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Abstract

Since the discovery of the MQMAS method applied to quadrupolar nuclei with half-integer spin by Frydman and coworkers, this
method has been considerably developed. Recently, Malicki and coworkers combined the multiplex phase cycling approach with
the new SPAM method. This multiplex SPAM MQMAS sequence increases the signal-to-noise ratio by about a 2.5 factor. Addi-
tionally, this sequence can simultaneously record 3Q and SQMAS spectra with the same acquisition. However, it is not easy to
obtain experimentally, at the same time, a good signal-to-noise ratio in the two spectra. We propose a procedure for optimizing
the pulse durations and finding a good compromise to record the two MQMAS spectra without peak aliasing in the F1 dimension.
For this, we simulate the echo and the anti-echo amplitudes of a spin / with increasing pulse durations in a powder rotating at the
magic angle, using Mathematica and SIMPSON. We apply this method to obtain the 3Q and 5QMAS spectra of ’Al in TEABEA-11
zeolite. The latter spectrum shows two tetrahedral sites for the aluminium atoms. To cite this article: R. Hajjar et al., C. R. Chimie
11 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Depuis la découverte de la méthode MQMAS appliquée aux noyaux quadripolaires de spin demi-entier par Frydman et
collaborateurs, cette méthode a ét€ énormément développée. Récemment, Malicki et collaborateurs ont combiné 1’approche
du cyclage de phases multiplex avec la nouvelle méthode SPAM. Cette séquence multiplex SPAM MQMAS augmente le rap-
port signal sur bruit d’environ un facteur 2,5. De plus, elle permet 1’enregistrement simultanément des expériences 3Q et
5QMAS a partir des mémes données d’acquisition. Mais expérimentalement il n’est pas toujours aisé d’obtenir, en méme
temps, un bon rapport signal sur bruit dans les deux spectres. Nous proposons une procédure pour optimiser les durées d’im-
pulsions et choisir un bon compromis pour sélectionner efficacement les deux MQ sans repliement des signaux dans la dimen-
sion F1. Pour cela, nous avons simulé les amplitudes de 1’écho et de 1’anti-echo d’un spin I en fonction de 1’augmentation des
durées d’impulsion dans une poudre tournant a 1’angle magique, en utilisant les notebooks Mathematica-5 et les scriptes Tcl de
SIMPSONI.1.1. Nous avons appliqué cette méthode pour obtenir des spectres 3Q et SQMAS de *’Al dans une zéolithe
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TEABEA-11. Le dernier spectre montre deux sites tétraédriques pour les atomes d’aluminium. Pour citer cet article : R. Hajjar

et al, C. R. Chimie 11 (2008).
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1. Introduction

The Multiple-Quantum  Magic-Angle-Spinning
(MQMAS) method is very much used in solid-state
NMR to obtain high-resolution 2D spectra of quadrupo-
lar nuclei. In these spectra, an isotropic dimension is
correlated to the anisotropic dimension that gives the
usual MAS-broadened pattern of each resolved site.
Since the discovery of MQMAS by Frydman and Har-
wood in 1995 [1], this experiment has been developed
mainly in two ways. First, several pulse sequences
have been proposed to improve the efficiencies of MQ
excitation and conversion [2—15]. Second, two acquisi-
tion methods were introduced to obtain 2D MQMAS
spectra with pure-adsorption lineshapes [16]: the
amplitude-modulated method which generally includes
a z-filter part [17] and the phase-modulated method
which is associated with full-echo MQMAS [18,19].
In 2004 Gan and Kwak [20] introduced Soft-Pulse-
Adding-Mixing (SPAM) as a solution to the efficiency
and 2D-lineshape problems. Amoureux et al. [21]
gave a complete description of this method which
consists in adding several coherence transfer pathways
constructively. Moreover, Gan and Kwak suggested
the possibility of introducing into the SPAM MQMAS
experiment the multiplex phase cycling initiated by
Ivchenko et al. [22]. Very recently, Malicki et al. [23]
proposed a multiplex SPAM MQMAS sequence
(Fig. 1). One of the main advantages is the possibility,
with the same acquisition, of recording 3Q and
5QMAS NMR spectra. However, the problem is the dif-
ference in pulse duration for the two MQ [24—27]. In
this communication, we present a method based on
the simulation of signal intensity depending on the
pulse duration to find a compromise between the 3Q
and SQMAS spectra.

2. Multiplex SPAM MQMAS sequence

This sequence [23] consists of three pulses: two
strong pulses (P1 and P2) and one selective pulse (P3)
(Fig. 1). The P1 pulse generates simultaneously all

coherences available for the excited spin /, and after
the MQ evolution period (¢;), the P2 pulse puts this
spin system along the z-axis of the laboratory frame.
There is no phase cycling for the P2 pulse, and the re-
ceiver phase is always set to zero. The P3 pulse selects
0Q and +1Q coherences, and the signal increase comes
from transfers through these three coherence levels. To
select individually all coherences, it is necessary to ap-
ply N1 (=4I + 1) phases to the P1 pulse. For each value
of this phase, two Free Induction Decay (FID) signals
are recorded separately: a signal with a phase zero
and a second with a phase 7 for the P3 pulse. These
two phases for P3 are necessary to add the 0Q and
+1Q coherences in a constructive way: one of these
two phases is for echo pathway, the other phase for
anti-echo pathway. The time between P2 and P3 is short
(1 ps) to avoid dephasing of the £1Q coherences [23].
FID signals are stored in a 3D data file and when the
acquisition is finished, the processing program
“MSM” [28] reorganizes them in a normal 2D data
file. This program treats signals according to:
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Fig. 1. Multiplex SPAM MQMAS sequence for a spin / = 5/2.
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The signal s(¢) is phase-modulated. The choice of ¢,um
allows us to select the different coherence pathways to
generate a 2D MQMAS spectrum with pure-adsorption
lineshapes, and this without using the States acquisition.
Transformation by shearing is necessary to obtain an iso-
tropic spectrum in the F1 dimension. Optimal pulse du-
rations were always found to be identical to the best
values in a z-filtered MQMAS experiment [21,23],
thus to optimize the pulse duration of multiplex SPAM
MQMAS experiment, we will use a z-filter sequence.

3. Echo and anti-echo amplitude simulation

The pulse durations of P1 and P2 that provide max-
imum line intensity are not identical for the two coher-
ences 3Q and 5Q. To study this difference, we
developed [29] Mathematica-5 notebooks and SIMP-
SONI1.1.1 Tcl scripts [30] to optimize the echo and
anti-echo amplitudes for a z-filtered MQMAS experi-
ment applied to a half-integer quadrupole spin. We start
by determining the expressions of the irreducible spher-
ical tensors Vi), W0y and Wy, of the first- and
second-order quadrupolar Hamiltonians Hg ) and Hg )
using the Wigner rotation matrix [31]. From these
expressions we develop a Mathematica-5 notebook to
simulate the intensity of the central line of a spin /
excited by a MQMAS sequence (in our case the z-filter
sequence). The first- and second-order quadrupolar in-
teractions for a powder rotating at the magic angle are
taken into account during the pulses. We consider that
the NMR line intensity, which depends on the various
interactions involved during the RF pulses, is propor-
tional to the echo amplitude. This program calculates
the theoretical line intensities of the central transition
versus the variable duration and for various experimen-
tal parameters (spin /, RF amplitude Qrp/27, variable
pulse duration, rotation rate, MQ desired) and estimated
values of Cq and 7. This simulation can also be per-
formed with the SIMPSON program. The agreement
between our simulations and those obtained with
SIMPSON is excellent, the values of these simulations
being identical with an accuracy of 10~°. SIMPSON
gives 9 digits after dot for a real number.

To illustrate the difference between P1 and P2 pulse
durations, we use our Mathematica-5 notebooks applied
to 2’Al (I = 5/2) (parameters are given in the caption of
Fig. 2). We simulate (Fig. 2) the intensity of the central
line according to each pulse, and this for a 3Q and
S5QMAS experiment. We observe that for the three
pulses the intensity of the SQMAS experiment is always
lower than that of the 3QMAS experiment. This is fore-
seeable since coherence leap for a 5Q is larger than for
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Fig. 2. Maximum echo amplitude optimization by simulation of P2 and
P1 pulse durations for the z-filtered MQMAS sequence obtained with
Mathematica-5 notebooks for 2’Al (I = 5/2). The simulation parameters
are rotor spinning speed: 5 kHz; Larmor frequency: 104.309 MHz; am-
plitude of the strong radio-frequency pulse (P1 and P2): 90 kHz; ampli-
tude of selective pulse P3: 10 kHz; quadrupolar coupling constant:
1.75 MHz; asymmetry parameter 1 = 0.5; quadrupolar interaction: first-
and second-order. fp3 = 8 us. (A) tp; =4 ps for 3Q (M) and 5Q (A);
(B) tpo = 1.5 pus for 3Q (M) and tpy = 2.5 ps for 5Q (A).

a 3Q. The line intensity variation versus the P3 pulse
duration is identical for the two experiments, and 8 ps
is the best intensity (not shown). This is also expected
because this pulse makes the same jump 00 — —10
in the two experiments. This 8-ps pulse duration corre-
sponds to the 90 selective pulse for the central transition
at Qrp/27 = 10 kHz (which is exactly 8.33 ps). For P2
and P1 pulses the maximum durations are different:

tg(ngAS (maX) =15 pus# IIS)SMAS (max) =2.5 ps, (2)

and

HM (max) = 4.5 ps # M (max) =5.5 ps.  (3)

Inall cases, durations 52" (max) and 5245 (max) are
higher than 525 (max ) and 1,2 (max), respectively.
The intensity of the 3QMAS experiment decreases
markedly (= 80%) when we choose the ideal conditions

for P2 of the SQMAS experiment (3" (max)).
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. MA
However, it decreases much less when 2% (max) are

used. Finally, concerning the pulse durations and in or-
der to extract from the same acquisition the 3Q and
SQMAS 2D spectra, we propose to use: P1, pulse dura-
tion equal to 1,25 (max) and P2, pulse duration which
will be appropriate for the two experiments. In this ex-
ample, this is 2.25 ps.

The echo amplitude for the SQMAS experiment is
much lower than for 3QMAS and thus optimization is
much longer. To limit the latter, we propose to use our
simulation program. We start by optimizing the echo
amplitude experimentally according to the pulse dura-
tions for the 3QMAS experiment. From this study and
by estimating the quadrupolar coupling, we can simu-
late the variation of the echo amplitude according to
the pulse duration for the SQMAS experiment.

4. Experimental considerations

It is fairly easy to avoid peak aliasing in the F2
dimension of a 2D spectrum but it is more difficult to
anticipate this problem in the F1 dimension. For a 2D
MQMAS spectrum, on the one hand, it is not easy to
predict the positions of the various crystallographic
sites in the isotropic F1 dimension and, on the other
hand, the off-resonance position in F1 differs from
that of F2 by a factor (k — p) [32]. Thus, it is necessary
to determine by simulation or a brief experiment which
is the smallest spectral width in the F1 dimension
SW(F1). We will then be able to deduce the maximum
increment usable for the F1 dimension.

Moreover, the smallest spectral width in the F1 dimen-
sion SW(F1), which avoids peak aliasing during the ac-
quisition of a SQMAS spectrum, is five times larger
than for a 3QMAS spectrum. The position wg, (I, p) of
the center of gravity of the peak relative to the carrier fre-
quency wer in the F1 dimension is given by [32]:

wi, (I, p) = ¢swarlk(L, p) — pl + )y | k(L. p)
+ A1, p), (4)

where the quantity A(/, p) relates to the second-order

quadrupolar shifts for a pQ spectrum, w(fp)l/s; )2 and
a —1Q spectrum, wfl)l/sg 120 At

2)iso 2)iso
w(—,z/z, P2 = A(I’ p)“’(—1)/2, 1/2) (5)
with:
. 3(2mCq,)’ [ 3]
(2)iso Qn
SRR 10w 2121 = 1)) r+1)-3 ©)

’qQ |’ UR
CQn: h ?—Fl:CQ ?4-1 (7)

The parameters Cq,, Cq and 7 are called the quadrupo-
lar product, the quadrupolar coupling constant and the
asymmetry parameter, respectively. The values of k
and A for the three half-integer quadrupole spins /
(5/2,7/2 and 9/2) and the coherence order p are reported
in Table 1. We see that for any half-integer quadrupole
spin 1, we have the following relation:

wr, (I, [p| =5) =5 x w, (I, |p| = 3). (8)

Finally, like Amoureux and Trébosc [33], we observed
that the intensity of the 5Q coherences decrease more
quickly with the #; than for the 3Q coherences. In other
words, the minimum number of increments necessary to
acquire a SQMAS 2D spectrum correctly, to have a null
signal at the end of acquisition, is not sufficient for
a 3QMAS experiment. This causes the truncation of
the signal for the latter.

5. Experimental

MAS NMR experiments were performed on a Bruker
AVANCEA400 spectrometer at 9.4 T and with a 4-mm
zirconia rotor. 2’Al 3Q and 5QMAS spectra were ac-
quired with the multiplex SPAM MQMAS sequence
[28]. The P1 and P2 pulse durations were 4.5 and
2.0 ps, respectively (Qgrp/27 =92 kHz). The P3 pulse
duration was 6.5 ps (Qrp/27 = 10 kHz). The multiplex
spectra were acquired at a spinning rate of vgpy =
14 kHz, with a 0.25-s recycle delay, 2 us for the incre-
ment of the ¢1 period, 210 sections and 140 accumula-
tions. Data processing was performed using the
“MSM” program [28]. Shearing transformation and
scaling of the F1 axis was realized with ‘“xfshear”
[28] or with Grandinetti’s RMNFAT program [34].
Tetraethylammonium BEA (TEABEA) zeolite (with
Si/Al =11 and Na/Al < 0.1) was provided by Dzwigaj
et al. [35]. More details are given in Section 6.

Table 1
Parameters: spin /, coherence order p, A and echo position k

I PQ A, p) kI, p) kU, p)—p k(U p)+2d, p)
52 3Q —3/4 19/12  —17/12 5/6
~5Q -25/4 25/12  85/12 ~25/6
72 3Q —9/5 101/45  —34/45 4/9
5Q 1 11/9 —34/9 20/9
92  3Q —9/4 9136  —17/36 5/18
5Q —5/4 9536  —85/36 25/18
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6. Results and discussion

From the same acquisition, the multiplex SPAM se-
quence allows us to extract 2D spectra corresponding to
various pQMAS experiments. For a spin /=5/2 the
“MSM” program will generate 3Q and SQMAS 2D
spectra. In practice, it is unfortunately not easy
to obtain good signal-to-noise ratios for both spectra.
There are differences in the optimal experimental pa-
rameters to obtain MQ coherences of orders 3 and 5.

By using the previous considerations (spectral width
in the F1 dimension and number of increments) and
pulse duration optimization, it is possible to extract
from the same acquisition 3Q and 5QMAS 2D spectra.
We will apply the multiplex SPAM sequence to the case
of aluminium-27 (I =5/2) in TEABEA-11 zeolite to
demonstrate our method.

We start by optimizing the pulse durations for the
two experiments (3Q and SQMAS) with a 1D z-filtered
MQMAS sequence. The pulse duration P3, correspond-
ing to the best intensity, is identical for the two experi-
ments (6.50 us for Qrp/27 = 10kHz). Fig. 3A—-D
presents experimental optimizations of the pulse dura-
tions P2 and P1, respectively. It shows, as expected,
that the durations #, (max) and #; (max) corresponding
to the best intensities for the two experiments are differ-
ent. Indeed:

A% (max) = 1.50 ps # fp3" (max) = 2.25 ps,

)
and
"™ (max) = 3.5 ps # £ (max) =4.5 ps.

(10)

The pulse durations of the 3QMAS experiment are
shorter than those of SQMAS. A good compromise to
record the multiplex SPAM experiment under the best
conditions is to apply pulse durations P1 and P2 of
4.5 and 2 ps, respectively.

For the 3QMAS 2D experiment, the smallest spectral
width of the F1 dimension, which avoids peak aliasing
during the acquisition of TEABEA-11, is equal to
24 kHz, but this is not sufficient for the 5SQMAS exper-
iment. The minimum width which will be appropriate
for both experiments is SW(F1) = 120 kHz.

Now we will determine the minimum number of sec-
tions TDI™ necessary to the F1 dimension and this
without having a truncated signal. The maximum delay
(t1) between the first two pulses, for which we always

P1 pulse duration (us)

e e e B B s e e e e e S LA I |
1 2 3 4 5 6
P2 pulse duration (us)

Fig. 3. Experimental optimizations of P2 and P1 pulse durations of
the z-fillered MQMAS sequence obtained for 2’Al in TEABEA-11
zeolite with 240 scans and tp3 =6.5 pus. (A) tp; =3.0 us for 3Q,
(B) tp; = 3.5 ps for 5Q, (C) tpo = 3.5 ps for 3Q and (D) tpr =4.5 ps
for 5Q.

observe a signal, is 320 and 420 ps for 5Q and 3Q
coherences, respectively.

The signal of 5Q coherences decreases more quickly
than that of 3Q coherences. Thus, for a 2-ps increment,
we will use 210 sections for TDI™, to obtain a value of
at least 1{ =420 ps.

Fig. 4A—B represents the 3Q and SQMAS 2D mul-
tiplex SPAM spectra, respectively and are obtained
from the same acquisition with a good signal-to-noise
ratio. In the 3QMAS spectrum, we observe two reso-
nances which correspond to the octahedral Alg, () and
tetrahedral Alr,;) environments of the aluminium
atoms. With 5Q coherences, which give a better reso-
lution, we observe two sites Alr,(2q) and Alr,p) from
the F1 projection. Omegna et al. [36] and Capek et al.
[37] also observed these tetrahedral sites. The resolu-
tion increase obtained with the SQMAS experiment
seems to indicate that the homogeneous interactions
are not weak. Indeed, 3QMAS experiments are more
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Fig. 4. ’Al 3QMAS (A) and 5QMAS (B) multiplex SPAM
MQMAS spectra of TEABEA-11 zeolite obtained with the same
acquisition.

sensitive to homogeneous broadening than SQMAS
[33,38,39].

For our sample, the signal of 5Q coherences de-
creases much faster than that of 3Q coherences. In
this case, we could record 3Q and 5Q spectra separately
and obtain for the same experimental time a slightly
better sensitivity. Indeed, we will use P1 and P2 dura-
tions corresponding to the maximum of the signal for

each experiment and not to intermediate values. More-
over, we will be able to increase the increment of the 3Q
experiment to reduce the spectral width and obtain
overall the same number of sections as previously. It
seems that recording 3Q and SQMAS experiments si-
multaneously and handling of one data file is interesting
in the case of samples where the decreases versus ¢#; in
3Q and 5Q coherences are not too different.

7. Conclusion

We proposed a procedure to obtain simultaneously
3Q and SQMAS 2D spectra from the multiplex SPAM
sequence. This method indicates how to choose the ex-
perimental parameters to obtain good sensitivity in both
experiments. More generally, to reduce the time for
pulse duration optimization in the SQMAS experiment,
we propose to use our simulation programs. Moreover,
we indicate and discuss the precautions to be taken to go
from a 3QMAS spectrum to a SQMAS spectrum avoid-
ing peak aliasing and a truncated signal. We apply this
method to TEABEA-11 zeolite and obtain good 3Q and
SQMAS spectra.
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