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In 1H MAS spectra, the residual homogeneous broadening under MAS is due to a combination of higher-
order shifts and splittings. We have recently shown how the two-dimensional anti-z-COSY experiment
can be used for the removal of the splittings. However, this requires spectra with high resolution in
the indirect dimension (t1), leading to experiment times of hours. Here, we show how anti-z-COSY can
be adapted to be combined with the two-dimensional one pulse (TOP) transformation which leads to sig-
nificantly reduced experimental time while retaining the line narrowing effect. The experiment is
demonstrated on a powdered sample of L-histidine monohydrochloride monohydrate, where the new
TAZ-COSY sequence at 100 kHz MAS, yields between a factor 1.6 and 2.3 increase in resolution compared
with the equivalent one-pulse experiment, in just 20 min. The same methodology is also adapted for the
acquisition of liquid state 1H homodecoupled data, and an example is given for testosterone.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Spectral resolution in 1H spectra of solids is often hampered by
the presence of interactions that lead to homogeneous or inhomo-
geneous broadening of the NMR signals [1]. Among those, 1H
homonuclear dipolar interactions, which in organic solids can usu-
ally be of the order of a few kHz, are quite strong and usually con-
tribute to a large extent to the spectral linewidths. Magic angle
spinning (MAS) [2] averages out homonuclear dipolar interactions
yielding spectra with significantly improved resolution. Faster
spinning speeds produce narrower proton linewidths. However,
today, at the fastest rates available (between 100 and 150 kHz
MAS) [3], linewidths remain orders of magnitude broader that
those encountered in liquid samples. At more modest spinning
rates, pulse sequences designed to remove homonuclear dipolar
couplings [4] can be combined with MAS to produce extra narrow-
ing [5]. At 100 kHz the linewidths obtained with MAS alone are
about the same as the best results from state-of-the-art CRAMPS
at lower MAS rates, and so far CRAMPS schemes have yielded no
significant improvement for MAS rates above 100 kHz.

Recently we have introduced an alternate approach to achieving
1H homonuclear decoupling at 100 kHz MAS that does not rely on
multiple-pulse averaging sequences to remove the homonuclear
dipolar Hamiltonian [6]. The anti-z-COSY experiment [7] exploits
a simple 2D scheme that yields correlations between remote tran-
sitions of the coupling partners, and a 45� projection taken across
the diagonal peaks of a phase-sensitive 2D spectrum removes the
residual splittings due to homonuclear dipolar interactions. The
selection of the remote transitions is done by the use of small flip
angle two-pulse block. The approach typically yields up to a factor
of two improvement in resolution compared with conventional
spectra acquired at the same MAS rate. At fast MAS rates this
approach yields the highest resolution 1H MAS spectra available
today [6].

However, one main drawback of this approach is the need to
record a two-dimensional spectrum with high resolution in both
dimensions, which more often than not can be quite time-
consuming. Typically, hundreds of points are required in t1, leading
to acquisition times of hours. Here, we show how a modification of
the pulse sequence and the acquisition scheme can offer identical
results in terms of spectral resolution but in a few minutes. We
combine the anti-z-COSY experiment with an affine transformation
[8]. This enables the remapping of the data to allow narrow spec-
tral widths to be acquired in the indirect dimension. This approach
speeds up the acquisition times of the anti-z-COSY experiment by a
factor of 15 or more, while maintaining here peaks up to a factor of
2.3 narrower than in the conventional one-pulse one-dimensional
experiment at the same MAS rate.
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2. Methods

2.1. Modification of the anti-z-COSY pulse sequence

As described in detail previously [6–7], the anti-z-COSY pulse
sequence consists of an initial excitation 90� pulse followed by
an evolution period t1 and a mixing element of the form, 180�+b�
— sz — b�, where b denotes a small flip angle, as shown in
Fig. 1a. The sequence of Fig. 1b is modified in order to maintain
the criteria needed for the application of the affine transformation
and to allow whole echo acquisition in t1 [9]. The affine transfor-
mation which consists in a series of shearing transformations will
allow under-sampled spectra in t1 to inherit the spectral properties
in t2 after transformation. This was first used in NMR in the context
of Two-dimensional One Pulse (TOP) experiments [10]. In the
experiment of Fig. 1b, the 180� pulse and the low flip angle z-
filter, b� � sz � b�, are placed in the middle of the evolution period,
t1. At this position this element allows the pure chemical shift evo-
lution to be sampled in the indirect dimension independently of
the effects of homonuclear coupling. In analogy with approaches
to pure shift spectroscopy in solution NMR [11], the small flip angle
building block together with the 180� pulse thus only yields corre-
lations between remote transitions since any splittings caused by
homonuclear coupling to other spins are suppressed through the
inversion of the spin state of their coupling partners by the 180�
pulse. As illustrated in Fig. 2a, the time domain of this experiment
consists in pure chemical shifts along t1 and the sum of shifts and
residual couplings in t2. Compared to the anti-z-COSY experiment,
the shape of the diagonal peaks is no longer perpendicular to the
diagonal of the spectrum but is now parallel to the direct
dimension.

A further modification lies in the 2D scheme used for the acqui-
sition of the two-dimensional absorptive phase-sensitive spec-
trum. For the parent anti-z-COSY experiment a States-TPPI
hypercomplex acquisition [12] is typically used, for which two dif-
ferent data sets with quadrature phases for the initial excitation
pulse are acquired. In the TAZ-COSY sequence, pure absorption
Fig. 1. (a) Anti-z-COSY pulse sequence and coherence pathway. (b, c) TAZ-COSY
pulse sequence and coherence-transfer pathways for the acquisition of a) the echo
and b) the anti-echo part of the signal. Here, b indicates a low-flip-angle pulse.
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mode lineshapes can be achieved simply by collecting the first half
of the indirect increments with the sequence shown in Fig. 1b, that
records a positive sense of evolution for the chemical shift interac-
tion, and the second half with the sequence shown in Fig. 1c, that
records respectively a negative sense of evolution. This leads to
whole echo acquisition in t1 [9], and upon 2D Fourier transforma-
tion, absorption mode data are acquired without the necessity of
an additional z-filter at the end of the sequence scheme.
2.2. Data processing: Shearing and symmetrization

This data structure allows the affine transformation to be
applied in a similar way as in the 2D TOP-PASS experiment
described by Davis et al. [8b], since the dataset as acquired
separates the chemical shift evolution, which evolves along t1
from the evolution due to homonuclear couplings, which
proceeds along the negative diagonal, e = �t1/t2. This is
illustrated in Fig. 2a. The affine transformation remaps the data
such that the two interactions, chemical shift and homonuclear
couplings, lie along the horizontal and vertical axis respectively
while simultaneously inheriting the sampling properties of the
axis onto which they are transformed [8b]. Through this
approach, it is possible to record data that are heavily under-
sampled in the indirect dimension.

This allows us to reduce the spectral width and number of
increments in the indirect dimension, since it will only contain
the residual dipolar broadening in the final spectrum. As a result,
the peaks will be folded along t1 in the raw spectrum, and the
affine transformation here consists in applying two sequential
active shearing transformations as shown in Fig. 2b–e:
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� �
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The scheme presented allows us to reduce the experimental
time here by a factor of 16.5. Note that a similar shearing based
approach was used in the initial anti-z-COSY article [7a].

As shown in Fig. 2b, when the spectral width of the indirect
dimension is reduced, the diagonal folds into parallel sections,
which remain tilted at a 45� with respect to both of the axes of
the 2D plot. The diagonal peak shapes all remain parallel to the
direct axis. In the frequency domain the first shear, which is paral-
lel to F1 and has a shearing factor of �1, leads to the spectrum
shown in Fig. 2c. Any sections that ended up outside the original
spectral window during the first shearing process have been
wrapped back inside. Finally, in Fig. 2d, the second shear, which
is parallel to the F2 dimension and has a shearing factor of +1,
aligns the multiplets to be parallel to F1. At this point a sum pro-
jection about the cross section F1 = 0 can be taken and the
extracted 1D spectrum is free from any broadening due to
homonuclear couplings.

Folding of the spectrum does not affect the diagonal peaks in
the final spectrum, since in the 2D double-sheared spectrum they
will be symmetrically distributed about the cross section and cen-
tered at F1 = 0. However, as shown in Fig. 2d, this will not be the
case for the cross peaks, or anything else that is not a diagonal
peak. (Weak cross peaks are sometimes observed in anti-z-COSY
spectra of solids, as discussed in reference [6]). In most cases, they
will be folded/wrapped in positions that are no longer symmetric
with respect to their partners. We can therefore exploit this char-
acteristic to remove them from the final 2D spectrum by applying a
symmetrization procedure perpendicular to x2. This will remove
all the cross peaks, unless by chance they have folded in symmet-
rical positions. In cases where their final position in the doubly-



Fig. 2. (a) Representation of the time-domain data structure for an anti-z-COSY and a TAZ-COSY experiment. (b) Schematic representation of a folded spectrum between the
+sw1/2 and — sw1/2 limits, where diagonal peaks are represented as solid red lines and cross peaks as blue boxes. (c) First shear parallel to F1 with a shearing rate of �1. (d)
Second shear parallel to F2 with a shearing rate of +1. (e) Symmetrization of the spectrum shown in d). (f) Exemplification of the shearing process and of the symmetrization
with NMR data acquired with the sequences shown in Fig. 1b and c for L-Histidine monohydrochloride monohydrate. The processing scripts used here are provided in SI. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sheared spectrum coincides with a diagonal peak, symmetrization
can perturb the intensity of the diagonal peak.

(Note that the approach described above can be also applied for
the acquisition of homonuclear J decoupled proton spectra in the
liquid state. A sequence and an example can be found in the Sup-
plementary Information of this manuscript.)

3. Results and discussion

Fig. 3 shows the linewidths achieved with the pulse sequences
of Fig. 1b and c and the processing described in Fig. 2 for a pow-
dered sample of L-Histidine monohydrochloride monohydrate,
acquired at 298 K and with a 100 kHz MAS rate. The pulse flip
angles b tested range from 90� to 5�, and the bar chart of Fig. 3f
clearly shows the expected dependence of the 1H homonuclear
decoupling efficiency on the b angle. At b = 5� we measured line-
widths of 269, 164, 174, 189, 163, and 214 Hz for protons H1,
3

H5, H6, H7, H8, and H9 respectively as compared to 364, 308,
211, 330, 223, and 461 Hz in the TAZ-COSY experiment acquired
with b = 90� and to 563, 380, 346, 408, 376, and 682 Hz in the
1D spectrum acquired with the conventional spin-echo experi-
ment. We note that in this sample the water molecule is thought
to be static, and the two protons are crystallographically inequiva-
lent and will therefore be strongly coupled, and lead to a character-
istic splitting which is removed by the TAZ-COSY experiment.

The spectra were acquired with a highly reduced spectral win-
dow in F1, specifically a width of 2000 Hz was used and only 16
increments were acquired in the indirect dimension. As a result,
the amount of experimental time needed to acquire the spectrum
was reduced by a factor 8.25 compared to a conventional full anti-
z-COSY spectrum. The span of the integral projection was taken
according to the width of the narrowest peak in x1.

In Fig. 4 the spectra measured with the new TAZ-COSY sequence
and the previously reported anti-z-COSY sequence (with a full



Fig. 3. (a) Echo-detected 100 kHz MAS spectrum of powdered microcrystalline L-Histidine monohydrochloride monohydrate. (b–e) Spectra obtained from integral
projections of the TAZ-COSY spectrum acquired at 100 kHz MAS, with b angle of 90�, 45�, 20�, and 5�. (f) Measured linewidths of the spin-echo experiment and of the TAZ-
COSY projections as a function of b. The asterisk on H2 denotes overlapping resonance peaks. See SI for full details.
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spectral width in the indirect dimension) are compared. The com-
parison was performed for two different MAS spinning rates, at 50
and at 100 kHz. The 50 kHz MAS data were recorded with an indi-
rect spectral width of 16.6 kHz, with 128 increments, 16 scans and
a recycle delay of 5 s for the unfolded full anti-z-COSY spectrum,
and with an indirect spectral width of 1.0 kHz, 16 increments, 16
scans and a recycle delay of 5 s for the TAZ-COSY spectrum. The
100 kHz MAS data were recorded with an indirect spectral width
of 16.6 kHz, 122 increments, 32 scans and a recycle delay of 5 s
for the unfolded full anti-z-COSY spectrum and with an indirect
spectral width of 1.0 kHz, 8 increments, 32 scans and a recycle
delay of 5 s for the TAZ-COSY spectrum.

In both cases, the spectra extracted from the data acquired with
either a full or a folded indirect spectral width look essentially
identical. The resolution enhancement obtained from anti-z-COSY
is fully preserved in the TAZ-COSY spectrum. (Table S4 provides
a numerical comparison of the measured linewidths for each peak
in the spectrum.) The key difference lies in the experimental time.
With the TAZ-COSY we can acquire a high-resolution spectrum in
only twenty minutes, which is 16.5 times faster than the full
anti-z-COSY which took nearly 6 h.

We note that the water and aliphatic resonances in Fig. 4 e and f
show minor lineshape distortions that we have previously seen in
4

the anti-z-COSY experiments and which we attribute to strong
coupling effects [6].

Practical aspects concerning the set-up of a TAZ-COSY experi-
ment include the selection of the correct indirect spectral width
and the correct number of points to be recorded in the indirect
dimension. The spectral width in t1 should be wide enough in order
to fit the untruncated residual dipolar broadening. In most cases a
spectral width between 500 and 2000 Hz should suffice. The num-
ber of increments should be sufficient to yield a t1max that avoids
truncation of the residual dipolar broadening. Depending on the
choice of indirect spectral width, a number of t1 increments
between 4 and 16 should be appropriate. Finally, it should be noted
that a reduced signal to noise ratio is obtained in the rapid TAZ-
COSY projections, as compared to the full anti-z-COSY projections,
which is simply due to the reduced time-averaging. The signal to
noise ratio per unit time should be equivalent (more details can
be found in Table S5).

4. Conclusions

In summary, we have introduced a modified anti-z-COSY
sequence that is compatible with the TOP transform and whole
echo acquisition and which here results in a factor of 16.5



Fig. 4. (a) and (d) echo-detected 50 and 100 kHz MAS spectra of powdered microcrystalline L-Histidine monohydrochloride monohydrate. (b) and (e) 1D spectra obtained as
integral projections of an anti-z-COSY spectrum acquired with a full spectral with in the indirect dimension and with a b of 5�. (c) and (f) 1D spectra obtained as integral
projections from a TAZ-COSY spectrum acquired with an indirect spectral width of 1000 Hz and with a b of 5�. See SI for full details.
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reduction in the experimental time required to obtain 1H remote
correlation spectra in solids. We used the resulting TAZ-COSY
sequence to obtain spectra from powdered microcrystalline L-
Histidine monohydrochloride monohydrate at both 50 and
100 kHz MAS rates, where we confirm that the method provides
the highest 1H resolution available today in 1H MAS NMR of solids.
We have also shown the application of this methodology to liquid-
state data with a suitably adapted sequence.
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Appendix A. Supplementary material

Pulse sequences, processing codes, experimental parameters,
measured linewidths and SNRs, and a link to the experimental
NMR data.

Supplementary data to this article can be found online at
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