Pulse phase
WET Pulse phase
WET Pulse phase
WET Pulse phase
180° hard pulse
1st 90° hard pulse
1st 90° hard pulse
1st 90° hard pulse

Acquire phase
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2
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]

endproc (lst, tabs,interface, relationships,variables, dim,phaselist)
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Développements méthodologiques sur un appareil RMN de paillasse
avec des gradients de champ magnétique. Nouvelles perspectives
pour la spectroscopie RMN a bas champ.

Gradient-based methods on a benchtop spectrometer. New perspectives for

low-field NMR spectroscopy
Résumé

La RMN a haut champ, basée sur des aimants
supraconducteurs, est caractérisée par une
instrumentation onéreuse et encombrante qui limite son
utilisation dans les environnements de production. Le
récent renouveau des aimants permanents a engendré
des spectrométres RMN de paillasse qui permettent la
réalisation d’expériences RMN directement sous la
hotte du chimiste. L'objectif de cette thése est
d’améliorer la performance analytique de ces nouveaux
spectrometres a bas champ.

Dans cette optique, nous avons implémenté pour la
premiére fois la RMN 2D Ultrarapide (UF) ainsi que des
méthodes modernes de suppression du signal du
solvant sur un spectrométre de paillasse opérant a
43 MHz équipé d’'une bobine de gradient de champ
magnétique. Suite a plusieurs optimisations, la RMN
2D UF a bas champ délivre des spectres 2D en un
temps fortement réduit de qualité tout a fait
intéressante. En parallele, le développement des
méthodes de suppressions permet dorénavant
d’appréhender I'utilisation de solvant non-deutérés sur
des échantillons statiques ou en flux.

Ces travaux ont débouché sur de nouvelles
opportunités pour la RMN a bas champ. Plusieurs suivis
de réactions, réalisés en ligne et en temps réel, ont été
menés a bien sur diverses réactions comme le couplage
de Heck-Matsuda, la neutralisation de mimes de gaz
moutardes ou encore la synthése d’'un composé naturel
par chimie en flux. Par ailleurs, la RMN 2D UF a bas
champ a été appliquée avec succées pour discriminer
des huiles alimentaires en fonction de leurs origines
botaniques. Cette méthodologie 2D, compatible avec
des analyses a haut débit, démontre une amélioration
notable par rapport a la RMN 1D.

Mots clés

RMN de paillasse — RMN a bas champ — RMN 2D
Ultrarapide — Suppression de solvant — Suivi de
réaction — RMN en flux — Authentification

Abstract

High-field NMR based on superconducting magnets
involves an expensive and bulky equipment, which has
hampered the use of NMR in harsh environments. A
new generation of benchtop NMR spectrometers,
compact and cryogen free, has brought NMR
spectroscopy under the chemist’'s fume-hood and as
close as possible to production sites. The driving force
of this PhD project is to improve the analytical
performance of these benchtop NMR systems.

We report here the first implementation of Ultrafast (UF)
2D NMR- a method yielding 2D NMR spectra in a single
scan- as well as modern gradient-based solvent
suppression methods on a 43 MHz benchtop
spectrometer, including a Bo-gradient coil. Substantial
optimizations have led to UF experiments at low-field
(LF) with a reasonable performance while the
acquisition duration is reduced by one order of
magnitude. Then, the presence of non-deuterated
solvents —commonly used in LF NMR- has been tackled
by the development of suppression methods both in
static and flowing conditions.

This methodological effort has opened new
opportunities for benchtop NMR applications. Several
on- and in-line real-time monitorings have been
performed on different types of chemical reactions:
Heck-Matsuda coupling reaction, oxidative
neutralization of mustard-gas simulants or even the
synthesis of a natural product in flow-chemistry. Besides
applications to process monitoring, UF 2D NMR at
43 MHz has been successfully applied to discriminate
the botanical origins of a panel of edible oils. This fast
2D approach has provided a better classification than
standard 1D experiments while remaining compatible
with high-throughput analysis.

Key Words

Benchtop NMR - Low-field NMR spectroscopy —
Ultrafast 2D NMR - Solvent suppression — Reaction
monitoring — Flow NMR - Authentication
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