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We here investigate the sensitivity enhancement of central-transition NMR spectra of quadrupolar nuclei
with spin-7/2 in the solid state, generated by fast amplitude-modulated RF pulse trains with constant
(FAM-I) and incremented pulse durations (SW-FAM). Considerable intensity is gained for the central-
transition resonance of single-quantum spectra by means of spin population transfer from the satellite
transitions, both under static and magic-angle-spinning (MAS) conditions. It is also shown that incorpo-
ration of a SW-FAM train into the excitation part of a 7QMAS sequence improves the efficiency of 7Q
coherence generation, resulting in improved signal-to-noise ratio. The application of FAM-type pulse
trains may thus facilitate faster spectra acquisition of spin-7/2 systems.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Most atomic nuclei observable by nuclear magnetic resonance
(NMR) spectroscopy have half-integer spin I > 1/2, and thus pos-
sess a quadrupolar moment [1–3]. Recently, a number of solid-
state NMR studies has been published involving nuclei with spin
I = 7/2, such as 43Ca [4–6], 45Sc [7–9], 49Ti [10–12], 51V [13–15],
139La [16,17], or a combination of these isotopes [18]. The purpose
of such studies is to determine the chemical shift and the quadru-
polar interaction parameters, and to correlate them to structure
and properties of the compounds under investigation. In most
cases, the solid-state NMR characterisation of materials containing
quadrupolar nuclei is restricted to observing the position and
shape of the second-order quadrupolar broadened central-transi-
tion peak, either under static or magic-angle spinning (MAS) con-
ditions. If the characteristic ‘second-order shape’ of the central-
transition peak can be observed, the NMR interaction parameters
may be determined from one-dimensional spectra [1–3]. A more
precise determination is possible by using two-dimensional meth-
ods such as MQMAS spectroscopy [19–21], which add a high-reso-
lution dimension.

The acquisition of NMR spectra of spin-7/2 systems is often
hampered by inherently low sensitivity, due to small gyromagnetic
ratios, low natural abundance, strong quadrupolar interaction or
by any combination of these factors (see Table 1). For one-dimen-
sional spectra, the intensity of the central-transition (CT) signal can
be increased by transferring spin population from the satellite
ll rights reserved.
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transitions (ST). Complete inversion of the ST’s of a spin I leads
to an enhancement of the CT intensity by a factor of 2I, while com-
plete saturation of the ST’s (see Fig. 1a) results in an improvement
factor of I + 1/2. The apparently first experimental evidence show-
ing enhancement of the CT as a result of manipulation of the ST’s
was published by R.V. Pound already in 1950 [24]. Since the re-
introduction of this principle by Vega and Naor in 1981 [25], and
by Haase et al. [26–28] in a series of detailed papers, several exper-
imental techniques have been put forward to effect the necessary
manipulations of the ST’s [29–44]. Among these techniques are
double frequency sweeps (DFS) [29–33], the application of hyper-
bolic secant pulses (HS) [45] to quadrupolar nuclei [34–36], and
the use of pulse trains with alternating phases, designated either
‘‘rotor assisted population transfer” (RAPT/FSG-RAPT) [37–39] or
‘‘fast amplitude-modulated” (FAM) pulse trains [40–44]. (More de-
tails about these methods and their development may be found in
the introductions of Refs. [36] and [44].)

The problem of low sensitivity is especially severe for acquisi-
tion of MQMAS spectra, because of the low efficiency of excitation
and conversion of multiple-quantum coherences. The most wide-
spread application of MQMAS is in the form of the three-quantum
(3Q) experiment [21], which can be performed on all nuclei with
half-integer spin I P 3/2, and may be acquired with a reasonable
signal-to-noise ratio. However, the sensitivity problem becomes
progressively worse when attempting to observe higher coherence
orders (five-, seven-, and nine-quantum) for nuclei with spin quan-
tum numbers larger than 3/2. For spin-7/2 nuclei, the ratio of the
respective 3Q:5Q:7Q signals has been estimated to be 6 2

3 : 2 2
3 : 1

[41]. Nevertheless the acquisition of 5Q, 7Q or 9Q spectra is
of interest, as for some samples they may yield a substantial
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Table 1
Properties of quadrupolar nuclei with spin-7/2

Nuclide Spin I Q valuesa (mb) Natural abundance (%)b m0 at B0 = 9.40 Tc (MHz) Relative receptivityd

43Ca 7/2 �40.8 0.135 26.975 2.87 � 10�5

45Sc 7/2 �220 100.0 97.375 1.00
49Ti 7/2 247 5.41 22.605 6.77 � 10�4

51V 7/2 �52 99.75 105.405 1.26
59Co 7/2 420 100 94.730 9.21 � 10�1

123Sb 7/2 �490 42.79 52.200 6.59 � 10�2

139La 7/2 200 99.91 56.975 2.00 � 10�1

133Cs 7/2 �3.43 100 52.859 1.60 � 10�1

177Hf 7/2 3365 18.60 16.247 8.64 � 10�4

181Ta 7/2 3170 99.99 48.529 1.24 � 10�1

a Q values of quadrupole moment eQ in millibarn (1 mb = 10�31 m2), from Ref. [22].
b From Ref. [23].
c Calculated using the gyromagnetic ratios c listed in Ref. [23].
d Relative receptivity normalised to 45Sc. The absolute receptivity A is defined [23] as A = c3xI(I + 1), where x is the natural abundance, and c the gyromagnetic ratio of the

nucleus, c = (2pm0)/B0. Thus, the absolute receptivity used as a reference is A(45Sc) = 4.3429 � 1024 rad3 s�3 T�3, which is about one third of the receptivity of protons,
A(1H) = 1.4358 � 1025 rad3 s�3T�3.
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Fig. 1. (a) Schematic representation of spin population distribution for an I = 7/2 nucleus in an external magnetic field. The spectral intensity for the central-transition
(m = �1/2 ? + 1/2) is proportional to the population difference. In the case of full saturation of the satellite transitions, the achieved enhancement factor for the central-
transition signal is (I + 1/2), while for complete inversion of the satellite transitions (not shown), the enhancement factor is 2I. (b) Schematic representation of the RF pulse
progression in an SW-FAM pulse train sweeping from higher to lower modulation frequencies followed by a read pulse and the resulting FID. Above the SW-FAM train, the
pulse pair index is indicated, while the alternating white and grey colours of the pulses signify the 180� phase shift. (c) Modulation frequencies generated by FAM pulse trains,
with the parameters used for acquiring the 45Sc NMR spectra shown in Fig. 2. Open circles show the SW(1/s)-FAM train; filled circles depict the SW(s)-FAM train; crosses
represent the double-block FAM-I with two modulation frequencies.
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improvement in resolution [46]. Because of the poor signal-to-
noise ratio of MQMAS spectroscopy, numerous efforts have been
devoted to achieving better sensitivity [20,21].

In this paper, we focus on sensitivity enhancement of both MAS
and 7QMAS spectra of spin-7/2 nuclei by using fast amplitude-
modulated (FAM) pulse trains, in particular the use of FAM pulse
trains with swept modulation frequency (SW-FAM) [42–44]. It is
demonstrated that application of SW-FAM sequences results in
considerable improvement of the signal-to-noise ratio, which
directly translates into time saving when acquisition of NMR spec-
tra of spin-7/2 nuclei is required, as in the studies in Refs. [4–18].

2. Sensitivity enhancement of single-quantum spectra

The idea underlying the fast amplitude-modulation (FAM)
approach is to generate sidebands of the RF carrier (=Larmor)
frequency x0 using a series of pulse pairs, with each of the pairs
consisting of two RF pulses with a 180� phase shift between
them. The simplest FAM pulse train (‘‘FAM-I”) is formed by a
block of pulse pairs of uniform duration sp, separated by con-
stant interpulse delays, which are usually of duration sp as well.
Such uniform pulse pairs produce strong main sidebands at
x0 + x and x0 � x, with x determined by the pulse durations,
x = 2p/(4sp), plus higher-order sidebands (the next being at
x0 ± 3x), which are however much weaker. This can be demon-
strated by Fourier transformation of the time-domain represen-
tation of a FAM train [44]. By adjusting the pulse durations of
the FAM train, an appropriate modulation frequency x can be
chosen to manipulate a satellite transition. However, even for a
single crystal spectrum, (I � 1/2) modulation frequencies are
needed to traverse all satellite transitions of a nucleus with
half-integer spin I. For the usually encountered case of powder
samples, the RF effects on the spins additionally vary with the
respective orientation of the crystallites. When acquiring spectra
under magic-angle spinning conditions, FAM-I pulse trains bene-
fit from the fact that the rotor motion adds another modulation
frequency, thus spreading out the effect of the ‘‘monochromatic”
RF. Therefore, considerable enhancement of central-transition
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MAS spectra can be produced by preceding a read pulse by a
FAM-I train [6,37,38,40–42].

However, when acquisition of static spectra is required, and/or
when the nucleus to be observed has more than one satellite tran-
sition (as with spin-7/2), it is desirable to replace the single mod-
ulation frequency of FAM-I by a frequency sweep. Such a range
of sideband frequencies can be generated by a frequency-swept
FAM train (‘‘SW-FAM”), where the durations of the RF pulse pairs
are changed continuously within the pulse train, as shown sche-
matically in Fig. 1b. The sweep of modulation frequency may be
carried out in different ways. In the original SW-FAM scheme
[42], constant time increments D are added to the duration of both
the RF pulses and interpulse delays sp. Thus, a pulse train starting
with a modulation period of s0 ¼ 4s0

p for the first FAM pulse pair,
would finish with a modulation period sN�1 ¼ 4sN�1

p after the exe-
cution of N pulse pairs, with sN�1

p ¼ s0
p þ ðN � 1ÞD. This produces a

curved distribution of frequencies, as shown in Fig. 1c (filled cir-
cles). Because the modulation periods si for the ith pulse pair are
being incremented linearly, such pulse trains are designated
SW(s)-FAM. An alternative approach is to generate a frequency dis-
tribution (1/si) which is linear with respect to the pulse pair pro-
gression. The resulting pulse train (see Fig. 1c, open circles) is
referred to as SW(1/s)-FAM, and gives better enhancement for sta-
tic samples compared to SW(s)-FAM because of the even distribu-
tion of modulation frequencies [44]. The necessary formulae to
compute the pulse trains for both SW(s)- and SW(1/s)-FAM may
be found in Ref. [44].

Four parameters define a SW-FAM train, namely the duration of
the first and last pulses, s0

p and sN�1 (which limit the sweep win-
dow), the number N of pulse pairs employed, and the RF strength.
For the application of FAM-I trains to spin-7/2 nuclei, the single
crystal case suggests the use of three FAM-I blocks with different
modulation frequencies, to manipulate the (I � 1/2) = 3 satellite
transitions. To keep the number of adjustable parameters within
the same range of the SW-FAM trains, only two FAM-I blocks are
used, with the parameters Na = Nb, sa

p, and sb
p. This is the same ap-

proach as used in Ref. [41] for signal-enhancement of spin-7/2
spectra using FAM-I sequences for polycrystalline samples. The
performance of the respective (SW-)FAM pulse trains applied for
signal-enhancement needs to be optimised for a given sample by
adjusting the relevant parameters. For the results presented here,
the pulse train parameters were optimised for static samples,
and subsequently also used for enhancement of MAS spectra. The
actual values of the parameters may be found in the respective fig-
ure captions.

We first address the enhancement of the CT line intensity of
spin-7/2 spectra using FAM and SW-FAM pulse trains for single-
quantum spectra, both under static and MAS conditions. As a
sample compound, scandium sulphate (Sc2(SO4)3) was used,
since 45Sc(I = 7/2) possesses comparatively good sensitivity, as
can be seen from Table 1. The quadrupolar coupling constant v
and the asymmetry parameter g of the three 45Sc sites existing
in this sample are (v1 = 5.2 MHz, g1 = 0.1), (v2 = 4.3 MHz,
g2 = 0.8), and (v3 = 4.5 MHz, g3 = 0.5) [46]. The 45Sc spectra were
acquired on a VARIAN INOVA 400 spectrometer, with a Larmor fre-
quency of m0(45Sc) = 97.108 MHz, using a CHEMAGNETICS 4 mm MAS
probe. For spectra acquisition, a Hahn-echo sequence with a
16-step phase cycle and an echo period of one rotor period
was used, with 48 and 80 transients accumulated for MAS and
static spectra, respectively. The Hahn echo was preceded by
FAM or SW-FAM trains for spin population transfer, with the
central-transition RF nutation frequencies being mnut(FAM) �
75 kHz, and mnut(echo) � 25 kHz. To avoid detection of unwanted
coherences, the pulses of the FAM trains were phase-cycled in
conformity with the phase of the p/2 pulse of the echo sequence
(i.e. 0� + Up/2 and 180� + Up/2).
To further substantiate the signal-enhancement performance of
FAM and SW-FAM sequences, numerical simulations were carried
out using the SIMPSON package [47]. For these calculations, the quad-
rupolar parameters of only one of the existing three 45Sc sites were
used, i.e. v3 = 4.5 MHz and g3 = 0.5, as they constitute an approxi-
mate average of the three sites. The static 45Sc central-transition
signal was calculated considering 28,656 powder orientations
according to the ZCW scheme [47], whereas 4180 ZCW orienta-
tions plus 10 c-angles for each orientation were used for calcula-
tion of the MAS spectra. To obtain enhancement factors, the total
signal intensity of the spectrum with preceding (SW-)FAM train
and read pulse was compared to the corresponding single-pulse
spectrum, by summing up the intensities of all calculated spectral
points.

Examples of enhanced 45Sc NMR central-transition spectra of
scandium sulphate at 10 kHz MAS, in comparison to the non-en-
hanced spectra, are depicted in Fig. 2. At this spinning speed, the
best enhancement is achieved by using the double-block FAM-I
or the SW(s)-FAM train, with SW(1/s)-FAM being slightly less
efficient. The evolution of the enhancement factors going from
static conditions to 10 kHz MAS is plotted in Fig. 3. As expected,
the SW(1/s)-FAM delivers the best enhancement for static sam-
ples, but drops in efficiency with the onset of sample rotation.
The double-block FAM-I train, in contrast, performs very poorly
for the static case, but gives much better enhancement for spin-
ning samples. This may partly be attributed to a population
transfer process via adiabatic level crossings induced by the sam-
ple rotation (the acronym RAPT [37–39], ‘‘rotor assisted popula-
tion transfer”, refers to this process). The SW(s)-FAM sequence
constitutes a compromise between these two situations, per-
forming fairly well under both static and MAS conditions. In
Fig. 1c, it can be seen that the curved frequency distribution of
SW(s)-FAM leads to a ‘‘bunching” in the region of lower frequen-
cies, in fact in the same region where the optimal modulation
frequency of the second FAM-I block is located. The improved
performance of SW(s)-FAM over SW(1/s)-FAM may thus be due
to its similarity to a FAM-I distribution in the last part of the
pulse train, although the exact nature of the transfer process
needs to be studied in more detail. Numerical simulations of
the enhancement factors (Fig. 3b) produce results very similar
to those obtained experimentally (Fig. 3a). Since the probe re-
sponse to RF is of no concern in the simulations, the overall
enhancement can be slightly pushed up by increasing the num-
ber of pulse pairs to N = 50 for the SW-FAM trains and
Na = Nb = 25 for the double-block FAM-I, which gives factors
about 20% higher than those determined by experiment. When
carrying out simulations with the number of pulse pairs used
in the experiments (N = 35, Na = Nb = 10), the resulting enhance-
ment factors follow the experiment more closely, overestimating
the experimental values by about 5–10%.

A similar picture as described for enhancement of 45Sc spectra
was obtained for 43Ca. Numerical simulations were carried out
for the quadrupolar parameters of CaTiO3, v = 2.13 MHz and
g = 0.7 [48]. When plotting the enhancement factors over MAS
speed (Fig. 4), the observed effect of the respective FAM trains is
analogous to that for 45Sc shown in Fig. 3. It proved however
impossible to verify these findings by experiment using a CaTiO3

sample with 43Ca in natural abundance, as a time-consuming at-
tempt convinced us, and an isotopically labelled sample was unfor-
tunately not at our disposal. Given the nearly identical behaviour
of experiment and simulation for 45Sc spectra, it may be expected
that the plot in Fig. 4 closely approximates the experimental situ-
ation. In fact, use of only one FAM-I block may be sufficient to al-
ready deliver significant enhancement of the 43Ca signal under
MAS, as exemplified by a recent study of hydroxyapatites by Smith
and co-workers [6].
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Fig. 2. 45Sc NMR spectra of the central-transition line at 10 kHz MAS, obtained by preceding the read sequence with FAM or SW-FAM pulse trains. (a) Simulated spectra were
calculated with the SIMPSON package [47], using quadrupolar parameters v = 4.5 MHz and g = 0.5 as an approximate average of the three 45Sc sites existing in Sc2(SO4)3 [46], and
therefore have a different appearance from the experimental spectra. The parameters of the SW(1/s)-FAM train were N = 50, s0

p = 0.4 ls to s49
p ¼ 2:5 ls; of the SW(s)-FAM train

N = 50, s0
p ¼ 0:4 ls to s49

p = 2.0 ls, and of the double-block FAM-I with two modulation frequencies Na = Nb = 25, sa
p = 0.8 ls, and sb

p ¼ 1:6 ls. (b) Experimental spectra were
recorded for scandium sulphate, Sc2(SO4)3, using a recycle delay of 10 s (to avoid saturation effects), and an acquisition time of 2.5 ms. The pulse durations of the FAM trains
were identical to those listed in (a), but a smaller number of pulse pairs was employed: N = 35, and Na = Nb = 10. Further details on the NMR experiments and numerical
simulation are given in the text.
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are drawn to guide the eye.
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We also explored the dependence of the signal-enhancement on
the magnitude of the quadrupolar coupling constant v for 45Sc, as
shown in Fig. 5. To this end, we optimised the performance the
SW-FAM trains for the mid-point of the graph, i.e. for the quadru-
polar parameters v = 4.5 MHz and g = 0.0. The best signal enhance-
ment was found for pulse trains with parameters differing only
slightly from those giving the best performance for the combina-
tion v = 4.5 MHz and g = 0.5, for which the enhancement factors
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are shown in Fig. 3. This fact already indicates that for small
changes in the magnitudes of the quadrupolar parameters v and
g, only small adjustments of the pulse trains are needed to keep
best performance. The flatness of the curves in Fig. 5 further dem-
onstrates that a SW-FAM train optimised for one combination of v
and g maintains good enhancement over a broad range of v. Below
v � 2.5 MHz, a steep decline of enhancement is seen, which has
been observed in similar fashion for 27Al before [44]. This decrease
is due to the fact that the method of spin population transfer relies
on the existence of a reasonably sized quadrupolar moment to shift
the satellite transitions away from the central transition. Above
v � 4.0 MHz, application of SW-FAM trains results in useful sig-
nal-enhancement for the 45Sc spectra over a wide range of v, with
SW(1/s)-FAM performing somewhat better under static, and
SW(s)-FAM under MAS conditions. We estimate that for 45Sc sam-
ples, good signal-enhancement may be obtained by using a first
pulse duration of s0

p = 0.3–0.5 ls, and a last pulse duration of
sN�1

p = 2.0–3.0 ls. Depending on the RF load that can be handled
by the probe, N = 30–50 pulse pairs may be used, with the RF
strength as high as possible. While the duty cycle of a SW-FAM
45Sc static
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Fig. 5. Evolution of enhancement factors of 45Sc central-transition spectra with magnitu
conditions (right). The spectra were calculated with the SIMPSON package [47]. The param
v = 4.5 MHz and g = 0.0 (mid-point of the graph), and then used for all other v values. Th
N = 50, s0

p ¼ 0:35 ls to s49
p ¼ 2:75 ls; and SW(s)-FAM train (filled circles), with N = 50, s0

p

train is only 50%, it should be kept in mind that the total duration
of the pulse train is in the range of 200-300 ls. The authors usually
employ RF nutation frequencies which are about 75% of those used
for excitation and conversion pulses in MQMAS. Pulse programs for
VARIAN INOVA and a calculation tool for SW-FAM pulse trains are
available for download from http://www.physik.uni-halle.de/
nmr/dir_tb/swfam.html.

Concerning the magnitude of the enhancement factors dis-
cussed here, the theoretical enhancement limit for complete satu-
ration of the satellite transitions, namely I + 1/2 = 4, is reached only
for the calculated 45Sc spectra shown in Fig. 5, with all other factors
being below that. The overall enhancement does however not nec-
essarily allow conclusions about the state of individual ST’s in the
sample. It has been shown for application of DFS under MAS con-
ditions [33] that the observed enhancement in a powder sample
is a result of partial saturation and inversion of the ST’s, dispersed
among the affected crystallites. In the case of 43Ca and 45Sc, the
combined effects of saturation and inversion realised by the appli-
cation of (SW-)FAM trains result in enhancement factors of around
3.5 for static, and about 3.0 for rotating samples. While this is
already a substantial increase over non-enhanced spectra, the po-
tential of the spin populations of the ST’s can be further utilised
by using multiple sweep and acquisition cycles before letting the
system go back to thermal equilibrium. This technique was first
suggested by Kwak et al. [39], was later also applied to the DFS
method [49], and very recently has been successfully demon-
strated for FAM trains as well [50].

3. Sensitivity enhancement of 7QMAS spectra

Aquisition of two-dimensional MQMAS spectra [19–21] is often
a desirable option, as the chemical shift and quadrupolar interac-
tion parameters may be determined more precisely. For spin-7/2
nuclei, either the 3Q, 5Q, or 7Q coherence pathway may be chosen
for this purpose, with sensitivity sharply declining for the higher
coherence orders [41]. However, for amorphous samples, the spec-
tra of the higher coherence orders are expected to deliver better
resolution [46]. In a recent 43Ca NMR study of Ca-containing
glasses [4], the 7QMAS indeed appeared to give the most detailed
results, even though comparison was made difficult by the use of
a magnetic field different from that used for the 3Q- and 5QMAS
spectra. Aquisition of the 43Ca-7QMAS spectrum, using simple hard
RF pulses, took about 3.5 days [4], despite the fact that 43Ca had
been isotopically enriched. A substantial part of this measuring
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time may be saved by the utilisation of enhancement schemes in
both excitation and conversion block of the 7QMAS pulse
sequences.

The majority of enhancement schemes developed so far has
been aimed at improving the efficiency of the MQ?1Q conversion
process. Instead of employing a hard radio-frequency (RF) pulse
Pcon

H , a number of schemes replacing Pcon
H has been suggested for

more efficient conversion, the principles and applications of which
have been discussed in recent review articles [20,21]. These pulse
schemes include double frequency sweeps (DFS) [30,31], rotation-
ally induced adiabatic coherence transfer (RIACT) [51], hyperbolic
secant pulses (HS) [52] and fast amplitude-modulation (FAM)
[25,53,54]. Also, soft-pulse added mixing (SPAM) may be used for
improved coherence conversion [55,56]. For SPAM, no additional
parameters (as compared to a z-filter MQMAS spectrum) need to
be optimised [56], which makes it easier to implement than the
methods listed above. However, in a recent comparison of FAM
and SPAM [57], it was found that FAM may give better maximum
enhancement, even though additional parameters need to be ad-
justed. The utilisation of enhancement techniques for improving
excitation efficiency has received less attention. It has been shown
that for spin-3/2 nuclei, higher 3Q intensity can be obtained by
preceding the RIACT [51] or RIACT–FAM sequence [58] by a FAM
block lasting for a rotor period [59–61]. It was also demonstrated
that population transfer induced by multiple frequency sweeps
(MFS) can improve the initial generation of 3Q coherence for spins
with I = 5/2 [32]. In 2002, Goldbourt and Vega [62] suggested an
improved excitation scheme for creating 5Q coherences of spin-
5/2 nuclei, employing a hard RF pulse immediately followed by a
FAM-I train. The idea underlying this approach is to convert three
quantum coherence (3QC) generated by the initial Pexc

H pulse into
the desired five quantum coherence (5QC) by use of the FAM train,
which induces a population transfer between the j ± 3/2> and j ± 5/2>
energy levels. The subsequent 5QC?1QC conversion is then
effected [62] by means of a amplitude-modulated RF pulses of
the FAM-II type [54], consisting of a number of pulses of
varying duration and alternating phase, or by a simple FAM-I train
[63].

Similarly, for 7QMAS spectra of spin-7/2, two FAM-I blocks may
be appended to the initial Pexc

H pulse, to realise the transfer
3QC?5QC?7QC, as has been demonstrated before [41]. The same
effect can be achieved by using the swept modulation frequency of
a SW-FAM train. Since under MAS conditions, SW(s)-FAM tends to
be more efficient (as discussed above), such a pulse train was
incorporated into the excitation part of a 7QMAS pulse sequence.
The signal intensity gained from a ‘‘classical” experiment of two
hard RF pulses, Pexc

H � Pcon
H , was compared to that of using a FAM-

I train for coherence conversion, Pexc
H � FAM-I, and finally to the se-

quence with extended excitation part, ðPexc
H � SWðsÞ-FAM) � FAM-

I. The 7Q-filtered signal via the coherence pathway
0QC ? �7QC? � 1QC was acquired using the 28-step phase cycle
listed in Table 2. Here, the receiver phase /rec follows from the
master equation:
X

i

Dpi/i þ /rec ¼ 0
Table 2
The 28-step phase cycle used for acquisition of the 7QMAS spectra shown in Fig. 6

Phase Value (�)

/exc 0; 1�90
7 ; 2�90

7 ; . . . ; 27�90
7

� �

/con {0}28

/rec {0, 90, 180, 270}7

(Subscripts indicate the number of times the phase cycle in parentheses must be
repeated.)
with Dpi being the coherence order change induced by the ith
pulse with phase /i [64,65]. With the phase of the conversion
pulse chosen to be zero, /con = 0, the calculation simplifies to
/rec = 7/exc. For spectra acquisition, a 7QC evolution delay of
2 ls was used, in effect acquiring the first t1 slice of a 2D exper-
iment, and then transforming it in the (anisotropic) F2 direction.
For short evolution delays as used here, the F2 spectrum can be
phased without difficulty, and be used for intensity comparison.
A similar approach was employed in a recent work by Kanellop-
oulos et al. [66], where the efficiency of different MQC conver-
sion schemes was evaluated. A further benefit of pulse
sequences comprised only of excitation and conversion parts is
that they deliver stronger signal than sequences with a third
pulse, such as z-filter [67,68] or split-t1 [67,69]. These sequences
have however clear advantages for acquisition of pure absorptive
line shapes in 2D spectra, and the necessary 7QMAS phase cy-
cles (including cogwheel cycles [70]) may be found in Ref.
[21]. To determine the best acquisition parameters for the
7QMAS pulse sequences, a sensible optimisation strategy is to
obtain an appreciable 7Q signal first by finding the best RF pulse
durations for the Pexc

H � Pcon
H sequence. Subsequently, the

Pexc
H � FAM-I pulse program can be used to find the best values

for the FAM conversion pulse, and finally the full
ðPexc

H � SWðsÞ-FAM) � FAM-I sequence with the additional modu-
lation in the excitation part can be optimised. Upon addition
of a train of FAM pulses to the excitation block, the optimal
duration of the hard excitation pulse Pexc

H is found to be slightly
shorter compared to the two-pulse sequence, Pexc

H � Pcon
H , so a re-

optimisation of Pexc
H is beneficial. This effect has been observed

before for 5QMAS spectra of spin-5/2 [63]. The resulting 45Sc-
7QMAS spectra of scandium sulphate are shown in Fig. 6. It
can be seen that the efficiency of both excitation and conversion
part is greatly enhanced by introduction of FAM trains. The rel-
ative intensities obtained for the sequences Pexc

H � Pcon
H ,

Pexc
H � FAM-I and ðPexc

H � SWðsÞ-FAM) � FAM-I are approximately
1:3:5. This is very similar to the enhancement obtained with
using two consecutive FAM-I blocks in the excitation part, where
a factor of 4.0 was observed for 139La-7QMAS spectra of LaAlO3

[41]. The SW(s)-FAM holds the advantage of having one less
parameter that needs to be optimised, unless the condition
Na = Nb is enforced for the two FAM-I blocks. Since a window
of frequencies is swept with SW(s)-FAM, the range of parame-
ters delivering appreciable signal-enhancement should be larger
and therefore easier to find than for FAM-I.

Conceptually, the sweep direction of a SW(s)-FAM train incor-
porated into the excitation part of a 7QMAS pulse sequence
needs to be reversed from that used for enhancement of a single
quantum spectrum. For enhancement of single-quantum spectra,
the j ± 7/2 > , j ± 5/2 > , and j ± 3/2> energy levels should be con-
secutively affected, which implies a sweep from higher to lower
modulation frequencies. To realise the transfer 3QC?5QC?7QC
for 7QMAS, the direction of sweep should go from lower to high-
er modulation frequencies. (Or, when using two FAM-I blocks,
the first one should have a lower modulation frequency than
the second, as it was indeed implemented in Ref. [41].) This is
intuitively clear in the case of a single crystal, and with some
qualification also for static powder samples. Under MAS condi-
tions, however, we found by both numerical simulation and
experiment that the observed effects on both single-quantum
and 7Q spectra are practically insensitive to the applied sweep
direction. The same effect has been reported by Siegel et al.
[36] for application of DFS to spin-5/2 systems. A detailed dis-
cussion of this complex subject is however outside the scope
of this article and will be presented elsewhere. For all spectra
shown here, the ‘‘conceptually correct” sweep directions have
been used.
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Fig. 6. 45Sc-7QMAS spectra of scandium sulphate, Sc2(SO4)3 at 8 kHz spinning speed. The spectra were recorded after a 7QC evolution delay of 2 ls, and transformed in the
anisotropic F2 dimension. They were acquired with an RF nutation frequency of mnut � 110 kHz, using a recycle delay of 5 s, and an acquisition time of 2.5 ms. Two thousand
and eight hundred transients were accumulated using the phase cycle listed in Table 2. The coherence pathway is indicated below the spectra. (a) Both excitation and
conversion of the 7Q coherence are accomplished by hard RF pulses: Pexc

H ¼ 6:5 ls, Pcon
H ¼ 2:5 ls. (b) Excitation by hard RF pulse, Pexc

H ¼ 6:5 ls; conversion by FAM-I train, with
sp = 1.0 ls and N = 6. (c) Excitation by hard RF pulse, Pexc

H ¼ 5:5 ls, followed by a SW(s)-FAM train with s0
p ¼ 1:4 ls to s9

p ¼ 0:4 ls and N = 10; conversion by FAM-I train, with
sp = 1.0 ls and N = 6.
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4. Conclusions

We have demonstrated how trains of fast amplitude-modulated
RF pulses may be usefully employed for enhancing sensitivity
when acquiring single-quantum (both under static and MAS condi-
tions) or 7QMAS spectra of quadrupolar nuclei with spin-7/2. For
the studied nuclei, 43Ca and 45Sc, the best enhancement of static
spectra was obtained using the SW(1/s)-FAM sequence [44],
whereas for spinning samples, best results were achieved using
either double-block FAM-I trains [40,41], or the SW(s)-FAM se-
quence [42]. The acquisition of 7QMAS spectra strongly benefits
from incorporation of a FAM sequence into the excitation part, sim-
ilar to what has been reported before for acquisition of 5QMAS
spectra of spin-5/2 nuclei [62,63]. Creation of 7Q coherence can
be facilitated by either double-block FAM-I [41], or by use of a
SW(s)-FAM sequence, as shown here.

Alternative methods for spin population transfer from the satel-
lite transitions, such as (DFS) [29–33] or hyperbolic secant pulses
(HS) [34–36,52] have been shown to give good results for nuclei
with spin-3/2 and spin-5/2. They are therefore expected to work
well also for spin-7/2 nuclei, although to the best of our knowl-
edge, no application of either DFS or HS to nuclei with I = 7/2 has
been reported yet. For single-quantum spectra, the best enhance-
ment currently available seems to be the application of multiple
sweep and acquisition cycles, as demonstrated in Refs. [39,49,50].
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