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Benchtop Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique for the monitoring
of reactions and processes due to its accessibility and lower cost compared to high-field NMR. However,
benchtop NMR spectroscopy often suffers from limited sensitivity and resolution. In this work, we have combined
ultrafast (UF) 2D NMR with Overhauser Dynamic Nuclear Polarization (ODNP) to tackle both problems.
Compared to thermally polarized 1D NMR, UF 2D NMR provides improved spectral resolution in a single scan
whereas ODNP boosts the NMR sensitivity. To demonstrate the possibility of combining UF 2D NMR with ODNP
for process monitoring applications, experiments were carried out at different flow conditions. Our results show
that ODNP at least compensated for the losses in sensitivity of UF 2D NMR that are normally induced by high
flow velocities. Moreover, under certain flow conditions, ODNP brings additional sensitivity to UF 2D NMR
spectra, with SNR increased by a factor of >3 compared to thermal equilibrium acquisitions. The methods
developed in this article are expected to be beneficial for more informative and sensitive acquisitions in the
context of process monitoring.

1. Introduction

Process analytical technologies are crucial for the process industry,
allowing reactions and processes to be understood and reaction pa-
rameters to be optimized to achieve better yields and selectivities [1-3].
NMR spectroscopy is a powerful analytical technique for process
monitoring because it provides continuous, non-invasive structural and
quantitative analysis of the molecules involved in a reaction [4-6].
Benchtop NMR spectrometers are ideal for this task, due to their
mobility and low cost compared to high-field NMR spectrometers
[7-12]. There are numerous examples in the literature where benchtop
NMR spectroscopy has been applied to a biological or a chemical process
in a bypass setup, emphasizing the advantages of this technology for
online monitoring applications [13-20].

However, process monitoring using benchtop NMR spectrometers
faces two major limitations [21], which arise from their limited mag-
netic field strength: (i) low sensitivity and (ii) the complexity of classical
1D 'H NMR spectra, which leads to peak overlap and difficulties in peak
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assignment as well as quantitative analysis. Both aspects contribute to
limiting the complexity of the samples, the concentrations range and the
reachable timescales that can be addressed in monitoring applications
using benchtop NMR spectrometers. In continuous-flow applications,
these problems are particularly severe due to the limited premagneti-
zation volume and flow-induced NMR signal broadening.

Several methods have been developed to deal with the complexity of
1D 'H NMR spectra of mixtures measured on benchtop NMR in-
struments. Besides the possibility to study the mixture with hetero-
nuclei, e.g. with 13¢ NMR spectroscopy, 2D NMR spectroscopy is an
elegant solution. In recent years, fast 2D NMR techniques have emerged
that allow signal acquisition on a timescale that is suitable for process
monitoring. These techniques include 2D NMR experiments based on
non-uniform sampling (NUS) strategies, techniques with fast repetition
methods with shorter recovery times between consecutive scans, and
ultrafast (UF) 2D NMR methods based on spatial encoding [22-25].
Among these methods, UF 2D NMR offers the most significant acceler-
ation, providing a complete 2D NMR spectrum in a single scan of less
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than one second (as opposed to several minutes with conventional
methods) [26]. Examples of the successful applications of UF 2D NMR
(especially 2D UF COSY) can be found in the literature [27-33]. How-
ever, the spatial parallelization process on which UF 2D NMR relies on
results in a sensitivity penalty. This adds to the general sensitivity
problem of benchtop NMR spectroscopy, which can be alleviated by the
use of hyperpolarization methods.

Hyperpolarization methods can boost the sensitivity of NMR spec-
troscopy and are therefore promising techniques for reaction and pro-
cess monitoring [34,35]. Among these, two techniques have been shown
to be suitable for continuous hyperpolarization of flowing samples:
Signal Amplification By Reversible Exchange (SABRE) [36-39] and
Overhauser Dynamic Nuclear Polarization (ODNP) [40-44]. Compared
to SABRE, ODNP is especially well suited for process monitoring appli-
cations because ODNP can be applied to a wide range of molecules, is
technically simple, and can work in continuous-flow [45]. The usage of
immobilized radicals on a fixed bed enables the flow-induced separation
of the radicals from the measured liquid before NMR detection. In
addition, ODNP has already been coupled to benchtop NMR spectrom-
eters, enhancing benchtop 'H as well as >C NMR spectroscopy of mix-
tures [44,46-48]. However, examples of benchtop NMR spectroscopy
with ODNP have been mostly limited to the use of 1D NMR methods.

In this work, we demonstrate the possibility to combine the acqui-
sition of UF 2D NMR spectra with the signal enhancement provided by
ODNP for the analysis of a mixture on a benchtop NMR spectrometer. To
the best of our knowledge, this is the first study that reports on this
interesting option. To demonstrate the feasibility of the method, ho-
monuclear 'H correlation spectroscopy (COSY) of a mixture hyper-
polarized by ODNP was conducted with the UF 2D NMR method. The 2D
NMR spectra of a binary hyperpolarized mixture of propionaldehyde
and 1,3-dioxane were acquired in continuous-flow as well as
interrupted-flow at different flow rates. The results of both flow modes
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were compared with each other and the effects of the set flow rate as
well as the advantages of the flow modes are discussed.

2. Experimental procedure
2.1. Chemicals and materials

An equimolar mixture of 1,3-dioxane (TCI Chemicals, purity > 98 %)
and propionaldehyde (Thermo Scientific, purity > 99 %) was prepared
gravimetrically using a laboratory scale (Delta Range XS603S, Mettler
Toledo, accuracy: + 0.001g ). For hyperpolarization, a fixed-bed with
immobilized radicals was used [45]. The radical
glycidyl-oxy-tetramethylpiperidinyloxyl (GT) was grafted on an
aminopropyl-functionalized controlled porous glass (CPG) which has a
pore size of 30 nm. GT was attached to the CPG via a polyethylene-imine
linker (molecular mass: 25,000 g.mol'l) and an intermediate linker
consisting of 1,4-butanediol diglycidyl ether.

2.2. Setup and experimental procedure

The setup consists in a custom-built Halbach magnet (magnetic field
strength 0.35 T), which contained the custom-built ODNP probe, and a
Magritek benchtop NMR spectrometer (Spinsolve Carbon, magnetic
field strength 1.0 T). The setup is illustrated in Fig. 1. The studied
mixture, provided in a feed container, was pumped (WADose Plus HP,
Flusys, accuracy: < 3 %) to the ODNP probe, passing a 6-port valve
(Rheodyne 7030, IDEX). PEEK capillaries were connected to the 6-port
valve so that the setup could be operated in both continuous-flow as
well as in interrupted-flow mode (controlled by a custom written Lab-
View program). The ODNP probe contained the flow cell (inner diameter
1 mm) in which the paramagnetic radical matrix was packed as dense
fixed-bed. ODNP hyperpolarization was conducted at a microwave
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Fig. 1. Scheme of the experimental setup for the 2D UF COSY experiments with ODNP hyperpolarization in continuous-flow and interrupted-flow.
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frequency of 9.687 GHz and a power of 10 W. After hyperpolarization,
the sample was transported by a PEEK capillary (inner diameter 0.25
mm, length 0.52 m) to the benchtop NMR spectrometer, which was
placed directly under the Halbach magnet. The benchtop NMR spec-
trometer was equipped with a detection cell with an inner diameter of
2.9 mm. Additional details regarding the experimental setup may be
found in refs [45,48].

All NMR experiments were controlled by the Spinsolve Expert soft-
ware (Magritek).

2D COSY NMR spectra were acquired with the ultrafast acquisition
method and are referred to as 2D UF COSY. The 2D UF COSY experi-
ments were acquired using 100 pairs of consecutive bipolar gradients.
Each gradient duration is 1150 us with an amplitude of + 14.4 G.cm™’. A
gradient resting delay of 530 ps is also applied between consecutive
acquisition gradients. A dwell time of 10 ps was used to cover a fre-
quency range larger than the frequency dispersion induced by the
gradient pulses. The total duration of the EPSI (Echo-Planar Spectro-
scopic Imaging) is 336 ms. Two 15 ms chirp pulses were used together
with + 2.4 G.cm™! gradients for spatial encoding. These parameters
resulted in a spectral width of 294 Hz in the direct/conventional
dimension and 340 Hz in the indirect/UF dimension. The detailed UF
COSY pulse sequence is available in the Supporting Information (see
Figure.S1).

2D UF COSY experiments with ODNP hyperpolarization were carried
out in both continuous-flow and interrupted-flow modes. Corresponding
2D UF COSY experiments without ODNP hyperpolarization were addi-
tionally performed to enable the calculation of the signal enhancements.
The performance and the quality of the experiments in continuous-flow
as well as interrupted-flow were assessed at three flow rates in the
transport capillary (or flow velocities calculated by assuming plug-
flow). For the 2D UF COSY experiments, the acquisitions were syn-
chronized to the ODNP hyperpolarization build-up in the Halbach
magnet and the transport to the detection zone depending on the chosen
flow rate. In interrupted-flow mode, the switch of the 6-port valve was
synchronized to that delay time as well, and the NMR acquisition was
launched simultaneously. The three different flow rates, flow velocities
and the corresponding transport times are summarized in the following
Table 1. The transport time delays were determined in preliminary ex-
periments detailed in the Supporting Information (see Fig.S2).

The corresponding 1D thermal as well as 1D ODNP experiments were
conducted as well. The 1D 'H NMR spectra were acquired with a single
scan and 32,768 data points with a dwell time of 200 ps, resulting in
spectral width of 5 kHz. Inversion recovery experiments were conducted
as well for the site-specific determination of the T1 times of the
propionaldehyde/1,3-dioxane mixture and are provided in the Sup-
porting Information (see Table.S1).

2D UF COSY NMR spectra were processed using custom written
programs in MATLAB (Mathworks). The postprocessing routine was
carried out as follows: half of the echoes (odd echoes) were reorganized
into a 2D matrix. Along the spatial dimension, the data were inverse
Fourier transformed, apodized with a Gaussian window, zero-filled and
Fourier transformed. Along the spectral dimension, the data were apo-
dized with a sine window, zero-filled and Fourier transformed. Magni-
tude spectra were used in all cases.

The data were then analyzed using Mnova (Mestrelab) for plotting

Table 1

Summary of the three flow rates in the transport capillary (in mL.min’l), the
corresponding flow velocities in the capillary (in m.s™), and the corresponding
transport times of the flowing mixture.

Flow rates (mL.min" Flow velocities in the capillary (m.s™)

h

Transport time (s)

1 0.34 6
3 1.02 4
5 1.70 2
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and signal-to-noise ratios (SNR) measurements. The calculation of the
signal enhancements was done by SNR measurements of each individual
signal. For each experimental condition, the enhancements factors were
determined by dividing the SNRs between the corresponding signals of
ODNP hyperpolarized spectra and the thermally polarized spectra. This
procedure was repeated three times since three consecutive experiments
were conducted for each experimental condition. Then the average
enhancement factors were calculated as well as their standard deviation
over the three repetitions. The detailed enhancements factors are
detailed in the Supporting Information (Table S2). All the experiments
were repeated 3 times to calculate average enhancement values as well
as standard deviations.

3. Results and discussion
3.1. NMR characterization of the model mixture

In order to characterize the combination of flow ODNP and UF 2D
NMR, we selected a 50:50 mixture propionaldehyde/1,3-dioxane, which
are expected to be polarized by ODNP at 0.35 T. Fig. 2 shows the 1D 'H
NMR spectrum and the corresponding 2D UF COSY NMR spectrum of the
equimolar mixture of propionaldehyde/1,3-dioxane as well as the peak
assignments, both acquired at thermal equilibrium and static conditions.
As shown in Fig. 2(a), the 1D 'H NMR spectrum of the mixture displays
five signals with different multiplicities. The 2D UF COSY NMR spec-
trum, given in Fig. 2(b) allows clear distinction of the two spin systems
by revealing cross-peaks. In total, there are 9 signals: 5 located on the
diagonal and 4 cross-peaks due to the homonuclear coupling.

3.2. UF COSY in continuous-flow vs. interrupted-flow at thermal
equilibrium

Fig. 3 shows the results of the 2D UF COSY experiments which were
conducted without ODNP hyperpolarization in continuous-flow and
interrupted-flow at different flow rates. UF 2D NMR relies on a spatial
parallelization process, which is susceptible to disturbances due to
diffusion and flow [49]. At the same time, sample motion is intrinsic to
both the ODNP experiment and to flow NMR monitoring. Therefore, we
first studied the effect of the flow conditions on UF 2D NMR acquisitions,
without hyperpolarization. 2D UF COSY spectra were acquired at ther-
mal equilibrium using either continuous-flow or interrupted-flow mode.
In the continuous-flow approach, the flow rate remains unchanged be-
tween transport and NMR acquisition.

For the 2D UF COSY experiments acquired in continuous-flow, it can
be recognized that the quality of the spectra significantly decreases with
increasing flow rate. In UF 2D NMR, both spatial encoding and spatially-
resolved acquisition require several tens of milliseconds. During this
delay, the continuous-flow induces a displacement of the 'H spins,
which can be detrimental to the quality of the resulting spectrum,
depending on the direction of the displacement relative to that used for
spatial encoding [50,51]. In this case, the coil used for spatial encoding
produces a field gradient that is transverse, i.e., orthogonal to the di-
rection of the net sample displacement. However, the geometry of the
flow cell results in a jet flow and thus velocities that do have transverse
components, resulting in the observed attenuation [52,53]. It is in fact
remarkable that good-quality spectra can still be obtained at such flow
velocity (0.34 m.s™! in the transport capillary).

In contrast, 2D UF COSY NMR spectra with good quality are obtained
when the interrupted-flow mode is applied. The results are consistent for
all flow rates and are comparable to the spectra which were acquired of
samples at rest. This observation can be attributed to the fact that the
sample motion is stopped sufficiently fast preventing the interference
with the acquisition during the 2D UF COSY experiment However, SNR
decrease by applying a 5 mL.min"! flow rate. For the 2D UF COSY ex-
periments in interrupted-flow, the average SNR of the nine signals drops
from 31 to 25 when the flow rate is changed from 1 mL.min™! to 5 mL.
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Fig. 2. (a) 1D "H NMR spectrum of the equimolar mixture of propionaldehyde and 1,3-dioxane with peak assignments. (b) 2D UF COSY NMR spectrum of the 50:50
mixture of propionaldehyde and 1,3-dioxane with peak assignments. Both NMR spectra were acquired at thermal equilibrium and in static conditions. The aldehyde
proton (indicated by a red cross) was discarded in this work, as a spectral width of 10 ppm cannot be achieved for the 2D UF COSY experiments with the cur-
rent setup.
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Fig. 3. Thermally polarized 2D UF COSY NMR spectra of the equimolar mixture of propionaldehyde an 1,3-dioxane at a flow rate of 1, 3 and 5 mL.min"’. Top: 2D UF
COSY NMR spectra acquired in continuous-flow mode. Bottom: 2D UF COSY NMR spectra acquired in interrupted-flow mode.
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Fig. 4. 2D UF COSY NMR spectra of an equimolar mixture of propionaldehyde and 1,3-dioxane at (a) 1 mL.min?, (b) 3 mL.min" and (¢) 5 mL.min"}, enhanced by
ODNP hyperpolarization in continuous-flow mode.
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min’’. This is due to insufficient premagnetization occurring at high flow
velocities. For comparison with the transport times, the T; values are
provided in the Supporting Information (see Table. S1). In the following,
the corresponding 2D UF COSY experiments with ODNP hyperpolar-
ization are discussed in detail. The signal enhancements in the 2D UF
COSY spectra and the beneficial effects by ODNP are explicitly shown.

3.3. UF COSY + ODNP in continuous-flow

2D UF COSY experiments with ODNP hyperpolarization were carried
out in continuous-flow. The results of the equimolar mixture of pro-
pionaldehyde and 1,3-dioxane for the different flow rates are given in
Fig. 4. The acquisition of UF COSY spectra for the ODNP-hyperpolarized
mixture was first attempted using continuous-flow acquisition. In this
approach, the sample is flowing continuously, the microwaves are
turned on and a UF 2D NMR spectrum is acquired when the polarization
has reached a plateau in the detection cell. The delay (transport time)
between turning on the microwave and acquiring the spectrum was
optimized using prior 1D experiments described in the Supporting In-
formation (see Figure S2).

As observed in the studies without ODNP hyperpolarization, good
quality 2D UF COSY NMR spectra are again obtained for a flow rate of 1
mL.min"!. By applying ODNP hyperpolarization, the SNR of the nine
signals is significantly improved. The average signal enhancement by
ODNP is ¢ = 2.51 + 0.24. 1D 'H acquisitions under the same flow
conditions show an average signal enhancement of ¢ = 7.02 + 0.57
when ODNP is applied, which is much higher, but still in the same order
of magnitude. SNR enhancements of the 1D NMR experiments con-
ducted in continuous-flow are provided in the Supporting Information
(Figure S3). For comparison, the enhancement factors measured in the
Halbach Magnet (for ODNP) are in the order of 30-40, demonstrating
that there is a substantial loss of polarization during the transfer of the
sample, and also due to the formation of a jet flow in the detection cell
and corresponding backmixing effects. These effects are in detail
described in [48] where the same setup has been used. In contrast, the
2D UF COSY NMR spectra obtained at flow rates of 3 and 5 mL.min!
display distorted peaks that tend to spread along the UF (vertical)
dimension, as in the experiments without ODNP hyperpolarization (the
effect is simply made more visible by the enhanced SNR).

It is concluded that 2D UF COSY experiments in continuous-flow are
unfavorable at flow rates above 1 mL.min"" as the time required for the
spatial encoding as well as the signal acquisition are disturbed by the
fast outflow of the sample from the detection zone which is difficult to
quantify exactly due to the nature of the flow, regardless of applying
ODNP hyperpolarization or not. This outflow issue can be tackled by
using the interrupted-flow mode and separating the acquisition from the
flow, which is discussed in the following section.

Journal of Magnetic Resonance Open 23 (2025) 100195
3.4. UF COSY ODNP in interrupted-flow

The results of the 2D UF COSY experiments with ODNP hyperpo-
larization in the interrupted-flow mode are shown Fig. 5. In this
approach, one also waits for the polarization to reach a plateau in the
detection cell after the microwaves are turned on. However, in this case,
the 6-way valve is switched just before data acquisition. It can be seen
that the 2D UF COSY NMR spectra obtained with this approach remain
of high quality for all tested flow rates (up to 5 mL.min™). similar as in
the thermal equilibrium case discussed in Section 3.2. To quantify the
signal enhancements by applying ODNP hyperpolarization, the SNRs of
the 2D UF COSY NMR spectra with ODNP hyperpolarization are
compared to those achieved at thermal equilibrium, (see Fig. 6).

The SNRs displayed in Fig. 6 show that SNR enhancements are ob-
tained for each signal throughout the studied flow rates. Detailed SNR
enhancements obtained with 2D UF COSY in interrupted-flow are pro-
vided in Figure S5 in the Supporting Information. At a flow rate of 1 mL.
min’!, we observe a mean SNR enhancement of ¢ = 3.42 + 0.43 which is
the largest SNR enhancement obtained in this study. However, by
increasing the flow rate the SNR enhancement by ODNP hyperpolar-
ization decreases. For a flow rate of 3 and 5 mL.min"}, an average SNR
enhancement of ¢ = 2.00 + 0.11 and € = 2.67 + 0.30 are obtained,
respectively. The signal enhancements of the corresponding 1D NMR
experiments were also calculated resulting in the same trend as observed
in the 2D UF COSY experiments. SNR enhancements of the 1D NMR
experiments conducted in interrupted-flow are provided in the Sup-
porting Information (Figure S4).

The limit of detection (LOD) of some 2D UF COSY experiments were
estimated and are shown in the Supporting Information (Table S3 and
Table S4). The LOD of the 2D UF COSY experiments under ODNP with an
interrupted-flow of 1 mL.min is 0.38 mol.L'l. The LOD of the 2D UF
COSY experiments at thermal equilibrium under static condition is 0.71
mol.L’!. This means that, in this case, thanks to the sensitivity boost
provided by flow ODNP hyperpolarization, we can detect concentrations
1.8 times lower than what is accessible with regular 2D UF COSY NMR.

In the case of interrupted-flow, acquisitions were launched simul-
taneously with the flow interruption. We can therefore expect that there
are still molecular motions disturbing the spatial encoding of ultrafast
2D NMR and deteriorating the measured SNR. This hypothesis is vali-
dated by the fact that, at thermal equilibrium, the SNRs measured in
interrupted-flow are all lower than the SNRs measured under static
conditions. However, the SNR of the 2D UF COSY experiments with
ODNP hyperpolarization are in a similar range as those obtained in the
experiments at rest and at thermal equilibrium. This means that ODNP at
least compensates for the loss of sensitivity induced by the residual
motions of the sample. The 1 mL.min"! ODNP interrupted-flow experi-
ments provided SNRs all superior than the SNRs under static condition at
thermal equilibrium. This means that ODNP compensates for the loss of
sensitivity induced by the flow and provides further SNR enhancements.

D> WN -
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Fig. 5. 2D UF COSY NMR spectra of an equimolar mixture of propionaldehyde and 1,3-dioxane at (a) 1 mL.min"!, (b) 3 mL.min! and (c¢) 5 mL.min"! enhanced by

ODNP hyperpolarization in interrupted-flow mode.
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Fig. 6. Comparison of the SNRs obtained at thermal equilibrium and with ODNP hyperpolarization in interrupted-flow at the different flow rates (V). The com-
parison is carried out for the nine signals (the peak assignment is given in Fig. 2) present in the 2D UF COSY NMR spectra.

Additional information about the comparison of the results of the 2D UF
COSY experiments and ODNP hyperpolarization with the results at static
conditions are provided in the Supporting Information (see Figure S5).

The dependence of the signal enhancements on the flow rates may be
rationalized by the longitudinal relaxation time constants T; of the two
components. In flow ODNP, especially in this current setup, the net
signal enhancement is a result of the hyperpolarization build-up in the
ODNP probe, the relaxation during the transport from the fixed bed with
the radical matrix to the detection zone, and the mixing of hyper-
polarized and thermally polarized spins in the detection volume. The
application of high flow rates reduces the hyperpolarization losses
during the transfer to the detection zone. In contrast, a too high flow rate
can lead to insufficient build-up of the hyperpolarization in the Halbach
magnet as the corresponding residence time of the fluid on the fixed bed
is too low. The relative contribution of these two effects depends on the
T; values of the studied molecules. A shorter T; allows a rapid build-up
of polarization in the Halbach magnet, but also requires a faster transfer
to avoid losses due to relaxation: in this case a faster flow rate is
favorable. Vice versa, a longer T; time requires an extended residence
time on the radical matrix in order to achieve maximal hyperpolar-
ization build-up, whereas T; relaxation is less detrimental during
transfer (a lower flow rate is then favorable). Consequently, the opti-
mum flow rate is dictated primarily by the time required to achieve
sufficient hyperpolarization of the sample. In our study, the best SNR
enhancement is observed when flow rate of 1 mL.min™! is used, for both
1D and UF COSY experiments. This is consistent with the relatively long
Ty values for the molecules in the mixture, which were measured to be of
about 10 s (see SI).

A comparison between the results of the 2D UF COSY experiments
with those obtained from the corresponding 1D NMR experiments (see
Figure S6 in the Supporting Information), shows that the signal en-
hancements obtained in the 2D UF COSY experiment case are compar-
atively lower. The 2D UF COSY experiment is expected to be more

susceptible to in-flow and out-flow effects due to the longer duration of
the pulse sequence, and it might be the case that more mixing of
hyperpolarized and thermally polarized spins in the detection region
occurs between the first 90° excitation and the acquisition block of UF
COSY. However, the variation of the enhancement from one peak to
another is qualitatively preserved between UF COSY and 1D experi-
ments as this relies on the hyperfine interaction of a specific structural
group with the radical matrix and the hyperpolarization losses due to T;
relaxation of the specific groups during the transport time.

4. Conclusions

We have shown that UF COSY spectra can be acquired for a mixture
of molecules hyperpolarized by flow ODNP. Good quality 2D NMR
spectra were obtained in a single scan at flow rates of up to 1 mL.min™!
with continuous-flow acquisition, and 5 mL.min! using interrupted-
flow acquisition. Mean SNR enhancements in the 2.00 — 3.37 range
were obtained, and ODNP at least compensated for the sensitivity losses
induced by high flow velocities. The choice of optimal acquisition mode
(continuous or interrupted-flow) thus depends on the flow rate, while
the choice of optimal flow rate depends in part on the longitudinal
relaxation time constants. While the sample analyzed here did not
evolve in time, in the context of process monitoring the choice of
optimal flow rate would also depend on the kinetics of the process of
interest. The demanding conditions of flow ODNP and UF 2D NMR are
thus shown to be compatible in this example. This proof of concept is a
first step towards using these methods to increase both the resolution
and sensitivity of benchtop NMR spectroscopy for process monitoring
applications. In the current state of the installation, the combination of
2D UF COSY and ODNP under flow conditions is limited for more
resolute monitoring of simple evolving mixtures, with a non-negligible
concentration of analytes, that can be hyperpolarized by ODNP.
Further improvements (in hardware, for example) should be made to



J. Mandral et al.

enhance the capabilities of the technique, opening up new prospects for
monitoring more complex processes.
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