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Abstract

Gan and Kwak recently introduced two new tools for high-resolution 2D NMR methods applied to quadrupolar nuclei: double-
quantum filtering in STMAS (DQF-STMAS) and the soft-pulse added mixing (SPAM) idea. Double-quantum filtering suppresses
all undesired signals in the STMAS method with limited loss in sensitivity. With SPAM, all pathways are added constructively after
the second hard-pulse instead of using a single pathway as previously. Here, the sensitivity, advantages and drawbacks of DQF-
STMAS are compared to 3QMAS. Additionally, SPAM can be included into DQF-STMAS method, resulting in a net sensitivity

gain with respect to 3QMAS of ca. 10-15.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nuclei with spin S> 1/2, undergo a quadrupolar
interaction. The size of this interaction can be described
by the quadrupole coupling constant Cy = ¢’qQ, which
is equal to the product of the quadrupole moment eQ of
a nucleus and the electric field gradient at the nucleus egq.
For half-integer spins, the first-order quadrupolar effect
on the satellite transition (ST) frequencies (m — 1 < m,
m # 1/2) is of the order of Cq. However, the central tran-
sition (CT: —1/2 < 1/2) is only affected to the second-
order. Since this contribution is typically 10>-10° times
smaller than C, the central transition yields a narrower
and more intense spectrum, which is the subject of most
studies on half-integer spin quadrupolar nuclei. Most
studies of quadrupolar nuclei in the last two decades uti-
lized the line-narrowing effect of magic-angle spinning
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(MAS) [1]. MAS climinates the first-order broadening
completely and reduces the quadrupolar contribution
to the CT line width by a factor of approximately 3.
Recently, it has been demonstrated by Frydman and
Harwood [2] that the CT line narrowing can be obtained
without changing the orientation of the spinning axis, as
long as the motion of the rotation axis in space is re-
placed by changing the coherence state of the observed
spins. This experiment, referred to as multiple quantum
MAS (MQMAS), is a 2D method, which correlates the
phase evolutions of the MQ and single quantum coher-
ences and allows for observation of a purely isotropic
echo. Very recently, another technique referred to as sa-
tellite transition MAS (STMAS) has been proposed [3].
This technique provides isotropic spectra of half-integer
quadrupolar nuclei by correlating the evolution of
single quantum inner-STs (43/2, 41/2) in #; with that
of the CT during #,. Since ST coherences can be excited
and converted to the CT very efficiently by strong RF
pulses, the STMAS experiment provides an interesting
alternative to MQMAS.
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For all crystallite orientations, both methods refocus
the second-order quadrupole dephasings along a unique
axis with equation: #, = R(S) t; [4]. This refocusing al-
lows obtaining 2D frequency spectra from which the
first indirect dimension becomes, after shearing, an iso-
tropic dimension (J;5,), and the second dimension (d,) is
the classical MAS one. The comparison of all MQMAS
(3QMAS, 5QMAS, ...) and STMAS results has been
facilitated recently by the introduction of a unified
ppm representation for all methods [5]. In this represen-
tation, that we will use in the following, resonances are
always located at the same places in the 2D spectra,
which means that they always have the same isotropic
(0is0) and anisotropic (J,) projections.

Since their initial proposals, numerous developments
have been proposed for MQMAS and STMAS. They
were first concerned with getting pure absorption 2D
spectra, and the elaborated sequences fit in two catego-
ries of methods, which are amplitude-modulated (AM)
or phase-modulated (PM). The first category of
sequences generally includes a z-filter part [6-9], whereas
the second one is of full-echo type [10-13].

In STMAS (and MQMAYS), the most frequently used
sequences are composed of three pulses: two hard-pulses
(HP; for the creation of inner-STs and then, after ¢,
HP, for their conversion) with RF-field amplitudes in
the 50-200 kHz range, followed by one soft-pulse (SP)
of amplitude in the 5-20 kHz range. Hard-pulses are
able to affect all coherences of the density matrix,
whereas soft-pulses can only modify those concerning
the central-transition. However, NMR is an insensitive
spectroscopy, which often requires numerous accumula-
tions, especially for 2D high-resolution methods
(MQMAS and STMAS) applied to quadrupolar nuclei
in solids. In order to enhance the sensitivity, very recent-
ly, an improvement, christened SPAM, that concerns
the ensemble HP,—SP has been proposed [14]. Up to
now, in all STMAS sequences, a single coherence quan-
tum level is selected in between HP, and SP: 0Q in z-fil-
ter and +1Q in full-echo experiments. The idea
proposed by Gan and Kwak [14] is to use in a construc-
tive way all quantum levels in between HP, and SP. One
of the two methods proposed, called soft-pulse added
mixing (SPAM), aliases completely all the coherence
transfer pathways. Recently, we verified theoretically
and experimentally, that the use of SPAM pulses
(ensemble HP,—SP) in MQMAS, allows doubling the
echo-signal, and that its introduction into high-resolu-
tion 2D methods allows gaining a factor of 2.8-3 for
the S/N ratio with respect to the S/N ratio that can be
obtained with the original z-filter MQMAS experiment
[15].

This contribution analyzes if the intrinsically larger
(with respect to 3QMAS) efficiency that can be obtained
with STMAS method, can be combined with the large
S/N gain that can be obtained by using the SPAM

concept. First, we summarize the advantages and limita-
tions that are intrinsically related to the STMAS princi-
ple. Then, we compare STMAS to 3QMAS relative
sensitivities. Finally, we include SPAM into STMAS,
and establish theoretically and experimentally, the S/N
gain that can be obtained on test samples as well as
industrial compounds.

2. The DQF-STMAS method

The STMAS method refocuses second-order quadru-
pole dephasings acting on inner-STs during the evolu-
tion time ¢, with those acting on CT during the
observation time #,. This simple principle results in sev-
eral practical details related to the fact that STs are (i)
on the same coherence level as CT, and (ii) are simulta-
neously submitted to first- and second-order quadrupole
interactions.

2.1. Elimination of unwanted transfers

An undesired feature of 2D STMAS spectra is the
presence of one uninformative autocorrelation
CT-CT ridge and, if S>3/2, of resonances arising
from magnetizations that are situated during #; on out-
er-STs {(+m, +(m — 1)) with m>3/2} [3,12]. The
CT-CT narrow ridge overlaps with the targeted signal
especially in case of weak quadrupole interactions or
broad resonances, such as those encountered in disor-
dered or amorphous samples. Resonances related to
outer-STs obscure the spectra and complicate their
interpretation. Although these two types of signals
are unwanted, it is impossible to remove them from
the spectrum by phase-cycling [16] because they both
result from the evolution of single-quantum coherences
during ¢;. Three different methods have been proposed
concerning the CT-CT ridge: (i) this signal can be
reduced by pre-saturation [17], or suppressed either
(ii) by using a half rotor-period #; increment [12] or
(iii) by acquiring an additional rotor-off-synchronized
dataset [18]. These approaches suffer from either
incomplete CT-CT suppression or loss of a factor of
2 for the S/N ratio. Moreover, these methods do not
solve the problem related to outer-STs if S > 3/2.

The most recently proposed method removes all
unwanted signals by using a double-quantum filter
(DQF) [19]. In this approach, an additional CT selective
n pulse is employed during the #; period. In the frame-
work of a perfectly selective m pulse, inner-STs trans-
form as double-quantum coherences, CT only changes
by two quantum levels (1Q « —10Q), and outer-STs re-
main unaffected on one-quantum levels. A classical
phase cycling procedure thus allows an easy selection
on the +2Q levels of the “good” ST-CT signal (Fig.
2). DQF has already found another application in sol-
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id-state NMR of quadrupolar nuclei, in filtering double-
quantum signal originating either from dipolar coupling
or from the quadrupolar multilevel systems [20]. The
introduction of this selective © pulse does not change a
lot the sensitivity with respect to the original STMAS
method. Indeed, it has been shown that it decreases by
only ca. 20-25% the full-echo signal [19,21], and that it
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Fig. 1. DQF-STMAS. (A) Pulse sequence for z-filter, SPAME,
SPAM g, and SPAMEg/ag. Coherence transfer pathways correspond-
ing to: (B) z-filter and (C) SPAME (S > 3/2) or SPAMug (S =3/2).
Pulse sequence (D) and coherence transfer pathway (E) for full-echo
(S >3/2) or full-antiecho (S = 3/2) methods. SPAMgg (S > 3/2) or
SPAMEgag (S=3/2) pulse sequence (F) and coherence transfer
pathway (G).

z-filtered STMAS DQF-STMAS

CT-CT ST-CT only
& ST-CT

Fig. 2. >’Al STMAS spectra of AIPO, berlinite recorded with the
original (left) and DQF (right) versions. B, = 11.7T, vy = 130.2 MHz,
vz = 10 kHz. Only one aluminum species exists in berlinite. The CT-
CT ridge disappears with the DQF version. Experimental time: 5 min,
RF-field: 108 and 15 kHz for hard-pulses and soft-pulses, respectively.

may even slightly (10%) increase the signal intensity with
respect to the z-filter sequence [19]. Moreover, the fact
that all unwanted signals have been canceled allows a
very simple optimization of all experimental parameters
directly on the spectrum. The double-quantum filter
principle is very efficient and very robust, and will al-
ways be used in the following. It has been proposed in
two different versions [19], the DQF-STMAS and
DQ-STMAS experiments, which only differ by the fact
the additional selective m pulse is at the end (DQF-
STMAS) or at the beginning (DQ-STMAS) of the ¢,
period. A comparison of the two methods (S/N ratio,
sensitivity to magic-angle misset and spinning speed
instability, isotropic resolution, and spectral-width,...)
has not yet been done. We have thus chosen to use the
DQF-STMAS method, which is very similar to the ori-
ginal STMAS method.

2.2. Pulse-length optimization

We just mentioned that introducing an accurate selec-
tive 1 pulse during ¢, cancels all unwanted signals. With
real samples, due to off-resonance irradiation and sec-
ond-order quadrupole interactions, this pulse cannot
be a perfectly selective m pulse for all species simulta-
neously. There are therefore small transfers to the DQ
levels of magnetizations that were previously on CT
and outer-STs coherences on 1Q levels. However, these
coherences are not refocused at the mixing pulse due to
the rotor-synchronization, and they do not give rise to
unwanted signals [19]. The effect of this imperfect ©
pulse is thus to slightly decrease the targeted ST-CT sig-
nal. Therefore weak unwanted signals may originate
either from incomplete phase-cycling, or spin-diffusion
on 0Q level for the CT-CT signal observed with the z-fil-
ter method. In any case, a weak (but not too small to
irradiate the second-order quadrupole frequency spread)
RF amplitude (5-20 kHz) is recommended for the selec-
tive pulses.
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Fig. 3. Optimization of HP; length in 27A1 DQF-STMAS of AIPO, berlinite. By = 11.7 T, vy = 130.2 MHz, RF-field = 200 kHz, v = 10 kHz. (A)

Experimental spectra; (B) theoretical curve.

Optimization of other RF amplitudes and pulse-
lengths is as easy as in MQMAS. Amplitudes of the
two hard-pulses (HP; and HP,) must be as large as pos-
sible, and that of the last selective pulse (after HP,) must
be of the same order (5-20 kHz) as the previous selective
n pulse. All corresponding pulse-lengths can easily be
optimized by maximizing for the first #; = Tr = 1/vg
step either the ST-CT echo on the FID, or its Fourier
transform. In all STMAS experiments, it is very impor-
tant to start the HP, optimization with a small pulse-
length. Indeed, according to the pulse-length value, the
final ST-CT signal changes in sign (Fig. 3), and starting
from a too long pulse-length may thus lead to the second
maximum which is less efficient, and submitted to a
much weaker S/N SPAM enhancement (see & IV) than
the first one.

2.3. Adjustment of the magic angle

Any type of STMAS experiment correlates the sec-
ond-order quadrupole dephasings (¢¢,) acting on STs
during ¢, with those acting on CT during ¢,. However,
and contrary to MQ coherences in MQMAS, STs are
also submitted to first-order quadrupole interactions.
These interactions imply that related large first-order
dephasings (¢o1) must be perfectly cancelled. To do
so, two things must very accurately be fulfilled: the ro-
tor-axis must always be exactly adjusted at the magic an-
gle (05, =54.736°), and the evolution time #; must be
perfectly rotor-synchronized.

Actually, the rotor axis is never exactly set at the
magic angle (0 = 0y + Af). For powder samples ob-
served in STMAS-based experiments, the total isotropic
line-width related to Af and corresponding to both in-
ner-STs is equal to

A5iso (ppm) ~ ACQAH/V()v (1)

when given in ‘normalized’ ppm scaling [5]. v, is the Lar-
mor frequency, A@ must be given in degrees, and
A =13067, 10453, 9334, and 8712 for S=3/2, 5/2,
7/2, and 9/2, respectively. As an example, Adi, =

3.66 ppm, if A0 =0.005°, Cop =7MHz, S=5/2, and
vo = 100 MHz. The broadening effect of a magic angle
miss-adjustment increases proportionally to the quadru-
pole interaction, and to the reciprocal of the Larmor
frequency.

Recently, an STMAS method that is self-compen-
sated for angle missets (SCAM-STMAS) has been
proposed [22]. This method introduces an additional
hard-pulse in the middle of the evolution period, that
transfers coherence between symmetrical satellite tran-
sitions. As a result, the SCAM-STMAS experiment
yields superior isotropic resolution than STMAS,
without the need of a too accurate 0 adjustment.
However, the S/N ratio is decreased by a factor of
ca. 3 and the isotropic spectral-width by a factor 2
(this is due to the additional © pulse, as experimental-
ly evidenced in [20]).

Usually, experimental setting of the magic angle is
achieved by maximizing the number and amplitude of
ST spinning sidebands from solids with small quadru-
pole interactions. This accuracy is insufficient for
STMAS. In each FID of an STMAS experiment, the
ST-CT echo amplitude is very sensitive to the exact
value of the magic angle. Maximizing the ST-CT echo
amplitude of the first FID (7, = 1/vg) is thus a much
more precise method for angle calibration [18]. Howev-
er, a rapid acquisition of 2D DQF-STMAS spectra on
a model compound is often required to precisely set the
magic angle. When changing the sample with automat-
ic ejection/insertion of the rotors, changes of the spin-
ning angle axis remain very small, especially if a small
amount of bearing gas is applied to “soften the land-
ing” of the rotor in the stator [21]. In any case, the
very small broadening due to remaining miss-adjust-
ment of the magic angle is not visible on 2D spectra
of distributed samples, such as zeolites, glasses, or
amorphous compounds. The calibration of the magic
angle, whether on a model compound or on the mate-
rial of interest itself, should be performed at the spin-
ning speed that will be employed in the final 2D
experiment, as the magic angle setting is sensitive to



J.P. Amoureux et al. | Journal of Magnetic Resonance 175 (2005) 285-299 289

the spinning speed [21]. A good STMAS probe head
requires an improved adjustment rod to allow very fine
setting of the magic angle.

2.4. Spinning speed

To cancel ¢¢;, the evolution time #; must be rotor-
synchronized to pick the top of ST rotational echoes.
Due to the fact that ¢4, is much larger than ¢, this
rotor-synchronization must be perfect, and the defini-
tion of #; time must take into account the two hard-
pulse lengths. On the opposite, these pulse-lengths
are most of the time not taken into account in
MQMAS where only ¢, intervenes. Another impor-
tant consequence of this perfect rotor-synchronization
is that the spinning speed must be perfectly stable.
However, it is not really easy to obtain such a good
stability, especially when compressors are starting to
increase the air pressure in the tanks [21]. When the
spinning speed is too much fluctuating (several Hz),

B

2
| | l | | | |
70 60 50 40 30 ppm

Fig. 4. Y’Al isotropic projection of AIPO, berlinitt DQF-STMAS
spectra recorded with different spinning speeds: vz = 8000 (A), 8003
(B), 8006 (C), 8010 (D), and 8015 (E) Hz. The fluctuations about these
previous values are ca. £2 Hz. The value vz = 8000 Hz was always
introduced in the pulse program.

significant broadenings are observed in the J;,, dimen-
sion, resulting in a considerable sensitivity decrease.
This broadening effect can be observed in (Fig. 4) dis-
playing the isotropic projections of AIPO, berlinite,
which presents only one aluminum species, recorded
with different spinning speeds about the value
vg = 8 kHz that was introduced in the pulse program.
Even for a small difference of 3 Hz, there is an ampli-
tude decrease of 15% with respect to the best experi-
mental case (compare Figs. 4A and B). Moreover,
even when the spinning speed is kept relatively stable
(ca. within 1-2 Hz), it is common to observe a #; noise
fluctuation on the isotropic projection (Fig. 4A)
[18,22]. This #; noise, which is not visible on the
anisotropic projection, still remains a limitation of
all STMAS methods. One way to improve the speed
stability is by using several tanks after the air com-
pressor, several evenly spaced marks on the rotor,
and a good speed controller. By doing so, it has been
shown that the spinning rate can indeed be controlled
within +0.1 Hz [23,24].

3. DQF-STMAS sensitivity
3.1. Pulse-sequence and pathways

In AM (z-filter) high-resolution 2D spectra of half-in-
teger spin quadrupolar nuclei, the final signal mainly re-
sults from the echo pathway. Indeed, the anti-echo
signal of AM experiments cancels after only a few #; slic-
es (especially for spin values with a large R(S) factor,
and/or species submitted to large Cy values and/or dis-
tributions of surroundings) and the corresponding 2D
absorptive contribution is weak. In AM methods, the
magnetization issuing from the anti-echo pathway is
thus mainly used to minimize the dispersive parts that
come from the echo pathway. In DQF-STMAS, the sig-
nal thus results from the following pathways for AM
and PM experiments:

AM : 0Q> —10(t) — t;) — —20(tz) » 00 — —10(1)
if §=3/2, (2)

00> +10(t) — t;) — +20(tz) > 00 — —10(1,)
if §>3/2, (3)

PM:0Q> + 10(t — t:) — +20(t,) > + 10(t + Rty)
— —10(t+1t) if S=3/2,
(4)
00> +10(t1 —t;) = +20(tz) > + 10(7)
— —10(t+ Rty +1,) if §>3/2.
(5)
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Transfers related to hard-pulses or soft-pulses are indi-
cated by » or —, respectively. The first selective pulse
length (7;) must be incorporated in the definition of
the evolution time #;. Two other PM pathways can also
be used for §=3/2. These pathways describe a full
echo signal, which means that a delay t shorter than
that corresponding to Eq. (4), which describes a
full anti-echo signal, can be used. The first one,
00>-10(t) —tp) > =2Q(tn) >+1Q0(7r) »> —-1Q(t +
Rt# + 1), requires a three-quantum level jump for HP,,
and is thus much less efficient than the one described in
Eq. (4) that requires only a one-quantum level jump.
The second one is a split-t;: 00> +10(94,/17 — ) —
+20(ty) > +10(x+841/17) = —10(t + 15) [12]. It has
the same efficiency as that described by Eq. (4), but with
an isotropic spectral-width decreased by a factor of
9/17.

To quantify the maximum efficiency that can be ob-
tained with these methods, we have carried out a system-
atical numerical analysis of the optimal transfer
conditions. For four RF-field amplitudes (50, 100, 150,
and 200 kHz) for the hard-pulses, and as a function of
the Cy value, we have maximized the powder-averaged
final CT value by varying systematically the hard-pulse
lengths (HP; and HP,) as well as the amplitude and
lengths of the soft-pulses. We have adopted a MAS
speed just sufficient to eliminate sidebands in the obser-
vation dimension (J,), irradiations were always done on-
resonance, and the Larmor frequency was fixed to
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vo = 105 MHz. It must be noted that the results of our
calculations are similar to those recently published
[25], for which a quasi-static rotor was however assumed
during the pulses.

Optimal HP; lengths were always found identical for
all STMAS-based sequences: AM or PM, with or with-
out double quantum filtering, and with or without the
SPAM concept (see & IV). They only depend on the spin
value S, the Cy value, and the hard-pulse RF-field
amplitude. The optimal soft-pulse just before HP, is al-
ways very close to 180;. For AM and PM experiments,
the optimum last soft-pulse is always equal to 90; and
180;, respectively.

CT values represented in (Figs. 5, 6, and 11) are nor-
malized with respect to the signal that can be observed
in 1D experiments after a 9()_: soft-pulse. When using a
PM sequence, a full echo (Eq. (5)) or full anti-echo
(Eq. (4)) is normally observed if the delay 7 is sufficient.
This doubles the signal, but also increases simultaneous-
ly the noise by a factor of /2. To compare directly sig-
nal to noise (S/N) ratios obtained in AM and PM
experiments, CT values represented for PM experiments
(Figs. 5B, D, 6B, D, and 11) were multiplied by /2.
However, a complete comparison of AM and PM S/N
ratios requires also taking into account the supplemen-
tary attenuation exp(—t/Tsr — 7/Ther), Which occurs
on PM values due to homogeneous dipolar interactions.
Practically, a proper S/N comparison requires the use of
spectra recorded with identical experimental conditions:
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Fig. 5. DQF-STMAS: efficiency of the echo pathway in AM (z-filter). (A) S=3/2(0>-1—--230—-1),(C) S=520>+1 >4+230—> 1)
or PM (B) §=3/2, (D) §=5/2(0>+1 - +2>+1 — —1) experiments, as a function of Cp (A,B: 0-5 MHz; C,D 0-15 MHz). B;(HP) = 50, 100,
150, 200 kHz. no=0. vo =105 MHz. (A,B) vg=10kHz (Co <3 MHz), vg=15kHz (Cp, >3 MHz); B,(SP)=5kHz (Co <2MHz), 10 kHz
(2<Cp<3MHz), 20kHz (Co>3MHz). (C and D) vg=10kHz (Co<9MHz), 15kHz (9 <Cp<12MHz), 20kHz (Cy> 12 MHz);
B, (SP)=5kHz (Cp <7 MHz), 10 kHz (7 < Cy <9 MHz), 20 kHz (Cp > 9 MHz).
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Fig. 6. Efficiency of the echo pathway in z-filter (AM) type of experiments (A): S =3/2 DQF-STMAS (0> -1—--2>0— —1), 3QMAS
(0>-3>0— —1), (C): S=5/2 DQF-STMAS (0> +1—+2>0— —1), 3QMAS (0> +3> 0 — —1), or (PM) full-antiecho (B: S = 3/2) or full-
echo (D: S =5/2) type of experiments: DQF-STMAS (0> +1 - +2>+1 — —1) and 3QMAS (0> +3>+1 — —1), as a function of Cy(A,B:
0-5 MHz; C,D: 0-15 MHz). B, (HP) = 150 kHz. All other specifications as in Fig. 5.

spinning speed, RF-fields, recycling delay, and total
acquisition time.

3.2. Sensitivity

It must be noted here that due to the very large first-
order dephasings (¢qi) involved in this experiment,
pulse-lengths must be taken into account experimentally
and computationally. Sensitivities that can be obtained
for AM and PM experiments are displayed respectively
in Figs. 5A and B for S =3/2 and Figs. 5C and D for
S =5/2. S/N ratio observed in DQF-STMAS is approx-
imately doubled in PM experiments with respect to AM
experiments. The reduction in sensitivity for weak quad-
rupole interactions (Cp < 300 kHz) is related to the fact
that the two SP pulses are then no more CT-selective.
This phenomenon is completely different to that ob-
tained in MQMAS where the much smoother beginning
of the curves is related to the fact that transfers are in be-
tween observable and unobservable parts of the density
matrix (Fig. 6). Because only one 3Q coherence partici-
pates during #; to the signal, calculated sensitivity of
3QMAS is approximately half (S = 3/2) or one third
(S = 5/2) that of DQF-STMAS where both symmetrical
inner-STs are used (Fig. 6). One important conclusion
that can be deduced from Figs. 5 and 6, is that the best
sensitivity with original (not using the SPAM concept)
3QMAS and DQF-STMAS methods is observed with
PM (full-echo or full-antiecho) DQF-STMAS experi-
ments if irreversible T, effects can be neglected.

Figs. 5 and 6 represent the powder averaged CT
coherence, multiplied by /2 in PM experiments, that
can be observed at the time origin: #; = #, =~ 0 in 3QMAS
and t; = T and t, = R(S) Tk in DQF-STMAS. It must
nevertheless be reminded that in the previous calcula-
tions only first- and second-order quadrupole interac-
tions were introduced, that irradiations were always
assumed on-resonance, and that losses related to irre-
versible T, effects were neglected. However, in order to
fully compare sensitivities related to 3QMAS and
DQF-STMAS experiments, several other interactions
must be introduced. These interactions may decrease
either the efficiency of the transfers or the S/N ratio of
the 2D spectra by broadening their isotropic projections.
Moreover a complete comparison of the methods re-
quires taking into account two experimental specifica-
tions related to the spinning speed: the isotropic
spectral widths, and the minimum evolution time to
avoid truncation of the signal along the #; dimension.

3.3. Other interactions

It has been shown that MQMAS sensitivity decreases
when CSA becomes important [26]. In Fig. 7A, we have
represented the sensitivity that can be obtained in
3QMAS and DQF-STMAS on a spin S = 5/2, versus
the CSA amplitude for a fixed spinning speed. It can
be observed that the relative loss of sensitivity versus
CSA is much more critical in 3QMAS than in DQF-
STMAS experiments, especially for weak RF-fields.
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Fig. 7. S = 5/2: relative efficiency that can be observed: (B) versus vg
(no CSA), and (A) versus the total CSA line-width (o33 — a1;) with
ve=10kHz. #,=0, aligned quadrupolar and CSA tensors,
vo=130.3MHz, Cp=4.09MHz, nq=0.35. 3QMAS with RF
(HP) =50 kHz, and 100 kHz. In DQF-STMAS, both RF-fields give
nearly the same results.

The fact that STMAS-based methods are less sensitive
to CSA, is a large advantage when trying to analyze nu-
clei with large atomic number, especially at high mag-
netic fields.

Isotropic projections may be broadened by: (i) third-
order quadrupole interactions in STMAS [27], or by
cross terms of the quadrupole interaction: either (ii) with
CSA in STMAS [28], or with dipolar interaction with
(iii) a spin 1/2 in STMAS [21] or (iv) with another quad-
rupolar nucleus in MQMAS and STMAS [13]. These
line broadenings decrease the required minimum num-
ber of 7, steps, at the expense of the S/N ratio and the
isotropic resolution. Happily, broadenings related to
interactions (i, iii, and iv) decrease when increasing the
magnetic field because they are inversely proportional
to the Larmor frequency [21]. Actually, the main broad-
ening in all STMAS-based methods arise from short
Thgr values for ST coherences. Indeed, it has recently
been shown that during #; ST coherences in STMAS,
which are submitted to first-order quadrupole interac-
tions, are much more sensitive to molecular motions
that MQ coherences in MQMAS, which are only
submitted to second-order quadrupole interactions [29].

3.4. Isotropic spectral width and minimum evolution time

Because only second-order dephasings (¢q2) are refo-
cused by the STMAS sequence, it is mandatory in all
STMAS-based experiment to rotor-synchronize the evo-
lution time. In MQMAS it is highly recommended to do
the same for three reasons: (i) a small number of #; steps
are then used, thereby minimizing the acquisition time,
(ii) all sidebands are aliased onto the center band, thus
maximizing the S/N ratio and simplifying the interpreta-
tion of the spectra, and (iii) distortions with respect to
MAS spectra are minimized [30]. However, under rotor
synchronization, and for identical spinning speed, the
isotropic sheared spectral-width (in ppm) Fig. 8, so that
the minimum number of #; steps required to not truncate
the signal, are doubled in STMAS-based experiments
with respect to 3QMAS [5]. Thus, using half the spin-
ning speed in DQF-STMAS experiments provides the
same isotropic spectral width (in ppm) as with 3QMAS
with the same required minimum number of #; steps.
This argument for the spinning speed becomes a very
large advantage for DQF-STMAS when applied to
experiments performed at very large magnetic fields. In-
deed, in all 2D rotor synchronized experiments, the min-
imum rotor speed necessary to observe on one particular
sample the full frequency range in the indirect spectral-
width is proportional to the static magnetic field. This
means that STMAS experiments are well adapted to
very high-field spectrometers, as they require only half
the spinning speed required by rotor-synchronized
3QMAS experiment. In the latter case and especially
with very high-field spectrometers, this minimum speed
may sometimes be impossible to access, even with very
small rotor diameters and hence very small sample vol-
ume, in case of nuclei presenting large chemical shift
ranges.

In any case, it is well-known that the MQMAS sensi-
tivity decreases with increasing speed, especially for

ZHY0T

\ T b
-20 -40 ppm -20 -40 Ppm

Fig. 8. S=3/2: ¥Rb rotor-synchronized 2D spectra of RbNO;
described using the same unified ppm scaling. Hyper-complex z-filter
(A) 3QMAS, (B) DQF-STMAS. Echo/anti-echo and SPAME/ag
DQF-STMAS spectra are identical to (B). vy=130.9 MHz,
vg = 10 kHz. The isotropic spectral width in (A) is half that in (B),
thus leading to a folding of one of the resonances.
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S =3/2 in case of weak RF-field for hard-pulses [31].
This is not at all the case in DQF-STMAS (Fig. 7B),
where oppositely it slightly increases due to the fact
that the first FID, which is attenuated by ¢q, depha-
sings and T} losses, is recorded for smaller evolution
time (f; = 1/vg).

In the case of nuclei submitted to small or moderate
quadrupole interaction and large CSA (e.g., °'V), a very
fast spinning speed is often preferred to decrease the
number of ST sidebands along J,. All previous phenom-
enon (small Cy, large CSA, fast spinning speed) then
combine to decrease the sensitivity in 3QMAS. This is
not the case in STMAS where the sensitivity is less
dependent on the CSA (Fig. 7A) and the spinning speed
(Fig. 7B), and remains reasonable for small Cy, values
(Fig. 5). The sensitivity gain with respect to 3QMAS
may then be much larger than the factor of 2-3 that
was described in Fig. 6.

4. SPAM DQF-STMAS
4.1. Principle

Very recently, it has been shown that using after
HP, all quantum levels instead of a single one allows
doubling the echo and anti-echo signals in MQMAS
[14,15]. This concept has been referred to as soft-pulse
added mixing (SPAM). In SPAM-based experiments,
phases related to HP, and the following soft-pulse
must be fixed to +x to alias signals related to all
coherence levels in between these two pulses. They
have same or opposite signs according to whether the
global transfer for these two pulses is in between quan-
tum levels of opposite or identical signs, respectively.
This is completely opposite to original MQMAS or
STMAS experiments, for which all phases must be
cycled to select only one quantum level in between
the two pulses. When using SPAM, phases of other
pulses, and that of the receiver, are calculated by
assuming a 0Q level between HP, and the following
SP. The delay in between these two pulses must be
as short as possible to avoid dephasings for magnetiza-
tions not located on zero quantum level. Quantum
levels used during ¢, for the anti-echo pathway are
symmetrical with those used for the echo pathway,
which implies a change of sign for the phase of the
soft-pulse following HP,. It is therefore impossible to
record simultaneously the echo and anti-echo pathways
in SPAM-based experiments.

4.2. Optimization of echo and anti-echo pathways
We first analyzed the optimization of echo and anti-

echo signals observed when using SPAM into DQF-
STMAS method. Experimentally, we have recorded

the FID observed for the first #; = Tz step, and used
the following coherence transfer pathways correspond-
ing to the SPAM echo signal:

SPAME 00> —10(Tr — t;) — —20(tz) > all — —10(#,)
if §=3/2, (6)

SPAME 00 + 10(Tx — tz) — +20(tz) > all — —10(1,)
if §>3/2. (7)

For the theoretical optimization, we have calculated the
powder averaged final CT coherence observed with these
transfer pathways for #; = T and t, = R(S) Tr. For the
SPAM anti-echo (SPAMyg) signal, quantum levels in
between HP; and HP, have been changed in sign with
respect to Eq. (6,7). We have verified experimentally
(Fig. 9) and theoretically, (i) that optimized values for
HP, are always identical in all STMAS-based experi-
ments, (ii) that with SPAM, HP, lengths are always
optimal when the £2Q > 0Q transfer is maximal and
thus, are identical to their optimal values in z-filter
experiment, and (iii) that optimal values of the soft-
pulse just following HP, are always close to 9():, but that
this value is not critical (Fig. 9).

1 2 3 4 5
HP, (us)
T T T T T T T T T T
1 2 3 4 5
HP, (us)
10 20 30 40 50 60 70 80
SP, (us)

Fig. 9. S = 5/2: optimization of the ?’Al SPAM echo signal of AIPO,
berlinite: {0Q > 10 (Tr—t;) = 2Q (1) > all > —1Q (1,)} versus pulse-
lengths: HP,, HP,, SP,. RF-field amplitudes were: 108 kHz and
3300 Hz for hard-pulses and soft-pulses, respectively.



294 J.P. Amoureux et al. | Journal of Magnetic Resonance 175 (2005) 285-299

In a second step, for S=5/2 (*’Al), we have mea-
sured as a function of the second soft-pulse length
(SP,), the contribution on the final signal that can
be obtained from each quantum level involved in be-
tween HP, and SP (Fig. 10A). For the optimum pulse
length (30 ps) for the total SPAME signal, which cor-
responds to 107; (RF = 3300 Hz), we have also repre-
sented the three contributions arising through +10Q,
00, and —1Q levels observed when using either the
echo (Fig. 10B) or the anti-echo (Fig. 10C) pathway.
It can be verified that the sum of these three signals
is always equal (within a few percents) to the total
SPAM signal observed by aliasing signals coming
from all quantum levels. This means that transfers
of signals not located on 0Q or +£1Q levels after
HP, are negligible due to SP weak RF-field. More-
over, contributions from these three pathways are pro-
portional to 0.5, 0.4, and 0.1 (echo), and 0.2, 0.5, and
0.3 (anti-echo) for +1Q, 00, and —1Q levels, respec-
tively. Including SPAM into the pulse sequence more
than doubles the echo and anti-echo signals as com-
pared to that obtained with the z-filter experiment.
However, it must be noted that for identical experi-
mental specifications (RF-fields and spinning speed),
the total intensities observed with anti-echo pathway
is approximately 36% smaller than with echo pathway
(compare Figs. 10B and C).

SPAM concept may also be incorporated in the full-
echo (SPAM¢g) or full-antiecho (SPAMEgag) acquisition
schemes [12], which are depicted in Fig. 1F along with
the coherence orders selected (Fig. 1G):

SPAMEag : 00 10(t) — t;) — 20(t) > all

— 10(t+Rt)) = —10(1+ 1) if §=3/2,

(8)
SPAMFE : 0Q9 IQ(tl — tn) — 2Q(tn) >all — 1Q(‘C)
— —10(t+Rt; + 1) if S§>3/2. 9)

We have seen previously that the original (without
SPAM) DQF-STMAS versions of full-echo or full-anti-
echo experiments were approximately twice as efficient
as the z-filter versions (Fig. 5). However, the gain obtained
with SPAM for full-echo and full-antiecho sequences is
less than previously (ca. 2). This decrease of the SPAM
gain is related to the use of an additional soft-pulse
(= 90,), which implies that the 2Q > 1Q transfer is per-
formed indirectly in SPAM (through the 0, 10 levels),
whereas it is performed directly in the full-echo or full-
antiecho acquisition performed without SPAM (compare
Figs. ID-G). Globally, the efficiency obtained with these
SPAMEgg or SPAMEgar pathways (Eq. (8) and (9)) is only
1.4 larger (Fig. 11) than that obtained with SPAME, path-
ways (Eq. (6) and (7)). By taking into account the supple-
mentary attenuation factor of SPAMgg and SPAMEkg:
exp(—1/Thsr — T/ Ther), the maximum signal may thus
often be observed using the SPAMg pathway.

4.3. Intensities of 2D spectra
In z-filter experiments both echo and anti-echo path-

ways are collected simultaneously leading to a single
amplitude-modulated signal with respect to ¢;. This
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Fig. 10. S =5/2: ’Al SPAM signals of AIPO, berlinite. (A) Echo signals versus SP,. (B) Echo and (C) anti-echo spectra, for the echo-optimum
SP, = 30 ps pulse length. In the three figures (A-C), individual contributions of signals passing after HP, through the —1Q, 0Q, and +10Q levels are
shown, so that their sum and the total SPAM signal. vy = 130.9 MHz, vg = 10 kHz, RF-field amplitudes were: 108 kHz and 3300 Hz for hard-pulses
and soft-pulses, respectively. The two groups of selected spectra (B and C) are taken under “‘echo-SPAM optimal conditions”. This leads to reduced
(35%) anti-echo signal amplitudes. To balance the echo/anti-echo pathways, a slightly reduced value of SP, = 25 ps should have to be used.
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Fig. 11. S=5/2: SPAM DQF-STMAS efficiency of the echo
(0>1—>2>all—>—-1) and fullecho (0>1—->2>all->1--1)
pathways as a function of Cy(0-15 MHz), with RF (HP) = 150 kHz.
All other specifications as in Fig. 5.

leads to a frequency sign indiscrimination of the reso-
nances with respect to the carrier frequency along the
0, dimension. This problem is solved by using the hy-
per-complex [32] or TPPI [33] acquisition and data
treatment.

On the contrary, when using echo and anti-echo sig-
nals, the SPAM concept requires observing two separat-
ed phase-modulated signals, one for the echo and one
for the anti-echo pathways. This leads to the echo/an-
ti-echo method and data treatment (SPAMg/ag) in
which the real part of the final spectrum, is in pure
absorption mode [34]. As the data from which the final
spectrum is computed are phase-modulated with respect
to t1, frequency discrimination and phase corrections are
achieved in the J; dimension.

In liquids, the echo and anti-echo lead to almost sym-
metrical amplitudes, which is not the case in STMAS.
Due to this asymmetry, the anti-echo amplitude
decreases much faster than the echo. Consequently the
signal is mainly related to the echo pathway and the
number of indirect steps can be largely reduced in
echo/anti-echo experiments by collecting fewer anti-ech-
oes. One must also be reminded that in order to achieve
the same resolution in ¢;, hyper-complex method re-
cords each #; increment twice, one with sine and one
with cosine modulation [32]. TPPI and echo-antiecho
double the number of scans for each ¢, steps with re-
spect to other methods [35]. Therefore, the total number
of indirect steps is the same for all experiments (hyper-
complex, TPPI, echo/anti-echo) with same J; resolution
[35].

In Fig. 12, we have represented the isotropic projec-
tions that can be obtained on ¥Rb (S = 3/2) 2D spectra
of a well-crystallized test compound: RbNO;, which
presents three different ’Rb species all resolved in
the 2D spectra: Cp=1.79, 1.75, 1.99 MHz; nq = .55,
18, 91; Ocs=—-31.3, —26.6, —28.5ppm [36]. The

-20 -25 -30 ppm

Fig. 12. S = 3/2: isotropic projection (with unified ppm scaling [5]) of
87Rb 2D sheared spectra of RbNO;. Hyper-complex z-filter spectra:
3QMAS (A) and DQF-STMAS (B). DQF-STMAS spectra: echo/anti-
echo (C) and SPAMEg/ag (D). vo =130.9 MHz, vg =10 kHz. The #
noise can easily be observed in spectra (B-D).

experiments were carried out on a Bruker Avance
400 MHz spectrometer at 9.4 T (vo = 130.87 MHz) with
RF-field amplitudes of 120 and 5 kHz for hard- and
soft-pulses, respectively. Fig. 12A is the result from a
z-filter 3QMAS experiment, Fig. 12B is the result from
a z-filter DQF-STMAS experiment, Fig. 12C is the re-
sult from an echo/anti-echo DQF-STMAS acquisition,
and Fig. 12D is the result from SPAMg,ng DQF-
STMAS sequence of Fig. 1A and C. All experiments
were rotor-synchronized during ¢, (vg =10 kHz) and
took the same amount of time. The very large sensitivity
gain, with respect to MQMAS experiments, that is often
encountered in all STMAS-type experiments is easily
observable by comparing spectra displayed in Figs.
12A and B. In the case of rubidium sulfate, it has even
been reported a sensitivity gain as large as 9.2 [22]. In
addition to this very large sensitivity another specifica-
tion can be observed in all STMAS-based spectra (Figs.
12B-D): the large increase of the noise level with respect
to MQMAS experiments (Fig. 12A). This “#; noise,”
which comes from the small spinning speed fluctuations
(1-2 Hz) (Fig. 4A), is only visible on the isotropic pro-
jections (J;,) and not onto the anisotropic MAS projec-
tions (d») [13]. By comparing Figs. 12B and C, it can be
observed that both methods (hyper-complex and echo/
anti-echo) give the same sensitivity, but that the latter
one increases the noise level by a factor /2. This is
due to the fact that the echo and anti-echo signals must
then be acquired separately in echo/anti-echo method
instead of simultaneously in z-filter experiment. The
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low noise level as well as the robustness of the experi-
ment are the two main reasons that explain why the
z-filter approach is at the moment the most frequently
used MQMAS method. It must be noted that, in spite
of the fact echo and anti-echo sensitivities are slightly
different in SPAM (Fig. 10), dispersive parts are invisible
on the 2D SPAM spectra (Fig. 8). There are two ways to
decrease these dispersive parts, either by using two dif-
ferent SP, lengths for the echo and anti-echo acquisi-
tions, or by slightly scaling the anti-echo FIDs.
Indeed, in Fig. 10, the echo-optimum SP, lengths
(30 ps) has also been used for anti-echo acquisition.
When the anti-echo optimum SP, length (25 ps) is used
for the anti-echo acquisition, the balance is much better.
Of course, this requires optimizing one additional SP,
pulse-length. In the case of perfectly crystallized com-
pounds with close resonances, this may not still be suf-
ficient for resolution purpose, and an a posteriori
scaling of the anti-echo FIDs may also have to be used.
This very small scaling, which only changes the disper-
sive signal and not the absorption part, does not change
the S/N ratio as only very few anti-echo f; steps are
not zero-filled. By comparing Fig. 12B-D, the signal
enhancement obtained in DQF-STMAS experiments
with SPAMg/ag over the z-filter and echo/anti-echo
methods is by a factor of 2. However, for the same
experimental time, the signal can still be increased by
recording only a few FIDs for the anti-echo pathway
and zero-filling all other FIDs to decrease the noise. In-
deed, due to the negative, — R(S), slope of the anti-echo
signal in the time domain, the contribution of the anti-
echo pathway to the signal becomes negligible, if not
non-existent, after a few #; steps, particularly for sam-
ples having short homogeneous T, time constants or
submitted to large quadrupole interactions and/or
distribution of surroundings. Therefore, long #; steps
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correspond to longer experimental times and to an in-
crease in noise only. The signal is then proportional to
the number of scans accumulated for each f; increment.
Since the experimental time and hence the total number
of scans are the same, the noise level remains identical in
all echo/anti-echo spectra, whatever the number of
recorded anti-echo ¢; slices be. An easy way to even dou-
ble the signal and the S/N ratio with respect to Fig. 12D
(SPAME/AE) is to avoid recording any anti-echo FID,
and to zero-fill them. With respect to Fig. 12D, we gain
an additional factor of two for the signal (not shown),
which then becomes 18 times larger than with the z-filter
3QMAS experiment. However, this additional doubling
of the S/N ratio is obtained at the expense of a small
amount of additional dispersive signal. It must be kept
in mind that even with the z-filter experiment, a disper-
sive signal is often observed, especially in case of sample
with multiple sites with large differences in the quadru-
polar strengths. Its amount increases with the second-
order quadrupole interaction, with off-resonance
irradiation, and also with decreasing RF-field. Disper-
sive signals are invisible on the projections, because their
intensities integrated over F; or F, are null. However,
they may limit the resolution of 2D spectra for well-crys-
tallized compounds with narrow and close resonances.
A complete description of the experimental setting up
of STMAS-based experiments has already been done
extensively several times (e.g. [13,18,21]). In the caption
of Fig. 13, the phase-cycling for the SPAMg/ag
DQF-STMAS experiment is provided. However, the
most-important part of the SPAMga g MQMAS [15]
and SPAMg/ag DQF-STMAS experiments remains
the software required to acquire and process the data,
so that to perform the shearing process and introduce
the unified ppm scaling [5]. This software will be soon
available on the Bruker web site.
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Fig. 13. S =5/2: 70 sheared 2D spectra of Nb; 1P ,015. (A) SPAME/ag 3QMAS recorded in 64 h, without any anti-echo ¢ slice. (B) Hyper-
complex z-filter DQF-STMAS recorded in 17 h. (C) SPAMg/ag DQF-STMAS recorded in 17 h without any anti-echo #; slice. vo = 54.2 MHz,
vg = 12 kHz. The isotropic spectral width in (A) is half that in (B and C), thus leading to a folding of one of the resonances. In >’Al SPAMg /s
DQF-STMAS, we have used the following phase cycling: HP; = x, y, —x, —y; SPy =x*4, y* 4, —x x4, —y x 4; HP, = 0; SP, = x (E) or —x (AE);
receiver phase: E= —HPI — SP1 + 2HP2 + SPZ = —le —SPI, AE = HP] + SP] - 2HP2 + SP2 = HP] + SP] + SP2
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4.4. Utilization on distributed samples

In the previous sections, we have demonstrated theo-
retically and experimentally on well-crystalline test
samples, the advantages of using SPAMg/ag with the
DQF-STMAS method, especially in its truncated
version. To demonstrate practically this advantage, we
have used the SPAMg,ag method to record 70 DQFE-
STMAS spectra on an '"O-enriched distributed powder
sample of formula Nb; 9P, g,0;,. This material crystal-
lizes in the orthorhombic system, with Pbcn space group,
and at room temperature its lattice parameters are as fol-
lows: a = 12.0819 A [37], b = 8.6848 [37], ¢ = 8.7452 [38].
The basis structure consists of a 3D framework of the
Scy(WOy);3 type, with sharing corners NbOg octahedra
and POy tetrahedra, leading theoretically to the formula
Nb,P3;0;,. When perfectly crystallized without any
vacancies, this sample presents six different oxygen sites,
two different phosphorus sites and a single niobium site
(with oxidation number of 5). However, due to our prep-
aration method, the actual formula of the sample we
have used is slightly different consequently to both Nb
and P vacancies. Zah-Letho et al. [37,38] have showed
that the occupancies of Nb and P are then respectively
equal to 95.5 and 94%, leading to the formula
Nb; 91P5.8,01> [38]. The presence of these vacancies im-
plies a large distribution of surroundings in our sample.

This compound was synthesized starting from the
commercial products (NH4),HPO,4 and Nb,Os, which
were mixed and finely crushed. The mixture was heated
in a platinum crucible, in air, up to 360 °C, and hold at
this temperature for 30 h. The heating rate must be at
least 2 K/min, to prevent the formation of significant
amounts of Nbz(NbO),(POy); [37]. After cooling, the
product was washed repeatedly with water, ethanol,
ether, and acetone in turn, to remove the excess phos-
phorus oxide, and then dried in an oven at 100 °C before
final heating at 400 °C for 15 h. The product is a white,
finely divided, crystalline powder [38]. For the prepara-
tion of our sample for NMR experiments, the
Nb; ;P> 50> material was '"O-enriched in an oven
(constant humidity rate), starting from water '’O-en-
riched. We estimate the '’O enrichment level to be infe-
rior to 30%.

We will now use this sample to show the interest of
using SPAM methods for samples presenting a very
weak NMR signal. Fig. 13 shows three '"O 2D spectra
recorded on this compound: hyper-complex :z-filter
DQF-STMAS (B), and only echo SPAMg/ag (With
zero-filled anti-echo FIDs) 3QMAS (A) or DQF-
STMAS (C). We used a Bruker Avance-400 spectrome-
ter, the Larmor frequency was vy= 54.2 MHz, the
spinning speed vg = 12 kHz, and the RF-field approxi-
mately 100 and 5 kHz for the hard- and soft-pulses,
respectively. We tried unsuccessfully to record a z-filter
3QMAS spectrum on this compound; after several days

we observed only noise. We were then able to obtain a
decent 3QMAS spectrum in 64 h by using the SPAM
concept (Fig. 13A). However it must be noted that due
to insufficient spinning speed, the isotropic spectral
width was too much limited and the narrow resonance
observed at 6, = 50 ppm was folded at ;5o = 250 ppm.
We then recorded a spectrum with hyper-complex z-fil-
ter DQF-STMAS (Fig. 13B). The S/N ratio was worse
than previously, but the spectra was acquired in 17 h
instead of 64 h. It is very important to note that the
isotropic spectral width is doubled in DQF-STMAS
and hence is then quite sufficient for frequency spread
along J;s,. This problem of insufficient spinning speed
should still be more critical by recording the 2D spectra
at higher magnetic fields. When using the SPAM con-
cept, the S/N ratio became very good, even with only
17 h of accumulation (Fig. 13C). As can be observed
by comparing the three spectra, even without recording
any 1, slice, the dispersive parts are nearly undetectable
on the SPAMEg/ag spectra, due to the broadness of the
resonance. Thus, by using simultaneously the DQF-
STMAS method and the SPAM concept, spectra that
are completely invisible with the z-filter 3QMAS spectra
become easily observable. It must noted that there is no
“t; noise” observed in Figs. 13B and C. This is due to
the fact that this “z; noise” is proportional to the signal,
which is weak in this case. Contrary to what is observed
in Fig. 12, it is therefore embedded in the thermal noise.

5. Conclusion

The DQF-STMAS method is a very promising meth-
od. Contrary to previous STMAS methods, it allows a
much simpler optimization of all experimental parame-
ters, directly on the FIDs. With respect to MQMAS, this
method presents the great advantage of a much larger
sensitivity, which is moreover less dependent on the
spinning speed and on CSA. In addition, to cover the
full isotropic spectral width, the method needs only half
the spinning speed required by 3QMAS, which is anoth-
er great advantage especially at very high-magnetic
fields. There are however two technical limitations relat-
ed to all STMAS-based methods: they require a perfect
adjustment of the magic angle and a perfectly stable
spinning speed. Independently of their respective techni-
cal advantages and limitations, the two methods are in
fact complementary as their comparison allows deduc-
ing species that are submitted to motions or that are
close to mobile nuclei (e.g., water molecules) [29].

The SPAM principle (adding constructively several
pathways instead of using a single one), is a simple but
efficient idea. It can be used with echo/anti-echo
(SPAMg/aE), or full-echo (SPAMEg if S > 3/2), or full
anti-echo (SPAMpgag if S = 3/2) methods. However,
by taking into account the fact that there is an addition-
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al loss factor (exp(—1/Tht — 7/ Thcr)) for the SPAMpg
and SPAMgag experiments, and also the fact that an
additional S/N gain close to 2 can be obtained with
SPAME/ g experiments recorded with few anti-echo ¢,
slices, SPAMg/ag may often be more efficient than
SPAMEg or SPAMEag experiments. SPAMEg,ag largely
increases the S/N ratio of DQF-STMAS experiments,
especially in the case of distributed samples where no
or very few anti-echo ¢, slices are necessary. It presents
the great advantage of being robust and being for the
users completely identical to the previous :z-filter
DQF-STMAS method (two hard-pulses and two (m;
and n,/2) soft-pulses) as only the phase cycling differs.
This means that its experimental optimization is very
simple and only concerns the two hard-pulse lengths
(their RF-amplitude being set at its maximum), and thus
can be used on samples with a low sensitivity (e.g., low
gamma nuclei). The main advantage of the SPAMEg/ag
method, over z-filter, results partly from the fact that
only few anti-echo #; steps need to be recorded without
affecting the broad 2D resonance line shapes in distrib-
uted samples. As an example, on glasses it has been
our experience that no, or less than five, anti-echo ¢, slic-
es are necessary to obtain 2D SPAMEg/ag spectra with-
out any detectable dispersive signals. The SPAM
principle can be combined with other solid-state NMR
tools for further S/N enhancement, such as initial pre-
saturation [39,40] and a posteriori echo CPMG recycling
[41]. Indeed, the latter tool leads to a large S/N gain
when homogeneous transverse relaxation is much small-
er than the inhomogeneous one [42].

After, this article was sent for publication, we have
been aware of a new method concerning SPAM-
MQMAS [43], which may a priori also be used for
SPAM-STMAS. Similarly to the way proposed by
Gan and Kwak [14], this article combines for MQMAS
the multiplex phase cycling method [44], with the SPAM
concept. The main difference between the two proposals
is that the multiplex approach is introduced either only
after the second hard-pulse [14], or also before this pulse
[43]. In both cases, S/N gains with respect to z-filter are
similar (ca. 1.7 for 3QMAS) but smaller than with
SPAM-3QMAS (ca. 3) [15], however dispersive parts
are then perfectly cancelled. According to the fact that
the main purpose is to increase either the resolution,
or the S/N ratio, multiplex hyper-complex [14,43] or
echo/anti-echo [15] SPAM methods should hence be
used.
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