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We show that the NMR spectra of components in a mixture can be
separated using 2D data acquired in less than one second, and an
algorithm that is executed in just a few seconds. This NMR unmixing
method is based on spatial encoding of the translational diffusion
coefficients of the mixture’'s components, with multivariate processing
of the data. This requires a new frequency swept pulse, which is
designed and implemented to obtain quadratic spacing of the spatially
parallelised gradient dimension. Ultrafast NMR unmixing may help in
the analysis of mixtures that evolve in time.

Mixtures of small molecules in solution are widely found in
chemical science, in fields ranging from chemical synthesis to
natural-product research and metabolomics. Nuclear magnetic
resonance (NMR) spectroscopy is a powerful tool for the analysis
of small-molecule mixtures. In many cases, mixtures can be
analysed directly by NMR spectroscopy, with no need for sample
purification." A variety of NMR experiments have been developed
that separate the spectra of a mixture’s components, without
physical separation of the components themselves.” One of the
most general and powerful methods to achieve this separation
relies on the differences in translational diffusion coefficients of
the molecules.”*’ Diffusion NMR (DNMR), which can separate
the spectra of a mixture’s components according to their diffusion
coefficients, is thus sometimes dubbed “virtual chromatography”.

Diffusion NMR experiments rely on a pair of pulsed-field
gradients, separated by a delay, to encode translational diffu-
sion coefficients in the NMR signal. The decrease of the NMR
signals, as a function of the gradient amplitude, is modelled to
extract the corresponding diffusion coefficients.” The most
powerful approaches to achieve spectral separation of a mixture’s
components with diffusion NMR are based on multivariate analyses
of the data’** Among such methods, direct exponential curve
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resolution algorithm (DECRA) is the fastest and the most straight-
forward to implement.**” It can resolve cases of overlap, for
compounds whose diffusion coefficients differ by less than 20%,
and also provide a route towards the quantitative analysis of
diffusion NMR data.*

A limitation of classic diffusion NMR experiments is the
duration required to sample the additional gradient dimen-
sion. Typically, a series of sub-experiments are recorded, for
incremented values of the diffusion-encoding-gradient amplitude.
This results in experiments that last several minutes, which may
not be suitable for the analysis of mixtures that evolve in time, be
it because of a chemical reaction, or because of the decay of a far-
from-equilibrium, enhanced spin polarisation. Fast-pulsing
experiments have been designed to reduce the experiment’s
duration from several minutes to few seconds.” Diffusion NMR
experiments can be further accelerated by spatial parallelisation of
the gradient dimension.® With such spatially encoded (SPEN),
ultrafast diffusion NMR experiments, complete data set can be
recorded in a single scan of less than one second. Several groups
have shown that univariate processing of SPEN DNMR data can
provide good-quality diffusion-ordered spectroscopy (DOSY)
representation of the data.®”* However, the current implementa-
tion of SPEN DNMR is not compatible with DECRA processing,
which limits its application for mixture analysis.

In this communication, we show that the NMR spectra of a
mixture’s components can be separated using data recorded in
a single scan of less than one second. The processing step itself
lasts just a few seconds. The method is based on DECRA
processing of SPEN DNMR data. To make DECRA processing
possible, we introduce a radio-frequency pulse that performs a
non-linear frequency sweep, resulting in a quadratic spacing for
the spatially parallelised gradient dimension. The possibility to
separate spectra is illustrated with mixtures of small molecules.
Ultrafast NMR unmixing should become useful for reaction
monitoring and the analysis of hyperpolarised substrates.

Classic diffusion NMR experiments rely on the stepwise
incrementation of the amplitude of pulsed-field gradients.
Arbitrary lists of gradient amplitudes may be used, but each
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value requires an extra increment, and the experiment’s dura-
tion scales linearly with the number of sampled points. With
repetition times of several seconds, this typically results in
experiment durations of a minute or more. In contrast, spatially
encoded diffusion NMR relies on the simultaneous acquisition
of all the data.®®? This is achieved by mapping the gradient
dimension onto a spatial axis, then using a spectroscopic
imaging scheme. The resulting data has the form:

S, = Soexp(—DA'(K,))* (1)

where D is the diffusion coefficient, A’ is the effective diffusion
delay, and K, is the effective gradient area for slice n, multiplied
by the gyromagnetic ratio.

In SPEN DNMR experiments, the spatial encoding step relies
on the simultaneous application of a frequency-swept pulse and
a magnetic field gradient. Echo-planar spectroscopic imaging
(EPSI) is then used during acquisition. A stimulated-echo-based
pulse sequence for SPEN DNMR is shown in Fig. 1a. Almost all of
the SPEN NMR experiments described so far rely on a linear
frequency sweep, with a so-called chirp pulse.” This results in a
linear spacing of the sampled gradient areas

K,=nxK,, n=0,1,... (2)

This spacing is not compatible with DECRA, which requires
quadratic spacing of the form:

(K)>=nx K> n=0,1,.. (3)

The spacing may be modified by using a non-linear frequency
sweep for the RF pulse. This was illustrated with the example of
exponentially spaced recovery delays.® However, this is not
demonstrated for other sampling schemes. Here we show that
quadratic spacing is achieved with an RF pulse, the offset of
which varies as the time squared. Specifically, an RF pulse of
offset:

2
VRF = BW (% - %)7 (4)

where BW is the bandwidth of the pulse and T is its duration,
applied together with a gradient pulse of amplitude G, and
followed by a gradient pulse of the same amplitude and
duration, gives (see ESIT):

(K= 476 (5 - 5 ) )

Eqn (5) corresponds to the desired quadratic spacing with
K, = K(nAz — L/2), (6)

where Az is the pixel size, and L = —27BW/(yG) is the length of
the region swept by the encoding pulses.

Before introducing DECRA processing, the validity of the
proposed pulse can be assessed by comparing experimental
diffusion decay curves obtained with this pulse, to the model
given by eqn (5). This is illustrated in Fig. 1, with the example of
a mixture of ethanol and butan-2-ol in D,O. Fig. 1(b and c)
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Fig. 1 (a) Stimulated echo pulse sequence for spatially encoded diffusion-

ordered NMR spectroscopy (SPEN DOSY). Hard pulses are shown as black
rectangles. Frequency-swept pulse are shown as black rectangles with an
arrow. Gradient pulses are shown as white rectangles. Gradients for spatial
encoding (spen) and coherence-transfer-pathway (ctp) selection are
shown on separate lines. (b and c) 2D spectroscopic imaging dataset
obtained using a (b) linear and (c) quadratic sweep, for a mixture of ethanol
and butan-2-ol in D,O. (d and e) Diffusion decay curve obtained with
(d) linear and (e) quadratic sweep; the experimental data (blue circles) is
shown with the least square fitting curve (red). This curve corresponds to
ethanol peak at 3.47 ppm. (f and g) DOSY representation of the data
obtained with (f) linear and (g) quadratic sweeps.

shows the data that results from applying the pulse sequence
shown in Fig. 1(a). The diffusion coefficient is encoded, for
each peak, in the variation of the peak intensity as a function of
position. Fig. 1(d and e) shows a comparison, for linear and
quadratic spacing, of representative diffusion decay curves and
of the expression given in eqn (1). In both cases, the agreement
between theory and experiment is very good. Using eqn (1), the
diffusion decay curve for each peak is fitted to perform a
univariate analysis of the SPEN DNMR data and construct a
DOSY representation. It can be seen in Fig. 1(f and g) that
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similar results are obtained in this case with linear and quadratic
spacing, further validating the proposed model.

It can be noted that, for this sample, the estimated diffusion
coefficient for the region where two peaks overlap (one for
ethanol and one for butanol), between 1 and 1.1 ppm, is a
compromise value between the diffusion coefficients of the two
species. This is typically the case when single-exponential fits
are used to process the diffusion NMR data.*

The main motivation to develop a quadratic spacing scheme
for SPEN DNMR is the possibility to use direct exponential
curve resolution algorithm (DECRA).**? DECRA is based on an
analytical solution, and is very fast compared to iterative or
“best-fit” methods. The code for DECRA was described by
Antalek,*” and implemented in a user-friendly framework by
Nilsson and coworkers.” We have reused the corresponding
code to process the SPEN DNMR data.

Fig. 2 shows the results of DECRA processing for the
ethanol/butanol mixture, for which univariate processing is
shown in Fig. 1. The method takes as an input the number of
components in the mixture, and achieves good separation of
the two spectra. Complex values of diffusion constants are
obtained if this input exceeds from the actual number of
components. Interestingly, the spectral region where two peaks
overlap, between 1 and 1.1 ppm, is suitably separated into the
two compounds, while this was not achieved with univariate
processing. In this example, the data was acquired in less than
500 ms, and the processing step took less than 2 s on a laptop,
including less than 100 ms for the DECRA algorithm - the rest
being dedicated to data pre-processing and plotting. This
illustrates NMR unmixing achieved in just a few seconds.

The resolution and sensitivity of the spectra shown in
Fig. 2 is lower than what would be obtained with conventional
(non-SPEN) experiments. This is a common feature of spatially
encoded ultrafast NMR methods, in which acceleration is
obtained at a cost in spectrum quality. The result of DECRA
processing of data obtained from the mixture may be compared
to 1D spectra of individual compounds, shown in Fig. 2b and d.
These were obtained here as slices of spectroscopic imaging
data, to have a resolution and sensitivity comparable to that
obtained with SPEN DNMR. The result of DECRA processing of
conventional data is shown in the ESI.¥ Note that the loss in
resolution compared to conventional experiment is due to a
short acquisition time of 170 ms, as the high-resolution probe
used in this work may not sustain long trains of bipolar
gradient pulses. The loss of sensitivity, compared to conven-
tional experiment, is due to the absence of signal averaging, the
shorter acquisition time and the use of spatial encoding.” The
possibility to separate spectra by multivariate processing also
depends on the signal-to-noise ratio. In this case, the approach
currently fails to separate three components or more. This may
be addressed with the use of cryogenically cooled probes, and
when hyperpolarised species are analysed.

DECRA processing also yields estimates of the diffusion
coefficients. These values are given in Table S1 (ESIY),
with the values obtained from univariate processing. The
results obtained with DECRA are consistent with the results
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Fig. 2 DECRA processing of SPEN DNMR data for a mixture of ethanol
and butan-2-ol in D,O, compared to the spectra of the compounds
acquired separately. The residual HDO peak is suppressed by a WET pulse
sequence block. (a) 1D spectrum of a mixture of ethanol and butan-2-olin
D,0. (c and e) Components obtained by DECRA processing of SPEN
DNMR data. (b and d) 1D spectra of (b) ethanol and (d) butan-2-ol alone
in D,O. The 1D spectra are obtained as slices of EPSI data.

obtained for resolved peaks with univariate analysis of SPEN
experiments.

Several intermediate processing steps have been implemented
so that DECRA can be applied to the SPEN DNMR data. As is
usually done also in the case of univariate processing, the data,
acquired in a single scan, is rearranged into a 2D matrix, then
window multiplication and Fourier transformation are performed
in both dimensions. Improved results are obtained if the sensi-
tivity profile of the RF coil, and the spatial selection profile of the
RF pulse, are accounted for (see ESIT for a description of the
process). These reference profiles are sample-independent and
can be recorded just once, on a reference sample, and reused for
other samples. A further example of spectral separation, which is
only successful with these intermediate processing steps, is shown
in Fig. 3, with a mixture of sucrose and n-propanol.

Other multivariate processing algorithms have been
reported for DNMR data. Examples of SCORE processing4d
are shown in the ESL{ These algorithms all have advantages
and disadvantages, and a comparison between them in the case
of SPEN DNMR will be carried out. Here, we chose DECRA for
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Fig. 3 DECRA processing of SPEN DNMR data for a mixture of propan-1-
ol and sucrose in D,O, compared to the spectra of the compounds
acquired separately. The residual HDO peak is suppressed by a WET pulse
sequence block. (a) 1D spectrum of a mixture of propan-1-ol and sucrose
in D,O. (c and e) Components obtained by DECRA processing of SPEN
DNMR data. (b and d) 1D spectra of (b) propan-1-ol and (d) sucrose alone
in D,O. The 1D spectra are obtained as slices of EPSI data.
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its speed and simplicity, which are appealing features in the
context of ultrafast 2D NMR experiments.

Fast diffusion NMR methods are particularly promising for
the analysis of hyperpolarised substrates, and the monitoring
of reaction mixtures. In both cases, mechanical disturbances
may exist, due to, e.g., the rapid injection or mixing of the
sample. Methods that limit disturbances, such as liquid-driven
injection,® or their effect of the diffusion measurement, such
as double-diffusion encoding methods,"* will be needed for
such applications.

We have described the separation of NMR spectra of mixture’s
components in just a few seconds, using spatially encoded,
ultrafast diffusion NMR data, together with the direct exponential
curve resolution algorithm. This required the development of a
frequency swept pulse that results in a quadratic spacing of the
spatially parallelised gradient dimension. Ultrafast NMR unmix-
ing based on diffusion experiments should be particularly
useful for the analysis of reaction mixtures and hyperpolarised
substrates.
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