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NMR methods for the analysis of mixtures

NMR spectroscopy is a powerful approach for the analysis of mixtures. Its usefulness arises in large part
from the vast landscape of methods, and corresponding pulse sequences, that have been and are being
designed to tackle the specific properties of mixtures of small molecules. This feature article describes a
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selection of methods that aim to address the complexity, the low concentrations, and the changing
nature that mixtures can display. These notably include pure-shift and diffusion NMR methods,
hyperpolarisation methods, and fast 2D NMR methods such as ultrafast 2D NMR and non-uniform

sampling. Examples or applications are also described, in fields such as reaction monitoring and

rsc.li/chemcomm

1. Introduction

Mixtures of molecules in solution are ubiquitous in chemical
science. Samples of biological, environmental and agricultural
origins are frequently found or handled in the form of mix-
tures. In chemical synthesis, samples usually involve a mixture
of reactants, products, and side or by products. Analytical
sciences strive to provide a characterisation of mixtures that
is as complete as possible. Ideally, the identity and concen-
tration of all the components in a mixture should be accessed.
In the case of samples that are out of equilibrium, this
information is sought after as a function of time.
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metabolomics, to illustrate the relevance and limitations of different methods.

Nuclear magnetic resonance (NMR) spectroscopy is a power-
ful approach for the analysis of mixtures.”” The most common
NMR experiment has several essential features that are highly
favourable for mixture analysis. It relies on a “pulse-acquire”
pulse sequence, carried out at thermal spin equilibrium, to
yield 1D spectra, most commonly for 'H spins. This experiment
is simple to implement, it can be fast, and it already yields a
wealth of structural information, which is useful to identify
components. It is also non-invasive and non-destructive,
meaning that the sample can be retrieved after analysis for
storage or other analyses, and also, in the case of monitoring
applications, that experiments can be repeated multiple times
on the same sample as a function of time. 1D 'H NMR also
provides straightforward access to quantitative information on
concentrations.

The power of NMR spectroscopy also results from the vast
space of possible experiments that can be carried out, with
a given instrument and a given sample, through the use of
different pulse sequences. This makes it possible, through the
controlled manipulations of nuclear spins, to access chemical
information that would otherwise remain invisible or inacces-
sible. The process of developing NMR pulse sequences has
sometimes been referred to as “spin choreography” or “spin
alchemy”.?

In the case of mixture analysis, classic 1D experiments
carried out at thermal spin equilibrium may turn out to be
insufficient for a variety of reasons. One of them is the complexity
of the sample, and of the resulting spectroscopic data. The
superimposed information available in 1D spectra may be
difficult to disentangle. As a result, signals that are detected
cannot always be analysed. Another possible reason is the
concentration of the components, in light of the modest
sensitivity of NMR spectroscopy. NMR is sometimes referred
to as a “universal” detector, since there are virtually no criteria
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Fig.1 The challenges of mixture analysis and NMR methods to address
them.

other than concentration for a small molecule to be detectable
by NMR. However, the limits of detection for NMR experiments
are very unfavourable compared to other analytical methods,
and this, together with issues of dynamic range, sets a limit on
the range of samples that may be analysed. A third limitation
concerns the analysis of samples that change over time. While
classic 1D experiments are relatively fast, the methods available
to address the complexity of mixtures usually require more
time, thus limiting the throughput of the analysis and making
them incompatible with real-time analyses on short time
scales. These three types of obstacles are met in many uses of
NMR spectroscopy, such as the high-throughput analysis of
mixtures for metabolomics applications, or the real-time moni-
toring of reactions in chemical synthesis. This provides a
motivation for “spin alchemists” to design NMR methods that
address the challenges of mixture analysis, and make them
available to the broad chemical science community.

This feature article describes a selection of NMR methods
that are designed and used for the analysis of mixtures. It is
organised in three main sections, corresponding to methods to
address the complexity, concentrations, and changing nature of
mixtures, as illustrated in Fig. 1. An additional section briefly
describes opportunities to access broader operating conditions
through the use of flow NMR. For each of the methods, the type
of information that can be accessed is highlighted. The under-
lying NMR concepts are also sketched, with minimal technical
details. In practice, NMR solutions are rarely universal, and
they usually come with a trade-off such as, for example,
resolution or speed at the expense of sensitivity. This is also
why there is a large variety of them. This article also aims at
helping the interested reader to navigate the landscape of NMR
methods for the analysis of mixtures. Note that this neces-
sarily limited overview only covers homogeneous solutions, and
focuses on small molecules.

2. Complexity

The most commonly used NMR experiment for mixture analy-
sis is the 1D "H pulse-acquire experiment. Protons have a spin
I=1/2, over 99% natural abundance, and the largest gyromag-
netic ratio among stable nuclei, resulting in favourable sensi-
tivity from an NMR point of view. However, the chemical-shift
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dispersion in "H spectra is limited to 10-15 ppm. In addition,
the large abundance of 'H nuclei result in the ubiquitous
presence of 'H-'H couplings, that yield diverse multiplet
structures and broaden NMR signals. Overall, the spectra of
all but the simplest mixtures are usually complex.

The complexity of the NMR spectra for mixtures has several
origins. First, similar compounds have similar spectra and as a
result the spectrum of a mixture may be complex even with
a moderate number of detectable compounds. Second, the
number of compounds can be very large. This is for example
the case in biofluids or extracts of biological samples. In the
spectra of mixtures, signal overlap prevents the reliable identifi-
cation and accurate quantification of signals. The assignment
of each signal in the spectrum to a specific compound, even
resolved one, is also not trivial. Note that samples such as
natural organic matter, which comprise tens of thousands of
compounds that are mostly unknown, and call for the use
dedicated methods, are outside the scope of the review.*

An array of methods is available to address overlap and
assignment issues in NMR spectra.”'® These methods may aim
at simplification, meaning that the number of peaks in the
spectrum is reduced, separation, meaning that the spectra of
different components in the mixture are separated, or disper-
sion/correlation, meaning that the signals are distributed in
additional dimensions, as well as combinations of these three
features. Classic 2D experiments such as COSY, TOCSY and
HSQC are dispersion/correlation methods. By spreading signals
along two dimensions rather than one, they make it possible to
resolve signals that overlap in 1D "H spectra.’® In addition,
since they correlate two signals or more from the same compo-
nents, they can help to assign these signals to a known
compounds with more confidence. In this section we describe
other methods that were specifically developed to address the
complexity of mixtures, and can complement or replace the use
of 2D NMR.

2.1. Pure-shift NMR

Signal overlap in 1D "H NMR spectra is due in part to the effect
of '"H-'H J couplings, because of which signals appear as
multiplets with a total width that is given by the number and
sizes of the J couplings, rather than the natural linewidth of a
peak. Broadband homonuclear decoupling, which refers to the
complete suppression of the effects of J couplings in 1D 'H
spectra, has been a long-standing goal of NMR spectroscopists.
One of the earliest methods to achieve broadband decoupling
consists of taking the 45° projection of a J-resolved 2D
spectrum.'” While this approach has found some applications
in metabolomics,'? it requires magnitude processing of the
data, resulting in unfavourable lineshapes that defeat in part
the purpose of homonuclear decoupling.

More recently, several strategies have been described to
select a subset of nuclear spins, the active spins, and decouple
them from their coupling partners, the passive spins. Two of
these methods were actually first described several decades
ago. In the BIRD approach, the active spins are all the protons
that are bound to a carbon-13, while the passive spins are all

This journal is © The Royal Society of Chemistry 2022
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the other protons.*® In the Zangger-Sterk (ZS) method,"* the 1D
'H spectrum is mapped onto the spatial length of the tube,
such that for each signal, there exists a thin slice in the sample
in which only the spins contributing to the signal are active.
These methods were revived, updated and expanded in the
2010s."°7'8

The most recent method for broadband homonuclear decou-
pling is the pure shift yielded by chirp excitation (PSYCHE)
method.' With PSYCHE, the separation between active and
passive spins is based on the application of two consecutive
pulses with a small tip angle f, as in the anti-z COSY pulse
sequence.”® The active spins are the statistical fraction of the
spins that are refocused by the pair of pulses. Their contribu-
tion of decoupled spins to the signal (for small angles) scales as
%, while that of undecoupled spins scales as f*.

Homonuclear broadband decoupling methods can give
excellent resolution for 1D "H spectra. For this reason, they
can help to distinguish peaks that overlap in an undecoupled
1D 'H spectrum.’” The BIRD, ZS and PSYCHE broadband
decoupling methods all come with a sensitivity penalty. For
BIRD, since only "*C-bound protons contribute to the signal,
the penalty is almost 100-fold. For the ZS methods, there exists
a compromise between sensitivity losses and the minimum
frequency difference between decoupled spins, and it results in
a sensitivity loss of 10 to 50-fold. For PSYCHE, there is a trade-
off between sensitivity and the size of decoupling artefacts,
which is controlled through the flip angle of the frequency-
swept pulses. A sensitivity loss of about a factor of 5 to 10-fold is
typically reported.

Homonuclear decoupling is also possible for 2D experiments.
BIRD-based decoupling can notably be incorporated into 2D
HSQC experiments, with no sensitivity penalty for experiments
at natural *C abundance."® This was exploited for the quantitative
analysis of biological mixtures.”"**

Another feature of these pure-shift methods is that the data
are most often not acquired in a single scan, but rather a series
of chunks that are concatenated before Fourier transformation.
This is because J refocusing is only exact at a single time point,
and approximately valid over a surrounding chunk. The con-
sequences are two-fold. First, the sensitivity per square root of
measurement time is reduced if only one chunk is acquired
with each scan. Methods to alleviate this limitation have been
described.">**** Second, chunking artefacts appear in the
decoupled spectrum, mostly because of J evolution during the
chunk time. These artefacts reduce the range of concentrations
that can be simultaneously characterised with a pure-shift
spectrum. Moutzouri et al. have reported a multi-scan imple-
mentation of a pure-shift pulse sequence in which chunking
artefacts are suppressed by cycling their phase across multiple
scans.>® This makes it possible to restore the dynamic range
for mixture analysis. This is illustrated in Fig. 2, where the
use of pure-shift NMR with sideband suppression makes
it possible to detect unambiguously a minor component in a
mixture, with a concentration that is 3% of that of the major
component. The relevance of 1D pure-shift NMR methods for
the analysis of biological complex mixtures is also being

This journal is © The Royal Society of Chemistry 2022

View Article Online

Feature Article

=

ol

(e) I

[r—

8 7 6 5
OH OH ©
0 NN
~7 > "
//5\
o |
F
1 2

Fig. 2 500 MHz (a) 1D *H spectrum, (b) H pure shift spectrum recorded
using the unmodified Zangger—Sterk pulse sequence, (c) vertical expan-
sion of the spectrum (b and d) *H pure shift spectrum acquired with the
pulse sequence modified to remove sidebands, for a mixture containing
rosuvastatin (1) and 2.8% of its precursor BEM (2). (e) 1D H spectrum of
BEM. Spectra c and d were acquired in approximately 9 h with an swl of
39.0625 Hz and 16 chunks using an RSNOB spatially selective spin
inversion element with a peak RF amplitude of 47 Hz. Reproduced from
ref. 25 with permission from the Royal Society of Chemistry.

evaluated.>®?” it was notably found that the reduced overlap

of PSYCHE spectra helped to identify metabolites, such as
glutamine, that could not be reliably identified from conven-
tional 1D 'H spectra.?’
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An efficient alternative to broadband homonuclear decou-
pling is the use of band-selective decoupling.”® In this approach,
the active spins are those within a selected frequency region
of the spectrum, and the passive spins are all those outside
that region. The main advantage of band-selective decoupling
methods is that they have virtually no sensitivity penalty, in
contrast to other pure-shift methods. Also, they are more
straightforward to implement in a single scan. When the proper-
ties of the mixture of interest allow it, they are a method of
choice to resolve the signals of structurally similar compounds.
Band-selective pure-shift NMR was for example used, in 2D
spectra, to distinguish diastereoisomers with near-identical 'H
and **C spectra,*® or enantiomers in chiral solvating agents.>’

The pure-shift NMR methodology has recently been
extended to suppress also the effect of heteronuclear couplings.
This is particularly important in the case of compounds
that contain fluorine atoms, such as many pharmaceutical
compounds.*’

2.2. Diffusion-ordered spectroscopy

Diffusion-ordered NMR spectroscopy, or DOSY, aims to sepa-
rate the spectra of components in a mixture, without physical
separation of the components themselves.” In DOSY experi-
ments, the separation is made according to the translational
diffusion coefficients of the molecules. A pair of pulsed-field
gradients (PFGs) separated by a delay is used to induce a
diffusion-dependent attenuation of the peaks in the spectrum,**>
and the resulting diffusion weighted signal is analysed to extract
both the component spectra and the diffusion coefficients. The
concept of “size-resolved NMR spectrometry” was introduced
as early as 1981 by Stilbs.*® It was popularised by Johnson and
co-workers who introduced the DOSY representation of the
data, which consists of a 2D graphical display of the estimated
diffusion coefficients for selected peaks or region in the
spectrum.®* Conceptually, the 1D spectrum of each component
can be found by simply drawing a line at the corresponding
diffusion coefficient in the 2D DOSY display.

PFG NMR and DOSY have found numerous applications
to the analysis of mixtures.*> Note that while the term DOSY
originally refers to a specific data processing and display
method, it can refer nowadays also to the experiment itself.
One class of applications consists of studying interactions in
solution, for aggregates and oligomers formed by, e.g., organo-
metallic species.*® DOSY is also largely used in supramolecular
chemistry, to characterise the size and shape of supramolecular
objects.®” Virtual separation by DOSY NMR has been assessed
for different classes of samples, such as dietary supplements
and pharmaceuticals, as a tool to detect counterfeit products.>®

The virtual separation of NMR spectra with standard DOSY
methods, however, is limited by the difficulty to resolve over-
lapping signals. The most common method for data analysis
consists of a non-linear least square fit of the data with one or
several exponential functions. When mono-exponential fitting
is used, the resulting peak in the DOSY display appears at an
intermediate value, that cannot be immediately assigned to one
component. Multi-exponential fitting can resolve overlapping
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peaks,® but only with excellent SNR and a sufficient difference
in diffusion coefficients between the two compounds. As a
result, standard DOSY methods are useful for assignment and
identification, but they do not increase signal dispersion.

A possible approach to improve the separation of overlap-
ping spectra is to use multivariate processing methods. They
consist of algorithmically solving the problem:

x = CP, (1)

where X is the data set, C is a matrix of component decays, and
P is a matrix of component spectra. One of the first multivariate
analysis method for PFG NMR data was CORE NMR (compo-
nent resolved NMR), described by Stilbs.*® It was significantly
accelerated by Nilsson et al, who noted that one of the
optimisation steps in CORE can be cast as a linear rather than
non-linear problem, resulting in the SCORE (speedy CORE)
algorithm.*" The fastest algorithm for multivariate processing
of PFG NMR data is DECRA (direct exponential curve resolu-
tion algorithm), described by Antalek.**** It relies on the
existence of an exact solution to eqn (1), when the diffusion
data is acquired with quadratic spacing of the PFG amplitude.
In contrast to (S)CORE and DECRA, blind-source separation
methods make no assumption of the form of the diffusion
decay. They were also successfully used to process PFG NMR
data.** With multivariate processing method, regions of the
spectrum where peaks are well resolved help to ‘“drive” the
separation of peaks that overlap in other regions. Most method
take as an input the number of components in the spectrum,
which may also be adjusted by trial and error. The separation
for similar spectra/compounds can be further enhanced by
concurrent the use of relaxation properties.*®

Another approach to address overlap issues it to use broad-
band homonuclear decoupling methods, so that fewer peaks,
if any, overlap in the 1D "H spectrum. Virtual separation with
DOSY can then work very well. This was illustrated for a variety
of pure-shift methods.*®*

A third possibility to improve spectral separation is to use
the DOSY method to separate the 2D spectra of components in
a mixture, with the so-called 3D DOSY family of methods
(2 spectral dimensions and 1 diffusion dimension).>**87°
Since signal dispersion is improved in 2D spectra, 3D DOSY
can help to address the overlap issues of 2D DOSY. In addition,
with 3D DOSY structural information is obtained for all the
separated components. This is illustrated in Fig. 3, with the
separation of HSQC spectra of five B vitamins. Importantly, in
this case the "H spectra could not be separated by regular 2D
DOSY because of peak overlap.’® Conveniently, a large variety of
methods to analyse PFG NMR data have been implemented in
the open-source GNAT package.”?

The separation power of diffusion NMR can be increased
by adding macromolecules that have different exchange or
binding properties with the different analytes. Using such
“matrix-assisted DOSY” approach, spectra that could not be
separated without the matrix can become well resolved in the
diffusion dimension.>*** When solid matrices are used for that
purpose, high-resolution magic-angle spinning (HRMAS) is

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Pseudo-3D DOSY plot of the Oneshot-HSQC spectrum of
mixture of five B vitamins (biotin, B7; pyridoxine hydrochloride, B6;
pantothenic acid calcium complex, B5; niacin, B3; and thiamine hydro-
chloride, B1) in DMSO-dg. (b) 2D projection along F», and (c) 2D projection
along Fy. Fy and F» are the *C and 'H dimensions, respectively. Dashed
lines are used to aid visualization and indicate the peaks of biotin, B7 (red);
pyridoxine hydrochloride, B6 (purple); pantothenic acid, B5 (blue); niacin,
B3 (orange); and thiamine hydrochloride, B1 (green). The spectra from the
five components are easily distinguished, with diffusion coefficients of
(105, 1.12, 1.18, 1.36, and 1.64) x 107*° m? s~* for vitamins B1, B7, B5, B6,
and B3, respectively. Data acquisition took 45 h, but a much shorter
acquisition would have sufficed. Reproduced with permission from ref. 51,
© 2018 American Chemical Society.

employed to remove magnetic susceptibility broadening. This
approach was coined “NMR chromatography”.’>>° Interest-
ingly, when small molecules are bound to nanoparticles, they
can be distinguished from unbound small molecules with a
diffusion filter. This forms the basis of a chemosensing strategy
that was developed by Rastrelli and co-workers, and applied to
the detection and, together with NMR chromatography, the
identification of small organic molecules.””>°

2.3. Maximum-quantum NMR

Maximum quantum (MaxQ) NMR refers to the use of a series of
2D multiple-quantum/single-quantum correlation spectra to
analyse complex mixtures of small molecules. MaxQ NMR
was described by Reddy and Caldarelli in 2010.%° 1t is based
on the observations that (i) a spin system comprising N spins
can form only one N-quantum coherence (N is named the maxQ
order) and (ii) in an NQ/1Q 2D correlation experiments, that
coherence will result in a series of peaks that are uncoupled in

This journal is © The Royal Society of Chemistry 2022
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the indirect dimension, and that correspond to the 1D spec-
trum for the spin system in the direct dimension. NQ/1Q 2D
correlation experiments can thus provide increased dispersion
and spectral separation.

In the MaxQ approach, a series of nQ/SQ correlation spectra
is acquired, with n ranging from 1 to 5. The spectra are then
analysed in decreasing order of the coherence order, with 1D
spectra of molecular fragments obtained by taking traces in the
2D spectra, at positions that corresponds to singlets in the
indirect dimension. The knowledge of the chemical shifts for
the compounds identified on the pQ/SQ spectrum helps to
identify the corresponding signals in the (p — 1)Q/SQ spectrum,
and thus focus on the compounds for which (p — 1) is the maxQ
value. With this method, Reddy and Caldarelli were able to
separate the spectra of 16 polycyclic aromatic compounds
identified as primary pollutants.®® Maximum quantum NMR
was also combined with DOSY NMR to benefit from the
separation power of the two methods simultaneously.®***

2.4. Polarisation transfer experiments

Polarisation transfer experiment make it possible to simulta-
neously address the overlap and assignment issues of mixture
analyses by NMR. The most popular polarisation transfer
scheme for such applications is the TOCSY (total correlation
spectroscopy) block, which drives polarisation transfer among
all the spins that belong to the same spin system. In 2D TOCSY
spectra, the spectrum of molecular fragment can be extracted
from the data, provided that a peak is well resolved for at least
one chemical site in the corresponding spin system. This
strategy was used by Briischweiler and co-workers, together
with a database of fragment spectra, to help identify com-
pounds in complex metabolic mixtures.®**>

Since the TOCSY block only correlates nuclear spins within
the same spin systems, it cannot in general reveal the entire 1D
spectrum of a mixture component. This can be achieved using
the NOESY (nuclear Overhauser effect spectroscopy) experi-
ment in a viscous solvent. Because the nuclear Overhauser
effect is a through space transfer, polarisation can propagate
across all the 'H spins in a molecule, provided that it tumbles
sufficiently slowly (the NOE for fast-tumbling molecules does
not result in efficient spin diffusion). This concept was first
demonstrated by Simpson and co-workers, who showed that
the 1D "H spectra of component mixtures could be extracted
from a 2D NOESY spectrum acquired in an oil-chloroform
mixture, for a three-component mixture.°® This approach
requires a resolved "H resonance for each compound. Interest-
ingly, when sufficient time and sensitivity are available to
record a 2D HSQC NOESY spectrum, the 1D spectrum of a
compound can be extracted with the less stringent requirement
of having a well resolved '*C signal. This approach has been
generalised by Lameiras and co-workers, who dubbed it ViscY,
for mixture analysis in viscous solvent by NMR spin diffusion
spectroscopy.®’*® They have described several solvents (such as
glycerol and glycerol carbonate) and solvent mixtures (such as
blends of dimethylsulfoxide with glycerol or water), as well as
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band-selective 2D experiments, that make it possible to separate
the 1D spectra of structurally similar compounds.

Polarisation transfer blocks are also useful in selective 1D
experiment.”®”’* In this approach, the signal of a chemical site
is selectively excited, and a polarisation transfer block is used
such that the resulting spectrum contains also, and exclusively,
the signals from correlated chemical sites. Selective 1D experi-
ments may be advantageous compared to 2D experiments when
only a subset of compounds is of interest, and when achieving
the resolution needed in the indirect dimension of a 2D
experiments would require a prohibitive experiment duration.
They are also useful to address dynamic range issues.

This was illustrated, for example, by Sandusky et al., who
showed that selective TOCSY experiments could be used for the
quantitative analysis of compounds that were 1000 times less
concentrated than the most abundant compounds in the
mixture.”® Selective experiments were also used by Lameiras
and co-workers for ViscY experiments. Fig. 4 shows an example
of ViscY experiments, in which the spectra of four phosphorus-
based compounds are separated, using selective 1D NOESY
experiments in a sulfolane/DMSO-dg mixture.®’

Selective experiment can also be combined with broadband
homonuclear decoupling, to yield pure-shift spectra of selected
components in mixtures. One advantage of this approach is
that the spectra of the minor components are not contaminated
by the decoupling artefacts of the major components.”*

A limitation of standard selective experiments is that they rely
on a well-resolved signal for the component(s) of interest. This
may not always be available, especially for mixtures of stereo-
isomers or mixtures with a high number of components. Several
methods have been developed, that make it possible to select a
single "H multiplet, even when it overlaps with other signals.”>””
Conceptually, these pulse sequences rely on a pure-shift evolution
for the spectral selection block. The chemical-shift selective filter
(CSSF) described by Hall and Norwood is a multi-scan imple-
mentation of such type of selective experiment, which relies on
an incremented delay to eliminate off-resonance signals.”””®
An improved CSSF method, was used by Robinson et al. together
with a TOCSY block to separate the 1D 'H spectra of a tri-
saccharide and its unknown degradation product.”” The GEM-
STONE approach, recently described by Adams et al., replaces the
incremented delay of the original CSSF by a spatial parallelisation
method.”” It makes it possible to collect selective TOCSY for
overlapped multiplets in a single scan.”®

In the case of compounds that contain fluorine atom,
another possible approach for polarisation transfer experiment
is to select a signal of interest in the '°F spectrum, which
usually has good resolution, followed by polarisation transfer to
a neighbouring proton, and TOCSY-type transfer within the
targeted 'H spin system.””

3. Concentrations

Despite its many advantages for mixture analysis, NMR spectroscopy
is often limited in terms of applications by its modest sensitivity.
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(d) Hio(1d) proton resonances. Reproduced with permission from ref. 69,
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Limits of detection and quantification may be usefully improved
by increasing the magnetic field, or using a cryogenically cooled
probe, but they remain orders of magnitude less favourable than
with, e.g., mass spectrometry, even for 1D 'H experiments, that
are the most sensitive. For experiments involving low-abundant
heteronuclei such as carbon-13, the required duration to have
enough SNR is often prohibitive for time-resolved or high-
throughput studies. The limited sensitivity of NMR spectroscopy
originates from the low population differences between nuclear
spin energy levels at natural abundance, expressed as the polari-
sation level (with 1 corresponding to fully polarised spins). At a
magnetic field of 11.7 T and a temperature of 298 K, the
polarisation level for *H is only 0.004%.

Hyperpolarisation methods make it possible to increase
the polarisation levels of nuclear spins by several orders of
magnitude,®*~® approaching full polarisation in some cases.
Several hyperpolarisation methods are now well established for
applications in solution-state NMR spectroscopy, and are being
assessed for mixture analysis applications. These are based on
dynamic nuclear polarisation (DNP), and parahydrogen (pH,).
These methods rely on very different physical principles and
instrumentation, and they have very different features in terms
of molecules and nuclei that can be polarised, polarisation
levels that can be reached, and types of NMR experiments that
can be recorded. In this section we describe how DNP and pH,
can help to lower the concentrations that can be accessed with
NMR. Note that for mass-limited samples, sensitivity can also
be increased by using tailored coils and probes (e.g., ref. 86),
that will not be covered in this article.

3.1. Dynamic nuclear polarisation

Dissolution dynamic nuclear polarisation (D-DNP) consists of
polarising a sample in the solid state, dissolving it with a hot
solvent, and transferring it to a spectrometer to acquire NMR
data with enhanced sensitivity.*>®” The polarisation step is
typically carried out in a cryostat at a temperature of 1.2 to
4 K and a magnetic field of 3.4 to 10 T, by microwave irradiation
of a sample doped with molecules that bear unpaired electrons.
At such temperature and magnetic field, electron spins have
almost unity polarisation, and the microwave irradiation
results in polarisation transfer from the spins of unpaired
electrons to nuclear spins. Polarisation levels in excess of
50% can be achieved in the solid state for a variety of nuclei,
with carbon-13 being by far the most used. The high relevance
of D-DNP for solution-state NMR stems from the fact that the
nuclear spin polarisation can be preserved to a certain extent
through the dissolution and transfer process. As a result, signal
enhancements of 10 000 or more can be routinely obtained for
3C NMR in solution.

One of the key features of D-DNP is that it is a single-shot
method, because the dissolution step is irreversible. In addition,
once the sample is dissolved, the nuclear spin polarisation decays
irreversibly on a time scale given by the longitudinal relaxation
times of the polarised nuclei. In many systems, the dissolution,
transfer and stabilisation times add up to more than 10 s.*” This
is why most applications of D-DNP rely on the hyperpolarisation

This journal is © The Royal Society of Chemistry 2022
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of quaternary carbons, which have relaxation time constants
that can be larger than 20 s. Several groups have also reported
instrumentation developments that make is possible to reduce
the delay between dissolution and detection to less than
5 seconds.®®*°* With such devices, a broader range of chemical
sites can be observed.

D-DNP is used extensively for kinetic studies based on the
injection of hyperpolarised compounds in a mixture containing
other reactants and/or catalysts, or in cell cultures.”**°" In such
applications, hyperpolarisation methods make it possible to
acquire '*C NMR spectra with a time resolution of a few
seconds, which would be impossible to achieve at thermal
equilibrium. They also make it possible to observe intermediate
species that would be invisible with conventional NMR
methods. For example, Hilty and co-workers have described a
series of studies of polymerisation reactions using DNP-
hyperpolarised monomers.”>*>°” They used time-series of 1D
13C NMR spectra at natural abundance to measure and com-
pare reaction rates for different monomers, and also observe
polymer products and side products, during a time of 10 to 30 s
after the start of the reaction. Lerche, Meier and co-workers
have used DNP-hyperpolarised '*C-labelled substrates to track
the metabolic fate of molecules such as glucose and fructose in
biological systems such as cancer cell or yeast cultures.’®'*
Time-series of 1D "*C NMR spectra were used to track inter-
mediates in metabolic pathways.

D-DNP is also investigated as a method to increase sensi-
tivity in NMR metabolomics.”™'*>™'%* Lerche and co-workers
have used D-DNP for sensitivity enhanced stable-isotope
resolved analysis (SIRA).°"'%* In this approach, a biological
system is fed with "*C-labelled sugars for a period of time,
before undergoing metabolic quenching and extraction. DNP-
enhanced ">C-NMR spectra of the extracts are then quantita-
tively analysed to classify sample types and identify potential
biomarkers. Giraudeau and co-workers have shown that D-DNP
can also be used to for hyperpolarised *C NMR of complex
metabolic extracts at natural abundance.'® This involved the
use of polarisation method in the solid state that consists of
first polarising 'H spins by DNP, and then transferring their
polarisation to "*C spins by cross-polarisation (CP).'°® This
CP-based approach gives high *C polarisation levels even for
natural-abundance samples, as illustrated in Fig. 5 in the case
of a tomato extract. Importantly, it was also shown that D-DNP
experiments can have a repeatability of better than 4% for the
relative area of peaks above the limit of quantification (SNR >
10)."°* This paved the way to the first implementation of
hyperpolarised *C NMR in an untargeted metabolomics
workflow.'®® Interestingly, the expected limit of detection for
of hyperpolarised "*C NMR using D-DNP is not significantly
higher than that of "H NMR at thermal equilibrium. The goal is
instead to benefit from the significantly higher dispersion of
3C 1D NMR spectra compared to 1D "H NMR, with realistic
experiment durations.

Overall, the main advantage of D-DNP for mixture analysis is
that it is a broadband method, that can yield high polarisa-
tion levels for virtually arbitrary molecules and chemical sites.
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Fig. 5 '*C NMR spectra (quaternary region) of mature green tomato fruit
pericarp extracts. (@) Conventional (non-hyperpolarised) spectrum of
20 mg extract (prepared from 20 mg lyophilized grounded tissue) dis-
solved in 700 pL D,0O, recorded with 1024 scans (11 h 45 min) at 700 MHz
with a cryogenic probe. (b) Spectrum of an identical extract recorded with
D-DNP combined with CP. The extract was first dissolved in a 200 pL
mixture of H,O/D,O/glycerol-dg (2:3:5) doped with 25 mM TEMPOL,
then polarized for 30 min at 1.2 Kand 6.7 T, and finally dissolved with 5 mL
of hot D,O and transferred in about 10 seconds to a 500 MHz spectro-
meter equipped with a cryogenic probe. (c) Same as (b), but the tomato
extract was replaced by a control sample prepared under strictly identical
conditions without any biological material. The hyperpolarized spectra
result from the sum of six consecutive acquisitions using 30° pulses
spaced by 7.7 s. *Indicates the signal of a 13C-labeled pyruvate impurity
from the D-DNP setting. Cit: citrate; GABA: y-aminobutyrate; Gln: gluta-
mine; Mal: malate. Reproduced from ref. 102 with permission from the
Royal Society of Chemistry.

The single-shot nature of the method however limits the type of
NMR experiments that can be recorded, while the fast-decaying
nature of the spin polarisation restricts the chemical site
that can actually observed. Fast-injection systems, and fast 2D
NMR experiments described in Section 4, have the potential to
increase the information content of DNP-enhanced spectra for
mixture analysis.

Several hyperpolarisation methods based on dynamic nuclear
polarisation make it possible to perform multi-shot experiments.
This is for example the case of Overhauser DNP,**° which was
recently shown to provide enhancements of up to 1000 for
3C NMR at high field®® and which can also be implemented with
flow,'” and rapid-melt DNP.'%® These and related methods do not
yet provide high-resolution spectra, that would be suitable for
mixture analysis, but they have the potential to become analytical
methods that are both broadband in terms of compounds that
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can be observed, and versatile in terms of spectra that can be
acquired. Intriguing possibilities are also opened by the injection
of highly polarised molecules prepared with DNP or pH,, followed
by intermolecular cross-relaxation, which may become relevant
for mixture analysis.'®*'° Interestingly, such broadband
hyperpolarisation methods will raise important dynamic range
questions, as actual limits of detection will only be improved if
dilute components can be detected in the presence of much
more concentrated compounds.

3.2. Parahydrogen-based hyperpolarisation

Signal amplification by reversible exchange (SABRE) is a hyper-
polarisation method that relies on a reversible interaction
between a substrate, a metal centre, and dissolved dihydrogen
enriched in its para form.®' In SABRE, the source of polarisa-
tion is parahydrogen. Dihydrogen exists in the form of two spin
isomers, named ortho and para, that correspond to different
spin and rotational states of the molecule. The equilibrium
distribution between the two forms at room temperature is 75%
ortho and 25% para. Dihydrogen gas can be enriched in its para
form simply by cooling it in the presence of a metal oxide,
reaching 50% parahydrogen at 77 K (liquid nitrogen temperature)
and close to 100% at 20 K. The gas enriched in its para form can
be stored for extended periods of time, as the two forms inter-
convert very slowly in the absence of a catalyst. Para-hydrogen is
thus a reservoir of spin order. In SABRE, that reservoir is exploited
through: (i) the addition of parahydrogen to a metal centre, often
in an iridium complex; (ii) a transfer of polarisation from the
hydride protons to nuclear spins in the substrates bound to the
metal centre.

SABRE was initially demonstrated with a single substrate
of interest.* Shortly afterwards, the potential of SABRE-based
hyperpolarisation for analytical applications was illustrated by
Lloyds et al.'™* A key feature of SABRE is the reversible nature of
the hyperpolarisation process, which can occur multiple times
for a given substrate. As a result, an array of classic 2D NMR
experiments can be used with little modifications to record
spectra with enhanced sensitivity. Experimental complications,
however, result from the fact that the polarisation transfer
occurs spontaneously only at low magnetic field (in the milliTesla
range of "H and in the microTesla range for °N). The sample thus
has to be moved between a polarisation region and the NMR
spectrometer. The most used methods consist of dropping the
sample in the magnet after shaking, or using a flow system to
shuttle the sample between a polarisation region (where para-
hydrogen gas is bubbled) and the detection region.'*?

The potential of SABRE for mixture analysis has been explored
by Tessari and co-workers, who showed that the method can be
applied to complex mixtures of molecules with concentrations in
the micromolar range, provided that an appropriate co-substrate
is also added to the mixture.'*®*'* They also showed that the
signal intensity changes linearly with concentration in that
regime. With a standard-addition method, they were able to
quantify several analytes in an artificial mixture.'™ Also work-
ing with a co-substrate, they recorded 2D DOSY data with a flow
shuttle.’*® The transfer of polarisation between the hydride

This journal is © The Royal Society of Chemistry 2022
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ligands, which results from pH, addition to a metal centre, to
the substrate, can also be performed with pulse sequences. This
is exploited in several pulse sequences developed by Tessari
and co-workers, who designed 2D experiments that correlate
hydride signals with signals from, e.g., the ortho proton of a
heterocycle in the target substrate."'” The resulting 2D spectre
provide excellent signal dispersion, and can also be used for
quantitative analysis by standard addition.

One key feature of SABRE hyperpolarisation is that it is a
selective method, in the sense that not all molecules, and not
all the spins within these molecules, can be polarised. This can
be seen as a limitation in the perspective of fully untargeted
analyses. It can also be turned into an advantage for the
analysis of selected classes of compounds. This was demon-
strated with the development of a ‘‘chemosensing” strategy
based on SABRE, which was used to analyse coffee extracts after
methanol extraction,"*® and urine samples after solid-phase
extraction (SPE)."'*'?° Using zero-quantum/single quantum
correlation experiments, Sellies et al. were able to detect and
quantify analytes in urine.'*° Reimets et al. further showed that
quantification of metabolites in urine using SABRE and a
standard addition process was also possible without SPE, using
2D spectra such as the one shown in Fig. 6."”" One of the
challenges of this approach is the identification of the observed
compounds.

The scope of molecules that can be polarised with SABRE
keeps on expanding through the development of new chemical
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1227125 pyckett and co-workers

systems and pulse sequences.
have for example introduced a relay strategy that can be used to
polarise molecules with exchangeable protons.'*® They for
example used benzylamine, that both binds to the metal centre
and has exchangeable protons.'** Using this approach, they
were able to polarise different sugar molecules, with a response
that varies linearly with concentration if the sample is suffi-
ciently dilute.

SABRE is also being used for reaction monitoring appli-
cations."””®'*® This was illustrated by Halse, Duckett and
co-workers, who monitored the activation of the SABRE catalyst
and proton-deuterium exchange in a SABRE hyperpolarised
substrate."*® This was achieved with single-shot measurement
of hyperpolarisation lifetimes for several protons in the sub-
strates, which reflect both the extent of catalyst activation and
the degree of substrate deuteration. SABRE was also used to
produce hyperpolarised substrates for reaction monitoring.
In a different approach, Norcott has combined SABRE hyper-
polarisation with selective experiments to analyse the reaction
mixtures produced by the methanolysis of an amide, at differ-
ent stages of the reactions."”

The spin order of parahydrogen can also be released by
hydrogenation of the target substrate, using a metal catalyst.
This concept, named para-hydrogen induced polarisation (PHIP),
was first described by Bowers and Weitekamp in 1986, and
reported experimentally a year later.®”®® PHIP requires the
presence of an unsaturation that can be hydrogenated in the
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Fig. 6 2D ZQ pH, HP spectrum of a urine extract in CDCls. Each complex of an analyte and the active catalyst [Ir(H,)(IMes)(mtz)s] gives rise to two
opposite phase doublets at the same ZQ frequency. Chiral analytes (i.e., Nic, Cot, and 3HC) can combine with the catalyst in two ways due to the
stereogenic center on iridium in the complex, forming two diastereomers with different physical properties. Signals were assigned by internal standard
addition during method development. Upper 1D trace recorded separately with the 1D SEPP sequence. Reproduced with permission from ref. 121,

© 2021 American Chemical Society.
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target molecule, or the use of a cleavable side-arm. It has been
used to produce hyperpolarised substrates, that are subse-
quently injected in either an enzymatic solution or cell
culture.”*°3? In order to extend the hyperpolarisation lifetime,
and benefit from higher signal dispersion, the spin order is
transfer to a neighbouring carbon-13 that has a long long-
itudinal relaxation time. As in the D-DNP case, the enhanced
polarisation makes it possible to monitor (bio)chemical reac-
tions with high time resolution, but with much more accessible
instrumentation.

4. Change

Multidimensional experiments are essential for many applica-
tions of NMR, and mixture analysis is no exception. For mixture
analysis, 2D experiments are the most frequently used multi-
dimensional experiments, and higher-dimensional spectra are
seldom recorded. The increased signal dispersion and corre-
lation information provided by 2D spectra are essential to
address overlap issues, assign signals, and obtain structural
information. The duration of 2D experiments, however, is in
many cases a limitation. While 1D spectra can be acquired in
less than 1 second, conventional 2D experiments typically last
10 minutes at least, sometimes much more, even when sensi-
tivity is not a limitation. This is an obstacle for the time-
resolved analysis of samples that evolve in time, found in
reaction monitoring applications, as well as for applications
that require a high sample throughput, such as metabolomics,
in which one is interested in changes in concentration over
large sets of samples. Conventional 2D experiments are also not
generally compatible with single-shot hyperpolarisation meth-
ods such as dissolution DNP, and this restricts the information
content of the sensitivity enhanced spectra.

Several complementary concepts have been introduced to
accelerate multidimensional experiments.’***%° The duration
of conventional 2D experiments originates from the point-by-
point sampling of the additional dimension, which requires the
consecutive acquisition of multiple scans with an incremented
parameter. This is compounded by the inter-scan delays
required for magnetisation recovery. Experiments may notably
be accelerated by reducing the number of data points required
to reconstruct the indirect dimension,"?*'** by reducing the
delay that separates consecutive scans,'*”'*® and by spatial
parallelisation.'**"*® These three types of methods have been
tailored for mixture analysis and exploited for a variety of
applications. This section describes examples of fast 2D methods
used for the analysis of mixtures.

4.1. Ultrafast 2D NMR

Ultrafast (UF) 2D NMR is the fastest method to collect 2D NMR
data. In UF 2D NMR, the scan-to-scan incrementation of
a parameter value found in classic 2D NMR (e.g., of the #
evolution time) is replaced by a spatial parallelisation
approach, in which the parameter value varies as a function
of position in the sample."*"'**> This is achieved with the
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combined application of a frequency-swept pulse and a mag-
netic field gradient. Together with magnetic-resonance imaging
methods that make it possible to effectively collect separate
free-induction decay (FID) signal per sample slice, such spatial
encoding provides a full 2D data set in a single scan of less
than 1 second. This corresponds to an acceleration by up to
three orders of magnitude. UF 2D NMR was first introduced
for 2D spectroscopy in 2002,"** and related concepts were
concurrently described for the acceleration of 2D DOSY
experiments.'*®

The potential of UF 2D NMR for mixture analysis was
recognised early on, with the use of UF implementations of
2D correlation experiments such as TOCSY.'**'** Examples
were reported of reaction monitoring, including the detection
of a short-lived intermediates,'** and of the in-line acquisition
of 2D spectra for a liquid chromatography type setup.'*?
A series of examples of reaction monitoring applications were
then described by Herrera and co-workers who, for example,
obtained mechanistic insights into the synthesis of pyrimi-
dines."**'¢"1% They notably made use of a rapid-injection
device, to capture intermediate species with a half-life of a
few minutes.

Interestingly, the relevance of UF 2D NMR for mixture
analysis is not limited to single-scan implementations. In fact,
UF 2D NMR spectra acquired in a single scan have limitations
in terms of spectral width, resolution and sensitivity. These
limitations can be alleviated through the acquisition of a few
(typically 2 to 8) scans, that makes it possible to increase the
accessible spectral width and/or the sensitivity.">* Such hybrid
UF 2D NMR experiments have proven particularly useful for
quantitative analyses of complex mixtures for, e.g., metabo-
lomics applications.'®'™>° UF 2D NMR spectra are virtually free
of t; noise, and this was found to improve the limit of
quantification of signal-averaged UF 2D spectra compared to
conventional 2D spectra.’*

Some of the 2D methods specifically designed for mixture
analysis, described in Section 2, have also been implemented
in an ultrafast fashion. This is notably the case of multiple-
quantum/single quantum correlation experiments.”* "% Le
Guennec et al. showed that the spatial encoding process used
in UF 2D NMR is applicable to multiple-quantum coherences,
and this made it possible to collect double-quantum spectro-
scopy (DQS) experiments in one or a few scans.">® Compared to
COSY spectra, DQS results have the advantage of not displaying
“diagonal” peaks, which helps to address overlap issues, as
illustrated in Fig. 7. UF DQS spectra were then shown to be
useful for quantification,'” as well as for experiments per-
formed in magic-angle spinning conditions.*® The method
was further extended by Concilio et al, who demonstrated
the spatial encoding of multiple-quantum coherences of order
up to 5, and used the resulting approach for a maximum-
quantum analysis of a mixture of aromatic compounds.'*®

Diffusion NMR experiments can also be accelerated by spatial
parallelisation. In this case, different slices in the sample
undergo magnetic-field gradient pulses of different effec-
tive duration.’®®'®®1®1 This was first demonstrated by

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Ultrafast NMR spectra of a mixture of 7 metabolites in H,O/D,O (90/10): (a) DQS (c) COSY. All spectra were recorded in four interleaved scans to

increase the observable spectral width, and four dummy scans resulting in an

acquisition time of 41 s, using a double-quantum build-up delay 7 = 25 ms.

Spectrum (b) was obtained from spectrum (a) by a shearing transformation at a processing stage. All spectra were recorded with a 600 MHz spectrometer
equipped with a cryogenic probe. Reproduced from ref. 156 with permission from the Royal Society of Chemistry.
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Thrippleton et a and later revisited by Shrot et a who
used a more general detection scheme. More recently, Guduff
et al. showed that UF (also called spatially encoded or SPEN)
DOSY NMR can be extended to higher dimensional experi-
ments, in order to acquire 3D DOSY data set (as described in
Section 2.2) in a few minutes instead of a few hours."®! Fig. 8
shows the result of the separation of 2D COSY spectra for a
mixture of three short-chain alcohols and one amino acid,
based on data that was acquired in 12 min. This approach

relies on one spatially encoded diffusion dimension and one
conventional chemical shift dimension. The reverse, one con-
ventional diffusion dimension and one spatially encoded
chemical shift dimension is also possible, and provides a
different trade-off between acceleration and sensitivity."*?
Like their conventional counterparts, UF DOSY experiments
can be made more robust against convection effects, and this
has proven useful for experiments carried out in organic

solvents, notably for reaction monitoring applications.'®
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nol) and an amino-acid (L-valine), at a concentration of ~100 mM in D,O.

(a—e) COSY-type spectra obtained as slabs of the 3D (D, dgirect. dindirect) dataset resulting from DOSY processing. The selected range in D is shown in each
panel. The slice of the (z, dgirect. dindirect) dataset with the lowest diffusion gradient area is shown in (f). The experiment was carried out with a 600 MHz

spectrometer equipped with a triple-axis gradient high-resolution probe, and
of Chemistry.
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Multivariate processing algorithms may also be exploited to
improve the separation of component spectra achieved with
UF DOSY experiments. For DECRA, this required the design of
alternative frequency swept pulses, and resulted in a duration
of just a few second for both the acquisition and the proces-
sing/analysis steps.'®*

The combination of UF 2D NMR and single-shot hyper-
polarisation methods is particularly promising for mixture
analysis.'®>'%>71%% This is notably the case for dissolution
DNP, which provides high polarisation levels for a broad range
of molecules, but which is also not generally compatible with
multi-scan pulse sequences. For example, the mixing step of a
COSY pulse sequence would completely deplete the enhanced
polarisation. Interestingly, even for experiments that may be
recorded in multiple-scans with dissolution-DNP, the sensitiv-
ity of the UF implementation may be more favourable. Frydman
and Blazina first reported the acquisition of UF 2D spectra
for DNP-hyperpolarised substrates, using heteronuclear 2D
correlation pulse sequences.’”® These experiments were later
adapted for a variety of substrates.’*>'®>'”! Provided that the
delay between dissolution and detection can be made suffi-
ciently short, homonuclear 2D spectra can also be recorded in a
single scan with 'H hyperpolarisation."®>'”* This combination
is not limited to 2D spectroscopy, and Guduff et al. have shown
that reliable 2D DOSY spectra can also be recorded in a single-
scan from DNP-hyperpolarised substrates."®”

4.2. Non-uniform sampling

Multidimensional NMR experiments classically rely on the
discrete Fourier transform to go from time-domain to
frequency-domain representations. For the indirect dimension
of 2D spectra, N; time points are collected on a regular time
grid with spacing At,, and this provides N, spectral points with
a spectral width of 1/At, after FT. While this is very robust and
general, it is also unnecessarily inefficient in most cases. Non
uniform sampling (NUS) refers to a family of methods that
consist of (i) collecting only a fraction of the points from those
that would form a regular grid, (ii) using an algorithm that
depart from the classic Fourier transform to reconstruct the
spectrum.'***3*173 These methods rely on the assumption that
multidimensional spectra are sparse. This means that among
all the possible spectra that would be compatible with the
collected data, the algorithm reconstructs the one that is the
sparsest. The degree of undersampling is usually expressed as
the NUS level, defined as the number of acquired points
divided by the number of points that would be needed to
achieve the same spectral width and digital resolution with
uniform sampling.

NUS has proven useful for the 2D experiments that are
typically used for mixture analysis."**"’*"7® The number of
points used to obtain a 2D spectrum with NUS cannot be taken
arbitrarily low. Empirically, it was found that at least 64 points
were needed in the case of HSQC and DQF-COSY experiments
applied on an artificial mixture of 30 metabolites, designed to
mimic the composition of human serum." In this example,
the resulting durations were of about 30 min for each experiment.
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This corresponds to an acceleration by a factor of 2 to 3 compared
to the conditions that would typically have been used for
such experiments. The quantitative information required for the
subsequent statistical analysis was found to be preserved at such
NUS levels, which makes them a relevant option for metabo-
lomics applications.'>*'7%'77

Interestingly, a given number of ¢; points can be distributed
over a time grid that spans a much larger range of values than
that of the corresponding uniformly sampled experiments.
In other words, from a practical point of view NUS is also very
useful to increase the resolution of 2D spectra of complex
mixtures. This was illustrated by Le Guennec et al., with the
acquisition of HSQC and TOCSY spectra of an artificial mixture
of metabolites."”® They found that, using 256 points in the
HSQC case and 512 in the TOCSY case (corresponding to
experiment duration of 2 h and 1 h), resolution could be
increased by a factor of up to 8 using non uniform sampling.
Importantly, they also showed that successful reconstruction
for such NUS levels was not successful with the so-called
“exponential sampling” strategy, which consists of selecting
the acquired ¢; points with an exponentially weighted prob-
ability (short ¢; values are more likely to be acquired). They used
instead “Poisson-gap” sampling,"”® which is designed to avoid
large gaps in sampling schedule, and was found to give reduced
artefact levels.

Non-uniform sampling is also relevant for the analysis of
mixtures that evolve in time.'”*8°7'8 In this case, it can be
implemented in a so-called “time-resolved” fashion by:
(i) acquiring a long series of ¢ points, with repetition time
Ty, according to a randomised non-uniform sampling sche-
dule, and (ii) using a sliding-window processing, that consists
of taking N,, consecutive points to reconstruct a spectrum, then
moving the range of selected points by one or several units
to reconstruct the next spectrum. While each spectrum is
effectively acquired over a duration of N,, x Ty, and represents
an average sample composition over that duration, the time
resolution is improved compared to the processing of non-
overlapping data sets. TR-NUS was used by Dass et al. to
monitor the fermentation of wheat flour.'®® They collected a
series of points of 2D HSQC experiments, randomly sampled
from a full grid of 200 points. From this data, a times series of
2D HSQC spectra was obtained, and analysed by integration of
selected peaks to track the concentration of ethanol and
glycerol during fermentation, as illustrated in Fig. 9. The use
of TR-NUS was recently made easier by the release of a software
package for data processing and analysis.'®*

The “time-resolved”” approach is also applicable to diffusion
NMR/DOSY experiments.'®*"*%¢ In this case a randomised list of
gradient amplitudes is generated, and used to collect a time
series of diffusion-attenuated spectra. As in the TR-NUS case,
N,, consecutive spectra are analysed to estimate diffusion
coefficients, and the window of processed spectra can then be
moved by one or a few units. In contrast to TR-NUS, TR-DOSY
does not necessarily require specific reconstruction algorithms,
because the non-linear least-square fit used in conventional
DOSY experiments can be applied to arbitrary grids of gradient

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Fermentation of milk monitored using a TR-NUS *C HSQC
experiment. The top panel shows a stack of reconstructed *C HSQC
spectra that correspond to different time points in the fermentation
process. The extra *C dimension separates the ethanol cross peak (A),
enabling simple determination of fermentation kinetics. The reaction rate,
assuming first-order kinetics (fitted red line), was calculated from the
change in ethanol cross peak intensity with (bottom panel). Reprinted with
permission from ref. 180, © 2015 American Chemical Society.

values. For both TR-NUS and TR-DOSY, the window size for the
processing can be chosen and adjusted after the data is acquired.
Its value governs a trade-off between time resolution on the one
hand, and SNR and artefact levels on the other hand.

Several time-resolved 2D experiments can be acquired
simultaneously, by acquiring points for different 2D experiments
in an interleaved fashion. This was recently used by Urbanczyk
and co-workers to monitor a photo-polymerisation reaction in situ,
with a combination of TR-NUS, to obtain a series of 2D HSQC
spectra, and TR-DOSY.'®”

4.3. Fast-pulsing and concatenated experiments

A third possible route to accelerate 2D NMR experiments
consists of reducing the time Ty that separates two consecutive
scans."*” "% In most conventional 2D experiments, the majority of
this delay is dedicated to the return of longitudinal magnetisation
from nearly zero to its equilibrium value, through nuclear spin
relaxation. In order to reduce the repetition time without sacrifi-
cing too much sensitivity, some magnetisation has to be preserved
along the longitudinal axis, or the recovery of longitudinal
magnetisation has to be accelerated. A combination of the
two approaches is also possible.

The classic implementation of the HSQC pulse sequence
entirely depletes the 'H longitudinal magnetisation at each
scan. Its modified “ALSOFAST” version, however, can return a
controlled fraction of the magnetisation along the z axis at the

This journal is © The Royal Society of Chemistry 2022

View Article Online

Feature Article

end of each scan.'®%18°

This makes it possible to operate in a
“fast-pulsing” regime, in which short repetition times and
small-angle excitation are combined to obtain 2D spectra in a
few seconds with good sensitivity (measured as the signal to
noise ration per square root of total experiment time). The
ALSOFAST HSQC pulse sequence was used by Schaetlein et al.
for metabolomics and fluxomics studies on a “*C-enriched
cancer cell model."®® The authors showed that the experiment
could be used to obtain “low-resolution” 2D spectra in 2 seconds,
that were suitable to statistical analysis, or ‘“high-resolution”
spectra in one minute, that could be used for fluxomics analysis.
For samples at natural abundance, the sensitivity of this fast
HSQC experiment can be increased by replacing the relaxation
delay by a spin-lock, that distributes the polarisation of **C-bound
protons to *C-bound protons.*®” The resulting ASAP (acceleration
by sharing adjacent polarisation) was also shown to be compatible
with the statistical analyses for series of spectra from complex
samples.'*°

The concepts of NMR supersequences and no relaxation delay
NMR spectroscopy (NORD) make it possible to reduce the total
time required to collect multiple 2D spectra for a given
sample.”*>"" The corresponding pulse sequences are concate-
nated, such that each block taps into a different pool of magnetisa-
tion. A single recovery delay can then be used for the combined
pulse sequence. Promising results were notably obtained by
Hansen et al. for the analysis of complex mixtures with NOAH
supersequences. They obtained HSQC, HSQC-TOCSY and TOCSY
spectra of mouse urine with an acceleration by a factor of 2.

5. Conditions of operation

Virtually all of the methods described so far in this feature
article were developed and applied with samples placed in a
classic NMR tube of 5 mm outer diameter. While this is a
powerful approach, as attested by the breadth and depth of
chemical information obtained with these experiments, it can
also be a limitation for mixture analysis. Sometimes the experi-
mental conditions of interest cannot be replicated faithfully in
a high-field NMR spectrometer. This is particularly true for
reaction monitoring applications.’®® Flow NMR is a powerful
approach to benefit from the information content of NMR
spectra while analysing, in real time, a system in its usual
operating conditions."®* Flow NMR is becoming widespread
notably through the use of benchtop NMR spectrometers.
These have been reviewed recently’®> and will not be covered
here. In parallel, the development of devices for flow NMR at
high field has provided access to experimental conditions that
could previously be probed only in a more indirect manner,
while keeping the resolution and sensitivity offered by high-
field magnets.'*®"°® This also raises challenges in terms of
pulse sequence development, as some important pulse sequences
that address the limitations of 1D NMR experiments are not
compatible with continuous flow conditions.

As outlined in Section 2, diffusion-ordered NMR spectro-
scopy (DOSY) is a particularly powerful approach for mixture
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analysis. It is based on the measurement of translational
diffusion coefficients, using pulsed magnetic-field gradients.
Since typical diffusion lengths in DOSY NMR experiments on
small molecules are of 10 pm or less, DOSY NMR may appear to
be incompatible with measurements carried out on a sample
that undergoes a bulk displacement over an average length of
more than 100 pm during the “diffusion” delay. Indeed, when
classic DOSY pulse sequences are used, with diffusion encoding
along the main direction of the flow, the estimated diffusion
coefficients are highly inaccurate. Marchand et al. recently
showed that, using a convection compensated pulse sequences,
and a diffusion-encoding axis that is orthogonal to the main
direction of the flow, accurate diffusion coefficients can be
measured for samples flowing at up to 3 mL min *.'*° In
addition, they showed that the use of multiple orthogonal axes
in convection-compensated diffusion NMR pulse sequences
also made it possible to reduce the number of scans to just
one per value of the diffusion-encoding gradient. This “one-
shot” implementation makes it possible to collect a complete
data set in less than 90 s, thus giving a useful tool for reaction
monitoring application, as illustrated in Fig. 10. Concurrently
to this work, Thomlinson et al. showed that, using a low
pulsation pump, or an empirical correction for flow effects,
consistent values of diffusion coefficients could also be
obtained with a single-axis gradient probe.>*°
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Fig. 10 DOSY spectrum obtained during a di-imination reaction moni-
tored by online NMR at a flow rate of 3 mL min™™. The experiment duration
was 80 s. Adapted with permission from ref. 199. © 2022 Wiley-VCH
GmbH.
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Ultrafast 2D NMR experiments are also built on specific
assumptions on molecular positions, that may appear not to
be verified in continuous flow conditions. When the spatial
encoding axis is parallel to the main direction of the flow,
interferences between spatial encoding and bulk sample
motion result in significant signal attenuation. This can be
compounded by the pulsatile nature of the flow, that results in
non-repeatable values of the peak volume, thus preventing the
use of UF 2D NMR for reaction monitoring in continuous
flow.>°" These issues can be addressed with the use of a spatial
encoding axis that is orthogonal to the main direction of the
flow. This was probably key to the success of UF 2D NMR
experiments in continuous flow on a benchtop spectrometer,
for which the field gradient was transverse.”> At high field,
Jacquemmoz et al. recently showed that a transverse axis of a
triple-axis gradient probe had to be used for spatial encoding,
in order to obtain good-quality UF 2D NMR. In both cases, the
resulting peak volumes can be used for accurate reaction
monitoring.

6. Outlook

The development and applications of NMR methods for the
analysis of mixtures forms a dynamic area of research. Methods
are being developed, updated or refined to tackle the challenges
of reaching the resolution, sensitivity and speed that are
required for specific applications. It is striking to note that,
while a paper entitled “Mixture analysis by NMR spectroscopy”
was published more than 25 years ago,?*® powerful methods are
still reported today, for which the novelty lies in the way in
which nuclear spins are handled. In fact, some of the most
recent developments in the field might have been implemented
on hardware available at the time, but the corresponding ideas
were not mature yet.

From a user’s point of view, NMR pulse sequences usually
become available relatively fast as updates to commercial
vendor software, or through online libraries. This also means
that there is a wealth of options to choose from. When faced
with a resolution or assignment problem, should one go for a
pure-shift experiment, a selective experiment, a 2D experiment.
The answer is usually problem dependent, and can often be a
combination of several methods, tailored for a specific sample.
Similarly, for an application that requires fast multidimen-
sional experiments, should one choose spatial parallelisation
or non-uniform sampling? And should it be combined with
fast-pulsing methods? In some cases, the timescale or interest
or the available sensitivity will answer the question. In cases
were all the options are available, careful comparisons are
needed to establish the relative merits of each approach.
Tutorials are for example available, that compare the features
of several fast methods."’* The uptake of new NMR methods
beyond a circle of experts also depends on the ease with which
these methods can be implemented. Efforts to distribute
implementation guides are clearly helping in this respect. Most
methods can likely have impact only if they become usable as a
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“black box”. One can expect that, within a few years, this will
become true of approaches such as ultrafast 2D NMR and time-
resolved non-uniform sampling.

Several of the methods described here require the installa-
tion of new hardware. This is especially true for the hyper-
polarisation methods described in Section 3. At this stage,
these approaches are more exploratory, and it remains to be
seen whether they will become widely used. Many striking
examples were reported for applications of D-DNP to reaction
monitoring, and more recent results on the use of hyper-
polarised NMR for the analysis of ‘“static” complex mixtures
are very promising. The increasing availability of commercial
instrumentation for these methods will also probably help
to reveal the usefulness of hyperpolarised NMR for mixture
analysis. Interestingly, improved limits of detection automati-
cally result in increased complexity of the spectra, and this
exacerbates the need for NMR methods that address this
complexity. Similarly, the short-lived nature of the enhanced
spin polarisation produced with single-shot hyperpolarisation
calls for the development of fast 2D NMR methods.

An increasing number of development and applications
is also observed in the emerging and fast-growing area of
benchtop NMR, which was not covered in this article. Compact
instruments provide access to previously inaccessible samples.
This is the case for profiling application, which in principle are
possible also at high field, but in practice are precluded by cost
and availability reasons. This is also true for monitoring
applications, which can now be implemented in the fume
hood, on in industrial plants. Flow NMR at low and high field
also significantly broaden the scope or reactions and processes
that can be analysed.

Overall, NMR methods for the analysis of mixtures are
expected to keep on growing, through the introduction of novel
concepts and hardware. An increasing role of digital chemistry
concepts can also be expected, which will blend with current
spin dynamics concept to further increase the information
content of NMR experiments.
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