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1. Introduction

Diffusion ordered spectroscopy, DOSY as well as diffusion
weighted NMR experiments have established their place in mod-
ern NMR methods [1-8]. Numerous diffusion-based experiments
started to emerge in 1990’s and ever since diffusion weighted/
DOSY versions of common homonuclear as well as heteronuclear
experiments have been developed, like COSY [9], NOESY [10],
TOCSY [11], J-resolved [12], INEPT [13], HMQC [14], HSQC [15],
TROSY [16]. Up to date, practically all the pulse sequences rou-
tinely utilized in organic chemistry-oriented NMR have been mod-
ified into corresponding diffusion versions.

While in diffusion weighted experiments the original dimen-
sionality of the experiment is preserved, in DOSY versions an addi-
tional diffusion encoding is applied to create an additional diffusion
dimension, where the correlation peaks appear at characteristic dif-
fusion coefficient values. The diffusion coefficients (D) are classi-
cally calculated by fitting the Stejskal-Tanner equation [6,7,17,18]
to the attenuating intensities in the series of 1D or 2D spectra
recorded with increasing diffusion gradient strengths (Eq. (1)).

I, = loe(-Proboe2x) (1)
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In Eq. (1) Iyp and Iy are the signal intensities in presence and in
absence of the diffusion gradient, respectively, D is the diffusion
coefficient, y is the gyromagnetic ratio of the nucleus in question
(or depending on the coherence transfer pathway, a linear combi-
nation of gyromagnetic ratios of the studied nuclei), Jp is the diffu-
sion gradient duration, ¢ is the shape factor for the diffusion
gradient, gp is the diffusion gradient strength and A4’ is the cor-
rected diffusion delay. The value for 4’ depends on the timings
and setup of the applied pulse sequence as well as on the shape
of the diffusion gradient pulse utilized. For quantitative diffusion
coefficient studies, it is important to apply precise A’ values for
the best accuracy as described by Sinnaeve.| 18] The resulting cross
peak shape in the diffusion dimension is represented by a Gaussian
peak shape with the intensity and position obtained from the fit
and the line width from the standard deviation or standard error
of the fit [1].

DOSY is a powerful method to study mixtures by resolving the
spectra of the individual components based on their diffusion rate,
allowing a direct simplification of the NMR data of a mixture, thus
alleviating the qualitative analysis. Separation in the diffusion
dimension can be enhanced by utilizing suitable additives in the
NMR sample to modify the diffusion rate of the mixture compo-
nents via interaction with the added compounds (matrix assisted
DOSY or NMR chromatography) [19-28]. DOSY has also been suc-
cessfully utilized in studying intermolecular interactions,
supramolecular chemistry and molecular size estimation [29-31].
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Also, the implementation of a diffusion weighting propagator in a
1D or 2D method is a viable approach to suppress signals from
rapidly diffusing species, provided that the compound of interest
has a markedly slower diffusion rate [32]. This approach can be
readily used in non-deuterated multi-solvent or, more recently,
in ionic liquid systems containing several intense signals hamper-
ing the analysis [33,34].

In order to incorporate a diffusion domain, or diffusion weight-
ing capabilities, into an existing NMR pulse sequence, it is possible
to utilize classic spin-echo element with two gradient pulses (dif-
fusion gradients) separated by a delay (diffusion delay) during
which the signal attenuation due to diffusion takes place. An even
simpler approach would be just to attach two diffusion gradient
pulses of opposite polarity separated by a delay i.e. to form a gra-
dient echo. Diffusion propagators are normally designed to affect
TH magnetization due to high gyromagnetic ratio of 'H and thus
high response to magnetic field gradients. Therefore, in the follow-
ing we limit the discussion to 'H magnetization during diffusion
periods. In the aforementioned setups, spin echo and gradient
echo, 'H magnetization is transverse throughout the whole diffu-
sion delay. In the spin-echo setup, the effects of chemical shift evo-
lution as well as possible heteronuclear coupling evolution are
eliminated by the applied 180° 'H-pulse in the center of the
spin-echo delay. Homonuclear 'H-'H coupling constants (Jyy),
are still evolving during the lengthy diffusion delay generating dis-
tortions into multiplet line shapes (J-modulation). In the gradient
echo setup, the evolution of chemical shifts as well as homo- and
heteronuclear couplings during the diffusion delay will lead to
even larger distortions. In both spin-echo and gradient echo meth-
ods, the signals will be also attenuated by T,-relaxation and this
could be significant for larger molecules with T,<T;. Currently,
Bipolar Pulse Pair STimulated Echo (BPPSTE) [7,8] is probably the
most frequently utilized pulse sequence for 2D 'H DOSY and is also
incorporated into a wide array of other sequences to introduce dif-
fusion weighting/DOSY. The benefits of BPPSTE are the suppression
of eddy current effects on the line shape as well as the fact, that rel-
evant magnetization is along the tz-axis during the relatively long
diffusion delay, typically around 50-500 ms, and thus subject to
T;-relaxation rather than T,. Furthermore, the effects from J-
modulation are small, provided that the time the magnetization
spends in the transverse plane can be kept short i.e. the durations
of the four diffusion gradients. The selection of longitudinal mag-
netization during the diffusion delay further suppresses the effects
of J-modulation in the multiplet line shapes. It should be noted,
however, that only half of the magnetization can be preserved in
BPPSTE as a result of selecting exclusively longitudinal compo-
nents during the diffusion delay.

As stated before, diffusion weighting only requires dephasing
and rephasing gradients and a certain delay in between. Therefore,
the pulse sequences using field gradient pulses for coherence
selection are practically always, at least to some degree, diffusion
weighted. Thus, if the original pulse sequence contains a suffi-
ciently long propagator of fixed duration, like mixing in NOESY
[35] or TOCSY [35] or constant time t;-evolution in CT-HSQC
[36,37], or any constant time experiment, then instead of adding
an extra BPPSTE, the existing period can be readily utilized for dif-
fusion weighting/DOSY and the level of diffusion weighting can be
controlled by the durations and strengths of coherence selection
gradient pulses. Merging of diffusion weighting into 2D NMR pulse
sequences to acquire 3D 'H DOSY datasets was originally intro-
duced by Birlirakis and Guittet for TOCSY, NOESY and ROESY as
well as for double quantum correlation experiment [35]. This
merging concept is currently known as iDOSY, indicating that the
diffusion time and diffusion gradients are incorporated into the
main pulse sequence, like in mixing time in iDOSY-NOESY, and
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no separate diffusion element is required. Several iDOSY modifica-
tions of typical pulse sequences have emerged by now [36-41] and
some of the recent modifications provide remedies to the impor-
tant problem of spectral overlap complicating the DOSY-analysis
[42,43]. The time available for diffusion editing in the iDOSY-
approach is not freely selectable and depends on the original
sequence. Therefore, the application of this methodology will have
limitations in separation of mixtures of slowly diffusing molecules
[11], but would be useful with the small and medium sized com-
pounds, which are typically encountered in organic chemistry-
oriented NMR. Furthermore, in case of mixtures consisting of
macromolecule and small molecules in non-viscous solutions, the
limited diffusion time available in the iDOSY approach is fre-
quently sufficient for suppressing signals of small molecules. In
favorable cases, even complete diffusion filtration of small mole-
cule signals could be possible with acceptable signal losses for
the large molecule of interest. Obviously, this normally requires
major differences in diffusion coefficients. The iDOSY approach
can be directly utilized in HMBC experiments [44-47], as these
inevitably contain a lengthy polarization transfer delay required
for the evolution of small heteronuclear long-range couplings.
For 'H-'3C-systems, long range coupling constant values "Jcy
(n=2-4) can range from —10 to 20 Hz, excluding the extreme val-
ues in acetylenes. The typical 23Jcy values range from #2
to + 10 Hz. For setting up 'H-'3C HMBC, classically one "y value
is selected (typically 5-10 Hz), to calculate the polarization trans-
fer delay. Frequently selected "Jcy-value of 7 Hz for setting up
the polarization transfer delay translates into 71.4 ms delay (1/2"-
Jen) which, from the DOSY/diffusion weighting point-of-view, is
often sufficient to obtain decent suppression of signals of small
molecules or to achieve proper separation in the diffusion domain
of DOSY-type data for different sized molecules. Furthermore,
there is no need to consider line shape distortions due to Jyy or
chemical shift evolution during the diffusion delay, since these
evolutions will inevitably be present in normal HMBC as well
and since the HMBC data is processed in magnitude mode. Previ-
ously, Stchedroff et al. [38] have successfully utilized the idea of
using long delays within the long-range coupling constant opti-
mized HMQC-iDOSY for 'H-2Si-systems, where both long polar-
ization transfer delay and the refocusing delay were used for
diffusion labeling. However, to the best of our knowledge, the
iDOSY-approach has not been implemented to a classic HMBC
experiment in order to create 3D DOSY-HMBC data. Instead, the
existing 3D DOSY-HMBC sequences have directly incorporated an
extra diffusion propagator, like BPPSTE-LED (LED; Longitudinal
Eddy-current Delay), into the HMBC sequence [7,8,48]. DOSY-
HMBC is an important complementary experiment to the existing
hyphenated DOSY-variants of HSQC, COSY, NOESY or TOCSY, pro-
viding essential structural characterization data for intact mix-
tures. The lower sensitivity of HMBC and the fact, that a
successful DOSY processing requires decent signal-to-noise ratio,
normally translates into required higher sample concentrations
and/or prolonged accumulation times. In the current study, the
concept of merging the diffusion period with polarization transfer
delay of "TH-'2C HMBC enables the design of 3D incorporated diffu-
sion ordered HMBC pulse sequences, 3D iDOSY-HMBC, eliminating
the need for extra diffusion propagator (BPPSTE-LED in DOSY-
HMBC) [7,8,48] and thus significantly shortening and simplifying
the sequence. In the 3D iDOSY-HMBC setup, the loss of half of
the signal due to BPPSTE is avoided. This, and also the obtained
general reduction in the pulse sequence duration as well as the
reduction in the number of RF-pulses, will have a positive impact
on the sensitivity. In the simplest form, addition of just two gradi-
ent pulses in a normal HMBC pulse sequence is sufficient without
any need for extra delays or RF-pulses.
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2. Results and discussion

The 3D iDOSY-HMBC pulse sequences used in this study are
presented in Fig. 1. The version A is a normal magnitude mode, gra-
dient selected HMBC with a simple gradient-enhanced first-order
low-pass filter [46,47,49] incorporating gradient echo type (oppo-
site polarities) diffusion encoding/decoding gradient pulses (dura-
tion &p, strength gp) separated by diffusion delay (A4p) within the
polarization transfer delay (A4;z). Compared to normal HMBC, the
only difference is the additional two diffusion gradients. The avail-
able diffusion time Ap for pulse sequence A depends on polariza-
tion transfer delay A;g, duration of the low-pass filter gradient
g1, duration of the diffusion gradient ép and eddy current recovery
delays 7.. The encoding diffusion gradient is applied after the low-
pass filter gradient g; and the decoding diffusion gradient gp is
applied just before the 90° '*C-pulse preceding the t;-period (¢s).
The relation for diffusion delay Ap is shown in Eq. (2).

AD = ALR -8 — 5[) — 2'L'e (2)

This setup allows relatively free selection of diffusion gradient
duration, which would not be the case if the first diffusion gradient
was positioned within the low-pass filter period (7). Obviously, the
hardware safety limits regarding the gradient amplitude and dura-
tion will cause some restrictions. From the point of eddy currents,
there are no similar self-compensation, that could be obtained by
utilizing BPPSTE-type [9] diffusion gradients. However, with mod-
ern NMR probes incorporating actively shielded gradients and with
shaped gradient pulses followed by recovery delays of 100-500 ps,
the induced eddy current effects remain small. These effects are
predominantly reflected as signal phase distortions [6], which are
efficiently masked for the pulse sequences shown in Fig. 1, as mag-
nitude mode presentation is utilized for the resulting spectra. A
point worth mentioning is, that for improved suppression of direct
HMQC-type correlations, one can apply also higher order low-pass
filters [50] of different types instead of a simple first order low-
pass filter utilized in pulse sequence A.

Higher order low-pass filters further extend the total duration
of the HMBC sequence. If such filter would be incorporated in
sequence A to replace the 1st order low-pass filter, then the added
duration would not be used for diffusion purposes. Instead, the
pulse sequence B in Fig. 1 offers a natural possibility to slightly
prolong (approximately 15 ms) the available diffusion time via
the duration of 3rd order low-pass filter [50]. Also, in this
approach, the number of RF-pulses and the total duration of the
sequence remain the same compared to the original HMBC with
3rd order low-pass filter, the only difference being the two diffu-
sion gradients (gp), the one applied immediately after the first
90° 'H-pulse and the second just before the fourth 90° 3C-pulse.
Obviously, the obtainable addition to diffusion time is only moder-
ate, and could be meaningful mainly for relatively small molecules,
especially if the experiment is aiming to suppress solvent signals
i.e. diffusion edited 2D HMBC. It should be also noted that in the
presented setup of pulse sequence B, the diffusion gradient pulse
duration ép is now limited by the durations of the first low-pass fil-
ter element (7;) and the embedded low-pass filter gradient (g;).
Naturally, this limitation could be overcome by the addition of
an extra 180° pulse on either channel and a delay. The total diffu-
sion delay for pulse sequence B, neglecting the durations of the
three low-pass filter 90° '3C-pulses, is shown in Eq. (3).

Ap=T1+T2+T3+AR—0p—Te (3)

For longer diffusion times beyond the available polarization
transfer delay, a simple modification is shown in pulse sequence
C, where an extra delay period is added to extend the diffusion
time. In order to refocus "Jcy-evolution during this delay, a
500 us wideband adiabatic '3C inversion pulse (AS) is applied in

Journal of Magnetic Resonance 323 (2021) 106892

the center, leaving 'H-magnetization untouched and thus the
applied pulse does not interfere with diffusion encoding as it
would be the case if 180° 'H-pulse were applied instead (need to
invert diffusion gradient polarity, effects on diffusion decoding
due to imperfect inversion). In pulse sequence C, the total duration
of additional delay is 26; + AS. The required 6;-delay duration (Eq.
(4)) depends on the desired diffusion time A4p, polarization transfer
delay Az, the width of adiabatic '*C-inversion pulse AS, gradient g;
duration, diffusion gradient duration Jp and eddy current recovery
delays 7.

01 =(Ap — A+ & +6p + 27 — AS)/2 (4)

The decoding diffusion gradient is applied in the end of the sec-
ond 6;-delay, just before the 90° 3C pulse (¢s) preceding the t;-
period. If extensive diffusion times are needed i.e. hundreds of mil-
liseconds, it is probably better to rely on BPPSTE-type modifica-
tions [7,48], as their relaxation conditions during the diffusion
time are more favorable (longitudinal magnetization, T;-
relaxation). For moderate diffusion time extension requirements
pulse sequence C could be useful, though.

The aforementioned pulse sequences can be readily converted
into versions utilizing bipolar diffusion gradients. An example is
displayed in the pulse sequence D (Fig. 1) which presents a modi-
fication of the pulse sequence B. Like pulse sequence B, the pulse
sequence D also incorporates 3rd order low-pass filter to prolong
the available diffusion time. In sequence D, however, bipolar gradi-
ent pulses are used for diffusion encoding/decoding. In addition,
the diffusion encoding period just after the first 90° 'H-pulse is
completely an additional propagator separate from the low-pass
filter and thus allows free adjustment of the diffusion gradient
duration, obviously within the hardware limitations. Naturally,
this adds to the total duration of the pulse sequence. The second
diffusion gradient pair is applied in the end of the polarization
transfer delay. In order to allow "Jcy to evolve during this final dif-
fusion gradient period, 180° pulses must be applied on both 'H-
and '3C-channels. In the pulse sequence D, a 500 pis wideband adi-
abatic inversion pulse (AS) on '>C-channel was used. In order to
keep timings similar in both diffusion labeling periods i.e. to keep
bipolar diffusion gradient temporal distance the same, a delay
(8,) was added to flank 180° 'H-pulse in the initial diffusion encod-
ing element. This is not actually necessary, as these experiments
are not aiming for quantitative diffusion coefficient measurements,
but instead utilize different diffusion properties to simplify the
HMBC spectra of mixtures. The available diffusion delay A4p in
sequence D depends on the delays needed for 3rd order low-pass
filter, 7;.3, and the polarization transfer delay, 4,z (Eq. (5)). As for
Eq. (3), the durations of *C-pulses in low-pass filter are neglected.

Ap =T1+ T2+ T3 + Arr (5)

The benefits of sequence D are the freedom of selecting the dif-
fusion gradient duration, utilization of the 3rd order low-pass filter
duration in the diffusion time, and the minimized effects of eddy
currents due to the self-compensating nature of bipolar diffusion
gradient pulses as well as reduced effects on the deuterium lock
signal. The required extra 180° pulses can be considered as a minor
drawback, since an additional phase cycling or gradient techniques
would be needed to eliminate the effects of imperfect pulses,
which mostly lead to errors in the obtained diffusion coefficients.
However, with the good RF-homogeneity of modern instruments,
the effects of imperfect 180° pulses can be reduced sufficiently
enough without need to expand the phase cycle or do other correc-
tive measures. Especially, for the accumulation of 3D data, the
expansion of phase cycle would easily double/quadruple the
required measurement time.

All the proposed pulse sequences here are designed for simpli-
fying the HMBC data of mixtures through diffusion dimension (3D)
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Fig. 1. The 3D iDOSY-HMBC pulse sequences. a) Pulse sequence A with 1st order low-pass filter and utilizing gradient echo type diffusion gradients within polarization
transfer delay; b) Pulse sequence B with 3rd order low-pass filter and gradient echo type diffusion gradients. Low-pass filter incorporated in the diffusion delay; c) Pulse
sequence C with 1st order low-pass filter and utilizing gradient echo type diffusion gradients. Extra delay period after polarization transfer delay to prolong diffusion time; d)
Pulse sequence D with 3rd order low-pass filter and bipolar diffusion gradients. Narrow white rectangles correspond to 90° hard rectangular pulses, while wide black/white
rectangles represent 180° pulses. Carbon pulses denoted by AS and marked by gray trapezoid represent adiabatic, frequency-swept wideband inversion smoothed CHIRP
pulses [51]. The delay 4p represents the diffusion time while A4 is the polarization transfer delay for heteronuclear long-range couplings, 1/(2"]cy). The delay duration for 1st
order low-pass filter is T = 1/(2'Jcyave), Whereas for 3rd order filter the durations are 7; = 1/(2'camin + 0.14(Jctmax-"Jcrmin)) T2 = 1/(Jeumint Jetmax) and 73 = 1/(2camax —
0.14("Jctimax-"Jctmin)) [50], where 'Jerave Jenmin and Jeumax represent estimated average, lowest and highest values for !Jcy coupling in the studied system, respectively.
Delay §; in sequence C is used to independently extend diffusion delay Ay, beyond 4, whereas delay &, considers duration difference between hard rectangular 180° 'H-
pulse and adiabatic >C-pulse AS and is applied to keep the timings of both bipolar gradient pairs similar. The symbol 7, in pulse sequence D indicates the total delay in
between the bipolar gradient pulse pair. Gray rectangles denoted by gp represent diffusion gradients (Z-axis) with duration of ép (dp/2 for bipolar gradient pulse setup of
sequence D) while other gradient pulses are presented by white rectangles with g;-gs denotation. Gradient pulses g;-g4 are used for low-pass filtering (Y-axis) while the
gradients g5 and gs and g are for coherence selection (XZ-axis). Each gradient pulse is followed by an eddy current recovery delay, t.. The phase of all RF-pulses is x, unless
otherwise indicated. The phase cycles for the pulse sequences: ¢1 =X, —X, ¢z = 4(X), 4(-X), d3 = 2(x), 2(-X), ¢4 = 8(X), 8(-X), Prec = X, 2(-X), X, X, 2(-X), X, =X, 2(X), -X, -X, 2(X), -X.
The spectra were acquired in magnitude mode. Axial peak displacement was obtained via the States-TPPI method by inverting phase ¢3 and receiver ¢,.. on every second
increment [52].
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| diffusion filtration of small molecule signals (2D) and not to pro-
vide quantitative diffusion coefficient data. In the presented
sequences, several field gradient pulses are utilized (diffusion gra-
dients, low-pass filter gradients, coherence selection gradients).
Since a set of 2D spectra with varying diffusion gradient ampli-
tudes are recorded to create the final 3D data, there is a possibility
for inadvertent refocusing of unwanted magnetization via interac-
tion with other gradient pulses. To minimize the aforementioned
risk, a careful planning of gradient amplitudes and/or durations
is in place if all gradients are applied along same physical axis (typ-
ically Z-axis). Also, any additional gradients applied to non-zero
coherences in-between the diffusion encoding/decoding gradients
using the same gradient axis, will have an impact on the diffusional
signal attenuation. These extra gradients, as well as the diffusion
gradient shapes, have an effect on the delay A’ of Eq. (1) and for
quantitative and precise diffusion coefficient values, these have
to be taken into account in the diffusion domain processing [18].
The aforementioned conditions, excluding the gradient shape
effects, can be alleviated via triple axis gradient system. When
using gradient axis orthogonal to the diffusion gradients for any
additional gradients during the diffusion delay (pulse sequences
B and D), the interference of the intervening gradients on the
resulting calculated diffusion coefficients can be ignored [18]. Also,
the application of orthogonal gradient axis on coherence selection
gradients avoids artefacts arising from accidental recalling of
unwanted magnetization. Therefore, all the pulse sequences pre-
sented in Fig. 1 have been tested utilizing Z-gradients for diffusion
attenuation, Y-gradients for low-pass filters and XZ-gradients for
coherence selection. Other important factors affecting the calcu-
lated diffusion coefficients are the noise (including t;-noise, which
can be substantial for the most intense signals) and convection.
The noise adds to all 2D peak volumes in magnitude mode exper-
iments and this will result in some underestimation in the calcu-
lated diffusion coefficients. If required, this could be suppressed
via baseline correction and/or t;-noise reduction procedures. Con-
vection within the sample affects the diffusion measurements and
is very prevalent with low-viscosity samples and/or with elevated
temperatures. In cases, where the convection is very fast, the pro-
posed pulse sequences as such cannot be directly utilized. In these
situations, some means to attenuate the convection effects must be
applied, for instance performing the measurements in ambient
temperature without temperature control and gas flow, reducing
sample height or changing solvent to a more viscous one, to men-
tion some [53,54]. Alternatively, convection compensation could
be applied in the presented pulse sequences by modifying the dif-
fusion gradient setup. As the diffusion period here is based on gra-
dient echo, the convection compensation could be arranged
without sensitivity penalty [38,53,54]. In presence of slow convec-
tion with the proposed, uncompensated pulse sequences, the
obtained diffusion coefficients will be obviously affected (in-
creased apparent diffusion coefficients), but still allowing separa-
tion in the diffusion domain. However, as stated above, the
purpose of these iDOSY-HMBC sequences is solely to provide qual-
itative information for mixtures via simplification of HMBC data
using the extra separation obtained from diffusion domain, and
thus the requirements regarding the diffusion coefficient precision
are lower. The pulse sequence code in Bruker format for experi-
ments A-D is available in the Supplementary Material.

Fig. 2 shows the 3D iDOSY-HMBC spectrum of the test mixture
recorded using the sequence A and the 2D-projection along '>C-
axis (effectively resembling traditional 2D 'H-DOSY) is included
to further illustrate the component separation in diffusion domain.
Also, the structural formula and numbering for compounds of the
test mixture, brucine (0.15 M), n-propanol (3.34 M), methanol
(6.14 M) and toluene (2.35 M) are shown. The 'H and '3C NMR-
assignments for the test mixture are given in the Supplementary
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Material. The positions along diffusion axis (logD) for the individ-
ual components are marked in both spectra. While the four compo-
nents of the test mixture are separated in the diffusion domain, as
can be seen in the 2D "H DOSY projection, some overlap due to the
width of the diffusion peaks in the corresponding domain exists.
This would lead to leaking of the residual peaks into the spectrum
of another component with diffusion coefficients close by.

Figs. 3 and 4 display the 2D HMBC slices taken from the logD-
locations illustrated in Fig. 2. The HMBC slices are shown for pulse
sequences A and B. The 2D HMBC slices shown in Fig. 3 correspond
faster diffusing species in the test mixture, toluene, —8.77 log(m?/
s), methanol, —8.84 log(m?/s) and n-propanol —8.92 log(m?/s).
Even though the diffusion coefficients (logD) for these are quite
similar and the “tails” of the peaks in the diffusion domain can
extend into reach another component’s logD-plane, relatively clean
HMBC spectra can be obtained with proper threshold settings.
Obviously, leaking of one component’s spectrum into another is
more difficult to avoid if there is a significant difference in the sig-
nal intensities between the two components. For example, in the
HMBC slices for methanol (Fig. 3B and E), there are no actual HMBC
correlations and the only methanol originated signal would be a
small residual direct 'H-'3C correlation due to imperfect low-
pass filtration (marked by red arrows in Fig. 3B). The corresponding
signals are not visible in Fig. 3E, that shows the HMBC slice
recorded with sequence B utilizing 3rd order low-pass filter and
plotted using the same threshold as Fig. 3B. Both spectra contain
spurious signals (marked by red asterisks) originating from large
HMBC correlations belonging to protons of the methyl group in
toluene (T7, 2.28 ppm) as well as n-propanol methylene (P2,
1.56 ppm) and methyl (P3, 0.93 ppm). The “tails” of these peaks
extending into logD-plane of methanol in the diffusion domain
are small, but of comparable intensity to the aforementioned resid-
ual direct '"H-"3C correlation of methanol and thus appear in the
spectra. In case of toluene and n-propanol, clean HMBC spectra
of the components can be obtained. The prominent differences
between the spectra recorded with sequence A and B are the resid-
ual '"H-"3C direct correlations visible in Fig. 3A-3C (red arrows), as
a result of 1st order vs. 3rd order low-pass filter performance.

Fig. 4 presents the brucine slices, —9.27 log(m?/s), from 3D
iDOSY-HMBC data recorded using sequences A (Fig. 4A) and B
(Fig. 4B) as well as the classic gradient selected HMBC with 1st
order low-pass filter (Fig. 4C). Red rectangles in the reference
HMBC spectrum (Fig. 4C) indicate the signals originating from
toluene, methanol and n-propanol. These signals of high concen-
tration components are well below the threshold in the iDOSY-
HMBC-slices shown in Fig. 4A and 4B indicating that the 3D
iDOSY-HMBC allows retrieval of a clean HMBC spectrum for bru-
cine. Obviously, some minor signals from other mixture compo-
nents can still be seen at the presented threshold, marked by red
asterisks. Generally, spurious signals originating from other mix-
ture components in the HMBC spectra of brucine are small, given
the large concentration differences between the test mixture com-
ponents (0.15M brucine, 3.34 M n-propanol, 6.14 M methanol,
2.35 M toluene). This can be readily observed in Fig. 5, where 1D
"H-projections are taken from HMBC slices of the individual com-
ponents of the test mixture (Fig. 3A-3C, 4A). The spurious signals
are marked by red asterisks in the spectra. Also, the assignments
for faster diffusing components methanol, n-propanol and toluene
are provided in the corresponding projections. Generally, all spuri-
ous signals contaminating the spectrum of the actual component
remain at low level except for the methanol projection, where
the actual signal is already small (resulting from imperfect low-
pass filtration). In the brucine projection, the smallest brucine sig-
nal belonging to proton B22 at 5.8 ppm is closest to spurious sig-
nals in intensity, but remains larger. The performance of
presented method suggest, that it can be useful in separating the
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Fig. 2. 3D iDOSY-HMBC spectrum of the test mixture recorded using the sequence A (left) and 2D 'H DOSY projection along '>C-axis of the same data (right) as well as
structural formulas and numbering for molecules in the test mixture; brucine (B), n-propanol (P), methanol (M), and toluene (T). The 2D HMBC plane positions along the
logarithmic diffusion axis (logD) for the individual components are marked in both 3D spectrum and 2D projection.

HMBC spectrum of larger target component from smaller molecu-
lar size high concentration solvent signals and also impurities, the
situations that are frequently encountered in synthetic organic
chemistry.

Fig. 6 presents 2D 'H DOSY projections of 3D iDOSY-HMBC
spectra recorded using pulse sequences shown in Fig. 1. In addi-
tion, a normal 2D 'H DOSY recorded using the BPPSTE-LED pulse
sequence [7,8] is presented for comparison. The projections were
obtained by taking the sum of all 2D planes along the '3C-axis,
effectively resulting in a data, that is comparable to 2D 'H DOSY.
The individual vertical scaling for each projection as well as for ref-
erence BPPSTE-LED data was utilized. The projection spectra were
scaled according to DOSY correlation of brucine B22 at 5.82 ppm.
As can be observed in Fig. 6, all the suggested pulse sequences pro-
duce essentially similar data, that agrees with the reference
BPPSTE-LED experiment. The separation and resolution in the dif-
fusion dimension is similar for each method, and the sequences C
and D will perform equally as shown for sequences A and B in
Figs. 3 and 4. The DOSY-correlation marked by a red rectangle in
Fig. 6E belongs to exchanging protons of residual water and the
hydroxyl proton of methanol (hydroxyl proton signal of n-
propanol at 5.25 ppm is below the threshold). This marked peak
is missing from 2D 'H DOSY projections in Fig. 6A-D, obviously
since there are no existing HMBC-correlations for the related pro-
tons. The times, that magnetization spends on transverse plane
prior to ty-period (diffusion times Ap in parentheses) are 74.9 ms
(67.5ms), 81.9ms (81.5ms), 87.3 ms (80.0ms) and 85.3 ms
(83.2ms) for iDOSY-HMBC pulse sequences A-D, respectively.
These differences will naturally also cause variation in sensitivities
and thus the comparison will be semi-quantitative, at best. All
sequences are capable of providing data of comparable quality,
although some minor sensitivity differences are present. As the
2D projection spectra (Fig. 6A-D) are approximately scaled accord-
ing to DOSY peak at 5.82 ppm, qualitative comparison can be
achieved from the sizes of other peaks as well as from the intensity
of the noise stripes at 0.93 ppm (P3), 1.57 ppm (P2), 2.28 ppm (T7)
and 3.38 ppm (M1).

The comparison of data obtained with sequence D, especially
with sequence C with similar time constants, suggests that
sequence D with bipolar gradients results in slightly lower intensi-

ties in general, but the difference is not significant. This could arise
from the two additional "H 180° pulses in sequence C. The separa-
tion in diffusion dimension was equal for all the iDOSY-HMBC
sequences. From the sensitivity point of view, the simplest
iDOSY-HMBC pulse sequence A performed the best. It should be
remembered, however, that for different mixture compositions
with different molecular size distribution, the other variants cap-
able of prolonging the diffusion time might prove valuable.

3. Conclusions

The iDOSY-HMBC pulse sequences presented in Fig. 1 enable
recording of 3D diffusion resolved HMBC data. The extra separation
obtained via the diffusion dimension can significantly simplify the
HMBC data of mixtures containing analytes of different molecular
sizes. In addition, the same 3D pulse sequences can be readily used
in 2D-mode for diffusion filtering/editing to attenuate or even sup-
press the signals of fast diffusing species, for example signals from
multisolvent systems, and thus simplify the 2D HMBC spectrum of
the analyte of interest. For mixtures containing components of
clearly different molecular sizes, ranging from small to medium-
sized, or even large molecules in non-viscous solvents, the simplest
pulse sequence A is recommended to start with, since the diffusion
time within the polarization transfer delay is in most cases suffi-
cient for proper diffusional attenuation. Obviously, a proper atten-
uation of the signals is required for diffusion editing (2D) and also
for DOSY calculation. In case of viscous solvents, the attenuation/-
suppression of small molecules might not be sufficient with the
diffusion time available within the HMBC polarization transfer
delay. For those cases, the pulse sequences allowing longer diffu-
sion times can be used. The pulse sequences B and D increase
the available diffusion time mildly via the duration of 3rd order
low-pass filter. In addition, the pulse sequence D also allows free
selection of diffusion gradient duration, naturally within hardware
limitations, improving the efficiency of the diffusion gradient. On
the other hand, if truly longer diffusion times are required, pulse
sequence C might be useful. It should be noted, however, that for
systems with very low diffusion coefficients and short T,-values,
one should select BPPSTE-based methods, as extensive diffusion
times are typically needed in these cases. Generally, the presented
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Fig. 3. 2D HMBC slices for toluene, —8.77 log(m?/s), methanol, —8.84 log(m?/s) and n-propanol, —8.92 log(m?/s) extracted from 3D iDOSY-HMBC spectra recorded with pulse
sequences A and B. The slice locations as shown in Fig. 2. Slices A-C represent HMBC spectra of toluene, methanol and n-propanol from 3D iDOSY-HMBC data recorded using
pulse sequence A whereas D-F are corresponding slices from data with pulse sequence B. Same pairwise scaling for test mixture components have been utilized (AD, BE, CF).
Red arrows indicate the residual direct "H-'3C correlations due to imperfect low-pass filtering. These are prominent in slices A-C recorded with sequence A utilizing 1st order
low-pass filter, whereas 3rd order filter was utilized for data shown in slices D-F. The spurious signals leaking in from other mixture component are annotated by red
asterisks. Normal 1D 'H- and '3C-{'H}-spectra are displayed on f,- and f;-axes. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

methods constitute valuable tools for organic chemistry-oriented
NMR, for the qualitative analysis of mixtures, as well as for simpli-
fying 2D HMBC spectra of larger molecules via suppressing the
irrelevant small molecule impurity signals or signals of complex,
non-deuterated solvents.

4. Experimental

Test sample was prepared in 5 mm o.d. NMR tube by dissolving
42 mg of brucine in 0.7 ml 1:1:1:1 mixture of methanol d4: metha-
nol : n-propanol: toluene.

All NMR-experiments were performed at 25 °C using Bruker
Avance NEO spectrometer (600 MHz 'H-frequency) equipped with
5 mm triple resonance ('H/'F, 13C, 3'P) inverse-detection probe-
head equipped with triple axis gradient coils capable of delivering
X-, Y- and Z-gradient amplitudes up to 50 G/cm, 50 G/cm and 67 G/
cm, respectively. All the data were processed with Bruker TopSpin
4.0.4-software.

One-dimensional 'H-spectrum of was recorded using 30° flip
angle, spectral width of 5263 Hz covered by 32768 complex data
points (6.23 s acquisition time), relaxation delay of 2.0s, 4
steady-state scans and 64 transients. The FID was weighted by
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Fig. 4. 2D HMBC slices for brucine, —9.27 log(m?/s), extracted from 3D iDOSY-HMBC spectra A) recorded with pulse sequence A and B) recorded with pulse sequences B as
well as C) normal gradient selected 2D HMBC measured from the same test mixture. The HMBC slices extracted from iDOSY-HMBC data are plotted using the same scaling.
The signals marked by red rectangles in C) normal 2D HMBC spectrum indicate the correlation peaks of toluene, methanol and n-propanol. The red asterisks marked in A) and
B) indicate minor spurious signals originating from high concentration, small molecule components n-propanol (3.34 M) and toluene (2.35 M) leaking into HMBC slice of
brucine (0.15 M). The 1D 'H- and 'C-{'H}-spectra along f,- and f;-axes are vertically scaled up to emphasize brucine signals. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

exponential function with 0.3 Hz line broadening factor and zero-
filled up to 65,536 complex points prior to Fourier transformation.
One-dimensional 'H-spectrum of was recorded using 30° flip
angle, spectral width of 5263 Hz covered by 32768 complex data
points (6.23 s acquisition time), relaxation delay of 2.0s, 4
steady-state scans and 64 transients. The FID was weighted by
exponential function with 0.3 Hz line broadening factor and zero-
filled up to 65536 complex points prior to Fourier transformation.

One-dimensional '3C-{'H}-spectrum of was recorded using 30°
flip angle, WALTZ-65 "H-decoupling scheme,[55] spectral width of
32680 Hz covered by 32768 complex data points (1.00 s acquisi-
tion time), relaxation delay of 2.0s, 16 steady-state scans and

4096 transients. The FID was weighted by exponential function
with 1.0 Hz line broadening factor prior to Fourier transformation.

For 3D iDOSY-HMBC experiments (pulse sequences A-D) the
spectral widths (carrier positions) were 5263 Hz (4.18 ppm) and
33174 Hz (90.00 ppm) in 'H- and '3C-dimensions, respectively.
The experiments were acquired using 64 steady-state scans, 4
transients and data matrix size of 1024 ('H, complex points) x 20
(diffusion gradient steps) x 64 ('3C, complex points). The FID-
acquisition time was 194.56 ms and the duration of the last t;-
increment (t;max) Was 1.93 ms. The diffusion steps were accom-
plished by recording 20 HMBC datasets with linearly increasing
diffusion gradient (Z) strength from 3.0 G/cm to 48.2 G/cm. The
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Fig. 5. 1D 'H-projections extracted from HMBC slices (Fig. 3A-3C, 4A) of individual test mixture components, A) toluene, B) methanol, C) n-propanol and D) brucine. The logD-
value of the corresponding HMBC slice is also shown. The red asterisks in the projections indicate spurious signals originating from other mixture components. The
assignments for faster diffusing components methanol, n-propanol and toluene are included. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

data was zero filled up to 2048 complex points in 'H-dimension
and forward-linear-predicted up to 512 complex points in '*C-
dimension. Sine squared apodization was applied to both dimen-
sions prior to Fourier transformation. Magnitude mode 2D spectra
were calculated. Pulses: 'H 90° = 10.9 ps; *C 90° = 17.0 ps; fre-
quency swept adiabatic wideband '3C-pulse AS=500 s
(smoothed CHIRP [51], bandwidth 60 kHz, RF-power 9.8 kHz).
Delays: relaxation delay = 2.0's, 7. (eddy current recovery delay)

=200 pus, Ap=67.5ms (sequence A), 81.5ms (sequence B),
80.0 ms (sequence C) and 83.2 ms (sequence D) and A;g =71.4 ms
(optimized for "Jcy of 7.0 Hz). Delay §; for sequence B was 5.99 ms
corresponding to Ap of 80 ms. The delay J, for sequence D was
239 ps. The low-pass filter delays were calculated using values
145 Hz, 120 Hz and 170 Hz for YJcuave, Jctmin and Jcumax, respec-
tively, resulting in t=345ms, 7;=4.05ms, 71;=3.45ms,
73 = 3.00 ms. Diffusion gradient (gp) duration 5p was 2.5 ms. Other



J. Perea-Buceta, D. Rico del Cerro, I. Kilpeldinen et al.

Journal of Magnetic Resonance 323 (2021) 106892

log (m?/s)

ni
W,

I ‘.lt | il ‘

ui:d' T .

W

logD

i

| ‘PL' n\»

M\

C T T

L I

|,
Ay

H

T | T T
0 ppm

Fig. 6. 2D 'H DOSY projections of 3D iDOSY-HMBC spectra recorded using pulse sequences shown in Fig. 1. Fig. 6A-D correspond to the pulse sequences A-D, respectively. In
addition, a normal 2D 'H DOSY recorded using BPPSTE-LED-pulse sequence [7,8] is presented in Fig. 6E for comparison. The extracted 2D projections correspond to the sum of
data taken along the '3C chemical shift axis. Individual vertical scaling was utilized for each 2D spectrum. 1D 'H-spectrum along f,-axis (top) is vertically scaled up to
emphasize brucine signals. The diffusion projections (logD) on the left have been calculated by taking sum along the 'H-axis. The DOSY correlation indicated by a red
rectangle corresponds to the residual signal of water and methanol hydroxyl protons.

gradient durations: g;-g7= 1.0 ms. Gradient strengths in percent-
ages (axis): gp=5-80% (Z), g; = 14% (Y) 1st order low-pass filter,
21% (Y) 3rd order low pass filter, g> =-12% (Y), g3=-6% (Y), g4=-
3%(Y), g5=25% (XZ), gs=15% (XZ), g7=20.05% (XZ). Smoothed
square shape was used for all the gradients (100 points, 10-point
ramp up/ramp down). All 2D HMBC datapoints form an array of
20 points of attenuating intensities along the diffusional decay
dimension. Diffusion coefficients and corresponding line widths
(from fitting error) were individually calculated for all points
exceeding the noise threshold in the first 2D HMBC plane using
Levenberg-Marquardt algorithm [56,57] to fit the data with
Stejskal-Tanner equation (Equation (1)) [6,11,17]. The shape factor
(op) was 0.9 for the utilized gradient shape. The value for delay A4’
(Eq. (1)) was calculated as shown in Eq. (6).

10

op Tp

32 (©)

The delay tp in Eq. (6) was set to 0 ms for gradient echo pulse
sequences A-C and 0.7 ms for pulse sequence D utilizing bipolar
diffusion gradient pulses. Diffusion gradient shape effects [18] on
A’ were not applied (the difference between the gradient shape
effect-corrected and uncorrected 4’ would have been very small
compared to Ap, 81 ps and 20 ps for pulse sequences A-C and D,
respectively). The low-pass filter gradients during Ap in pulse
sequences B and D were applied along different gradient axis (Y)
to that of diffusion gradients (Z) and thus would not require alter-
ation in 4’. In general, the experiments presented here are not
aimed for measuring quantitative diffusion coefficient data but

A =Ap-
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instead for providing extra separation in diffusion domain. There-
fore, the utilization of basic form of the Stejskal-Tanner equation,
is acceptable for most cases to generate the DOSY-dimension. Sin-
gle exponential behavior was assumed i.e. one diffusion decay per
HMBC datapoint was calculated. Fitting limits were 0-10% m?/s
and the 3D spectrum was created for diffusion coefficient range
of 107'°-10® m?/s. Maximum number of iterations was 100, spike
suppression factor 4 and DOSY line width factor 2 were used. In
the final 3D spectrum, 128 points and logarithmic scale were used
to present the DOSY dimension.

Normal gradient selected HMBC spectrum with 1st order low-
pass filter (phase cycled) was recorded using similar measurement
parameters as were used in iDOSY-HMBC experiments, except for
the coherence selection gradients which were all applied along
Z-axis with gradient strength percentages 50%:30%:40.1%. Refer-
ence 2D 'H DOSY was recorded using BPPSTE-LED pulse sequence
[7,8] with the spectral width (carrier position) of 5263 Hz
(4.18 ppm), 64 steady-state scans, 32 transients and data matrix
size of 8192 ('H, complex points) x 20 (diffusion gradient steps).
The FID-acquisition time was 1.56 s. The diffusion steps were per-
formed by recording 20 spectra linearly increasing diffusion gradi-
ent strength from 3.0 G/cm to 48.2 G/cm. The first 2048 complex
points of the data were subject to sine squared apodization and
Fourier transformation. Magnitude mode calculation was per-
formed prior to the Stejskal-Tanner equation fitting to construct
the diffusion dimension (see above). DOSY processing was identi-
cal to iDOSY-HMBC experiments. Pulses: 'H 90° = 11.0 us; Delays:
relaxation delay = 2.0 s, 7, (eddy current recovery delay) =200 ps,
Ap=80.0ms, 1p=0.222ms and longitudinal eddy current
delay = 5.0 ms. Diffusion gradient duration ép was 2.5 ms (two
1.25 ms gradient pulses of opposite polarities) and strength was
linearly varied from 5% to 80%. The spoiler gradient durations dur-
ing the diffusion time and longitudinal eddy current delay were
both 600 pis and the strengths were —17.13% and —13.17%, respec-
tively. All the gradients were applied along Z-axis in BPPSTE-LED
experiment.
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