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Abstract

Diffusion-ordered NMR spectroscopy (DOSY NMR) is a widely used method for the analysis of
mixtures. It can be used to separate the spectra of a mixture’s components, and to analyse
interactions. The classic implementation of DOSY experiments, based on an incrementation
of the diffusion-encoding gradient area, requires several minutes or more to collect a 2D data
set. Spatially encoded (SPEN) DOSY makes it possible to collect a complete data set in less than
one second, by spatial parallelisation of the effective gradient area. While several short
descriptions of SPEN DOSY experiments have been reported, a thorough characterisation of
its features and its practical use is missing, and this hinders the use of the method. Here we
present the unusual principles and implementation of the SPEN DOSY experiment, an
understanding of which is useful to make optimal use of the method. The encoding and
acquisition steps are described, and the parameter relations that govern the setup of SPEN
DOSY experiments are discussed. The influence of key parameters, including on sensitivity, is
illustrated experimentally on mixtures of small molecules. This study should be useful for the

setup of SPEN DOSY experiments, which is particularly useful for systems that evolve in time.



1 Introduction
Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for the analysis of solution
mixtures of small molecules, with applications that include metabolomics and reaction
monitoring 2. The diffusion-ordered NMR spectroscopy (DOSY) experiment is particularly
well suited for mixture analysis 3%, Sometimes referred to as a form of virtual
chromatography, it provides separation of the spectra of a mixtures’ components, based on
their translational diffusion coefficients. The DOSY method is used extensively to help in the
identification of a mixtures’ components, e.g., for metabolic studies or for authentication
application, and to analyse interactions in solution Pl

In DOSY experiments, the diffusion information is encoded by a pair of pulsed-field
gradients of duration o, separated by a delay of duration 4. Diffusion during the delay results
in an attenuation of the acquired signal given by the Stejskal Tanner equation ©:

S(q) = Spe~Pa*a’, €]
where Sp is the initial amplitude of the signal, D is the diffusion coefficient, A’ is the diffusion
delay corrected to account for the finite width of the gradient pulses, and q corresponds to
the area of the diffusion-encoding gradient multiplied by the gyromagnetic ratio, and is given

by:

)
a=v j G(tdt, @)
0

where 0 is the duration of the gradient pulses. In practice, a series of 1D experiments are
recorded, using an array of values of g. The attenuation of signals as a function of g is fitted
to Eqg. 1, to yield an estimate of the diffusion coefficient. The consecutive acquisition of
multiple 1D spectra, together with the use of phase cycling to enforce coherence transfer
pathway selection, results in experiment durations ranging from a few minutes to several
hours for classical DOSY experiments. This is a limitation for the analysis of systems that evolve
in time, such as reaction media or hyperpolarised substrates.

Several methods have been developed to decrease the duration of DOSY experiments.
In the Oneshot approach 7}, the need for phase cycling is eliminated by using unbalanced
bipolar diffusion encoding gradients. Experiments may then be recorded with a single scan for
each value of the diffusion gradient, provided that the equation for the fit is modified to

account for the unbalanced gradients. Other approaches aim at reducing the number of values



of g needed to estimate diffusion coefficients. For example, accordion or sparse sampling 8!
of the g and indirect time dimension have been used to accelerate 3D DOSY experiments.
Spatial parallelisation is a general approach to accelerate multidimensional NMR
experiments, in which several sub-experiments are carried out simultaneously in different
slices of the sample 1911, Spatial parallelisation of the DOSY experiment was first reported by
Loening et al., using a z> shim coil to create the field variation [*21. A more convenient approach
was proposed by Thrippleton et al., based on the joint application of a frequency-swept pulse
and a magnetic-field gradient 3. It was later revisited by Shrot and Frydman %, who used
echo-planar spectroscopic imaging to retrieve the spatially encoded diffusion information for
each peak in a more robust manner. Spatial parallelisation is also used in ultrafast Laplace
NMR [14-16 Recently, we have shown that spatially encoded DOSY (SPEN DOSY) could be
generalised to higher dimensional experiments 7], and that the acceleration provided by
spatial encoding made it possible to collect DOSY data in a single scan for reaction mixtures
and hyperpolarised substrates [!3-291, When spatial parallelisation is used, the Stejskal Tanner

equation is replaced by [121321.22]

5(z) = Soe DK@, 3)
where K(z) is a position-dependent effective gradient area multiplied by the gyromagnetic
ratio. While several brief descriptions of the SPEN DOSY experiments have been reported, a
detailed description of the method and of its features for mixture analysis is missing.

In this article, we give a comprehensive description of SPEN DOSY experiments, and
describe how to optimise them for the analysis of solution mixtures. The theory of spatial
encoding of diffusion coefficients is summarised first, together with the MRI-based acquisition
used in SPEN DOSY. The compensation of convection in SPEN DOSY experiments is also
explained, as it plays an important role for applications to reaction monitoring. Using the
resulting relations, the choice of pulse sequence parameters is then discussed, in the cases of
single-axis and triple-axis gradient probes. The influence of key parameters on signal-to-noise
ratio and the estimated diffusion coefficient is demonstrated experimentally, as well as with
the use of pure-absorption processing. Together these results provide a guide to the use of
SPEN DOSY for applications to the analysis of mixtures.

2 Theory
The classical DOSY experiment consists of the acquisition of a series of 1D spectra, with varying

intensities of the diffusion-encoding gradient pair. In the SPEN DOSY experiment, this process



is parallelised spatially, as schematised in Figure 1. DOSY experiments most frequently rely on
a stimulated-echo implementation, in which magnetisation is stored along the longitudinal
axis during the diffusion delay. Figure 2.a shows a pulse sequence for conventional STE DOSY,
and the pulse sequence for SPEN STE DOSY is shown in Figure 2.b. Consider the transverse
magnetisation of a small volume element. In both cases, the first diffusion-encoding gradient
pulse generates a phase variation for the magnetisation that is fully refocussed by the second
diffusion-encoding gradient pulse, while diffusion acts to attenuate the magnetisation’s
amplitude. Spatial parallelisation requires two main ingredients. First, the diffusion encoding
gradient pulses are replaced by the combined application of a frequency-swept pulse and a
gradient pulse. Second, a spectroscopic imaging scheme is used during acquisition to record a
1D spatial profile for each peak in the spectrum. These two aspects will be described here.
Note that spin-echo versions of the SPEN DOSY experiment are also possible and have been

described 19,
2.1. Diffusion encoding

In diffusion NMR experiments, translational diffusion is encoded through the irreversible loss
of magnetisation that it causes when there is a variation of the spin phase as a function of
position. Consider a volume element with a transverse magnetisation M, (z,t), in the
presence of a linear variation of the spin phase of the form ¢(z) = kz. Translational diffusion
during a delay T will mix molecules bearing spins with different phases from neighbouring
volume elements, thus reducing the transverse magnetization. This attenuation can be
guantified by solving the Bloch-Torrey equation and is given by:

IM,(z,t +7)|= |M,(z,0)|e P, (4)
where D is the translational diffusion coefficient. This equation can be written in a more

general form for a time-dependent spin phase of the form ¢ (z,t) = k(t)z, as

t+t 7 2 /
M, (2, + D)= M, (2,0l (W) e ©
In the case of a linear phase variation, this attenuation is uniform over the sample. This is the
case for conventional DOSY experiment, in which the phase imparted by the gradient pulses

is such that:

k(t) = —j yG(t))dt'. (6)
0



Solving Eq.5 for the conventional DOSY pulse sequence gives the Stejskal Tanner equation
(Eq.1).

In the SPEN DOSY experiment, the combined application of a frequency-swept pulse
and a magnetic field gradient causes a phase variation that is not linear with respect to
position. As a result, diffusion attenuation becomes position dependent, and this is used for
spatial parallelisation. In order to describe the SPEN DOSY experiment, Eq.6 needs to be
generalized to arbitrary spatial phase variations. In addition, the phase variation caused by

the combined application of a frequency swept pulse and a magnetic field gradient needs to

be calculated. In the case of non-linear phase variation, the attenuation is given by [12:13:21.22];
t+t 7 2 1
M, (2t +7)|= M, (2, D) 2% (KED) e )
where K (z, t) is the first derivative of the spin phase with respect to position:
dp(z,t)
K(Z, t) = T (8)
Equation 8 is valid provided that the typical diffusion length [ = /2D is such that the phase
variation experienced by the spins during the diffusion delay is approximately linear 12:221;
0%d(z,t
% 12 « 2m. )

The phase variation that results from the combined application of a frequency-swept
pulse and a magnetic field gradient can be calculated in several ways. One possibility is to
assume that nuclear spins flip instantaneously when their precession frequency is equal to the

e [21.221 Alternatively, the phase can be calculated by numerical

frequency of the puls
integration of the spin’s precession frequency in a frequency-modulated frame 2. The two
possibilities are summarised here.

Consider an ensemble of uncoupled spins of precession frequency w;(z), that are
submitted to the pulse sequence shown in Figure 2.b. During the first swept refocusing pulse

of frequency w¢(t), the spins will flip at a time trip(z) such that:

wrt (thip(2)) = wi(2). (10)

The spin phase ¢, during the first pulse is given by:
$1(z,t)= w;(2)t fort < tgips (11)
$1(z, )= w;(2) (t — 2tnp1(2)) + 20s¢ (tnip (2)) for £ > tiips (12)



where fDrf(tﬂip) is the phase of the RF pulse at the time of the flip. This gives for the derivative

of Eq (11):

Kl (Z, t) z(Z)

and for the derivative of Eq (12):

t for t < taip1, (13)

dtaj . datgj
K. (z,t) = awl(z) (t 2tf11p 1) 20;(2) tﬂp1(Z) " 2605 £(t) tﬂap;(z)f FE> taips (14)

which can be simplified as:

dwi(z)
Ki(z,t) = % (t — 2tqip,1) for t > taips (15)

ad’rf(t)

based on the fact that = w¢(t) and on the condition that defines the flip time.

Similarly, during the second pulse:

awl(z)

Ky(z,t) = Ki(z,t) + ——tfort < tyip,, (16)

and
dwi(z)
K,(z,t) = —K,(z,t) + % (t — 2taip,) for t > taip,. (17)
The total diffusion attenuation due to the spatial encoding blocks is given by:

Si =exp | =D (jtl(K1 (z, t’))zdt’ + (A —2T,) (K (z, t{))z

0 1

tz(KZ(z,t’))zdt’> . (18)

tr

Where t; and t; are the start and end time of the first spatial encoding block, and t, and t,
are the start and end time of the second spatial encoding block. The SPEN STE DOSY pulse
sequence is usually applied with linearly swept, so-called chirp pulses. In this case the time-
dependent frequency is, in a rotating frame of reference:

wre(0) = w + R(t — t;), (19)
where R is the sweep rate, w?f is the initial frequency offset and t; the start time of the j
pulse. The spin’s precession frequency during the spatial encoding block is given by:

wi(2) = Q; —yGez, (20)

where (}; is the chemical shift offset and G is the magnetic field gradient. From the condition
given in Eq.10, the expression of the flip time is:

Q; — Y6z — w¥
tflip,j = t] + : }; d . (21)




.. . . . RT
Combining these equations, for a symmetric sweep in the frame of reference (wa = —7),

gives the total diffusion attenuation due to the spatial encoding blocks for the pulse sequence

shown in Figure 2.b:

, 2
S 4 2z
o — €Xp _D(yGeTe)z _Te +({——-1 (A - Te) ’ (22)
So 3 Lg
where
_ RT
Ls = Yo (23)
is the length of the region swept by the pulse, and
"= 2
z'=z+ G (24)

is the position corrected to account for the chemical-shift displacement during the pulse. The

position dependent diffusion attenuation is thus of the form of Eq. 3 with

K(2) = -yG.T. (- 1) (25)

L

for the effective gradient area, and A’ = A — T, for the effective diffusion delay. The term %Te

in Eq. 22 is a global attenuation that is common to all the slices. It is small, and corresponds
to the diffusion attenuation experienced during the spatial encoding blocks for the slice at z =
Lg/2. For analysis, it can be included in the S, term. Figure 3 shows the calculated phase that
results from the simultaneous application of a 180° chirp pulse and a magnetic field gradient
for an initial transverse magnetisation, together with its tangent at several position, showing
how diffusion attenuation will be different in different parts of the sample. The additional
gradient of duration Teis used to cover a larger range of effective gradient area.

Alternatively to the analytical expression based on the assumption of an instantaneous
flip of the spins, the effective gradient area can be obtained from a numerical calculation of
the spin phase at the end of chirp+gradient block [*31. The precession frequency of the spins
during the pulse is, in a frequency modulated frame:

Qefr = V[ = ¥Gez — 0s(D]? + w1 (D)7, (26)

where w,s is the instantaneous frequency of the pulse and w; is the pulse amplitude. This

gives, for the spatial derivative of the spin phase at the end of the chirp+gradient block:

Te d
K@) = | % =YGez — 0O + 0, () dt + VG T, @7)
0



where the second term on the right-hand side is due to the additional gradient pulse after the
chirp pulse. This expression can be used in Eq.3 together with an effective diffusion time A’ =
A — T, to simultaneously use an accurate expression for the effective gradient and account
for the effect of finite gradient pulses. This was found to give the best agreement between
numerical simulation and analytical expressions (271, Note that while accurate numerical
simulation are possible, analytical expressions are useful for the fast processing of
experimental data.
2.2. Spatially resolved acquisition

In spatially encoded DOSY, the diffusion information is encoded in the attenuation of the
magnetisation as a function of the position in the NMR tube. Fast spectroscopic imaging is
needed during acquisition to decode this information for several chemical sites
simultaneously. Following Shrot and Frydman, we are using echo-planar spectroscopic
imaging (EPSI) 23], which provides a spatial profile for each frequency in a single scan. The EPSI
pulse sequence element is shown in Figure 4.a. It consists of a train of bipolar gradient pulses
of amplitude *G, and of duration T, each. This results in a zig-zag trajectory in a two-
dimensional (k, t) space, shown in Figure 4.b, with:

t YG,T,

k(t) =yj G, (tdt — > = (28)
0

k(t) is the integrated area of the acquisition gradient multiplied by the gyromagnetic ratio, and
corresponds to the spatial frequency that is sampled. The spectroscopic imaging data is
obtained by 2D Fourier transformation. The so called odd and even echoes, corresponding to
data acquired with positive and negative gradients, are often processed separately, so that
fast Fourier transformation (FFT) can be used to go from the time to the frequency domain. In
the spectral dimension, the spectral width is governed by the time spacing between two

consecutive points with the same value of k. This spacing, 2T,, results in a spectral width of:

1
SWeony = T (29)
a

The filter bandwidth during acquisition is chosen to be larger than the frequency dispersion
induced by the magnetic field gradient (yG,L;), and is typically of several tens of kilohertz. As
a result, the chemical-shift offsets that lie outside the spectral width SW,,,, are not filtered

out and are instead folded, through a translation by an integer multiple of SW,,,y. Resolution



in the spectral dimension is governed, as in conventional experiments, by the total acquisition
time:

1

Sv=——,
YTOTN

(30)

where N is the number of loops in the EPSI block.
In the spatial dimension, spatial resolution is governed by the maximum spatial

frequency that is sampled, i.e., by the maximum value of the variable k:

2m
6z = (31)
YGaT,
and the field of view is given by:
21
FOV = ———, 32
yG, ot (32)

where 6t is the delay between two sampled points. The field of view is not a limitation as 6t
can be chosen to be small enough so that FOV > L;, with no consequences on the other
parameters or on sensitivity.

Experimentally, the minimum value that can be used for T, is limited by the ramp time
of the gradients, as well as by instabilities that may occur for fast oscillating gradient
waveforms. This sets a limitation on the spectral width that can be achieved. Spectral
resolution is limited by the maximum duration which the hardware can sustain during the EPSI
block. On the other hand, and in contrast to UF2DNMR experiments such as UFCOSY 24, the
maximum acquisition gradient that can be applied is typically not a limitation. DOSY data sets
indeed usually have only 8 to 32 points in the incremented dimension, compared to 64 or
more points for other 2D experiments.

Obtaining spatial resolution comes with a sensitivity penalty compared to purely
spectroscopic acquisition. If, using EPSI, a sample of length L is divided into M pixels (keeping
the same acquisition time), then sensitivity will decrease by a factor M. When comparing
conventional and SPEN DOSY experiments, the penalty in terms of sensitivity per square root
of experiment time due to spatial resolution is then VM. In SPEN DOSY experiment, the choice
of acquisition gradient is a compromise between the number of points for the diffusion decay
curve (higher G4 gives more points) and sensitivity (higher G, reduces the signal-to-noise
ratio). On the other hand, EPSI has in principle no sensitivity penalty compared to a gradient

echo acquisition that would achieve the same spatial resolution in the same total acquisition



time but without spectral resolution 2% In practice, the sensitivity of EPSI is slightly lower if
ramp sampling is not used.

Single-scan echo planar spectroscopic imaging data can in principle be processed in
pure absorption, provided that the pulse sequence is timed so that chemical shift evolution is
refocussed at the centre of the first readout gradient. This is in contrast to UF2DNMR
experiments, where pure-absorption processing is not always possible and requires multiple
scans. However, in practice, gradient imperfection can result in distortions in the spectrum
and often make magnitude processing a more straightforward option.

Because chemical shift offsets are active during the readout gradient pulses of the EPSI
block, the resulting 1D images are shifted by a quantity:
QO
YGa

This chemical-shift displacement is accounted for during data processing. Equivalently, this

Az =

(33)

corrects for the shearing of the zig-zag trajectory in (k-t) space.

2.3. Convection compensation

The measurement of diffusion coefficients by NMR can vyield erroneous results when
translational molecular motion other than diffusion are also present 2%l This is the case for
flowing samples, and in the presence of sample convection. Convection is always present to
some extent and is particularly pronounced for low-viscosity solvents and when the sample
temperature is far from room temperature %), It is caused by temperature gradients in the
NMR tube, which cause the hotter part of the solution to rise while the colder part moves in
the opposite direction. In diffusion NMR, this usually leads to a loss in sensitivity, faster decay
and in some cases oscillatory curves.

There are several solutions to avoid the problems caused by convection. First, one may
work in conditions unfavourable for convection to appear, e.g., by using a smaller diameter or
a different material for the NMR tube, by increasing the gas regulation flow to homogenize
temperature within the sample, by restricting the sample length using Shigemi tubes, or by
spinning the sample 26271, Second, one may use pulsed-field gradients along a transverse axis
to encode diffusion in a direction perpendicular to the convection 8, However, this requires
a triple-axis gradient probe. Further, for SPEN DOSY, the small diameter of the tube is a

limitation, and a reference profile is needed for the processing 118,

10



Another solution to mitigate the effect of convection on diffusion measurements,
introduced by Jerschow and Muller [2°! for conventional DOSY, is to use two diffusion-encoding
steps set up such that the effect of diffusion is cumulative while that of convection cancels
out. The convection compensated double-stimulated-echo (DSTE) SPEN DOSY pulse sequence
is shown in Figure 2.c 29, Its mechanism is analogous to that of conventional DSTE DOSY pulse
sequences.

Consider a volume element submitted to a pair of diffusion-encoding pulsed-field
gradient along z, while moving with a velocity v,. Compared to the static case, this results in
an additional phase of the form, assuming narrow pulsed-field gradients:

¢ (2) = q"v,A (34)
where g* is the area of the diffusion-encoding gradient multiplied by the gyromagnetic ratio
and by the coherence order (+1) selected for the dephasing step. The signal attenuation is
then:

S(q) = Spe~Pd*eia’vzh, (35)
The acquired signal is a sum over a distribution of values of v,. It may be oscillatory, and fitting
it with the Stejskal-Tanner equation yields erroneous values of the diffusion coefficients. In
the double stimulated echo pulse sequence, two diffusion encoding steps are used and the
signal attenuation is:
S(q) — Soe—Dqle/zeiq;va/ze—DqZZA/zeiq;va/z_ (36)
If the pulse sequence is set such that q; = —q;, e.g., by using identical diffusion-encoding
pulses and opposite coherence orders for the two diffusion-encoding steps, then a pure
diffusion attenuation is retrieved.
In the case of the STE SPEN DOSY pulse sequence, there is similarly an additional

dephasing due to velocity

S(z) = Soe—DK(z)ZAeiK*(z)va (37)
where
K *(z) = pK(2). (38)
For the DSTE SPEN DOSY pulse sequence, the attenuation becomes
S(z) = SOe—DK{(z)ZA/zeiK;(z)va/ze—DK;(z)ZA/zeiK;(z)uZA/z_ (39)
Compensation of the velocity induced phase term is obtained for K; (z) = —K;, (2) by using

identical diffusion-encoding blocks and opposite coherence orders. However, because of the

11



use of a second stimulated echo, the sensitivity will drop by 50% compared to a classical STE
experiment.

3 Experimental

3.1 Hardware

All the experiments were carried out on a Bruker Avance Ill spectrometer operating at a *H
Larmor frequency of 500.13 MHz, equipped with a 5 mm dual *H/*3C cryo-probe with single-
axis gradients or a room-temperature 5 mm TXI *H/*3C/**N probe with triple-axis gradients.
The gradients were calibrated along each axis using a Shigemi tube filled with doped water
(1% H20+0.1% CuS0O4 in D,0) and a restricted sample length of 10 mm. The temperature inside
the probe was calibrated with a standard methanol sample and then set to a value of 298 K

with airflow of 535 L/h. All the experiments were done without sample rotation.

3.2 Samples
The solution mixtures were prepared according to the following procedures:

Mixture 1 (M1). 14.8 mg of caffeine were dissolved in a vial in 750 pL of D;0. The
solution was shaken until complete dissolution. In that solution was added 7.2 ulL of ethyl
acetate, 5.3 pL of DMSO and 3.0 pL of methanol. The concentration of each molecule is about
100 mM. 600 pL of this solution was withdrawn and introduced into a 5 mm NMR tube. A
sample was similarly prepared in a 5 mm Shigemi tube restricted to 10 mm for conventional
DOSY experiments.

Mixture 2 (M2). To 600 pL of DO was added 24.3 uL of methanol, 35.0 uL of ethanol
and 44.9 pL of propanol. The concentration is near 1 M for each compound. The sample was
well shaken and poured into a 5 mm NMR tube.

Mixture 3 (M3). In a vial, 14.6 mg of caffeine was weighted and then was dissolved in
750 pL of CDCls. The solution was shaken until complete dissolution. In that solution 7.2 uL of
ethyl acetate, 5.3 puL of DMSO and 3.0 plL of methanol was added. The concentration of each
molecule was about 100 mM. 600 pL of this solution was withdrawn and introduced into a 5
mm NMR tube.
3.3 Processing
All the experiments were processed using a custom-written MATLAB code, which is available
upon request. The process is illustrated in Figure 5. First, the data is read from Bruker format

and reshaped into a 2D matrix. Then the data is apodised in the time dimension. For data
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processed in pure absorption, a cosine window is used, while for data processed in magnitude,
a sine window is used. Apodisation can be done in the k dimension using, e.g., a Hamming
window, but this was not used here. Next, zero filling in the time dimension is applied prior to
2D Fourier transform. Here, no zero filling was applied in the k dimension. Peak picking is then
performed on a *H 1D spectrum, to obtain the correct values of the chemical-shift offsets even
for peaks that are folded in the EPSI data. Regions are then defined on a slice of the EPSI data
to calculate the intensity or area for each peak. Then for each peak, corrections for the
chemical shift displacements during encoding and acquisition are performed, and the
diffusion curve is plotted and fitted to the modified Stejskal-Tanner equation to estimate the
corresponding diffusion coefficient. A DOSY map is generated in the usual way, by placing, for
each peak, a peak with a gaussian shape in the diffusion dimension, with its centres given by
the estimated diffusion coefficient and its width given by the estimated uncertainty of the fit.
The DOSY map is finally displayed as a contour plot. The code used to create the DOSY map
was adapted from the DOSY Toolbox / GNAT 13031,

The conventional DOSY experiment was processed using a custom-written MATLAB
code. For the comparison of signal to noise ratio, the data is read from Bruker format and
reshaped into a 2D matrix. Then, the data is apodised in the time dimension with a cosine
window. Next, zero filling in the time dimension is applied prior to Fourier transform in time
dimension. The signal to noise ratio was then calculated on the DMSO peak.

For the complete processing of the conventional data, first, the data is read from Bruker
format and reshaped into a 2D matrix. Next, zero filling in the time dimension is applied prior
to Fourier transform in time dimension. Peak picking and regions are defined on the spectrum
obtained with the lowest diffusion gradient. The diffusion curve is plotted and fitted to the
Stejskal-Tanner equation to estimate the corresponding diffusion coefficient. A DOSY map is
generated in the usual way, by placing, for each peak, a peak with a gaussian shape in the
diffusion dimension, with its centres given by the estimated diffusion coefficient and its width
given by the estimated uncertainty of the fit. The DOSY map is finally displayed as a contour

plot. The code used to create the DOSY map is the same than for the SPEN DOSY processing.

4 Results and discussion
An example of DOSY map obtained with the SPEN DOSY experiment is shown in Figure 6.b.

The data was obtained in a single scan of less than 200 ms, on a sample composed of ethyl

13



acetate, DMSO, methanol and caffeine in DO (sample M1). It will be used to illustrate the
choice of encoding and acquisition parameters. The corresponding 1D spectrum can be seen
in Figure 6.a, with an assignment of the signals that will be used in following figures. The result
of a conventional DOSY experiment on the same sample is shown in Figure S1, and the
resulting estimated diffusion coefficients are shown in Table S1. There are systematic
differences between the two, which may originate from the different influence of gradient
non uniformity in conventional and SPEN experiments and is outside the scope of the present

work.

4.1 Spatial region

The first decision to make when setting up the SPEN DOSY experiment is the length of the
region swept by the chirp pulse. It should correspond to a region where the coil’s sensitivity
and the magnetic-field gradient are sufficiently homogeneous. For *H experiments, a length
of 15 mm and 20 mm can typically be used on indirect-detection and direct-detection single-
axis-gradient probes respectively. On triple-axis gradient probes, the magnetic field gradient
along the longitudinal axis has poor uniformity (the field gradient is steeper at the centre of
the coil). If this is not taken into account during processing, a length of up to 10 mm can be
used as a compromise between sensitivity and the effect of gradient non-uniformity. These
lengths were determined on commercial probes manufactured by Bruker and may need to be
adjusted for other probes.

Smoothed chirp pulses are typically used for spatial encoding in SPEN DOSY
experiments. The actual shape of the B; amplitude is not very important. Here we use pulses
with a plateau for the central 80% of the shape, and a smooth transition between 0 and Bimax
on the edges. As a result, only the central 80% of the swept region is used for data fitting. This
can be extended by correcting the data by the selection profile of the chirp pulse.

4.2 Spatial encoding parameters

For a given length Lg of the swept region, the maximum attenuation of the diffusion decay
curve is determined by the diffusion delay (A), and by the product of the duration of the swept
pulse, T,, and the intensity of the encoding gradient, G, (or, equivalently for a fixed Lg, the
product of the duration of the swept pulse, T,, and its bandwidth, BW). This product plays a
role analogous to the area of the diffusion-encoding pulsed-field gradients in conventional
DOSY. These values should be set, as in conventional DOSY, so that the maximum attenuation

is sufficient while still achieving sufficient sensitivity. A compromise is usually needed when
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there is a range of diffusion coefficient values in the sample. For the data shown in Figure 6.b,
the parameters are a chirp of duration (T,) 1.5 ms sweeping over 110 kHz (BW) applied with
an encoding gradient (G,) of 25.9 G/cm (35.7 % of the maximum gradient intensity) and
diffusion delay equal to 100 ms.

Figure 7.a shows the results of a series of SPEN STE DOSY experiments in which the
duration and the bandwidth of the chirp pulses were changed, while keeping the product of
the two, as well as the length of the swept region, constant. These parameters are displayed
in Table 1. The estimated diffusion coefficients agree for all the experiments within the
uncertainty estimated from the fit. Note that the larger uncertainty for methanol and HOD
diffusion coefficients comes from the fact that the maximum gradient area was chosen to
favour the measurement of lower diffusion coefficient. The choice of specific values of T,and
BWis governed by the RF limitation of the probe. For a given time-bandwidth product, the
shorter the pulse, the higher the maximum B;amplitude required to achieve an adiabatic 180°
rotation. The signal-to-noise ratio, measured on the DMSO peak, was also compared for the
choices of parameters given in Table 1. For a given time-bandwidth product, the specific
choice of duration and bandwidth of the pulse has virtually no influence on SNR as shown on
Figure 8.a.

Figure 7.b shows the results of a series of SPEN STE DOSY experiments on M1 in which
the duration of the chirp pulses was changed, for a given bandwidth with the parameters
shown in Table 2. It can be seen that the uncertainty of the fit tends to first decrease when
the time-bandwidth product of the encoding pulse increases. It can be seen from the HDO
peak that strong attenuation increases further the uncertainty.

4.3 Acquisition parameters

The acquisition parameters are chosen according to the relationships given in section 2.2. For
sample M1 (Figure 6.b), a value of Ta = 307 us was used, which results in a spectral width of
1630 Hz, and a train of 240 bipolar pulses was used, which results in an acquisition time of 147
ms.

A series of experiments were carried out to illustrate the effect of two parameters of
the EPSI acquisition, the intensity of the readout gradients and the duration of the acquisition
(i.e., the number of loops of the EPSI acquisition). The data can be processed in pure-
absorption and in magnitude mode, and the two are compared here. The comparison

between two is shown in figure 9 for the same dataset. The diffusion constants obtained from
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these two processing modes are comparable, however, and improvement in spectral
resolution is achieved with pure-absorption processing.

For a given duration of the readout gradient, the resolution of the image is determined
by the intensity of the gradient. Figure 10.a shows the result of a series of SPEN STE DOSY
experiments acquired with increasing readout gradients on the same mixture as previously
(M1). For each experiment, the diffusion coefficient calculated for each signal and the
uncertainty of the fit were extracted and compared, for both pure-absorption and magnitude
processing. For low values of the readout gradient, the uncertainty of the fit becomes very
large, and in this case values of about 20 G/cm or more should be used. For larger intensities
of the readout gradients, the results are consistent irrespective of G, for magnitude mode
processing. For pure-absorption processing, there is more variability as a function of G,, and
a systematic deviation is also observed for the caffeine peaks.

Increasing the intensity of the readout gradient also influences the signal to noise ratio
for the experiment. The signal to noise ratio of the DMSO peak was calculated as a function
of the readout gradient intensity for each experiment, and the results are shown in Figure 8.c.
As expected, the signal to noise ratio decreases when gradient increases. A choice has to be
made between signal to noise ratio and number of points for the fit. As shown previously, the
acquisition gradient also has an impact on the resolution hence the number of points of the

fit as shown with the second axis on Figure 10.a and Figure 8.c. It can be noted that in each

case the SNR is better with pure-absorption processing by a factor around V2 .

Despite increased resolution and sensitivity, pure-absorption processing results here
in lower-quality estimates of the diffusion coefficients, because of distortions in the spectrum
induced by the strong and oscillating acquisition gradients. Improved phase correction
methods, which correct for phase errors that depend on the gradient amplitude, are under
development and will be needed for a reliable use of pure-absorption processing.

The second parameter that was investigated was the acquisition duration. A series of
experiments were acquired with an increasing number of loops for the EPSI on the same
model sample (M1). The diffusion coefficients were extracted and are compared in Figure
10.b. as a function of the acquisition duration. For this relatively sparse spectrum, for most of
the peaks, the results are similar irrespective of the acquisition duration. Only the methanol
and one of the caffeine peaks show significant changes when the acquisition is too short. This

is due to the loss of resolution when the acquisition duration is reduced. As the peaks are close
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to each other, poor spectral resolution yields meaningless fitting curves and diffusion
coefficients values.

The effect of the acquisition duration on the signal to noise ratio was also investigated.
The signal to noise ratio of the DMSO peak was calculated and plotted in Figure 8.d for each
experiment. In this regime where the acquisition duration remains smaller than the transverse
relaxation time, the longer the acquisition is the higher the signal to noise ratio becomes, as
in conventional experiments. However, the acquisition duration is limited here by the duty

cycle of the gradient unit and gradient instabilities.

4.4 Coherence selection gradient

Single-scan acquisition also requires that pulsed-field gradients are used to select the required
coherence transfer pathway. CTP selection gradients are shown on two separate lines in
Figure 2. When multiple gradient axes are available, it is preferable to achieve spatial encoding
and CTP selection with different axes, to avoid interference between the two.

In the SPEN STE DOSY pulse sequence, a spoiler gradient is applied between the second
and third 90° pulses (f), to destroy the transverse magnetisation. Pairs of gradient pulses are
used around the chirp pulses (a and b), to select only magnetisation that is refocused. When
triple-axis gradients are available, a further pair of gradient pulses (c) is used to select the anti-
echo pathway even for slices that have a null net area of the diffusion-encoding gradient. This
gives some flexibility in the choice of the duration of the post-chirp gradient.

Figure 11 shows the effect of a modification in the CTP selection gradients, when they
are applied along the same axis as the diffusion-encoding gradients (in this case using a single-
axis gradient probe). Several SPEN DOSY experiments were done on a mixture of alcohols (M2)
in order to illustrate this effect. Experiment 1 is taken as a reference, witha#0,bz0and c=
0. Gradients a and b are respectively increased by 16 G/cm in experiment 2 and in experiment
3, and c is non-zero in experiment 4 and 5. This comparison shows that the gradient pulses a
and b have only limited effect on the estimated diffusion coefficient, while gradient c shows a
significant effect and hence should not be used on a single-axis-gradient probe if the fitting
function is not modified to take c into account.

Further gradient pulses (g1 = -f, g2 = -2a + ¢, g3 = -2b + c¢) are included in the pulse
sequence to compensate for the CTP gradients, as this is expected to reduce the effect of

diffusion-encoding and CTP-selection gradients on the acquired signal.
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Note that for the DSTE SPEN DOSY experiment, no combination of CTP-selection
gradient was found to implement the pulse sequence with a single gradient axis.
4.5 Sensitivity
While spatial parallelisation makes it possible to acquire 2D experiments in a single scan, this
acceleration comes at a price in sensitivity. A comparison of signal-to-noise ratio was done
here between conventional and SPEN DOSY on sample M1. The conventional DOSY was
carried out with 16 gradient increments and 8 scans per increment. To obtain comparable
results with SPEN DOSY, the acquisition gradient was chosen to sample an 8 mm region with
16 points, and 128 scans were added to have the same total experiment duration. The other
parameters were the same (recovery time, gain...). The acquisition time for the conventional
DOSY was intentionally set to the short value (147 ms) to which SPEN DOSY is limited, to focus
on the effect of spatial parallelisation, and the data were processed identically. The results are
compared in Table 3, for each peak in the spectrum. The conventional experiment is more
sensitive by a factor ranging from ~3 to ~7. In theory one expects a penalty for the SPEN
experiments of about 7: i/ a sensitivity penalty due to the spatially resolved acquisition, which
is 16 when 16 pixels are resolved; ii/ a sensitivity advantage of 4 because 128 scans are

averaged in the SPEN experiment, vs 8 scans in the conventional experiment iii/ a further

penalty of V2 because only odd echoes are processed; iv/ a penalty of 1.25 because only the
central 8 mm of the sample are used in SPEN DOSY. While the agreement between the
theoretical and experimental loss is only qualitative, as it does not account for additional
contributions such as offsets, relaxation rates, etc, it provides a useful guide to assess the
feasibility of SPEN DOSY experiments.

When the spectrum is sufficiently sparse, a spatial profile can be obtained for each
peak by applying a weak and continuous gradient during acquisition. For the SPEN DOSY
experiment, a similar encoding scheme turns the peaks into diffusion curves from which it is
possible to extract diffusion coefficient. A sensitivity comparison was made between the two
methods. The encoding step, acquisition time, and maximum value of k were kept the same
for both experiments (the total gradient area in the second acquisition is the same as in the
first lobe of the EPSI acquisition). This comparison was performed with a doped water sample.
The acquisition done with EPSI give SNRepsi = 3262 while the acquisition done with the single

gradient lead to SNRip = 7575 hence a factor a 2.32 in favour of the 1D acquisition. The fact
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that only odd echoes are processed in the EPSI case accounts for a factor of V2. The remaining
might be due to gradient imperfections as well as diffusion attenuation during acquisition. The
difference is less dramatic than might be expected for moving from a 1D to a single-scan 2D
acquisition. However, the large acquisition bandwidth of EPSI does not yield lower sensitivity
than a purely spatially resolved acquisition of the same duration that achieves the same spatial

resolution 2%,

4.6 Convection compensation

Sample convection is a common problem in diffusion NMR experiments. As described in
section 2.3., a solution to this problem is to use a double stimulated echo, which cancels the
velocity-induced dephasing. Figure 12 shows the using a double stimulated echo pulse
sequence to record SPEN DOSY data in the presence of significant sample convection. The
solvent for this sample is deuterated chloroform (sample M3), and the experiment is carried
out at a temperature of 313K. While convection results in faster decay and oscillations in the
case of the STE experiment, the experiment recorded with DSTE shows good quality data and
hence, allows a precise measurement of the diffusion coefficient. However, the cost of
convection compensation in this case is a loss in signal to noise ratio by a factor of 2 compared
to single STE. Convection compensation is not always needed, however, and in this case
mixture 1 and 2 were analysed with a single stimulated pulse sequence.

5 Summary of guidelines

The results described and discussed above make it possible to formulate a set of
recommendations for the implementation of the SPEN DOSY experiments for the analysis of
mixtures:

e Choose the spectral width in the conventional dimension, through the choice of the
duration of the readout gradient (Ta). Values shorter than 200 ps are difficult to
achieve for standard hardware. The addition of a spectrally selective pulse can be
useful if peaks outside the selected spectral width fold onto peaks of interest.

e Choose the duration of the acquisition block. On usual probes, this is limited by the
properties of the gradient coil and amplifier. We use values of ~150 ms on a variety of
Bruker high-resolution probes and gradient amplifiers, together with a recycle delay of

5 s or more
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e Choose the length of the encoded region, Lg. We use 10 mm on triple-axis gradient
probes and 15 mm on single-axis gradient probe.

e Choose the intensity of the acquisition gradient, such that the number of pixels is
larger than 30.

e Optimise empirically the product T, X G,. This is done in a similar way as for
conventional DOSY experiment. Ideally, the maximum attenuation should be by about
80-90%. In practice, when dealing with mixtures, this cannot be achieved for all the
molecules at the same time. The uncertainty for the estimate of the diffusion
coefficients, and the separation power of the experiment, will be higher for the range
of diffusion coefficients that have a maximum attenuation that is neither too small not
too large.

e At processing stage, pure-absorption processing can be attempted, and can help to
separate compounds in crowded spectral’®l. Depending on the gradient system,
however, the phase errors across the data may be large, and one may have to revert

to magnitude processing

6 Conclusions

The principles and implementation of spatially encoded diffusion-ordered NMR spectroscopy
(SPEN DOSY) have been described and illustrated on a mixture of small molecules. Spatial
encoding makes it possible to collect DOSY data in less than one second, and requires specific
setup and processing steps. The relationships that govern the choice of encoding and
acquisition parameters have been described and demonstrated experimentally, together with
their influence on sensitivity. This study should be useful for future applications of SPEN DOSY,

that include hyperpolarised and out-of-equilibrium systems.
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Abreviations

BW: Bandwidth

CTP: Coherence Transfer Pathway
DOSY: Diffusion ordered spectroscopy
DSTE: Double stimulated echo

EPSI: Echo planar spectroscopic imaging
FOV: Field of view

FFT: Fast Fourier transform

GNAT: General NMR analysis Toolbox
SNR: Signal to noise ratio

SPEN: Spatially encoded

STE: Stimulated echo

SW: Spectral width
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Figure 1: Comparison of the conventional and SPEN DOSY experiments. In conventional DOSY (a), the sub-experiments,

corresponding to varying gradient areas, are obtained consecutively. In SPEN DOSY (c), all the sub-experiments are obtained

simultaneously. Example data are shown in (b) for conventional DOSY and in (d) for SPEN DOSY. The red lines correspond

to the data used for the fit and the calculation of diffusion coefficients. The black line corresponds to a 1D MR image of an

NMR tube. The distorted shape of the image comes from the gradient non uniformity. On the edges of the sample, the gradient

intensity is smaller than in the centre, leading to a more intense dispersion in the centre than on the edges. The pink line

corresponds to a 1D MR image of an NMR tube after the application of a pair of spatially selective 180° chirp pulses.
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Figure 2: Pulse sequences for conventional and SPEN DOSY experiments. (a) conventional STE DOSY with bipolar gradient
pulses (b) SPEN STE DOSY, (c¢) SPEN DSTE DOSY. Black rectangles correspond to 90° hard pulses, white filled rectangles
correspond to 180° hard pulse. Black rectangles with white arrow correspond to frequency sweeping chirp pulse. Out of
simplicity, encoding gradient and CTP gradients are displayed on different lines. Red lines correspond to coherence pathways.

The start and end times of the spatial encoding block are shown in purple.
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Figure 3: (a) pulse sequence element for spatial encoding of diffusion. (b) Spins’ phase variation after the combined application
of a magnetic-field gradient pulse and a 180° chirp pulse to an initially transverse magnetisation. The dashed line corresponds
to the spins’ phase variation just after the chirp pulse. The solid line corresponds to the phase variation after the application
of an additional magnetic-field gradient pulse of equal duration. In this example, T, = 1.5 ms, G. =26 G/cm and BW = 111
kHz. The derivative of the phase, which correspond to the effective gradient area, is shown for two values of z (in red and

blue), showing how diffusion attenuation is position dependent.
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chirp duration T, while keeping the product T.xBW constant, (b) the chirp duration T, while keeping BW constant. Error bars
correspond to the standard deviation of the fit of the modified Stejskal-Tanner equation. The data is processed in magnitude.
The numbers in parenthesis correspond to the signal assignment shown on Figure 6.
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temperature of 313 K. In (a) a single stimulated echo is used. In (b), a double stimulated echo is used. The red crosses

correspond to the experimental points and the dotted blue lines correspond to the best-fit curve.
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Tables

Table 1: Duration and bandwidth of the chirp pulses used in a series of SPEN DOSY experiments to characterise the effect of

the time-bandwidth product while keeping it constant

Exp label Te (ms) BW (kHz) Ge (G/cm)
1 1.5 110 259
2 2.0 83 19.6
3 2,5 66 15.5
4 3.0 55 13.0
5 3,5 47 111
6 4.0 41 9.6
7 4,5 37 8.7
8 5.0 33 7.8

Table 2: Duration and bandwidth of the chirp pulses used in a series of SPEN DOSY experiments to characterise the effect of
the time-bandwidth product while changing it.

Exp label Te (ms) BW (kHz) Ge (G/cm)
1 1.0 55 13.0
2 1.5 55 13.0
3 2.0 55 13.0
4 2,5 55 13.0
5 3.0 55 13.0
6 3,5 55 13.0
7 4.0 55 13.0
8 4,5 55 13.0
9 5.0 55 13.0
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Table 3: Comparison of the signal-to-noise ratio between conventional and SPEN experiments for DOSY experiments on
mixture M1. The conventional experiment was carried out with a restricted sample length of 10 mm while the SPEN experiment
was carried out with a classical tube, with a chirp sweeping on 10mm. The acquisition duration for both experiments was about

35 minutes.

Molecule Peak number SNRconv/SNRspen
Caffeine 1 6.3
4 5.8
5 5.8
7 5.8
Ethyl Acetate 3 6.6
9 6.2
10 6.7
DMSO 8 4.3
Methanol 6 4.1
HDO 2 2.8
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Graphical abstract

Optimisation of spatially encoded diffusion ordered NMR spectroscopy

for the analysis of mixtures

Corentin Jacquemmoz, Rituraj Mishra, Ludmilla Guduff, Carine van Heijenoort, Jean-Nicolas

Dumez*

Spatially-encoded (SPEN) diffusion-ordered NMR spectroscopy (DOSY) is a fast method to
correlate NMR information and translational molecular diffusion, with potential applications
to the analysis of mixtures. Until now, the method has only been briefly described. Here we
provide a thorough descriptions of its features, demonstrated with experiments, that will be

useful for the implementation and optimal use of the method.
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