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FlowNMR spectroscopy has become a popular and powerful tech-
nique for online reaction monitoring. DOSY NMR is an established
technique for obtaining information about diffusion rates and
molecular size on static samples. This work extends the FlowNMR
toolbox to include FlowDOSY based on convection compensation
and use of a low-pulsation pump or flow effect correction, allowing
accurate and precise diffusion coefficients to be obtained at flow
rates up to 4.0 mL min~! in less than 5 minutes.

The FlowNMR technique makes use of a specially designed flow
tube to continuously pump reaction mixture from an external
reaction vessel through the spectrometer probe.' This allows
various NMR experiments to be performed directly on the
mixture with high data density throughout the reaction, giving
access to detailed chemical and kinetic information under
native reaction conditions.”™®

Diffusion ordered NMR spectroscopy (DOSY) uses pulsed
magnetic field gradients, usually along the z-direction of the
sample, to encode and decode the spatial movement of mole-
cules in solution. This has the effect of separating NMR signals
by the diffusion coefficient of the molecules in a manner
analogous to chromatography. Thus, the signals of different
molecules in a mixture can be separated out, giving access to
NMR signatures of individual components in complex mixtures
without relying on direct spin correlations such as scalar
coupling or through-space interactions. Additionally, the diffu-
sion coefficients obtained can be quantified and translated into
information on the hydrodynamic volume and molecular
weight of the species investigated.”® DOSY therefore finds
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applications in solving many chemical problems: identifying if
signals in a spectrum may result from the same molecule;"*
identifying individual components in a complex mixture;'®
observing solution-state aggregation of molecules;"® and esti-
mating molecular weights of small and large molecules.”*"°
DOSY gives access to information particular to the solution
state behaviour of mixtures that often cannot be obtained by
other techniques.

In a 2007 review on FlowNMR techniques Keifer wrote ‘it
would be particularly exciting if diffusion-ordered spectroscopy
(DOSY) were ever combined with LC-NMR, but this has not yet
been reported.”””” In our previous FlowNMR work we have
intermittently paused the sample flow to allow static DOSY
acquisition during the course of a polymerisation reaction.'® To
date, however, there is no published example of using DOSY
directly on a flowing sample,i presumably because of the
complicating effects of flow on the measurement of diffusion
coefficients by pulsed field gradients. DOSY acquisition
depends on measuring very small displacements due to self-
diffusion. Typical flow rates used for FlowNMR experiments of
1-4 mL min ™" give rise to linear flow velocities around an order
of magnitude faster than intrinsic diffusion velocities. There-
fore, it may be expected that acquiring DOSY data on a moving
sample as with FlowNMR would be subject to very large errors.

Indeed, initial attempts using a standard BPP-LED pulse
sequence showed 'H DOSY data quality to quickly deteriorate
when flow was applied during the acquisition. However, as the
sample movement in FlowNMR is typically well controlled (i.e.
laminar, unidirectional and - aside from potential pump
pulsation - constant over time), we wondered whether this
continuous displacement may be treated in a manner similar to
thermal convection for which compensating pulse sequences
have been developed.'® Convection compensation works by
means of a double-stimulated-echo (DSTE) which refocuses
the effects of constant linear motion along the z-direction
during the diffusion delay. It is however not able to correct
for turbulent or pulsed flow. Key to the success of accurate
DOSY measurements is the appropriate setting of the diffusion
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Table1 DOSY acquisition parameters investigated to map out the effects
of flow on diffusion data. 4 is the diffusion delay and ¢/2 is the gradient
pulse length

Experiment Als 6/2 /us
A 0.05 1000
B 0.10 707
C 0.025 1000
D 0.05 707
E 0.10 500
F 0.064 1250
G 0.128 884
H 0.010 1250
J 0.015 1250

delay 4 and the gradient pulse length ¢/2 under the conditions
applied. While it is customary to adjust the values of 4 and /2
so that most of the signal decays at the highest gradient
strength®’ there are hardware limits on the latter. Varying these
parameters within a reasonable range (Table 1) and applying
sample flow velocities from 0 to 4 mL min~" with a peristaltic
pump allowed mapping out the possibility of FlowDOSY based
on convection compensation. DOSY data were acquired on a
test mixture of five non-interacting small molecules (Fig. 1)
with diffusion coefficients in the range of 1.0-2.0 x 10 m?*s™*
(298 K) at 20 mM in chloroform with a DSTE convection
compensated pulse sequence using the acquisition parameters
shown in Table 1 (for details of the setup used see the ESIT).
Despite having to deal with substantial linear displacement
velocities of around 5 mm s ' at flow rates of 4 mL min™',§
convection compensation seemed promising in obtaining
meaningful diffusion data from the flowing sample. Fig. 2
shows example data of the test mixture used for a diffusion
delay (4) of 0.025 s and a gradient pulse length (6/2) of 1000 ps
(experiment C) at various flow rates. The observed diffusion
coefficient Dpgo, increased with increasing flow rate for all
molecules, as did the error associated with the measurement
as derived from the fit of the 16-point DOSY curve. With
acquisition parameters C the increase in Dg,, was relatively
small (up to 18%) and linear; with some of the larger 4 values,
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Fig. 1 'H NMR spectrum of DOSY test solution. All species have simple,
non-overlapping spectra with < 3 signals in the ppm range used.
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Fig. 2 Example graph of observed diffusion coefficients against flow rate
for four small molecules (Fig. 1, using acquisition parameters C from
Table 1 (4 = 0.025 s and 6/2 = 1000 ps). Shaded regions represent DOSY
fit error margins.

the increase was greater and no longer linear (see Fig. S1-S5,
ESIY).

It is worth noting that when flow rates were kept below
2 mL min~ ! and 4 was small, the absolute values obtained for
D were within the error obtained from the curve fit of a static
measurement (vide infra). This means that accurate diffusion
coefficients may be obtained at low flow rates without the need
for correction. Analysing the effects of higher flow velocities
included correlating the average gradients of Dg,,, against flow
rate for all molecules studied with acquisition parameter set-
tings A-J to give an indication of the magnitude of the flow
effect on measured D (i.e. the accuracy of the experiment) and
the fit errors obtained at 4 mL min " to show the measurement
precision. The averages of these values across all five molecules
plotted over 4 and 6/2 are shown in Fig. 3.

As can be seen from the average slope values in Fig. 3 (blue
squares), the effect of flow was almost negligible for all experi-
ments where 4 < 0.064 s. For 4 > 0.10 s, flow effects on the
measured diffusion coefficients became more significant, giv-
ing rise to increasing levels of distortion and reducing precision
(red triangles). The precision of the measurement can also be
seen to decrease across the range of 4 values tested, and errors
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Fig. 3 Average measurement errors at 4 mL min~* sample flow and

gradients of D vs. flow rate across all molecules from Fig. 1 plotted as a
function of A (left) and 6/2 (right). Errors associated with static measure-
ments for all acquisition parameters used are shown in Fig. S6 (ESI¥).
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became noticeably larger once 4 exceeded 0.05 s. Therefore,
smaller diffusion delays in the range of 0.025-0.050 s are
recommended for convection compensated FlowDOSY mea-
surements. Since delays of 0.05-0.1 s are typically used for
static small molecule DOSY,>" a value of 0.05 s should be a good
starting point in most cases. ¢/2 had less effect than 4 on the
observed diffusion coefficients and associated errors (Fig. 3
right hand side) and may thus be set to any desired value up to
the safety threshold of the probe used.

Testing the limits of the effective acquisition parameter
settings D (Table 1), we observed that as the flow rate exceeded
6 mL min* the deviation of Dg,,, from the static value became
much more pronounced and the measurement errors increased
significantly (Fig. 4) which we ascribe to increasing contribu-
tions from turbulent flow.

For use in online reaction monitoring the linearity and
precision of FlowDOSY data are more important than accuracy,
as with a robust correlation it would be possible to back-
calculate the intrinsic molecular diffusion values Dy, from
flow measurements in a manner similar to flow correction
factors for peak integrals." A plot of static versus flow diffusion
values showed excellent linearity and virtually identical flow
effects for all molecules in our test mixture up to ~6 mL min ™"
(Fig. 5), suggesting a simple relationship of Dgatic = Dfiow — Xflow-
Using convection compensated FlowDOSY with suitable acqui-
sition parameters (such as C or D, Table 1) it is therefore
possible to determine indirectly the intrinsic diffusion coefti-
cient of an unknown molecule in a flowing mixture from a
simple calibration using molecules whose D have been
measured under comparable conditions (most importantly
temperature and solvent viscosity). Note that any ypow correc-
tion will be specific to the size and geometry of the flow device
used but does not depend on any correlation between diffusion
coefficient and either molecular weight or hydrodynamic
radius, and may thus be used for any molecule regardless of
shape. Once intrinsic diffusion coefficients have been derived
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Fig. 4 Plot of measured diffusion coefficients for five molecules (Fig. 1) at
flow rates up to 10.0 mL min~! using acquisition parameters D from Table 1
(4 = 0.05 s and 6/2 = 707 ps). Data are fit to fourth order polynomials to
illustrate the trends.
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Fig. 5 Correlation of flow diffusion coefficients with static diffusion
coefficients for four small molecules (Fig. 1) at nine non-zero flow rates.
Diffusion coefficients obtained using acquisition parameters C from
Table 1 (4 = 0.025 s and 6/2 = 1000 ps).

from the flow data, previously published methods can be
applied for an estimation of molecular size and weight.”*>

Although all experiments were carried out with a calibrated
pump that delivered accurate average flow rates as set, the
peristaltic model used is known to have a pulsation of £14% at
a frequency of 0.33 Hz.>* With diffusion delay values of 10-150
ms these oscillations may be expected to impact FlowDOSY
results obtained from averaging 16 scans, as there will be a
periodic variation of sample flow velocities in the active volume
during acquisition.

We thus reinvestigated the optimised, convection compen-
sated FlowDOSY experiment using a low pulsation rotary piston
pump that smoothly delivers the sample flow at <1%
variation®*® (for details see the ESI). A side-by-side comparison
of the same experiment using the peristaltic pump showed
that there was almost no flow effect on the DOSY data up to

1

4 mL min~ " when using the low pulsation pump (Fig. 6).
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Fig. 6 Difference in flow effects on measured diffusion coefficient of four
small molecules (Fig. 1) using peristaltic (left) and rotary piston pumps
(right). Diffusion coefficients obtained using acquisition parameters C from
Table 1 (4 = 0.025 s and 6/2 = 1000 ps).
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Remarkably, any variations in the measured diffusion coef-
ficients Dy were within the error of the experiment, and
absolute errors were the same or smaller in flow than under
static conditions (see also the Fig. S12 and S13, ESIf). These
results show flow effects in DOSY measurements of continu-
ously moving samples to be mostly a reflection of non-ideal
flow such as turbulences and eddies, and that convection
compensation with suitable acquisition parameters can effec-
tively deal with constant (non-pulsed) linear sample displace-
ment along the gradient axis used to directly yield accurate and
precise molecular diffusion values at flow rates of at least up to
4 mL min .

For reaction monitoring experiments aimed at following
molecular transformations over time, short measurement
times will be advantageous as they allow for collecting more
information over the course of a reaction. 'H DOSY experi-
ments typically employ acquisition times of around 1.3 s and
recycle delays of 2 s, resulting in experiment times of 10-20 min
for a high quality DOSY spectrum with 16 scans. We found that
the acquisition times and recycle delays could be reduced to
1.0 s and 1 ps respectivelyq without compromising either the
S:N or the accuracy of the diffusion coefficient as long as
sufficient dummy scans were included (8 in this case). This
reduced the experiment time for a high resolution DOSY
experiment (16 gradients strengths, 16 scans at each gradient
strength) either statically or in flow to less than 5 min (for
details see Tables S3-S5, ESIt).

In addition to a simple adjustment that allows increasing
temporal resolution three to four-fold without compromising
data quality, we have shown three ways of obtaining accurate
diffusion coefficients on a flowing sample using a convection
compensated DOSY pulse sequence with a standard single
gradient NMR probe. In order of increasing effectiveness, they
are: (i) using a low flow rate in the region of 1-2 mL min " and
a short diffusion delay time of 4 < 0.05 s; (ii) making a
calibration curve to correct for linear flow effects at flow rates
up to 6 mL min~'; and (iii) using a high precision pump with
minimal pulsation which effectively eliminates flow effects.
More detailed recommendations can be found in the support-
ing information (Table S7, ESIt). The development of Flow-
DOSY offers a new tool for online reaction monitoring that we
expect to prove useful in investigating and understanding many
new and old reaction systems. Quickly measuring accurate
diffusion data on flowing mixtures in a non-invasive way gives
access to valuable information on molecular size, aggregation
and mobility that complements existing reaction monitoring
techniques such as online GPC. WET solvent suppression,
which we have previously found to work well in flow,' may be
incorporated for applications in non-deuterated solvents where
dynamic range issues may be encountered. The principles
shown likely extend to heteronuclear DOSY experiments and
also apply to low field (benchtop) NMR instruments with
gradients to open up a wide range of applications in many
different areas.
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Notes and references

i During peer review of this manuscript a paper reporting fast and
accurate FlowDOSY methods was published by J-N. Dumez and co-
workers [DOI: 10.1002/chem.202201175]. Their approach, developed
independently to our work, uses orthogonal gradients to eliminate
the effect of flow pulsation and includes a single-scan DSTE DOSY
pulse sequence, methods that are complementary to those reported in
this paper.

§ At 4 mL min ' the average residence time of the sample in the
detector region is around 7 seconds.

€ A minimum repetition time of 1 s is quoted as safety threshold for our
probe by the manufacturer.
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