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Abstract

A new decoupling composite pulse sequence is proposed to remove the broadening on spin S = 1/2 magic-angle spinning (MAS)
spectra arising from the scalar coupling with a quadrupolar nucleus L. It is illustrated on the >'P spectrum of an aluminophosphate,
AIPO,-14, which is broadened by the presence of 2’Al/*'P scalar couplings. The multiple-pulse (MP) sequence has the advantage over
the continuous wave (CW) irradiation to efficiently annul the scalar dephasing without reintroducing the dipolar interaction. The MP
decoupling sequence is first described in a rotor-synchronised version (RS-MP) where one parameter only needs to be adjusted. It clearly
avoids the dipolar recoupling in order to achieve a better resolution than using the CW sequence. In a second improved version, the MP
sequence is experimentally studied in the vicinity of the perfect rotor-synchronised conditions. The linewidth at half maximum (FWHM)
of 65 Hz using *’Al CW decoupling decreases to 48 Hz with RS-MP decoupling and to 30 Hz with rotor-asynchronised MP (RA-MP)

decoupling. The main phenomena are explained using both experimental results and numerical simulations.
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1. Introduction

Spin decoupling is one of the most common procedure
that is used in NMR. In liquid-state NMR, the spectral
linewidth is often not controlled by the relaxation of the
observed nucleus but rather by the J-couplings. For organ-
ic solutions, one usually decouples the isotropic heteronu-
clear J-coupling by applying either a multiple-pulse
sequence (GARP [1] or SEDUCE-3 [2]) or adiabatic pulses
(WURST [3]). Broadband heteronuclear decoupling is easy
to achieve at relatively low rf-field amplitudes due to the
fact that J-coupling constants are often quite small. More-
over, the dipolar couplings in solution are naturally
removed by a rapid tumbling of the molecules. In inorganic
solution, the observed nucleus can be chemically bonded to
a quadrupolar nucleus with a spin number 1> 1/2. If the
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bonded quadrupolar nucleus is of high natural abundance,
the spectrum is then composed of a 2n/+ 1 multiplet,
where 7 is the number of bonded nuclei. °'V and **Nb '/
couplings have been reported to affect the 'O spectral res-
olution [4]. The effects of decoupling schemes have been
investigated in the case of '*C [5] and 'H [6] coupled to
’H and '°B, respectively.

In solid-state NMR, the spectral linewidth of spin-1/2
nuclei is dominated by the heteronuclear dipolar broaden-
ing with a neighbouring nucleus of high natural abun-
dance. Due to strong homonuclear dipolar couplings,
heteronuclear decoupling sequences are necessary and thus
contribute to increase the resolution of these nuclei. Origi-
nally, 'H continuous wave (CW) decoupling was used dur-
ing the acquisition of spectra to remove the heteronuclear
dipolar coupling with protons. The CW decoupling is
now commonly replaced in NMR of rotating solids by effi-
cient broadband decoupling sequences like TPPM [7], XiX
[8], SPINAL [9] and others [10-16]. These decoupling
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patterns all involve a continuous irradiation of the protons
with repeating pulses of equal length but with a complex rf-
phase cycle. A new method called PIPS [17], using rotor-
synchronised n pulses has also been proposed for spin-1/
2. Orr and Duer [18] have also recently used '*N adiabatic
pulses to improve the '*C resolution. It is important to note
that all these sequences are dedicated to annul the dipolar
dephasing. Scalar couplings between spin-1/2 and a quad-
rupolar nucleus have been observed on solid-state NMR
spectra of the spin-1/2 and measurements of 'J and *J cou-
plings have been made on a wide variety of spin pairs [19-
24]. Recently, we have demonstrated that a 2J *'P-*"Al
bonding could dramatically broaden the *'P spectrum of
well-crystallised compounds [25]. The CW decoupling of
quadrupolar nuclei connected to the observed spin-1/2
nuclei had been proposed, with soft rf field, due to a strong
dipolar recoupling at high rf field. In this article, we pro-
pose new improved methods, based on multiple-pulse
decoupling, to further improve the resolution of these
spin-1/2 nuclei.

2. Experimental

All experiments were performed at a MAS spinning rate
of vg =10 kHz, on a 9.4 T spectrometer equipped with a
3.2 mm triple-resonance CPMAS probe, operating at 'H,
27Al and *'P of 400.13, 104.3 and 161.7 MHz, respectively.
The as-synthesized aluminophosphate AIPO4-14, with iso-
propylamine template, was used as a test compound to
demonstrate the efficiency of the different decoupling
sequences. It has 4 crystallographic *'P sites, each connect-
ed to 2’Al sites through four P-O-Al bonds [25,26]. A
cross-polarisation (CP) from the protons was used to gen-
erate the initial *'P signal, immediately followed by data
acquisition under simultaneous 'H (TPPM) and *’Al
(CW, RS-MP or RA-MP) decouplings. Decoupling rf-field
amplitudes were set to the arcing limit of the probehead,
i.e. 90 and 70 kHz for 'H and *’Al, respectively, except
when it is clearly mentioned. *'P chemical shift is given in
ppm with respect to external 85% H;PO,.

Simulations were carried out with the SIMPSON pro-
gram provided by Bak et al. [27]. They were run on a clus-
ter computer of ten 2 GHz AMD CPUs. The considered
spin system was composed of one ?’Al nucleus with a quad-
rupolar interaction of Cq =3 MHz, g =0 simulated to
the 2nd order on the decoupled channel and one *'P nucle-
us on the observed channel of a spectrometer whose 'H
Larmor frequency is 400 MHz. The two nuclei were cou-
pled through either a dipolar coupling D = 500 Hz or an
isotropic coupling J = 30 Hz or both interactions together.
Quadrupolar and dipolar tensors were aligned. Simulations
of systems including two *’Al were too long to perform
especially for RA-MP. Spinning rate was 10 kHz; the sim-
ulated FIDs were about 40 ms long and spectral width was
around 10 kHz. The FIDs were Fourier transformed using
50 Hz apodization and the maxima of the corresponding
spectra were used to plot the figures.

3. Results and discussion

In this contribution, we propose a new high-power
decoupling sequence of quadrupolar nuclei which leads to
a significant improvement in decoupling performance com-
pared to CW decoupling. The new sequence, sketched in
Fig. 1b, consists of a series of rf pulses of amplitude v¢!
and length 7, separated by a delay 4. The decoupling
sequence can be used in a rotor-synchronised mode (RS-
MP) by choosing 1, + 74 =tr where tr stands for the
rotor period. The use of short pulses separated by long
delays (tq =85 ps) in the RS-MP decoupling sequence is
justified by the difference in magnitude of the 2’Al/*'P
dipolar and scalar couplings. Indeed, the scalar dephasing
being much slower than the dipolar one, there is no need
for a continuous irradiation for an efficient scalar decou-
pling. We will further consider an asynchronised improved
version of the MP decoupling sequence (RA-MP) by letting
7, + 14 values deviating slightly from the rotor period.

Fig. 2 shows a restricted region (P; and Pj4) of the *'P
spectra of AIPO4-14 obtained under different 2’Al decou-
pling conditions. In Fig. 2a, the resolution comes from
the application of a CW decoupling pulse of optimal rf field
strength of v = 15 kHz. The spectral resolution (FWHM)
of ca. 65 Hz is close to the one observed in our previous
work [25]. The RS-MP and RA-MP decoupling sequences
(Figs. 2b and c) lead to a large improvement of the spectral
resolution with linewidths of 48 and 38 Hz, respectively, at
the optimal experimental conditions. It is important to
note that the 2’Al rf field amplitude (70 kHz) was set to
the maximum power that the probehead could undergo
under the RS-MP experimental conditions (decoupling
duty cycle of 15%). The spectrum in Fig. 2d was obtained
with an optimized RA-MP decoupling. The decoupling
duty cycle is then shorter (4%), which allowed using an
increased ?’Al rf field of 90 kHz. In this case, the spectral
linewidth decreases to reach 30 Hz, only.

3.1. Rotor-synchronised multiple-pulse decoupling

Fig. 3a compares the evolution of the *'P linewidth in
the conditions of CW (plain circles) or RS-MP (grey
upside-down triangles) >’Al decouplings. The CW decou-
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Fig. 1. Sketch of the CW (a) and MP (b) decoupling sequences. Under
MP decoupling, the quadrupolar nuclei are irradiated every delay tq4 with
pulses of equal width 7, and following a XY-16 phase cycling scheme [30].
The *'P excitation is preceded by a CP transfer from the 'H.
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Fig. 2. The P, (—20.34 ppm) and P; (—20.85 ppm) resonances of AIPO,-
14 under different 2’Al decoupling conditions and rf field amplitudes, at a
spinning speed of 10 kHz. (a) CW decoupling at v{! = 15 kHz, (b) RS-MP
decoupling at v} =70 kHz (1, =15ps and 74 =285ps), (c) RA-MP
decoupling at v = 70 kHz (1, = 6 ps and 74 = 100 ps) and (d) RA-MP at
vl =90 kHz (1, =4 ps and 74 = 100 ps).

pling, as previously published [25], leads to 2 regions where
the resolution evolves in different directions. For low *’Al
if field, the *'P linewidth improves due to an efficient
decoupling of the 2’Al/*'P scalar couplings. But, in a sec-
ond regime (v > 15 kHz), the *'P linewidth dramatically
increases under the effect of the recoupling of the 2’Al/>'P
dipolar interactions. The dipolar recoupling of a spin pair,
which involves a quadrupolar nucleus, has been investigat-
ed in the case of the development of the transfer of popu-
lation double-resonance (TRAPDOR) sequence [28]. In
this sequence, the strong irradiation of the quadrupolar
nucleus during the spin echo on observe nucleus, prevents
the refocusing of the dipolar coupling under MAS condi-
tions. Through a simplistic model [25] which takes into
account the dipolar coupling only, we previously demon-
strated that a similar situation occurs during the *’Al irra-
diation decoupling. We further showed that the 2’Al strong
CW irradiation during *'P acquisition had a negative
impact on the spectral resolution.

On the other hand, the evolution of the *'P linewidth in
the RS-MP case (grey upside-down triangles) decreases
monotonously in function of the rf field increase. In other
words, the experimental data reveal no apparent recou-
pling of the dipolar interaction with the decoupling rf field.
In Fig. 3b, the *'P linewidth is recorded in function of the
7,/tr ratio. The choice of synchronising the decoupling
pulses on the rotor period is justified by the fact that syn-
chronisation makes it less probable that the pulses annul
the decoupling effect of MAS on the dipolar interactions.
This procedure is furthermore interesting because the syn-
chronising process renders the decoupling sequence very
easy to optimise. Here, only the t,/tg ratio needs to be
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Fig. 3. Variation of the *'P linewidth of site P, in AIPO4-14, versus (a) the
27Al 1f field strength using different decoupling schemes (CW and RS-MP)
and (b) the optimisation of the t,/tg parameter under RS-MP decoupling.
Plain circles correspond to CW decoupling data and grey upside-down
triangles stand for RS-MP decoupling data with (a) 7, =15ps and
74 =385 ps and (b) v/ = 70 kHz.

experimentally set, the rf amplitude v} being set at the
maximum possible value (see Fig. 3a). In our case, the opti-
mal *'P resolution is obtained for a ratio of 0.15. As it was
the case for the REAPDOR experiment [29], even short
27Al pulses induce a certain amount of adiabatic transfers
that lead to some dipolar recoupling. Most probably, the
optimal ratio of 0.15 is the result of a situation where the
dipolar recoupling is in competition with scalar decoupling.
It is important to note, that in other AI-O-P experimental
cases, on various samples, we have always reached the best
resolution for a rp/rR ratio in a range from 0.1 and 0.2.

3.2. Offset and Bloch—Siegert shift

In Fig. 4, we compare two important experimental
parameters for both the CW and the RS-MP decoupling:
the influence of the *’Al offset on the *'P resolution (Figs.
4a and b) and the influence of the *’Al rf field amplitude on
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Fig. 4. (a) and (b) Variation of the *'P linewidth versus the >’ Al offset and
(c) and (d) Bloch-Siegert shift versus the 2’Al rf field amplitude. Data were
obtained with CW (plain circles) and RS-MP (grey upside-down triangles)
decoupling sequences. The full and dashed lines represent the calculated
functions as expressed in Eq. (1) and scaled by 0.15, respectively.

the *'P resonance frequency (Figs. 4c and d). In Fig. 4a, the
plain circles correspond to the data points obtained with
the CW decoupling sequence. This experiment was run
with the optimum *’Al rf field amplitude (v}' = 15 kHz)
that was presented in Fig. 3a. It is clear that when the
2TAl offset is greater than 100 kHz, the resolution is quickly
lost. This is directly related to the fact that the optimum
decoupling is in the range of small rf fields. Hence, in addi-
tion to potentially recoupling the dipolar interaction, the
CW decoupling has a strong offset dependence. However,
the RS-MP decoupling, which requires high rf fields with
short durations, has very little offset dependence. This is
clearly observable in Fig. 4b. The RS-MP decoupling
sequence has been used with a XY-16 phase cycling [30]
that in previous studies, has revealed to decrease the offset
dependence. The comparison of the XY-16 phase cycling
and simpler ones, has shown a slight difference in offset
dependence in favor of the XY-16 one.

Fig. 4c and d shows the relation between *'P resonance
frequency and *’Al rf field amplitude. One can observe that
for both decoupling schemes, the position of the resonance
is shifted as the 2’Al rf field increases. This effect, i.e. the

Bloch-Siegert shift [31], occurs when an off-resonance
oscillating rf irradiation contributes to shift the resonance
frequency of an observed nucleus. In the context of decou-
pling, this off-resonance field is the hetero-nuclear decou-
pling field v#!. According to reference [32], in case of a
CW decoupling, the Bloch-Siegert shift can be expressed
(in ppm) as

2 Al\2
(V—P) O g (1)
/) (0F) = ()’
where y, and ya; are the 3P and ?’Al gyromagnetic ratios,
vAlis the *’Al rf field strength and v{ and v}' are the *'P
and *’Al Larmor frequencies.

The data points that were obtained through CW decou-
pling reveal an important shift in *'P in function of the *’Al
rf field. The full line curve calculated with Eq. (1) is a close
fit to the data. However, the best rf field for the CW decou-
pling is smaller than 20 kHz, which limits significantly the
Bloch-Siegert effect. In the case of the RS-MP decoupling
(grey upside-down triangles), the Bloch-Siegert effect is rel-
atively small across the entire range of rf field. Indeed, the
Bloch-Siegert effect only occurs during the decoupling
pulse. In our case, this corresponds to only 15% of the
3P acquisition time, and thus to the dashed curve in
Fig. 4d. Hence, even if small, the deviations caused by
the Bloch—Siegert effect must be considered and corrected.

3.3. Rotor-asynchronised multiple-pulse decoupling

In this last section, we will study the *'P resolution
under conditions that are close to the synchronisation opti-
mum. Surprisingly, the condition of perfect synchronisa-
tion that we presented in the previous sections and that
revealed better results than the classic CW decoupling pro-
cedure, corresponds to the minimum intensity in Fig. 5.
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Fig. 5. Experimental intensity of site P4 versus tq and 7, (v} = 70 kHz).
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This was observed for each value of 7,. The maximum of
amplitude is found at values close to exact synchronisation,
but on either side of the dip. For the experimental case of
site P4 in the AIPOy4-14, the maximum intensity is obtained
for 7, and 74 of 6 and 100 ps, respectively. The other sites
are characterized by similar curve patterns with a dip at
the synchronisation condition. If one were to consider the
dipolar interactions only, one would expect the synchroni-
sation condition to lead to a peak in intensity. This is
indeed what is observed in Fig. 5, if one puts aside the very
narrow but strong dip found at the value of exact synchro-
nisation. Overall, this pattern of results lead us to consider
the presence of another phenomenon.

In a second step, a series of simulations were conducted
in order to try and reproduce those experimental results of
Fig. 5. The first calculation is presented in Fig. 6a. Here,
the calculation was run with the *'P—>’Al spin system that
underwent a dipolar coupling only, of magnitude 500 Hz,
which corresponds to an *'P—*’Al distance of 2.93 A. First,
one can note that maximum peak intensity occurs at a val-
ue 1, + 74 equal to the rotor period tr. One can note that a
slight dip appears with increasing values of 7,,. This dip in
itself cannot however explain the significant dip observed
in the experimental data. This small dip corresponds to
the fact that when the pulse length becomes long enough,
adiabatic transfers occur during the pulse, which affect cer-
tain crystallites. This leads to a slight dipolar recoupling
that increases with 7y,

The second simulation (Fig. 6b) was conducted by con-
sidering this time a scalar coupling of 30 Hz in the *'P-*’Al
spin system. In this case, the calculated intensity is basically
constant except for the exact synchronisation condition for
which we observe a dramatic intensity drop. This result can
be interpreted by the fact that the pulses, which then occur
at each rotor period, affect the same crystallites in a system-
atic way, and continuously throughout the 40 ms *'P
acquisition time. Hence, one can consider that under these
conditions only a limited amount of crystallites are affected
by the scalar decoupling. However, as soon as 1, + 74
slightly deviates from rtg, the rotor-asynchronisation
ensures that throughout the *'P acquisition time, all crys-
tallites are affected by the scalar decoupling. Fig. 6¢ reports
the calculation of the spin system when it is subjected to
both dipolar and scalar interactions. The simulation pre-
sents rather truthfully the pattern of the experimental
results shown in Fig. 5.

4. Conclusion

We have presented a new and important sequence that
provides the means to augment significantly the spectral
resolution through the scalar decoupling of a quadrupolar
nucleus. In the rotor-synchronised version, this new
sequence avoids the dipolar recoupling that was observed
when using the classical CW decoupling sequence. Our
sequence also provides the advantage of being only slightly
dependent on offset and to minimize the Bloch-Siegert

a 110
105
100

95 1

90

T4 (usec)

85

80

75
2 4 6 8 10 12 14 16 18

105

100

95

90

T4 (usec)

85

80

75

2 4 6 8 10 12 14 16 18
105
100

95

90

T4 (nsec)

85

80

75 ‘
2 4 6 8 10 12 14 16 18

Tp (nsec)

Fig. 6. SIMPSON simulations. The quadrupolar constant C was 3 MHz,
asymmetry parameter 7q was 0. (a) the 31p_27Al dipolar coupling (500 Hz)
only was considered in the calculation. (b) the *'"P-*’Al J coupling of
30 Hz was considered. (c) corresponds to the experimental case where the
quadrupolar, dipolar and J couplings are taken into account
(v} =70 kHz).
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shift. We have furthermore shown that the experimental
setting for optimal resolution was found for slightly
rotor-asynchronised decoupling period. Numerical simula-
tions confirmed our results and provided the means to
demonstrate the effect of perfect synchronisation on scalar
coupling. The RA-MP decoupling sequence has yet anoth-
er advantage over the rotor-synchronised version. Indeed,
it is less demanding upon the power dissipation within
the probe circuitry i.e the decoupling duty cycle is much
smaller in the case of asynchronisation compared to the
case of synchronised condition. Consequently, this feature
gave us the mean to increase the decoupling rf field ampli-
tude in order to reach even better resolution (see Fig. 2d).
In conclusion, our results argue in favour of a systematic
use of RA-MP decoupling sequences when the observed
nucleus is chemically bonded to a quadrupolar nucleus
with a high natural abundance.
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