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Practical aspects of real-time reaction monitoring
using multi-nuclear high resolution FlowNMR

Andrew M. R. Hall,? Jonathan C. Chouler,? Anna Codina,® Peter T. Gierth,?
John P. Lowe* and Ulrich Hintermair*@

FlowNMR spectroscopy is an excellent technique for non-invasive real-time reaction monitoring under rel-
evant conditions that avoids many of the limitations that bedevil other reaction monitoring techniques.
With the recent commercial availability of FlowNMR hard- and software solutions for high resolution
spectrometers it is enjoying increased popularity in both academia and industry. We present an account on
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practical aspects of high field multi-nuclear FlowNMR for reaction monitoring including apparatus design,
flow effects, acquisition parameters and data treatment, which are important to consider if accurate kinetic
data are to be obtained from FlowNMR experiments. Flow effects on NMR peak areas are particularly im-

portant as they can lead to large quantification errors if overlooked, but can easily be corrected for and
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Introduction

The ability to monitor chemical reactions by simultaneously
following the concentration of different species in real time
under reaction conditions is a vital tool for determination of
reaction kinetics and elucidation of reaction mechanisms, as
well as for process development and monitoring on an indus-
trial scale. In principle a variety of methods are suitable for
application in real-time reaction monitoring, including
spectroscopic techniques such as infrared (IR), Raman,
ultraviolet-visible (UV-vis) and nuclear magnetic resonance
(NMR) spectroscopies along with other methods such as calo-
rimetry, mass spectrometry, electrochemistry, chromatogra-
phy and chemical analysis. In practice, the ideal reaction
monitoring technique would provide information about all
species within a reaction mixture under normal reaction con-
ditions, with high sensitivity and temporal resolution, whilst
remaining accessible to a non-specialist and at minimum
cost. Whilst none of the above methods are able to fulfil these
rather exacting conditions, one of the most commonly used
techniques is NMR spectroscopy, which is particularly useful
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even used to increase temporal resolution with suitably adjusted instrument settings.

due to the large amount of information it can provide about
the structure of the species under investigation and its inher-
ently quantitative nature.

Reaction monitoring techniques may be coupled directly
to a reaction vessel, with a probe inserted into the vessel (in
situ or in-line monitoring) or with the reaction vessel
connected to the instrument via hyphenated tubing (on-line
monitoring). Alternatively, reaction monitoring may be
performed remotely from the reaction vessel by sampling (at-
line or off-line monitoring). In situ methods are generally pre-
ferred as they do not introduce sampling delays and mini-
mise the risk of disturbing the reaction system or changing
the aliquot taken, which is vital for accurate mapping of the
reaction kinetics. Reaction monitoring by NMR is typically
performed either by off-line sampling or by in situ monitor-
ing of a reaction carried out on a small scale in a standard
sample tube within the spectrometer." Despite the many in-
trinsic benefits of NMR spectroscopy both approaches have
significant practical limitations: off-line sampling introduces
delays in the order of several minutes and exposes the sam-
ple to different conditions potentially leading to composi-
tional changes, whilst the lack of mixing in commonly used
5 mm NMR tubes may cause unrepresentative kinetic data
to be acquired. A recent study by Foley et al. clearly demon-
strates the significance of mass transfer limitations when
using static NMR tubes for reaction monitoring, leading to
strikingly different kinetic results for the same reaction
when monitored by different NMR techniques.”

An alternative to these established techniques is the grow-
ing field of on-line NMR monitoring, which is amenable to a

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6cy01754a&domain=pdf&date_stamp=2016-11-30
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cy01754a
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY006024

Open Access Article. Published on 19 September 2016. Downloaded on 4/20/2026 12:12:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

wide range of reaction conditions including reactions requir-
ing heating, cooling and inert or reactive gas atmospheres,®™
and in principle can circumvent the above limitations.
Performing the reaction outside of the spectrometer allows
reagents to be added without stopping data acquisition and
the reaction to be properly mixed to ensure that the reaction
kinetics measured are not obscured by diffusional effects.
This means that reactions can be performed under realistic
conditions and without the delay that is introduced by sam-
pling techniques.

Flow techniques in NMR spectroscopy are well known in
the context of high performance liquid chromatography
(HPLC)-NMR coupled setups for multi-technique analysis and
high-throughput characterisation.®”® Recently, however, inter-
est in flow techniques for on-line reaction monitoring has
grown, both on a laboratory scale®'°™* and for process moni-
toring and control in industry."*® This has in part been
driven by the recent development and commercialisation of a
number of systems for on-line NMR reaction monitoring for
both high field'”*® and low field"® approaches. Whilst mod-
ern low field instruments with good field stability have
proven increasingly useful for process monitoring in indus-
trial settings due to their lower cost and portable design,** >
low field spectrometers lack the resolution and variety of ex-
periments required for studying most catalytic mechanisms
and kinetics in a research setting, where the reaction by-
products and intermediates may not be well known." In ad-
dition, due to the high degree of temperature control re-
quired for magnetic field stability in low field instruments,
the reaction sample must be brought to the magnet tempera-
ture before passing through the spectrometer to avoid
disrupting the magnetic field homogeneity.'® Multi-nuclear
spectra have become possible with modern low field instru-
ments, and deconvolution techniques can be used to alleviate
some of the constraints on spectral resolution,””*® but high
field instruments are clearly much more useful for reaction
and catalyst development due to higher spectral resolution,
increased sensitivity, and the ability to study a wide range of
nuclei and perform advanced measurements. A significant
advance in high field reaction monitoring has been the re-
cent development of integrated flow tubes that can be
inserted into a standard spectrometer probe without having
to use specialised flow probes such as those developed for
HPLC-NMR®” or microfluidic devices,**° reducing costs and
greatly facilitating use of the technique.'”*°

With all these benefits of performing on-line reaction
monitoring by continuous-flow high resolution NMR spectro-
scopy, the presence of flow can have significant effects on the
quality and quantification of the NMR signal, and it is impor-
tant that these effects are considered if accurate data are to
be generated. Although some basic principles of how NMR
data acquisition is affected by moving samples have been
known for some time,”” and the use of low field NMR
spectroscopy in process monitoring has been well covered in
the recent literature,'®****3! we felt it necessary to re-
investigate the considerations required for real-time reaction

This journal is © The Royal Society of Chemistry 2016
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monitoring using high field FlowNMR with contemporary in-
struments and software. Here we report a summary of the
most important effects and parameters that need to be con-
sidered when using multi-nuclear high resolution FlowNMR
for accurate reaction monitoring with the aim of analysing ki-
netics and elucidating reaction mechanisms in the research
laboratory.

Results and discussion
a) Hardware configuration and design

On-line NMR reaction monitoring may be performed either
with continuous flow, where data is acquired whilst the sam-
ple is moving through the receiver coil, or with a pulsed flow,
where the flow is halted during measurement. Most on-line-
NMR reaction monitoring systems use continuous
310,11,2130 35 this means that the sample within the
spectrometer is continually refreshed to ensure that the vol-

flow

ume measured is always representative of the mixture within
the reaction vessel; however, pulsed systems have been devel-
oped for use with some low field spectrometers where contin-
uous flow is not possible.** For all on-line NMR reaction
monitoring setups there is an inherent time required for the
sample to be pumped from the reaction vessel to the spectro-
meter, leading to a slight delay between a change occurring
in the reaction vessel and detection. This delay means that
standard on-line NMR is not suitable for monitoring reac-
tions with half-lives of less than a few minutes that are trig-
gered by an external stimulus (such as the addition of a re-
agent). Fast-injection methods, including stopped-flow NMR
techniques, have been developed to overcome this, although
these typically use a static sample that is discarded after

measurement.>**°

Capturing fast events that are naturally oc-
curring in a flowing sample during the reaction, however, is
not limited by the pump delay but the NMR acquisition
parameters.

We have used a closed-loop continuously recirculating
flow systemi based on a simple setup using off-the-shelf
commercial components (Fig. 1). The reaction vessel may be
anything from an open beaker to a Schlenk flask or a pres-
sure reactor. As long as adequate mixing in the reaction ves-
sel is provided, ensuring that the sample circulated through
the spectrometer is representative of the bulk, there is no up-
per limit on the reaction volume. A standard HPLC pump
with 1/16” HPLC tubing was used to circulate the sample
through the system, with a bypass loop fitted for safety rea-
sons. A NMR flow tube with a flexible, thermally jacketed
transfer line and 5 mm glass sample tip inserted into a stan-
dard 500 MHz spectrometer was used as the flow module.
Details on all components used can be found in the Experi-
mental section.

1 Note that whilst NMR data is acquired on a flowing aliquot, the reaction itself
is performed as a batch process in a continuously stirred reaction vessel, yield-
ing reaction profiles as a function of time rather than of reactor length or flow
velocity as would be the case for continuous flow mode.*!
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Fig. 1 Flow scheme and instrumentation diagram for the FlowNMR reaction monitoring apparatus (not to scale; for details see the Experimental

section).

As expected for such small dimensions, under typical con-
ditions (4 mL min™" flow rate, water-like densities and viscos-
ities) the hydrodynamics of the system are characterised by a
low Reynolds number of Re = 113 operating in the laminar
flow regime. Laminar flow leads to back-mixing within the
flowing sample due to shearing, causing a symmetrical
broadening of the residence time distribution.*” In order to
quantify the degree of back-mixing and check for additional
dead volumes within the system, residence time distribution
profiles were recorded by step tracer experiments quantified
by an on-line UV-vis flow cell positioned at the exit (¢f Fig. 1).
Fig. 2a shows the difference between the residence time distri-
bution (RTD) of the apparatus with the flow tube bypassed,
and with the flow tube included. At 4 mL min™" (acetone,
25 °C) the pump and tubing alone have a reasonably sharp
RTD with a mean residence time of r = 18.7 s and only minor
tailing, signifying negligible hold-up by non-uniform flow
paths.§ Adding the flow tube to the system shifts the total
mean residence time to z = 53.7 s, showing the total internal
volume to be 3.6 mL. As expected, the RTD profile broadening
is increased after the longer travel, but also a slightly more
pronounced tailing is seen with the flow tube included. Visual
analysis of the flow tube during injection and displacement of
a tracer dye illustrates the non-ideal plug flow in the tip end of
the flow tube, where the narrow transport tubing expands into
the 5 mm analysis tube and back out again (see sample hold-
up in Fig. 2b and c, and the video in the ESIT).

b) Intrinsic flow effects on NMR quantification

The hydrodynamics of a NMR flow system are not only im-
portant for quantifying internal volumes, residence times
and sample back-mixing, but they also directly impact on
NMR signal acquisition as they determine the time a given
volume element experiences the magnetic field (pre-
magnetisation) and spends in the detector coil. In our setup,
the volume of the tubing between the sample entering the

§ All experiments were performed with the internal pressure sensor of the pump
disconnected due to additional sample hold-up within the sensor (Fig. S47).
Sample hold-up and tailing analysis are strictly qualitative.
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Fig. 2 a) Residence time distribution profiles for the apparatus
described in Fig. 1 at a flow rate of 4 mL min? (acetone, 25 °C),
comparing the effects on residence time distribution with and without
the flow tube. Still images captured at different time points during the
b) addition and c) removal of a tracer dye solution into the flow tube
at a flow rate of 4 mL min? (video available in ESIT). Note: Time values
in a) correspond to a complete circuit of the apparatus returning to
the reaction vessel, whilst time values in b) and c) are the time taken to
travel between the reaction vessel and flow tube only.

magnet and arriving at the flow tube is approximately
0.2 mL, leading to a residence time within the magnet, before

This journal is © The Royal Society of Chemistry 2016
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entering the detector coil region, of approximately 3 seconds
(at a flow rate of 4 mL min™"). The volume of the flow tube it-
self is approximately 0.5 mL, corresponding to a residence
time of around 8 seconds in the detector. As the residence
time within the magnet prior to detection is significantly less
than the 5 times the T, relaxation time delay required for
complete magnetisation for many nuclei, this may impact on
signal intensity and quantification in a way that is not an is-
sue for conventional NMR spectroscopy on static samples.
This effect and its impact on NMR data have been studied in
some detail in the context of HPLC-NMR,*” however, there
has been some recent discussion of flow effects in the context
of on-line reaction monitoring.*******

To illustrate how flow may affect the signal intensity of
peaks in the NMR spectrum, the apparatus may be divided
into three sections (Fig. 3): section A is outside the influence
of the magnetic field (B = 0); section B is defined as within
the magnet but before the detector (0 < B < B,), whilst sec-
tion C encompasses the sample volume within the detector
(at By). For simplicity and to aid explanation, the schematic
in Fig. 3 assumes three distinct regions, whereas in reality
there would be a gradual increase in magnetic field strength
as the sample approaches sections B and C. Before entering
the magnet (A), all nuclei have random spin orientations,
leading to an overall magnetisation vector of zero. Upon en-
tering the magnetic field (B), the nuclear spins start to align
along the Z axis, leading to an increase in the magnitude of
the overall magnetisation vector, M. For a given flow rate, the
extent of this process is dependent on the individual 7; relax-
ation times of each of the respective nuclei, with nuclei with

A Outside of i

magnetic field =0 . .
]
AfT
B Inside magnet 0<B<B,
c Inside probe B=B, H
i
|
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short T; values (Fig. 3, solid red line) building up
magnetisation faster than those with longer T; relaxation
times (Fig. 3, dashed and dotted red lines).

Thus if the flow rate is “fast” or the nuclei have “long” T;
values (or both), the residence time (zz) within the magnet
(section B) will be insufficient to allow full build-up of
magnetisation before the sample reaches the detector region
(C). In this case the free induction decay (FID) detected in
the receiver coils will be less than it would be if the nuclei
were fully magnetised, leading to an underestimation of sig-
nal intensity. Most importantly however, since the T, relaxa-
tion time will be different for each nucleus within a molecule
or reaction mixture, the amount of magnetisation of the nu-
clei as they enter the detector will be different (see example
in Fig. 4). This causes the signal intensity to vary for each nu-
cleus, affecting the ability to quantify reaction progress based
on different peak areas in flow, an issue which doesn't arise
with static samples in which all nuclei will have had suffi-
cient time for full magnetisation build-up before acquisition.

As can be seen in Fig. 4, relative '"H peak area discrepan-
cies induced by flow can be as high as 25% at flow rates of
4 mL min*. If unaccounted for, such differences would di-
rectly translate to erroneous kinetic data being acquired with
a technique that is otherwise valued for being inherently
quantitative. Of course, this effect is not restricted to *H but
equally applies to other common hetero-nuclei often used for
reaction monitoring such as '°F, ''B, *'P and °C. At a given
flip angle, the decrease in peak integral area at a given flow
rate only depends on the intrinsic T, relaxation time of the
nucleus. 'H and "°F have relatively short relaxation times and

Low flowrate High flowrate

Magnetisation 25T, B<5T,
b b
N
YoM S
Lo ¢
L s
e
g\
@y \
—
v \

;«%«A&w
F«%«%@

Fig. 3 Schematic illustration of magnetisation build-up effects in flow, resulting in non-quantitative results for nuclei with long T, relaxation times
or for high flow rates, where 75 < 5 x T;. B = magnetic field strength, 75 = residence time of sample in magnet prior to entering detector. Note: For
the purpose of clarity, the sample is shown as exiting through the base of the instrument in this diagram, whereas in reality the sample returns by
a path parallel to that it entered the instrument by (see Fig. 1). Stray field effects are ignored in this example.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Variation of relative H NMR integral areas for a mixture of
organic molecules over flow rate (isopropanol, 25 °C, 30° pulse, 4 s
acquisition time, 1 s relaxation delay).

thus are affected to a lesser degree by flow effects, which are
much more pronounced for *'P and "*C which have longer T,
times causing up to 70% signal loss at 4 mL min". Such se-
vere signal reductions may not only falsify quantification by
relative integration but even lead to missing transient reac-
tion intermediates. Fig. 5 shows an overview plot of relative
integral area reduction induced by flow for various nuclei (for
details see the Experimental section and ESIf).

Fortunately, this so-called in-flow effect on peak area is
relatively easy to correct for. Previously reported methods for
preventing quantification errors have included the addition
of a pre-magnetisation loop within the magnetic field to in-
crease 7 for complete magnetisation of the sample,'° or sim-
ply restriction to lower flow rates to ensure operation within
the regime where in-flow effects are negligible.>’ Both of
these methods suffer from an increased delay between a
change occurring in the reaction vessel and the change being

Q
© 110
17
o
L

o 100 4
o d * 'H
3 % v %p
g 901 " 19
8 9 = °F
- 1
'c 80 - (A ¢ B
€ e * A 3¢
- e v L >*
€ 70 vv
< v A
® ve
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o

*
o v A v
© 50 -
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£ 40 a
2 A
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o 0 2 4 6 8 10 12 14 16 18

T, relaxation time (static) /s

Fig. 5 Correlation between the decrease in integral area at a flow rate
of 4 mL min* and the T, relaxation time at a flow rate of 0 mL min* for
a variety of commonly used NMR nuclei (25 °C, 30° pulse, inverse gated
decoupling for 3P and **C, various delay and acquisition times - see
Experimental section for details). *Highly symmetrical compounds such
as BH4~, BF4~ and PPhs result in unusually long relaxation times.**%°
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detected in the spectrometer, which may be undesirable for
fast reacting systems. An alternative which does not require
any modification of equipment or additional delays in data
acquisition is simply to record two spectra of the same sam-
ple mixture; one with the sample flowing at the desired flow
rate and one with a stationary (fully pre-magnetised, quanti-
tative conditions) sample. These additional spectra may eas-
ily be acquired at the start and end of the reaction, or by tem-
porarily halting the flow when there are intermediate species
of interest. A correction factor may then be calculated for
each peak using the simple mathematical formula expressed
below (I = peak integral, CF = correction factor).

ICorrected =CFx1I (1)

Ie .
CF= Static (2)

Flow

For reactions where the starting material and products have
significantly different T, values, the difference between the
corrected and uncorrected reaction profiles can be signifi-
cant as demonstrated below for the oxidation of
triphenylphosphine as followed by *'P FlowNMR spectro-
scopy at 4 mL min" (Fig. 6).

In addition to in-flow effects due to incomplete pre-
magnetisation, flowing the sample through the detector also
has the effect of continuously replenishing the polarised nu-
clei within the detection region C with fresh material for each
scan. This so-called out-flow effect (¢f. Fig. 3) leads to a faster
decay of the FID under flow conditions, and faster restoration
of Z-magnetisation, because nuclei with detectable
magnetisation in the XY plane at the start of the acquisition
period are leaving the detector before they have fully relaxed,
being replaced by either fresh Z-magnetisation from nuclei in
region B (if flow is relatively slow and/or T; relatively fast) or

100 - s
PPh, ——> PPh,S

Kops = 3.7 x10* ™

80

60 1 4 4
Kops = 2.7 X107 §

40

Conversion /%

e Uncorrected
e Corrected for T, magnetisation effects

20 4

0 T T T T T d
0 20 40 60 80 100 120

Time /min

Fig. 6 Comparison between uncorrected and corrected reaction
progress data of the oxidation of triphenylphosphine [T; = 15.6 s] to
triphenylphosphine sulphide [T; = 4.8 s] from *'P FlowNMR accounting
for incomplete pre-magnetisation (toluene, 25 °C, 30° pulse, inverse
gated decoupling, 0.8 s acquisition time, 2 s relaxation delay). Both
datasets corrected for relaxation delay quantification effects (see Ex-
perimental section for details).

This journal is © The Royal Society of Chemistry 2016
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at least partial Z-magnetisation (if flow is relatively fast and/
or T, is relatively slow).

This out-flow effect on the effective T, relaxation time for
different "H environments can be directly observed by stan-
dard T, measurements, with effective T, reductions of up to
66% at 4 mL min' as compared to static samples (Fig. 7).
Whilst the absolute (intrinsic) T, relaxation times remain un-
affected by the motion of the sample, the effective T, value

that is observed under flow conditions (TT) decreases as

flow rate is increased in a manner that is proportional to the
static T, value. This decrease in measured T, relaxation time
has been documented previously as a feature of HPLC-NMR,®
and is governed by the following equation, where 7z is the
residence time within the magnetic field, prior to entering
the detector (¢f Fig. 3):

1 1 1

- = +—
T 1,

1.Flow LStic B

Under favourable conditions (e.g. slow flow rates where es-
sentially all the sample arriving in the detector region is
freshly Z-magnetised) this may allow for shorter repetition
times to be used between scans without compromising on
quantitation, since under static conditions leaving 4.6 x T
between scans is required for recovery of 99% of the equilib-
rium magnetisation. A similar principle has previously been
applied to increase signal acquisition rate on static sam-
ples,* and in ‘moving tube’ experiments.’” However, at
higher flow rates, in-flow effects dominate and are the major
factor to be considered if quantitative data are required (see
below and Fig. 10).

The faster decay in the FID brought about by the out-flow
effect necessarily leads to a concomitant decrease in the mea-
sured T, relaxation time (Fig. 8) which is governed by an
analogous equation to that for T, relaxation:®

1 1 1

TZAFIO\\ Tl,Slalic TB

4.5
40 @® 1-Phenylethanol CH(OH)

. ® Isopropanol CH(OH)

v Trimethoxybenzene CH,

35 A Acetophenone CH,
3.0 m  Acetone CH,

’ m  1-Phenylethanol CH,

25

2.0

Effective T,* relaxation time / s

Flow rate / mLmin™

Fig. 7 Measured *H T% relaxation times for a mixture of organic
molecules over flow rate (isopropanol, 25 °C, 2 s acquisition time, 20 s
relaxation delay).
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® Trimethoxybenzene CH,
v Acetophenone CH,
m  Acetone CH,

T, relaxation time /s
N

0 T T T T
0 1 2 3 4

Flow rate /mLmin™

Fig. 8 Decrease in 'H T, relaxation times with increasing flow rate
(isopropanol, 25 °C, CPMG pulse sequence, 4 s acquisition time, 15 s
relaxation delay).

This decrease in effective T, with increasing flow rate causes
an increase in peak linewidth as flow rate is increased, how-
ever, in practice when using the flow tube for reaction moni-
toring, linewidths are dominated by magnetic inhomogeneity
effects caused by the presence, and asymmetry in the posi-
tioning, of the capillary within the flow tube. Therefore, the
impact of increasing flow rate on the effective T, value, 7%,
is actually minimal (Fig. 9).

Under certain conditions it is also possible to observe an
initial enhancement in signal intensity when flowing a sam-
ple through the detector, compared to a static sample. This
effect may occur when the relaxation delay time between
pulses is set too short, and a return to the Boltzmann distri-
bution between scans is not achieved in the absence of flow.
Under slow flow conditions, the rate of return to Boltzmann
distribution is then artificially increased by the influx of
freshly polarised nuclei (from region B of Fig. 3). This effect
is more pronounced for large flip angle pulses, since the re-
turn to equilibrium takes longer (Fig. 10). At progressively
higher flow rates, in-flow effects of incompletely magnetised
fresh sample mean that the signal intensity drops off (Fig. 4);
but under conditions where insufficient relaxation times have

0.25

Isopropanol OH
1-Phenylethanol CH(OH)
Isopropanol CH(OH)
Trimethoxybenzene CH,
Acetophenone CH,
Acetone CH,
Isopropanol CH,

T,* relaxation time / s
oo reomde

0.00

Flow rate / mLmin™

Fig. 9 Decrease in 'H T% relaxation times with increasing flow rate
(isopropanol, 25 °C, 30° pulse, 4 s acquisition time, 15 s relaxation
delay).
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Fig. 10 Variation in *H integral area of the acetone CHsz peak with
increase in flow rate for different flip angles, showing increase in
integral areas due to relaxation delay time effects for flip angles
greater than 30° (25 °C, 3.2 s acquisition time, 4 s relaxation delay).

been left between scans, the relative integral area remains
higher when using a 90 degree pulse rather than a 30 degree
pulse since the in-flow of even partially Z-magnetised nuclei
contributes to a faster return to the Boltzmann distribution
and an increase in relative integral area (Fig. 10).

Since this effect is only significant if the relaxation times
between pulses are set too short (which would also result in
non-quantitative results under static conditions), it is un-
likely to be an issue for quantitative FlowNMR studies using
appropriate relaxation time delays. However, use of the
methods described above (eqn (1) and (2)) would be able to
compensate for any such errors should they arise. If the inter-
pulse delay is set long enough to allow full T; relaxation in
the absence of flow, no signal enhancements caused by out-
flow effects are observed at any flip angle when starting to
flow (see Fig. S61).

The extent of all flow effects on NMR signal quantification
discussed here are dependent on the exact specifications of
the probe and spectrometer used. For instance, the design of
the magnet and its shielding can greatly modify the amount
of stray field experienced by the sample as it approaches the
detector, leading to large differences in the results obtained
between different instruments even at the same nominal
field strength (Fig. S71). We therefore recommend our results
to be taken as a qualitative guideline, and any compensation
calculations and parameter fine-tuning should be based on
data acquired with the instrument used for reaction monitor-
ing in flow.

c) Practical aspects of data acquisition and processing

Due to the high cost of deuterated solvents and the amount
of solvent required for a typical flow experiment (about one
order of magnitude higher than tube experiments), it is gen-
erally not practical to carry out FlowNMR reactions in deuter-
ated solvents."®* In addition, from a mechanistic perspec-
tive deuterated solvents may also cause problems when
interacting with reaction intermediates or actively participat-
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ing in the reaction (H/D exchange), falsifying measured kinet-
ics through isotope effects.*® It is therefore desirable to carry
out FlowNMR reactions in non-deuterated solvents; however,
this leads to decreased spectral intensity due to the need to
adjust the receiver gain of the spectrometer to ensure that
the dominant solvent peaks do not overwhelm the detector,
otherwise causing severe distortions to the spectrum.

In order to improve the relative signal intensity of peaks
of interest when using non-deuterated solvents it is common
to use solvent suppression pulse sequences that reduce sol-
vent peak intensity, allowing the receiver gain to be increased
to reach satisfactory signal-to-noise values of the smaller
peaks of interest.*®* Standard presaturation sequences typi-
cally used for solvent suppression are unfortunately of lim-
ited use in FlowNMR, since some of the solvent molecules
that have been presaturated during the relaxation delay will
have been replaced by fresh unsaturated solvent molecules
with full signal intensity when the actual FID is recorded.”
WET pulse sequences are much more effective in suppressing
solvent signals in flow than presaturation due to the signifi-
cantly shorter pulse sequences employed in WET which are
less affected by sample motion.”>*> With advanced WET
techniques it is also possible to simultaneously suppress
multiple resonances (Fig. S81) including their carbon satel-
lites very effectively (Fig. 11; for details see the ESIf).

In addition to eliminating solvent peaks, deuterated sol-
vents are traditionally also used to perform field locking and
shimming of the spectrometer. While with most high field
spectrometers it is still not possible to perform field locking
without an internal *H standard, modern instruments are ca-
pable of maintaining a high level of field stability over ex-
tended periods of time. For instance, signal drifts for the
500 MHz Bruker Ultrashield spectrometer used in this study
are in the order of 0.1 Hz h™ (0.0002 ppm h™"), which is
quite acceptable for most reaction monitoring time scales.
Where field drift is significant, the spectrometer can usually

— No Solvent Suppression

Presaturation Pulse Sequence
—— WET Suppression with *c Decoupling
z
(7]
c
9]
z *
©
c
2
(2]
2.9 2.8 2.7 2.6

Chemical Shift /ppm

Fig. 11 Suppression of the acetonitrile CHz peak in flow comparing a
simple presaturation pulse sequence with a WET pulse sequence
including *C decoupling, leading to an approximately 500-fold reduc-
tion in peak intensity (500 MHz, 25 °C, 3.17 s acquisition time, 4 s re-
laxation delay, 4 mL min™? flow rate). *Solvent impurity peak not
suppressed, demonstrating selectivity of WET suppression.
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be set to compensate continuously for the measured drift.
Shimming of the magnetic field can easily be performed on
solvent proton signals using automated shimming programs,
however, if a high degree of field homogeneity is required
then manual fine tuning of the shims may be required. Using
the setup described in Fig. 3, due to the capillary within the
flow tube there is a substantial increase in magnetic inhomo-
geneity in the XY plane, meaning that particular attention
must be paid to ensuring good shimming in these planes.
Slight differences in tube positioning will require a shim
check before each run, though this can easily be performed
starting from previously saved parameters. As internal and ex-
ternal differences in magnetic susceptibility can affect the lo-
cal magnetic field, the shim quality may drift over the course
of a reaction monitoring experiment. Although we haven't
found this to be an issue over periods as long as 24 hours
using a shielded 500 MHz instrument (variation in HHLW <
0.05 Hz h™), it is possible to include periodic shimming rou-
tines in the reaction monitoring sequence should significant
drifting occur during a long term experiment.

Once good data has been recorded it is vital to ensure that
all spectra are well phased and have a flat baseline to avoid
errors when integrating various peaks across multiple spectra
for deriving quantitative reaction profiles. The amount of
data generated (easily hundreds to thousands of spectra) gen-
erally means that one has to rely on automated processing,
which can be performed with a variety of contemporary NMR
software packages. Whilst most of these offer multi-spectra
commands for automatic phasing and baseline correction,
manual adjustment of the parameters used is recommended
to achieve high accuracy and precision. For instance, we of-
ten find substantial improvements in data quality when phas-
ing and baseline corrections are performed within manually
defined ranges of interest rather than the full spectral win-
dow as the standard setting, as spectra often include bent
edges of varying size and phasing that can cause severe data
scattering through baseline jumps or tilts when using auto-
mated correction commands (Fig. 12).

Even with the above precautions, drifting peaks and
overlapping signals may pose additional challenges to
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extracting the desired information from the data generated.
Recent software solutions offer the ability to track moving
peaks across multiple spectra for accurate integration, and
perform automatic deconvolution of overlapping signals.
Spectral deconvolution is used extensively in quantitative pro-
cess monitoring by UV-vis and IR spectroscopies, and has re-
cently been discussed at great length as an important tool for
low field NMR reaction monitoring where spectral resolution
is similarly low.>° Although not always required, these ad-
vances can also be applied to high field measurements with
equal success, where not having to rely on well-separated di-
agnostic peaks for each molecule of interest within a dy-
namic mixture adds to the utility of reaction monitoring by
NMR. Below in Fig. 13 we show an example where
overlapping resonances have been deconvoluted to yield the
same reaction profile as derived from fully separated signals
in other parts of the spectra.

Conclusions

High field on-line NMR is a particularly versatile and useful
tool for real time reaction monitoring as it offers direct in-
sight into complex mixtures without the need of external cali-
bration and is applicable to a wide range of reaction condi-
tions. FlowNMR systems are easy to set up, using
commercially available apparatus and software, and are a
time and cost efficient means of analysing reaction kinetics
and studying mechanisms. Reactions may be studied under
realistic conditions with efficient mixing, whilst allowing re-
agents to be added during the course of the reaction. Suitable
solvent suppression techniques can remove the need for deu-
terated solvents, reducing cost and avoiding unwanted iso-
tope effects.

The inherently quantitative nature of NMR is of great ben-
efit for reaction monitoring, however, precautions must be
taken when accurate results are required from reactions
where T, relaxation times are similar or greater than the resi-
dence time of the sample within the magnet at the chosen
flow rate. Residence time effects may lead to a decrease in

o $e° P ”* )
= s as Pyl J'bt“: '.Jj
£ AR
5 ‘Mq.,“ it e et/
5 X Automatic
38 v
[0]
=
©
[0]
14
0 100 200 300 400 500 0 100 200 300 400 500
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Fig. 12 Comparison between the same H reaction progress data processed using automatic phase and baseline corrections (left) and with
manual refinement of parameters to reduce baseline distortions and data scatter (right). Note that a particularly noisy data set was chosen for
illustration purposes, and higher quality reaction profiles are typically obtained from FlowNMR experiments (see e.g. Fig. 6 and 13).
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Fig. 13 Comparison of reaction conversion profiles calculated for the
transfer hydrogenation reaction of acetophenone and isopropanol to
1-phenylethanol and acetone, based on the peak areas of the CH(OH)
and CHs peaks in 1-phenylethanol (the latter overlapping with the CHsz
peak in isopropanol), with and without spectral alignment and
deconvolution (isopropanol, 25 °C, 30° pulse, 1 s acquisition time, 4 s
relaxation delay, 4 mL min%). Increased scattering in the deconvoluted
data (green) is due to slight shifts in peak positions in some spectra,
leading to deconvolution inaccuracies. Inset: 'H NMR spectra of
reaction mixtures with and without peak deconvolution, indicating
location of 1-phenylethanol CH(OH) peak (*) on shoulder of
isopropanol CH3 peak, in close proximity to isopropanol *C satellites.

the amount of signal detected, which has the potential to
cause inaccuracies when comparing concentrations of species
with different relaxation times. However, these in-flow effects
can easily be corrected by simple mathematical calculation.

Out-flow effects, reducing the delay time required between
scans, may be used to increase the amount of data that can
be acquired within a given time period. This allows increas-
ing either the temporal resolution of the experiment (more
spectra per time) or the quality of the data (more scans per
spectrum) as required.

A number of software packages are available to assist with
the acquisition and processing of FlowNMR data, and in-
clude methods for suppressing solvent peaks and tracking
peak drift over time. Care must be taken when applying auto-
matic multiple spectra commands for phasing and baseline
correction, and manual adjustment of the parameters is
recommended. We hope that our account will be of use to
others in quickly generating high quality data from FlowNMR
experiments.

Experimental

Reactions were carried out in a standard glass round-
bottomed flask, with a double-piston HPLC pump (JASCO
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PU-2085 Plus) with a semi-micro pump head used to circulate
the mixture around the system to an InsightMR flow tube
(Bruker) located within the spectrometer (Bruker 500 MHz
Avance II+ Ultrashield equipped with a broadband BBO
probe). In order to minimise the delay time between a change
occurring in the reaction vessel and the arrival of the sample
to the spectrometer for detection it is desirable to ensure that
the volume of the tubing connecting the reaction vessel to the
spectrometer is minimised, therefore narrow diameter poly-
etheretherketone (PEEK) tubing (0.762 mm i.d., Upchurch Sci-
entific) was used. The PEEK tubing offers high chemical and
mechanical stability (pH 0-14, -50-100 °C, >300 bar) along
with good flexibility and low gas permeability. For reactions at
atmospheric pressure standard rubber seals were used to con-
nect the tubing with the reaction solution, and found effective
for air-sensitive systems over prolonged times (>10 hours)
when sealed off with silicone grease. All other connections
were made using standard HPLC-type PEEK connectors
(Upchurch Scientific), allowing the apparatus to be purged
with inert or reactive gases as required. All equipment was po-
sitioned on a mobile trolley made of plastic (Rubbermaid),
allowing the equipment to be transported between the labora-
tory and the spectrometer as required. The trolley and appara-
tus were able to be placed at a minimum distance of 0.5 m
from the shielded magnet without experiencing adverse mag-
netic effects. Data acquisition was performed without lock
and with shimming performed using automated 'H shim-
ming routines, followed by manual fine tuning. Data process-
ing was performed using commercially available software. All
samples were prepared using reagents purchased from Sigma
Aldrich or Alfa Aesar at reagent grade or higher and were used
without further purification.

Residence time distribution profiles were obtained by con-
centration step using a tracer dye. Acetone was flowed
through the apparatus at a continuous flow rate of 4 mL
min~" before the sample inlet was switched to a solution of
fluorescein in acetone (1 g dm™). The change in absorbance
at 334 nm at the outlet tubing was monitored over time using
a fibre optic light source (Avantes AvaLight-DH-S-BAL), flow
cell and spectrometer (Avantes AvaSoft 2048L) until no fur-
ther change was observed. The input was then switched back
to clean acetone and the process repeated. Data was fitted
using a 5 parameter sigmoidal function and the fitted data
differentiated to provide the residence time distribution.
Photographs and video of the sample hold-up within the flow
tube were recorded by concentration step using a Rose Ben-
gal dye (1 g dm™, acetone) in an analogous way to the resi-
dence time distribution profiles.

'H T, relaxation time measurements were performed on a
mixture of acetophenone, 1-phenylethanol, acetone and 1,3,5-
trimethoxybenzene in isopropanol using an inversion-
recovery pulse sequence with variable delay times of 0.01,
0.25, 0.5, 1, 2, 3, 5, 7.5, 10 and 15 seconds and a relaxation
delay time between data acquisition of 15 seconds (4 s acqui-
sition time), averaged over 8 scans with 4 dummy scans to
ensure an equilibrium state was attained prior to data
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acquisition. Data was processed and fitted using the Topspin
‘tiguide’ utility. 'H integral area measurements were
performed on the same sample using a standard 30° pulse
sequence (1 s delay, 4 s acquisition time, 8 scans) at flow
rates between 0-4 mL min .

'9F T, relaxation time measurements were performed on a
mixture of o,a,0-trifluorotoluene, 2-fluorotoluene,
trifluoroethanol, trifluoroacetic acid, tetrabutylammonium
hexafluorophosphate, and tetrabutylammonium fluoride in
acetone using an inversion-recovery pulse sequence with vari-
able delay times of 0.05, 0.25, 0.5, 1, 1.5, 2, 3, 5, 7.5 and
10 seconds and a relaxation delay time of 10 seconds (4.65 s
acquisition time), averaged over 8 scans with 2 dummy scans.
Due to limited pulse excitation width, data was acquired sep-
arately for regions -50-—90 ppm, -105--135 ppm and -170-
—-200 ppm. Data was zero filled to quadruple the size of the
FID before data processing using the ‘tiguide’ utility. '°F
integral area measurements were performed on the same
sample using a standard 30° pulse sequence (10 s delay, 4.65 s
acquisition time, 16 scans) at flow rates between 0-4 mL
min~". Integral area data was zero filled and linear back pre-
diction (128 points) used to remove broad spectral distortions
due to fluorine in the probe prior to integration.

*1P T, relaxation time measurements were performed on a
mixture of dichlorophenylphosphine, chlorodiphenylphosphine,
triphenylphosphine  oxide, triphenylphosphine sulphide,
triphenylphosphine, triphenylphosphate and tetra-
butylammonium hexafluorophosphate in acetone using an
inversion-recovery pulse sequence modified to include an adia-
batic 180° pulse and inverse gated proton decoupling. Variable
delay times of 0.05, 0.25, 0.5, 1, 2, 3, 5, 10, 20 and 30 seconds
were used with a relaxation delay time of 30 seconds (2 s acqui-
sition time), averaged over 8 scans with 4 dummy scans.
Data was zero filled to quadruple the size of the FID before
data processing using the ‘tiguide’ utility. *'P integral area mea-
surements were performed on the same sample using a standard
30° pulse sequence with inverse gated "H decoupling (45 s delay,
2 s acquisition time, 8 scans) at flow rates between 0-4 mL min ™",

"B T, relaxation time measurements were performed on a
mixture of phenylboronic acid, bis(pinacolato)diboron,
tri(isopropyl)boron, sodium tetrafluoroborate and sodium bo-
rohydride in 1 M aqueous sodium hydroxide solution using
an inversion-recovery pulse sequence. Due to the range of ''B
T; values observed for this mixture, the experiment was
performed in two sections, the first using variable delay times
of 0.0005, 0.001, 0.0015, 0.002, 0.003, 0.004, 0.005, 0.0075,
0.01, 0.02, 0.03, 0.05, 0.075, 0.1, 0.15, 0.2, 0.3, 0.5, 0.75 and
1 seconds with a relaxation delay time of 1.5 seconds (0.8 s
acquisition time), averaged over 8 scans with 4 dummy scans,
and the second using variable delay times of 0.1, 0.5, 1, 2, 3,
4, 5, 7.5, 10 and 25 seconds with a relaxation delay time of
30 seconds (0.8 s acquisition time), averaged over 8 scans
with 4 dummy scans. Data was zero filled to quadruple the
size of the FID before data processing using the ‘tlguide’
utility. "'B integral area measurements were performed on
the same sample using a standard 30° pulse sequence (30 s
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delay, 1 s acquisition time, 4 scans) at flow rates between 0-
4 mL min . Integral area data was zero filled and linear back
prediction (128 points) used to remove broad spectral distor-
tions due to the borosilicate glassware prior to integration.

3C T, relaxation time measurements were performed on a
mixture of equal volumes of toluene, ethanol, cyclohexane
and acetone using an inversion-recovery pulse sequence mod-
ified to include an adiabatic 180° pulse and inverse gated
proton decoupling. Variable delay times of 0.05, 0.1, 0.5, 1, 3,
5, 7.5, 10, 15, 20, 30, 40, 60 and 90 seconds were used with a
relaxation delay time of 90 seconds (0.82 s acquisition time),
averaged over 16 scans with 4 dummy scans for the spectral
region 0-80 ppm. Data was zero filled to quadruple the size
of the FID before data processing using the ‘tlguide’ utility.
13C integral area measurements were performed on the same
sample using a standard 30° pulse sequence with inverse
gated 'H decoupling (80 s delay, 3.72 s acquisition time,
8 scans) at flow rates between 0-4 mL min™".

'H T, relaxation time measurements were performed on a
mixture of acetophenone, 1-phenylethanol, acetone and 1,3,5-
trimethoxybenzene in isopropanol using a CPMG pulse pro-
gram with a 20 ms delay between successive 180 degree
pulses, and variable loop counts of 2, 10, 20, 40, 60, 100, 150,
200, 300 and 500, giving echo times of between 40 and 10 000
ms. A 15 s delay time between data acquisition was used, and
the signal averaged over 8 scans with 16 dummy scans. Data
was processed and fitted using the Topspin ‘t1guide’ utility.

T% values were calculated from "H peak linewidths from

the same sample as the 'H integral area measurements (15 s
delay, 4 s acquisition time, 30° pulse, 8 scans). Peaks were
deconvoluted from the spectra and peak widths at half height

(HHLW) taken from the fitted Lorentzian peaks. 7% were

calculated using the following equation:

1
TH =————
* m(HHLW)

'H flip angle variation experiments were performed on a mix-
ture of acetophenone, 1-phenylethanol, acetone and 1,3,5-
trimethoxybenzene in isopropanol using a standard 90° pulse
program (4 or 15 s delay, 3.17 s acquisition time, 4 scans).
The pulse length was varied manually between 15° and 90°
and data acquired at flow rates between 0-4 mL min".

Solvent suppression was performed on a sample of 1%
benzaldehyde in acetonitrile at a flow rate of 4 mL min .
Spectra were acquired using a standard 30° pulse program
(4 s delay, 3.17 s acquisition, 8 scans, receiver gain = 6.35,
transmitter frequency offset = 2.78 ppm), a presaturation
pulse sequence (4 s delay, 3.17 s acquisition, 8 scans, receiver
gain = 114, transmitter frequency offset = 2.78 ppm) and a
WET pulse sequence with a shaped pulse and low power *C
decoupling during acquisition (4 s delay, 3.17 s acquisition,
8 scans, receiver gain = 203, transmitter frequency offset =
2.78 ppm).
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Reaction of triphenylphosphine with sulfur

Following the general procedure for FlowNMR experiments
given in the ESI;j the FlowNMR apparatus was purged with
toluene and then filled with a solution of triphenylphosphine
(0.624 g, 2.4 mmol) in toluene (13.6 mL). *'P data was ac-
quired for the static sample (inverse gated 'H decoupled, 2 s
delay, 0.803 s acquisition time, 30° pulse, 16 scans). Flow of
sample around the apparatus was started (4 mL min ") and a
second spectrum acquired. Both spectra were integrated and
the absolute integral values compared to calculate a flow cor-
rection factor for triphenylphosphine. An additional spec-
trum acquired under quantitative conditions (inverse gated
"H decoupled, 60 s delay, 0.803 s acquisition time, 30° pulse)
was used to calculate a second correction factor which was
applied to both datasets to compensate for the non-
quantitative conditions required during reaction monitor-
ing.q A solution of Sg (87 mg, 0.34 mmol) in toluene (10 mL)
was added to the stirred reaction flask and data acquisition
started (1 spectrum per minute for the first hour of data ac-
quisition, 1 spectrum every 2 minutes for the second and
third hour of acquisition). After three hours, data acquisition
was halted. Spectra were recorded at flow rates of 0 and 4 mL
min”' and a correction factor calculated for the
triphenylphosphine sulphide product. All spectra were inte-
grated and the integrals scaled by the correction factor for
each peak respectively to give the corrected integral for con-
version calculation.

Transfer hydrogenation of acetophenone

The FlowNMR apparatus was purged with dry nitrogen for
30 min to remove any traces of air or moisture. The appara-
tus was filled with 10 mL of a stock solution of potassium hy-
droxide (anhydrous, 0.112 g, 2 mmol) and 1,3,5-
trimethoxybenzene (3.364 g, 0.02 mol) in dry, degassed iso-
propanol (200 mL) and acetophenone (0.47 mL, 4 mmol) was
added. Data acquisition was started (4 s delay, 1 s acquisition
time, 30° pulse, 4 scans) and a solution of the catalyst (S,S)-
(TsDPEN)mesitylruthenium chloride (12 mg, 0.02 mmol) in
isopropanol (1 mL) was added to start the reaction.

Concentrations of species were determined by peak inte-
grals and referenced to 1,3,5-trimethoxybenzene as internal
standard. For deconvolution of the 1-phenylethanol peaks
(overlapping with isopropanol) spectra were first aligned be-
fore automatic deconvolution of spectra was performed.
Deconvoluted spectra were integrated in the usual manner to
obtain peak areas for concentration determination.
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