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Abstract

The very broad resonances of quadrupolar (spin I > 1/2) nuclei are resolved by magic angle spinning (MAS) into a large number
of spinning sidebands, each of which often remains anisotropically broadened. The quadrupolar interaction can be removed to a
first-order approximation if the MAS NMR spectrum is acquired in a rotor-synchronized fashion, aliasing the spinning sidebands
onto a centreband and thereby increasing the signal-to-noise ratio in the resulting, possibly second-order broadened, spectrum. We
discuss the practical aspects of this rotor-synchronization in the direct (#,) time domain, demonstrating that the audiofrequency fil-
ters in the receiver section of the spectrometer have a significant impact on the precise timings needed in the experiment. We also
introduce a novel double-quantum filtered rotor-synchronized experiment for half-integer spin quadrupolar (spin I = 3/2, 5/2, etc.)
nuclei that makes use of central-transition-selective inversion pulses to both excite and reconvert double-quantum coherences and
yields a simplified spectrum containing only the ST (m; = 4 1/2 <> =+ 3/2) satellite-transition lineshapes. For spin /= 5/2 nuclei,
such as '70 and 2"Al, this spectrum may exhibit a significant resolution increase over the conventional central-transition spectrum.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

NMR spectra of powdered solids are often dominat-
ed by very large anisotropic broadenings arising from
dipolar, chemical shift and, for spin 7> 1/2 nuclei, quad-
rupolar interactions [1]. The most widely adopted ap-
proach to improving resolution in solids is to suppress
the first-order effects of these interactions using magic
angle spinning (MAS), i.e., rapid rotation of the powder
about an axis inclined at an angle y = 54.736° to the
external magnetic field [1,2]. To remove first-order
broadenings completely, the MAS rate must be much
greater than the magnitudes of the relevant anisotropic
interactions [2,3]. Spinning rates of up to 35 kHz are
currently achievable on typical commercial probes and
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are sufficient to suppress many dipolar and chemical
shift interactions. For spin > 1/2 nuclei, however, the
quadrupolar interaction is usually dominant and may
produce anisotropic broadenings up to several MHz
[4]. In cases, where the MAS rate is slower than the mag-
nitude of the interaction, an “inhomogeneously broad-
ened” powder lineshape is split up into a series of
spinning sidebands, equally spaced at the spinning fre-
quency [1,3].

For spin 7> 1/2 nuclei with half-integer spin quan-
tum number I, the quadrupolar interaction results in
two distinct types of single-quantum transition [4].
The frequency of the central transition (or CT),
m;=~+1/2 < —1/2, is not perturbed by the quadrupolar
interaction to a first-order approximation. However,
the frequencies of the satellite transitions, ST; with
my==+1/2 - £ 3/2, ST, with m;=4+3/2 < +5/2,...,
etc., show a strong dependence upon the quadrupolar
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interaction. In a frame rotating at the Larmor frequen-
cy, vo the frequency of a single-quantum transition
my==x(q— 1)< g, with ¢ =1/2, 3/2, 5/2, ..., etc.,
is given, to first order, by [5]

W = +(2q — 1)vSd3 (0), (1)

+(g—1)oq
with the quadrupolar splitting parameter
voS = 3e’qQ/41(21 — 1)h. (2)

Axial symmetry of the quadrupole tensor (7 =0) has
been assumed for simplicity here. The angle 6 describes
the orientation of the principal axis system (PAS) of the
quadrupole tensor in the laboratory frame. In a pow-
dered solid, this orientational dependence results in a
large anisotropic broadening of the satellite transitions.
This can be seen in Fig. 1A, a computer-simulated spin
I=13/2 powder lineshape. The central transition, with
g = 1/2, is narrow, whilst the satellite transitions, with
g = 3/2, are broadened. Fig. 1 also shows the effect of
MAS upon this lineshape. The satellite transitions split
into a series of sharp spinning sidebands, equally spaced
at the spinning frequency (10 kHz in Fig. 1B and 20 kHz
in Fig. 1C), with intensities that, at slow MAS rates, re-
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Fig. 1. Spin I = 3/2 powder-pattern NMR lineshapes, simulated with
Co= equ/h = 0.4 MHz and n = 0.0, under (A) static and (B and C)
MAS conditions, with MAS rates, vg, of (B) 10 kHz and (C) 20 kHz.
Central and satellite transitions are indicated by CT and ST,
respectively.

flect the static lineshape. These spinning sidebands have
been used to obtain accurate quadrupolar parameters in
systems with moderate quadrupolar couplings [6].

When the magnitude of the quadrupolar interaction
is large, the spectrum can no longer be described solely
in terms of the first-order approximation and consider-
ation of the second-order contribution to the energy lev-
els is required [4,5]. The frequency of a single-quantum
transition becomes the sum of first- and second-order
terms [5]

_ 2
Vi(g-1)otg = V(g 1)otq T Vi(g-1)otq (3)
with, assuming n =0,
2
Vi(g-1)etg
(ngs)2 0 > > 4 4
= {1, q) + A1 )3 (0) + 4 (1, @)} (0) }.

(4)

The spin-dependent coefficients A4’ (1, ¢) can be found in
the literature [5]. The second-order quadrupolar correc-
tion to the transition frequency,v(iz()q_l)H +q» Which affects
all transitions, can be seen to consist of both an isotropic
shift (proportional to A4°(I,¢)) and an anisotropic
broadening (with both rank /=2 and /=4 terms).
The second-order quadrupolar interaction is much
smaller than the first-order interaction as it is propor-
tional not to v, but to (ngs)2 /vo, where usually
ngS < V.

Owing to its more complex angular dependence, sec-
ond-order quadrupolar broadening cannot be removed
completely by MAS alone [4,5]. If MAS is assumed to
be infinitely fast, both anisotropic first-order and /=2
second-order broadening are removed, but the / = 0 iso-
tropic shift and the / = 4 broadening remain. The MAS-
averaged single-quantum transition frequency then
becomes [5]

(Vi(g-1)otq) Mas
(VPAS)2 O
=LA, q) + A (1 q)dy o (B)d (1 = 54.736°) |,

(5)

where f describes the orientation of the quadrupolar
PAS in a rotor-fixed frame. This results in an anisotrop-
ically broadened lineshape such as that shown in
Fig. 2A, a spin I =5/2 central-transition powder line-
shape. In principle, at infinitely high spinning rates, sim-
ilar lineshapes will also be obtained for the spin I = 5/2
satellite transitions, ST (¢ = 3/2) and ST, (¢ = 5/2), but
with differing isotropic and anisotropic contributions
given by the respective coefficients 4’(1, ¢) [6,7]. In prac-
tice, however, the magnitude of the first-order quadru-
polar broadening ensures that MAS rates are slow
relative to the anisotropic linewidth and the numerous
satellite-transition  spinning  sidebands  described
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Fig. 2. Spin 7=5/2 MAS NMR lineshapes simulated (assuming
infinitely fast MAS) with Co = 3.0 MHz, n = 0.5 and v, = 100 MHz.
Central and satellite transitions are indicated by CT, ST, (for ¢ = 3/2)
and ST, (for g = 5/2), respectively. In (A), only the central-transition
lineshape is present, whilst the spectrum in (B) is that which would
result from a rotor-synchronized acquisition, with all three transitions
present with significant intensity. In (C), the spectrum contains only
the ST, satellite-transition lineshape, as would result from a double-
quantum filtered rotor-synchronized acquisition.

previously will be obtained, with each sideband exhibit-
ing a second-order powder lineshape [6].

It is possible to remove fully the first-order broaden-
ing at slower spinning rates through the use of rotor-
synchronization. In the time domain this involves the
acquisition of data in concert with the rotor period,
thereby sampling only the tops of the rotary echoes.
Or alternatively, considered in the frequency domain,
the spectral width is chosen to be equal to the spinning
frequency, vg, resulting in the “folding” or “aliasing” of
spinning sidebands onto the centreband as a conse-
quence of the Nyquist theorem [8]. The spectrum which
would result from such a synchronized acquisition is
shown in Fig. 2B, simulated for a spin I = 5/2 nucleus.
Three distinct lineshapes are now observed, the central
(CT) transition and two satellite transitions (ST; and
ST,), each broadened only by the second-order quadru-
polar interaction. In addition to exhibiting inherently
different intensities, each lineshape also possesses a dif-
ferent isotropic shift and anisotropic broadening, reflect-
ing the differences (in both sign and magnitude) of the
A°(5/2, g) and A4*(5/2, gq) coefficients, respectively [5,7].

In particular, the anisotropic broadening associated
with the spin = 5/2, ¢ = 3/2 satellites (ST,) is particu-
larly small, with 4*(5/2, 3/2) =(7/24) 4*(5/2, 1/2),
resulting in a narrow linewidth compared with the cen-
tral transition. This can result in increased resolution
when more than one crystallographically distinct species
is present, even in amorphous/disordered solids where
the resonances are often broadened by a distribution
of the quadrupolar interaction.

This increase in resolution for the specific case of spin
I=5/2 ST, satellite transitions has been widely exploit-
ed in the literature [7,9,10] and the method has been
dubbed ‘‘satellite-transition spectroscopy’” (SATRAS)
[9]. It is possible to look at an individual satellite-transi-
tion spinning sideband to resolve, or partially resolve,
distinct species which may be overlapped in the conven-
tional central-transition lineshape. However, consider-
ation of only one of the many satellite-transition
spinning sidebands results in an inherently low sensitiv-
ity, estimated to be an order of magnitude lower than
that of the central-transition MAS lineshape [9]. Fur-
thermore, when second-order quadrupolar interactions
are present, the lineshape obtained for an individual
sideband is not necessarily representative of the true “in-
finitely fast MAS” powder-pattern lineshape [3,6]. In
contrast, when all sidebands are aliased in a rotor-syn-
chronized experiment, sensitivity may be significantly
improved and the ideal lineshape obtained.

Although of particular interest for spin I =15/2 ST,
satellites, the more general study of satellite-transition
lineshapes is also of importance. They provide an addi-
tional, independent measurement of the isotropic chem-
ical shift and quadrupolar parameters owing to their
different isotropic and anisotropic contributions [9].
Furthermore, they are affected by a number of high-or-
der interactions (such as quadrupolar-shielding cross-
terms [11]) differently to the central transition and also,
owing to the large magnitude of the first-order quadru-
polar interaction, they may display increased sensitivity
to dynamics [1,3,12]. In many cases, their study may be
greatly facilitated by the use of a rotor-synchronized
experiment where an undistorted lineshape with moder-
ate sensitivity is obtained.

Rotor-synchronization in the directly acquired, or #,,
time domain is more difficult to achieve than in an indi-
rectly acquired time domain, such as the 7; dimension of
a two-dimensional experiment. Here, we describe the
practical aspects of direct rotor-synchronized acquisi-
tion, discussing problems such as the need for very pre-
cise timings in the experiment and the effects of the
audiofrequency filters. Additionally, for half-integer
spin quadrupolar nuclei, we describe a new experiment
which makes use of a double-quantum filter [13] to ac-
quire a rotor-synchronized spectrum that contains signal
from the ST, satellite transitions only. Although much
information is contained in rotor-synchronized MAS
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spectra containing all transitions, the overlap of reso-
nances (particularly that of the ST; and CT lineshapes)
or the high MAS rate required to obtain all transitions
simultaneously may restrict their applicability. The
acquisition of a spectrum containing only ST, satellite
transitions is then able to simplify the problem of
extracting useful information.

2. Practical aspects of direct rotor-synchronization

The use of rotor-synchronization in an indirectly ob-
served time domain, for example, in the #; dimension of
a two-dimensional experiment, is reasonably straightfor-
ward and is employed in many different types of exper-
iments. For example, indirect rotor-synchronization of
satellite-transition spinning sidebands is crucial to the
success of the two-dimensional satellite-transition
MAS (STMAS) experiment [14] used to obtain high-res-
olution NMR spectra of quadrupolar nuclei with half-
integer spin. It has also been employed to improve both
the sensitivity and lineshapes in multiple-quantum MAS
(MQMAS) spectra [15,16] and in ’H MAS spectroscopy
[17-19]. Such synchronization is achieved by setting the
duration of the #; increment equal to the rotor period
(tr = 1/vR), thereby aliasing all sidebands onto a centre-
band and resulting in a spectral width in F; which is
equal to the spinning rate vg. Care should be taken to
ensure that the finite durations of the pulses that bracket
the 7, period are taken into account by altering the ini-
tial ¢#; duration to ensure that the first point (in #;) is ac-
quired at the top of a rotary echo [5]. This is of great
importance for experiments involving quadrupolar nu-
clei, particularly for transitions broadened by the first-
order quadrupolar interaction, where the rotary echoes
are very sharp [5].

Rotor-synchronization in the directly observed time
domain is significantly more difficult to implement.
Many important practical aspects, however, remain
the same. For example, accurate rotor-synchronization
always requires a stable MAS rate, as any fluctuations
result in a broadening of the signal [5,16]. With modern
equipment, spinning rate control to within +2 Hz is rou-
tine and equipment with even greater precision
(£0.2 Hz) has been demonstrated [20]. In addition, the
spinning angle must be set precisely to the magic angle
to remove the dipolar, CSA, and quadrupolar (first-or-
der and / = 2 second-order) broadening completely. This
is of particular importance, once again, for the large
quadrupolar interaction, where a small misset in the
spinning angle may result in the introduction of a signif-
icant broadening or splitting into the spectrum [5,14].
The magic angle can be set with reasonable ease (using
Br NMR of KBr or >*Na NMR of NaNOs, for exam-
ple) to an accuracy of a few hundredths of a degree,
although it should be noted that a substantially higher

accuracy (to within +0.003°) is required for the high-res-
olution STMAS experiment [5,14]. For the experiments
described here, where the lineshapes observed are also
affected by significant second-order quadrupolar broad-
ening, the accuracy achieved using conventional angle-
setting methods, such as ”’Br NMR of KBr, may be
sufficient. Finally, it should be noted that the acquisition
of data in concert with the rotor period restricts the ob-
servable spectral width to 1/tg, or the spinning frequen-
cy, vr. If lineshapes are particularly broad or if distinct
lineshapes are well separated, problems may be encoun-
tered at low spinning rates, with the centreband spec-
trum itself folding or aliasing. The rotor-synchronized
spectrum may also be difficult to phase as a result of
the relatively long interval (~tg) between the end of
the pulse and the first data point. The use of fast
MAS rates, therefore, is a distinct advantage.

The difficulties with direct rotor-synchronization, or
perhaps more specifically the differences to that per-
formed in an indirect manner, originate with the pres-
ence of audiofrequency filters in the receiver section of
the spectrometer. The radiofrequency signal from the
probe is converted to the audiofrequency range and then
digitized by the analogue-to-digital converter (ADC),
with the sampling rate determined by the desired spec-
tral width [21]. The highest frequency which can be char-
acterized by a particular sampling rate is known as the
Nyquist frequency [8]. As described previously, frequen-
cies outside this range are still detected but appear at
false positions, i.e., they are aliased. Whilst this is a pre-
requisite for the rotor-synchronized experiments de-
scribed here, it would be a major disadvantage if all
possible frequencies were aliased in this manner. In
addition to the true NMR signals, we would also digitize
a virtually infinite amount of white noise, containing an
essentially unlimited range of frequencies. To avoid this
it is necessary to limit the electrical bandwidth of the
spectrometer by using a (variable) analogue bandpass
filter after conversion but before digitization [21]. The
adjustment of the bandwidth of such a filter is often per-
formed automatically by the spectrometer software
upon selection of the desired spectral width. In addition
to analogue filters, it should be noted that many modern
spectrometers now also possess digital audiofrequency
filters, which operate on digitized data after both con-
version and sampling. Digital filtration is a very efficient
way of removing the unwanted aliased noise from the
spectrum, with the edges of the filter very sharply de-
fined (unlike many analogue filters). However, currently
many digital filtration systems place limitations upon
the highest sampling rates that may be employed and
hence upon the maximum spectral frequencies detected.
For rotor-synchronized experiments involving quadru-
polar satellite transitions the frequency ranges required
are often very large, usually necessitating the use of only
the analogue filters.
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The presence of audiofrequency filters has a signifi-
cant effect upon the NMR signal, shifting the apparent
time origin of the free induction decay (FID). Fig. 3A
shows, schematically, the pulse sequence, FID and data
sampling for a direct rotor-synchronized experiment.
After an initial pulse of duration pl, a series of rotary
echoes are observed separated by the rotor period tg.
The dwell time (or sampling period), Tgwen, 1S set equal
to g, with a data point taken at the peak of every rotary
echo. To ensure that the first data point (and, therefore,
all following data points) are acquired at the exact point
at which the echo occurs, the free-precession duration
Topt Must be optimized experimentally. By analogy with
rotor-synchronization in the indirect dimension [5], we
would take account of the finite pulse length by selecting
Topt = TR — %‘. However, although successful in indirect
rotor-synchronization, this may result in little or no sig-
nal when direct rotor-synchronization is performed.
Fig. 4A shows a series of rotor-synchronized ®Rb
(I=3/2, vy=1309MHz) MAS NMR spectra of
RDbNO; as a function of the time 7. The spinning rate
is 20 kHz, resulting in a rotor period, tg, of 50 us. A
pulse duration, pl, of 1.5 us has been employed. With
Topt = TR — %1 =49.25 ps, only the central-transition sig-
nal (a signal with no significant spinning sidebands) is

observed. Only when 7, is increased does the satel-
lite-transition signal appear, with the maximum signal
obtained when 7., ~ 50.75 ps, where the intensity of
the satellite-transition peak is greater than that of the
central transition. At this point, acquisition is truly syn-
chronized with the rotor, with data sampling occurring
at the top of every rotary echo, enabling all sidebands
to be folded accurately onto the ST centreband. This
can be seen in Figs. 4B and C, where a conventional
8’Rb MAS spectrum (acquired using a digital filter)
and a rotor-synchronized ¥Rb MAS NMR spectrum
(Topt = 50.75 ps) of RbNO; are compared. In the first
case, only the central-transition lineshape (resulting
from the overlap of signal from the three crystallograph-
ically distinct Rb species [22]) appears with significant
intensity, although the centreband of the satellite-transi-
tion spinning sidebands is just visible. When the acquisi-
tion is accurately rotor-synchronized both central and
satellite transitions appear with good intensity.

It is apparent from Fig. 4 that the audiofrequency fil-
ter has shifted the apparent time origin of the FID,
requiring 7., to be longer than predicted to truly ro-
tor-synchronize the acquisition. This shift arises from
the removal of high frequency components in the FID
and is found on all NMR spectrometers. The shift

A pl
2,
oo R R
Data T A T A T Iy
sampling opt dwell dwell
p=0
-1 R
B 1
2.
Lo R TR
T4 p2 To p2
Data E T & T A T 'y
sampling opt dwell dwell
p=0
—1 R
—2

Fig. 3. Pulse sequences and coherence-transfer pathway diagrams for (A) a conventional MAS and (B) a double-quantum filtered MAS NMR
experiment, both with rotor-synchronized acquisition in the direct time domain. Data sampling coincident with the rotary echoes is shown
schematically. A phase cycle for the sequence in (B) is suggested in Table 1.
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Fig. 4. ¥Rb (I =3/2, vy = 130.9 MHz) MAS NMR of RbNO;. (A) A
series of rotor-synchronized MAS spectra recorded using the pulse
sequence in Fig. 3A, as a function of the interval 7op. (B) A
conventional MAS spectrum recorded without rotor-synchronized
acquisition. (C) A rotor-synchronized MAS spectrum recorded using
the pulse sequence in Fig. 3A with 7., = 50.75 ps. In each case, the
MAS rate was 20 kHz, pl = 1.5 ps (optimized for CT excitation), and
960 transients were averaged with a recycle interval of 0.25 s. In (A and
C), the bandwidth of the analogue filters was 1.25 MHz. In (B), digital
filtration was employed. The ppm scale is referenced to 1 M RbNO;
(aq).

observed is expected to be approximately equal to the
inverse of the filter bandwidth. This results in an opti-
mized time Top = TR — %1 + 1., where, for a filter width
of 1 MHz, 7, is of the order of 1 us. Although 7, is very
short, for rotor-synchronization of the first-order quad-
rupolar broadened satellite-transitions its inclusion is
crucial to the success of the experiment.

The choice of filter bandwidth is also of importance
for the sensitivity of a directly acquired rotor-synchro-
nized experiment and is often a compromise between

A x10
B FW =
0.125 MHz
x10
-
C
FW =
0.625 MHz

ST4

FW =
1.25 MHz

3 (ppm)

Fig. 5. 2TA1 (I=5/2, vy=104.3MHz) MAS NMR spectra of
Al(acac);. (A) A conventional MAS spectrum recorded without
rotor-synchronized acquisition. (B-D) Rotor-synchronized MAS spec-
tra recorded using the pulse sequence in Fig. 3A. In each case, the
MAS rate was 20 kHz, pl = 1.0 ps (optimized for CT excitation), and
1200 transients were averaged with a recycle interval of 1.0s. The
spectrum in (A) was acquired with digital filtration whilst analogue
filters with bandwidths, FW, of 0.125, 0.625, and 1.25 MHz were
employed in (B-D), respectively. The interval 7., was (B) 57.5, (C)
51.5, and (D) 50.75 ps. The noise level is shown inset. The ppm scale is
referenced to 1 M Al(NOs); (aq).

the amount of signal and the amount of noise folded
into the spectrum. Fig. 5A shows a *’Al (I=5/2,
vo = 104.3 MHz) MAS NMR spectrum of aluminium
acetylacetonate. This material possesses only a single
distinct Al species with Cq = ¢*q0/h =3.0 MHz and
n = 0.15[23]. The spectrum in Fig. SA has been acquired
with digital filtration (with, therefore, no aliasing of
either NMR signal or noise) and contains a second-or-
der broadened lineshape resulting from the central tran-
sition. In addition, the centreband of the ST, satellite
transitions is also observed but with a much reduced
intensity. The centreband of the broader, and hence
even less intense, ST, satellite transitions is not ob-
served. The rotor-synchronized *’Al MAS spectra in
Figs. SB-D have been acquired with analogue filters
with bandwidths of 125 kHz, 625 kHz, and 1.25 MHz,
respectively. (Note that, owing to the differing filter
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bandwidths, 7., = 57.5, 51.5, and 50.75 ps in Figs. SB—
D, respectively). It is apparent that as the filter band-
width increases the intensity of both ST; and ST, satel-
lites increases as more sidebands are aliased. However,
the aliasing of increasingly large amounts of noise is also
apparent (shown inset), with the signal-to-noise ratio of
the central-transition lineshape decreasing as the filter
bandwidth is increased.

Fig. 5 also demonstrates the important effect of the
choice of filter bandwidth upon the lineshape observed.
When the bandwidth is small, severe distortions are
present in the satellite-transition lineshapes. There are
two likely causes for this. As described previously, when
second-order quadrupolar interactions are present, the
lineshape of each individual spinning sideband in a nor-
mal MAS spectrum is not necessarily representative of
the true lineshape [3,6]. When the filter bandwidth is
small only a few of these sidebands are aliased and the
rotor-synchronised lineshape is distorted. Aliasing of a
large number of sidebands, as in Fig. 5D, is required
for the true satellite-transition lineshape to be obtained.
Second, when small analogue filter bandwidths are em-
ployed, signals close to the edge of the bandwidth tend
to have distorted phase and will, therefore, contribute
to lineshape distortions in the aliased spectrum [21]. A
reasonably wide filter bandwidth, folding in as many
undistorted signals as possible but minimizing the
amount of added noise, is therefore ideal. Care should
be taken when adjusting the filter bandwidth, as many
spectrometers will alter this value automatically when
spectral parameters are modified. A final manual setting
should be wundertaken before the experiment is
performed.

3. Double-quantum filtration

In the rotor-synchronized ?’Al MAS NMR spectrum
in Fig. 5D all three transitions (CT, ST;, and ST,) ap-
pear with both good intensity and undistorted line-
shapes. As described previously, the appearance of all
three powder-pattern lineshapes is different, with differ-
ing isotropic shifts and anisotropic second-order quad-
rupolar broadening [5,7]. It has already been noted
that in a few cases one or more transitions may show
a distinct increase in resolution over the conventional
central-transition MAS NMR spectrum. Although a
wealth of information is available in this type of spec-
trum, it may sometimes be difficult to extract accurately
owing to the overlap of different types of transitions
(such as the CT and ST, lineshapes), particularly when
more than one crystallographically distinct species is
present.

Recently, a double-quantum filter has been employed
in the rotor-synchronized ¢, dimension of the STMAS
experiment to simplify the spectrum and ensure that

signal from only the ST, satellites is present [13]. Dou-
ble-quantum filtration is achieved by using a pulse with
a low radiofrequency field strength (v; = [yB|/21 <
vg'%) to selectively invert only the central transition.
This pulse is applied at the end of the ¢, evolution peri-
od, during which both central- and satellite-transition
coherences evolve. Phase cycling is then employed to
select double-quantum coherences [24]. Only from ST,
satellite-transition magnetization can double-quantum
(my= F 1/2 < £ 3/2) coherences be created in this
manner, resulting in the removal of the CT signal (and
ST,, ST;, etc., signals, if present) from the spectrum.
This method excites double-quantum coherences very
efficiently as long as ngs is not close to zero, with effi-
ciencies usually between 80 and 100% observed experi-
mentally [13], thereby ensuring the excellent sensitivity
of the STMAS experiment is retained [5,14]. It is possi-
ble to employ a similar approach in the one-dimensional
rotor-synchronized experiments described earlier to sim-
plify the spectrum.

Fig. 3B shows a pulse sequence for a double-quantum
filtered directly rotor-synchronized experiment that is
designed to yield signal from only the ST, satellite tran-
sitions, removing that from the central transition and
any higher-order satellite transitions. After an initial
pulse, pl, which creates both central- and satellite-tran-
sition magnetization, a central-transition-selective inver-
sion pulse (p2) is applied. Phase cycling is used to select
double-quantum coherences ensuring, as in DQF-
STMAS [13], that only signals arising from ST, transi-
tions are present. However, these double-quantum
coherences cannot be directly detected and so reconver-
sion to observable single-quantum coherences is re-
quired. This reconversion must be performed using
another central-transition-selective inversion pulse to
prevent the creation of central-transition (or higher-or-
der satellite-transition) coherences. The ST, satellite-
transition signal must then be acquired synchronously
with the rotor, aliasing all of the spinning sidebands
onto the centreband. This should result in a spectrum
such as that shown in Fig. 2C, where only signal from
the ST, transition appears whilst that from the other
transitions has been removed. Although two selective
inversion pulses are applied, the high efficiency [13] of
the double-quantum excitation and reconversion should
ensure that the sensitivity of the overall experiment re-
mains acceptable. However, in practice, when the quad-
rupolar interaction is very small, this efficiency may
decrease as it becomes more difficult for the inversion
pulse to be truly selective for the central transition.

IThe double-quantum coherences (m;= F 1/2 <
=+ 3/2) are subject to the same first-order quadrupolar
interaction as the ST, satellite transitions. Therefore,
insertion of an inversion pulse does not significantly af-
fect the first-order quadrupolar evolution. As in the sim-
pler conventional rotor-synchronized experiment
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Table 1
A possible (32-step) phase cycle for the double-quantum filtered rotor-
synchronized experiment (p =0 - —1 - -2 — —1) in Fig. 3B
¢1: 0°45°90° 135° 180° 225° 270° 315° 90° 135° 180° 225° 270° 315° 0° 45°
180° 225° 270° 315° 0° 45° 90° 135° 270° 315° 0° 45° 90° 135° 180° 225°
¢d2: 0°45°90° 135° 180° 225° 270° 315° 90° 135° 180° 225° 270° 315° 0° 45°
180° 225° 270° 315° 0° 45° 90° 135° 270° 315° 0° 45° 90° 135° 180° 225°
¢3: 0° 0° 0° 0° 0° 0° 0° 0°
90° 90° 90° 90° 90° 90° 90° 90°
180° 180° 180° 180° 180° 180° 180° 180°
270° 270° 270° 270° 270° 270° 270° 270°
¢r: 0°°90° 180° 270° 0° 90° 180° 270° 90° 180° 270° 0° 90° 180° 270° 0°
180° 270° 0° 90° 180° 270° 0° 90° 270° 0° 90° 180° 270° 0° 90° 180°

The phases of the first, second, and third pulses are denoted ¢, ¢,, and
¢3, respectively, whilst that of the receiver is denoted ¢g.

described above, great care must also be taken in the dou-
ble-quantum filtered experiment to ensure that the acqui-
sition is synchronized accurately with the rotor. To
minimize any problems with phasing the final spectrum,
all three pulses are performed before acquisition of the
data point at the top of the first accessible rotary echo.
In the ideal case, Topt = TR — %1 -1 —1— (2xp2),
where 7, and 7, are the relatively short intervals (a few
ps) that separate the pulses. However, 7., must once
again be experimentally optimized to take into account
the apparent time shifting of the origin of the FID by
the analogue filter, resulting in top = TR — p—zl — 17—
7, — (2 x p2) + 7,. The MAS rate should be carefully
chosen, first to ensure that the two long selective pulses
may both be applied within the first rotor period and, sec-
ondly, to ensure that the spectral width is large enough to
contain all the resonances. Although this may seem
restrictive, it should be noted that the presence of only
ST, transitions will enable a smaller spectral width (and
hence longer rotor period) to be utilized, especially for
spin I =5/2. A central-transition-selective pulse is only
able to excite double-quantum coherences with the same
sign of coherence order as the original ST, transitions
(ie.,p=+1top=—+2o0rp=—1top=—-2). Therefore,
the phase cycling was designed [24] to select only the sin-
gle coherence-transfer pathway shown in Fig. 3B. The 32-
step cycle given in Table 1 (eight steps for double-quan-
tum selection; four steps for CYCLOPS; 8 x4 = 32)
was utilized, although shorter phase cycles (both 16-
and 8-step) are also possible. However, in some cases
the use of these shorter cycles may lead to small intensity
losses and lineshape distortions.

4. Results

Experiments were performed on a Bruker Avance
spectrometer equipped with a widebore 9.4 T magnet
and a 2.5mm MAS probe. The excitation pulses
(vi = 60-120 kHz) had durations optimised for either
excitation of CT or ST, transitions, with the latter dura-

tions found to be roughly twice those of the former.
(Note that in Figs. 4 and 5 the pulse durations were opti-
mised for excitation of CT transitions, thereby yielding
ST transitions with less than the full intensity.) The cen-
tral-transition-selective pulses (v; ~ 10-20 kHz) had
durations calibrated by searching for the first null in
the central-transition nutation.

Fig. 6A shows the conventional ’Rb MAS NMR
spectrum of RbNOj;, recorded with digital filtration. A
central-transition resonance is observed together with,
at much lower intensity, the centreband of the satellite
transitions. The use of a digital filter has restricted the
amount of aliased noise to a minimum. A spectrum ob-
tained with rotor-synchronized acquisition (as shown in
Fig. 3A) is displayed in Fig. 6B. The use of an analogue
filter with a wide bandwidth (1.25 MHz) enables the ali-
asing of many satellite-transition spinning sidebands,
resulting in a satellite-transition resonance with a much
increased intensity and an undistorted lineshape. How-
ever, the wide filter bandwidth has also resulted in the
folding of more thermal noise and a significant decrease
in the signal-to-noise ratio of the central-transition line-
shape. Fig. 6C shows a spectrum acquired with the dou-
ble-quantum filtered pulse sequence in Fig. 3B,
containing only the satellite-transition lineshape. This
lineshape contains ~80% of the intensity of that in
Fig. 6B, confirming the efficiency of the double-quantum
excitation and reconversion pulses [13]. Moreover, no
significant lineshape distortion is apparent, with the
experimental lineshape in excellent agreement with that
simulated using literature parameters for the three crys-
tallographically distinct Rb species (Fig. 6C inset) [22].

As ¥Rb is a spin I = 3/2 nucleus, there is little differ-
ence in the magnitude of the anisotropic broadening be-
tween the central and satellite transitions, with A*(3/2,
3/2) = —(8/9) A*3/2, 1/2) [5,7]. However, a much larger
increase in resolution is obtained for spin = 5/2, where
the ST, transitions possess only 7/24 of the anisotropic
broadening of the central transition. This is demonstrated
in Figs. 6D-F, a series of Al MAS NMR spectra of alu-
minium acetylacetonate (Al(acac)s), with the convention-
al MAS spectrum shown in Fig. 6D. Three lineshapes with
good intensity are obtained when rotor-synchronized
acquisition is employed (Fig. 6E), but only that resulting
from the ST, transitions is observed in Fig. 6F, where the
spectrum has been acquired using the double-quantum fil-
tered pulse sequence in Fig. 3B. However, the use of a cen-
tral-transition-selective inversion pulse to excite and
reconvert double-quantum coherences is slightly less
effective here, owing primarily to the small quadrupolar
interaction, resulting in a sensitivity loss and a small line-
shape distortion. Note, however, that no signal from
either the central-transition or ST, lineshapes is observed.
The considerable decrease in the anisotropic quadrupolar
broadening (and hence potential increase in resolution) in
the ST, spectrum is clear.
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Fig. 6. (A-C) ¥Rb (vo = 130.9 MHz) MAS NMR of RbNO; and (B-D) 2’Al (vo = 104.3 MHz) MAS NMR of Al(acac);. Spectra in (A and D) are
conventional MAS spectra acquired with digital filtration; spectra in (B and E) were acquired rotor-synchronized using the pulse sequence in Fig. 3A;
spectra in (C and F) were acquired rotor-synchronized using the double-quantum filtered pulse sequence in Fig. 3B. Analogue filter bandwidths in
(B,C,E, and F) were 1.25 MHz. In (A-C), 320 transients were averaged with a recycle interval of 0.25 s; pulse durations were pl = 2.1 ps (optimized
for ST excitation) and p2 = 16 ps. In (D-F), 320 transients were averaged with a recycle interval of 1 s; pulse durations were pl = 1.6 ps (optimized
for ST, excitation) and p2 = 17 ps. In each case, the MAS rate was 20 kHz. In (C and F), the insets show the ST, lineshape simulated using literature
NMR parameters [22,23]. The ppm scales are referenced to 1 M RbNOj; (aq) or 1 M AI(NO;);3 (aq).

Many important quadrupolar nuclei have a spin quan-
tum number 7= 5/2 (e.g., 70O, Mg, *’Al, *'Ti, *Mn,
77n, and *>Mo) and so will possess ST, spectra that exhib-
it substantially increased resolution. Fig. 7 shows conven-
tional central-transition MAS and double-quantum
filtered rotor-synchronized '"O (vo = 54.2 MHz) NMR
spectra of 35% '"O-enriched forsterite, 0-Mg,SiO, (Figs.
7A and B) and ?’Al (vy = 104.3 MHz) NMR spectra of sil-
limanite, Al,SiOs (Figs. 7C and D) and y-alumina, v-
Al,O5 (Figs. 7E and F). Use of the double-quantum fil-
tered pulse sequence in Fig. 3B yields an 'O ST, spectrum
of forsterite (Fig. 7B) where one crystallographically dis-
tinct O species is now completely resolved. Good agree-
ment is obtained with the spectrum (Fig. 7B, inset)
simulated using literature parameters [25]. However, the
small quadrupolar couplings for 7O in forsterite result
in poor sensitivity in the ST spectrum. Increased resolu-
tion is also observed in the 2’ Al ST, spectrum of sillimanite
(Fig. 7D), where the two crystallographically distinct Al
species are now completely resolved. Computer simula-
tions of the lineshapes in Figs. 7C and D with the literature
NMR parameters [26]indicate the presence in our natural
sample of sillimanite of a significant linebroadening addi-
tional to that arising from the second-order quadrupolar
interaction and we have included an estimate of this in
our simulation of the ST spectrum (Fig. 7D, inset).

Finally, it is well known that the structural disorder in
y-alumina is evidenced in conventional >’Al MAS NMR
in the form of two broad, relatively featureless peaks cor-

responding to tetrahedral (centred at ~60 ppm) and octa-
hedral (centred at ~10 ppm) Al coordinations (Fig. 7E).
The broadening of each peak is a consequence of distribu-
tions of isotropic chemical shifts and quadrupolar inter-
actions that themselves arise from the range of Al
environments in the solid [27]. As with the previous exam-
ples, the double-quantum filtered pulse sequence in
Fig. 3B yields an 2’ Al spectrum (Fig. 7F) with higher res-
olution (i.e., in this case, reduced overlap between the
peaks corresponding to tetrahedral and octahedral Al
coordinations). The peaks in the ST; spectrum are broad-
ened by the same distributions of chemical shifts and
quadrupolar interactions as those in the conventional
CT spectrum but are narrower because the anisotropic
quadrupolar broadening of the ST, transitions is only 7/
24 of that of the CT transitions. Quantitative comparison,
therefore, of lineshapes in ’Al CT and ST, spectra could
be used to measure the distributions of chemical shifts and
quadrupolar interactions. For y-alumina, these distribu-
tions have already been estimated using ’Al MQMAS
NMR [27,28] and the values have been used to simulate
the ST, lineshape corresponding to octahedral Al coordi-
nation (Fig. 7F, inset).

5. Discussion

Per unit acquisition time, the signal-to-noise ratios in
the double-quantum filtered rotor-synchronized spectra
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Fig. 7. (A and B) 70O (I = 5/2, vy = 54.2 MHz) MAS NMR of forsterite, 0-Mg,SiOy4; (C and D) 2’Al (vo = 104.3 MHz) MAS NMR of sillimanite,
ALSiOs; and (E and F) 2’Al (v = 104.3 MHz) MAS NMR of y-alumina, y-Al,O5. Spectra in (A,C, and E) are conventional MAS spectra with digital
filtration, whilst those in (B,D, and F) have been acquired rotor-synchronized using the double-quantum filtered pulse sequence in Fig. 3B with an
analogue filter bandwidth of 1.25 MHz. In (A) 320, (B) 2400, (C) 240, (D) 3200, (E) 320, and (F) 3200 transients have been recorded with recycle
intervals of (A and B) 2.0, (C and D) 0.5, and (E and F) 2.0 s, respectively. The MAS rate was (A and B) 20, (C and D) 30, and (E and F) 20 kHz.
Pulse durations of (A) pl = 1.6 pus (optimized for CT excitation), (B) pl = 3.2 ps (optimized for ST, excitation), and p2 = 16 ps, (C) pl = 1.1 ps
(optimized for CT excitation), (D) pl = 2.0 ps (optimized for ST excitation) and p2 = 8.5 ps, (E) pl =0.8 ps (optimized for CT excitation), and (F)
pl =0.8 ps and p2 = 11 ps were employed. In (B,D, and F), the insets show the ST lineshape simulated using literature NMR parameters [23-28].

The ppm scales are referenced to H,O or 1 M Al(NO;); (aq).

in Figs. 6 and 7 are worse than in the central-transition
spectra. A rough estimate is instructive. If we assume a
filter width of 1 MHz and a spectral width (and hence
MAS rate) of 20 kHz in a rotor-synchronized spectrum
then it will contain /(10°/(20 x 10°)) = /50 ~ 7 times
more noise than a perfectly filtered central-transition
spectrum. But, if we then assume fully nonselective exci-
tation, the relative (integrated) intensities of the CT,
STy, and ST, transitions in a spin /= 5/2 nucleus are
9:16:10, respectively. Furthermore, for spin I = 5/2, the
ST, transition is only 7/24 as broad as the CT transition
if second-order quadrupolar broadening dominates and
so will have a peak height 24/7 times greater per unit
area. Therefore, in the ideal case, we would expect the
peak height in the spin I=5/2 ST, spectrum to be
(16/9) x (24/7) = 128/21 ~ 6 times greater than that in
the CT spectrum, yielding a signal-to-noise ratio in the
ST, spectrum that was ~6/7 or ~85% of that in the
CT spectrum. It must be stressed, however, that this is

very much an ideal case estimate: less than 100% efficien-
cy of the double-quantum filter, sources of line broaden-
ing other than the quadrupolar interaction, inefficient
excitation of the satellite transitions, and, of course,
observation of nuclei with spin quantum numbers other
than I = 5/2 will all greatly reduce the peak height in the
ST, spectrum relative to the CT spectrum.

Having discussed one-dimensional CT and ST spec-
tra and their relative merits, it is worth saying something
at this point about their relationship with the two-di-
mensional methods STMAS [14] and I-STMAS [29], as
the former involves direct acquisition of the CT spec-
trum and the latter direct acquisition of the ST spec-
trum. The first point to note is that STMAS and I-
STMAS spectra are not complementary; they each have
a CT dimension and an ST dimension and, thus, contain
identical information. As two-dimensional methods,
they contain far more information (including the fully
isotropic spectrum) than the one-dimensional experi-
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ments described in this work. However, two-dimension-
al spectra generally take much longer to record than
one-dimensional spectra (for purely practical reasons)
while both STMAS and I-STMAS involve a highly inef-
ficient CT <> ST coherence transfer step that greatly
reduces their sensitivity compared with the methods de-
scribed here. Therefore, our one-dimensional rotor-syn-
chronized experiments should not be viewed as rivals of
either STMAS or I-STMAS but as another, quite dis-
tinct, category of experiment altogether. Finally, it has
been noted that the -STMAS experiment is inferior to
the STMAS experiment because, by directly acquiring
the ST spectrum with a very wide filter bandwidth, it
yields spectra that contain a lot more noise [29]. This
negative assessment cannot be applied to one-dimen-
sional rotor-synchronized experiments because (i) as
we have seen, unlike STMAS and I-STMAS spectra,
which both yield essentially identical peak heights, it is
possible for ST; spectra to yield peak heights several
times greater than those in CT spectra, and (ii) unlike
STMAS and I-STMAS spectra, one-dimensional CT
and ST, spectra contain complementary information,
hence it may be worth paying a signal-to-noise penalty
for acquiring the latter.

6. Conclusions

The use of rotor-synchronized MAS to remove aniso-
tropic broadening in the directly acquired time-domain
is more difficult to implement practically than in an indi-
rect dimension of a multidimensional experiment. Accu-
rate rotor-synchronization is only achieved when the
effects of the audiofrequency filters have been taken into
account. This is particularly important for the satellite
transitions of quadrupolar nuclei, which can often be
broadened by the first-order quadrupolar interaction
over many MHz. Rotor-synchronization has advantages
over the observation of individual spinning sideband
lineshapes, as it results in an increase in signal-to-noise
and allows the true or undistorted lineshape to be
recorded.

For quadrupolar nuclei with half-integer spin, the ro-
tor-synchronized satellite-transition lineshapes are simi-
lar in appearance to those observed for the central
transition but with different isotropic and anisotropic
second-order quadrupolar interactions. It is well known
that in some cases, particularly where spin I = 5/2 nuclei
are involved, this may result in a significant increase in
resolution. However, a rotor-synchronized spectrum
containing all central-transition and satellite-transition
lineshapes may be difficult to interpret owing to the
overlap of different transitions. We have demonstrated
a novel double-quantum filtered experiment that simpli-
fies a rotor-synchronized MAS spectrum, leaving only
the ST, (m;= 4 1/2 < & 3/2) satellite-transition line-

shapes. This experiment (which could be dubbed
DQF-SATRAS) will be of particular use for the resolu-
tion of crystallographically distinct species in spin
I=5/2 MAS NMR spectra and for the study of disor-
dered or amorphous materials.
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