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An investigation of the effect of shaping the pulses in multiple-
quantum magic-angle nuclear magnetic resonance experiments
was carried out on polycrystalline samples containing spin-3

2
qua-

drupolar nuclear spins. Both theoretical analysis and numerical
simulations show that there exist types of shaped pulses that are
more advantageous than the usual rectangular pulses in exciting
multiple-quantum coherences and converting these into single-
quantum coherences or zero-quantum coherences (in z-filtering
cases). The sensitivities can be enhanced without loss of resolution
or increasing the RF offset dependences. Moreover, properly
shaped pulses can moderate the requirements on the RF power
and sample spinning speeds. Especially important for application
purposes is the finding that lattice site quantification can also be
improved by the use of certain shaped pulses. © 1998 Academic Press

1. INTRODUCTION

The multiple-quantum magic-angle spinning (MQMAS) nu-
clear magnetic resonance (NMR) spectroscopic technique has
engaged the attention of many scientists since Frydman and
Hardwood (1) proposed the multiple-quantum coherence
(MQC)–single quantum coherence (1QC) correlation tech-
nique to obtain the isotropic spectra of half-integer quadrupolar
spin systems without using dynamic-angle spinning (DAS)
(2, 3) or double-axis rotation (DOR) (3, 4) NMR techniques.
Clearly, MQMAS is a significant enhancement of the reper-
toire of methods available for solid-state nuclear magnetic
resonance studies. The two-pulse version of MQMAS which is
experimentally simpler was subsequently found to produce
higher sensitivities in addition to yielding better spectral line-
shapes (pure absorptive) (5–13). Extensive studies involving
numerical analysis and experimental verifications have been
devoted to optimizing the pulse sequences for MQMAS NMR
to achieve better sensitivities (5–8, 12). Although the tech-
niques used to obtain pure absorptive lineshapes such as TPPI,
and the hypercomplex method, have been applied in MQMAS
studies, it has been the case that dispersion is frequently found
to be still serious, especially for high coherences (upu . 3)
cases because of the asymmetry of the coherence transfers 03

6p for quadrupolar nuclear spin systems under RF pulse
irradiation. This situation can be improved by application of
the z-filtering method which ensures the symmetry of the
intensities of the coherences before detection. The three-pulse
version of thez-filtering method (13) is superior to its four-
pulse counterpart (14) because the former yields higher spec-
tral sensitivities and is more easily optimized. Further improve-
ment of the spectral lineshapes can be achieved by
synchronizing the sample spinning rate with the pulse lengths
(12, 15). The presence of the spinning sidebands in the first
dimension was detected and satisfactorily explained recently
(16, 17).

Systematic comparisons between MQMAS NMR and VAS
(variable-angle spinning), DAS, and DOR NMR techniques
used in the study of quadrupolar nuclear spin systems have
been published (18, 19). While the MQMAS method has rap-
idly become a favorite experimental choice, nevertheless,
VAS, DAS, and DOR are complementary techniques for some
systems and can be incorporated with MQMAS (12, 19, 20). A
time-split method (14, 21) was proposed to avoid the shearing
transformation of the spectral data which is usually needed as
a post-data processing procedure to enhance the resolution in
the first dimension of the 2D MQMAS NMR spectra. This
renders data processing easier but the pure absorptivities of the
resulting lineshapes are generally not as good as those obtained
by the two-pulse-plus-z-filtering method (13). The incorpora-
tion of MQMAS with cross polarization (22, 23) and hetero-
nuclear correlation (24) has been demonstrated to be useful in
certain situations. Because of its experimental convenience,
MQMAS has found many applications in studies of a large
range of practical chemical systems of different complexities
from simple inorganic compounds to catalysts and molecular
sieves (5, 18–37). The high resolution achieved makes it easy
to detect weak interactions involving quadrupolar spins, e.g.,
J-coupling between spin-1

2
and spin-3

2
nuclei (38).

Based on the results of the above investigations, MQMAS
can at present be regarded as an important new “routine”
experimental method in solid-state NMR. Site quantification of
nuclei portrayed in the spectra acquired by the MQMAS NMR
technique is, however, often found to be not wholly satisfac-
tory, especially when the magnitudes of the quadrupolar cou-
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pling constants (QCCs) of the nuclei at different crystal lattice
sites in the system under investigation vary greatly. The com-
mon situation is that the intensities of the signals from lattice
sites occupied by nuclei with large values of QCCs are reduced
in magnitude. Recently, a method exploiting the nutation char-
acteristics of the coherences of quadrupolar spins in rotating
solids under RF irradiation, named RIACT (39) (rotation-
inducedadiabaticcoherencetransfer), was proposed to yield
better site quantitative MQMAS NMR spectra by carefully
setting the pulse lengths according to the sample spinning
speeds. Because the adiabatic condition for coherence transfer
is better satisfied at higher spinning speeds for nuclei with
larger QCCs (i.e., the difference between the effective quadru-
polar frequencies is decreased by sample spinning), the inten-
sities of the signals for sites occupied by nuclei with large
values of QCCs can be relatively enhanced by using the RI-
ACT method, hence yielding better site quantification of the
MQMAS NMR spectra.

The goal of this paper is to present a method which holds
promise for further improvement in site quantification by using
properly shaped 3Q3 1Q (or 0Q) conversion pulses. In an
earlier study (40), we reported that shaped 0Q3 3Q excitation
pulses, which consume less RF power, may be used to enhance
spectral sensitivity without losing resolution or reducing site
quantification. In that work, however, only the first pulse (for
MQC excitation) could be shaped because the conversion pulse
was restricted to a duration of only a few microseconds.
According to numerical simulations and experimental results,
by the use of the RIACT pulse scheme (39), both the excitation
and the conversion pulses used in MQMAS NMR employing
that method can have lengths of tens, even hundreds, of mi-
croseconds, and, therefore, there are presented the possibilities
for much more freedom to undertake extensive pulse shaping
experiments. This can be understood because the second pulse
is used primarily to convert the MQCs into 1QCs or 0QCs (in
z-filtering cases magnetizations are stored along thez-axis of
the laboratory frame as zero-quantum coherences and then
transferred back to the observable single-quantum signal). In
most quadrupolar spin systems, the MQCs spanning them7
2m transitions have rather narrow spectral widths which,
therefore, can be excited uniformly when a long pulse is used.
It is well known that whenever a long pulse is used, a properly
shaped one often outperforms its rectangular counterpart in
terms of excitation efficiency, homogeneity, tolerance to RF
offset, and other experimental imperfections (41). In this work
we presented both theoretical and experimental studies of
spin-3

2
MQMAS NMR spectra obtained by using shaped pulses

for the 3QC–1QC (0QC) conversion process. Advantageous
pulse shapes are proposed and experimentally demonstrated to
show that they offer better site quantitative MQMAS NMR
spectra under less demanding experimental conditions than
those frequently employed.

2. THEORY AND SIMULATION

The problem of obtaining the optimal conversion of certain
orders of MQCs in quadrupolar systems can be generally
expressed as follows: given the quadrupolar interaction Ham-
iltonian and initial density matrix, how can one optimize the
RF Hamiltonian so that the greatest portion of the MQCs can
be converted into 1QCs or 0QCs, in thez-filtering case (for
uncoupled spin systems such as that studied in this work, it is
to be noted that 0QCs correspond to the diagonal elements of
the density matrix). In this work, spin-3

2
quadrupolar nuclear

spin systems are investigated. The density matrix of the initial
state of the system,r(0), should be selected according to the
case under study (see later). The total Hamiltonian can be
expressed in the rotating frame as

H 5 vq@I z
2 2

1
3
I ~I 1 1!# 1 v1~t!If, [1]

wherev1 is the amplitude of the RF field which is generally
time dependent when shaped pulses are used.f is the phase of
the RF field. The quadrupolar frequencyvq can be written as

vq 5 Î6\ O
m,n522

12

$m0
~2!~vrt, u, 0!$nm

~2!~a, b, g!r2n
Q . [2]

In this equation$ is the Wigner rotational transformation
matrix, andr2n

Q represents the principal elements of the electric
field gradient tensor. The Euler angles (a, b, g) correspond to
the transformation from the principal axis system (PAS) of the
quadrupolar interaction tensor to the rotor axis frame.u is the
spinning axis direction relative to the direction of the applied
magnetic field andvr is the rotor spinning rate.

The density matrixr(t) at any timet (.0) is

r~t! 5 U~t, 0!21r~0!U~t, 0!, [3]

where the evolution operator is written as

U~t, 0! 5 Te2i*0
t dt9H~t9!. [4]

Here T is the time-ordering operator. The ideal RF pulses in
our case are those that provide the greatest sensitivity, give the
best site quantitative spectra over a broad range of QCCs, have
good offset tolerance, and do not present demanding experi-
mental conditions such as very high sample spinning speeds.
From the above equations, there is no physical reason that a
rectangular pulse would be the best pulse shape to be employed
in these experiments. In fact, we can regard the internal inter-
action HQ during the pulsing period as an additional “pulse”
which is spatially highly anisotropic and time depenent. The
optimum value of thev1If term should be chosen so that the
effect of HQ can be canceled (or utilized) and the maximum
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3QC3 1QC (or 3QC3 0QC in thez-filtering case) conver-
sion efficiency is achieved. Because usually Eq. [3] cannot be
solved analytically, there are no general rules that can be used
to identify the ideal pulse shapes. A straightforward theoretical
analysis, however, is given here to show that the rectangular
pulses normally used in MQMAS NMR studies are not nec-
essarily the best in terms of optimal sensitivity, site quantifi-
cation, RF offset tolerance, and requirements on spinning
speed and other conditions. For this purpose an elementary
application of Floquet theory (42–46) is employed. When
rectangular pulses are used, since the RF term is time indepen-
dent, the total Hamiltonian is periodical and, therefore, the
evolution operator according to quantum Floquet theory can be
written as

U~tp! 5 P~tp!e
2iQtpP21~0!, [5]

whereP(t) is periodical andQ is a time-independent traceless
diagonal matrix (42–46). On the other hand, a pulse with
arbitrary shape can be regarded as a cascade of very small
rectangular pulses, each of which can be described by Eq. [5];
therefore, the total evolution operator for this case can be given
as

U~tp! 5 P~tp!e
2i*0

t Q~t9!dt9P21~0!, [6]

whereP(t) is no longer necessarily periodical andQ may be
time dependent. The signal after the conversion pulse(s) is
determined by

S5 Tr@OU~tp!r~0!U21~tp!#, [7]

whereO is the observation (or detection) operator andr(0) is
the initial density matrix; both of these depend on the pulse
scheme employed. For the normal two-pulse scheme employed
in MQMAS NMR for quadrupolar spin-3

2
nuclei, r(0) can be

chosen asI (14) 5 u1&^4u, andO asI x
(23). On the other hand the

first pulse of thez-filtering scheme,r(0), should be chosen as
u1&^4ue2iv14t1 1 HC, where HC is the Hermitian conjugate.t1
must be nonzero otherwise the populationsr22(tp) andr33(tp)
are equal (also see below). The detection operator isI z

(23). For
the second pulse in thez-filtering case,r(0) 5 I z

(23) andO is
I x
(23). It is not difficult, therefore, to verify that a properly

shaped pulse is better than a rectangular pulse. For example,
when the two-pulse scheme is used, the 1QC signal after the
conversion pulse can be calculated from Eq. [5] as

^Ix
~23!& 5 O

l,m51

4

P3l~tp!Pm2
21~tp!P4m~0!Pl1

21~0!e2i~Qll2Qmm!tp [8]

for a rectangular pulse, and

^I x
~23!& 5 O

l,m51

4

P3l~tp! Pm2
21~tp! P4m~0! Pl1

21~0!e2i*0
tp~Qll~t9!2Qmm~t9!!dt9

[9]

for a shaped pulse. Obviously, there are more adjustable pa-
rameters in Eq. [9] than in Eq. [8]. By a judicious choice of
values of the parameters the signal thus can be better opti-
mized. This point can be supported by numerical simulations.
We will not go further into the details of the analysis based on
Eqs. [8] and [9] in this work; these will be presented later.
Instead, we will focus on demonstrating the characteristics of a
number of shaped pulses, based on the above considerations,
that are advantageous over the rectangular pulses normally
used in MQMAS NMR experiments.

Following the earlier work on shaped pulses (40), other
pulse shapes have been studied. For instance, when the con-
version pulse takes the shape defined by

v1~t! 5 a sin b~t 2 t0!/~t 2 t0!, [10]

wherea, b, andt0 are adjustable parameters, more site quan-
titative MQMAS NMR spectra can be obtained. On the other
hand, the decaying exponential pulse,v1maxe

2bt, has better RF
offset tolerance (see later). The Fourier transform of Eq. [10] is
a rectangle with a length ofb; therefore, it represents uniform
“excitation” over a range ofb centered at zero frequency
(actually the carrier frequency in the laboratory frame). Con-
sequently, it can convert MQCs into 1QCs more uniformly,
which means that better site quantitative MQMAS NMR spec-
tra should result. Actually, as shown below, it can offer more
than better site quantification. To demonstrate the advantages
of employing shaped pulses in MQMAS experiments, a series
of spectral simulations based on Eq. [3] was performed to
compare the sensitivity, quantification, and offset tolerance for
different pulse shapes.

The coherence conversion pulse was studied for two typical
cases; e.g., the two-pulse scheme and az-filtering scheme. As
pointed out above, for the first case, the initial density matrix
is chosen as

r~0! 5 I 14 5 u1&^4u [11]

which is the 3QC operator for spin-3
2

nuclear spin systems. The
conversion efficiency can be calculated with the absolute value
of the density matrix elementr1/2,21/2.

In the z-filtering case, there are two pulses, so the initial
density matrices differ. Because the population difference be-
tween u1

2
& and 2u1

2
& is involved in thez-filtering case, care

should be taken when choosing the initial density matrix. For
instance, the seemingly reasonable choice of Eq. [11] is not
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suitable because the population difference would be zero re-
gardless of the pulse shape. In fact, from the structure of the
Hamiltonian (Eq. [1]), it is not difficult to show that the
difference of the matrix elementsr1/2,1/2 2 r21/2,21/2 is zero
whenever the initial 3QC is in thex or y directions of the
fictitious spin-1

2
space. Thus, the following general initial den-

sity matrix

r~0! 5 I 14~t1! 5 u1&^4ueiv14t1 1 u4&^1ue2iv14t1, t1 Þ 0 [12]

is used to ensure that there is a nonzero population difference
in these states after the conversion pulse. Our simulations show
that pulse shaping has a similar effect on both pulses. There-
fore, only the results relating to the second are shown here.

The simulations were carried out on an IBM RISC 6000
computer. The computing programs based on the above theo-
retical analysis were written in FORTRAN code. Because in
our work the RIACT protocol was used the evolution time can
be set to be larger than one spinning period, and full use of the
periodicity of the Hamiltonian can be made to save CPU time

and to avoid accumulated errors. The time step used in the
computation depends on spinning speed as well as on the
quadrupolar interaction parameters, the most important of
which are the values of the QCCs and the asymmetry param-
eters. The partition of the solid angles (a, b) can be efficiently
carried out by using the tetrahedron partitioning scheme of
Aldermanet al. (47). The simulations were performed for a
spin-3

2
quadrupolar nuclear spin system with a variety of inter-

action parameters, spinning speeds, and RF fields. Shown
below are some examples with a rotor spinning speed of 5 kHz
and a maximum RF power of 60.0 kHz.

The conversion efficiencies with three different pulse shapes
are shown in Fig. 1. As can be seen, for rectangular pulses, the
sensitivity is uniform over a broad range of values. This means
that it is unnecessary to set exactly the width of this pulse so
long as it is in the uniform range. Whereas, when shaped pulses
are used, the pulse duration must usually be set more carefully.
As can be seen from the diagram, however, this requirement is
not difficult to satisfy. The sensitivity can be maintained with
shaped pulses. In Fig. 1, the same maximum RF power was
used for all pulses; therefore, the total power applied to the
probe is less when a shaped pulse is used.

Figure 2 gives a comparison of the intensity changes over a
broad range of values of QCCs with three different pulse
shapes, e.g., a rectangular pulse, a decaying triangular pulse,

FIG. 1. The conversion efficiencies from the initial 3QC for different
shaped pulses over a spinning period [0,2p]. The lines for the 2QC and 3QC
cases were shifted vertically by 1 and 2 units, respectively. The dashed lines
are for a rectangular pulse, the dotted lines for a decaying triangular pulse, and
the solid lines for the pulse defined by Eq. [10]. The parameters used are
Zeeman frequencyv0 5 50.0 MHz, quadrupolar coupling constante2qQ/h 5
2.4 MHz with asymmetry parameterhQ 5 0.8, and themoderatesample
spinning speedvr 5 5.0 kHz. For the rectangular pulse, the RF power isv1 5
60.0 kHz for a decaying triangular pulse, the maximum RF power isvmax 5
60.0 kHz for the pulse defined by Eq. [10],a 5 10v1 5 600.0 kHz,b 5
0.1v1 5 6.0 kHz, andt0 5 50.0 ms.

FIG. 2. The dependence of the conversion efficiency on the QCC values.
The dashed lines are for a rectangular pulse (width1

4
tr 5 50.0ms), the dotted

lines for a decaying triangular pulse (width1

4
tr 5 50.0ms), and the solid lines

for the pulse defined by Eq. [10] (width1
4
tr 5 50.0ms). The parameters have

the same values as those in Fig. 1 except t0 5 1

2
tr 5 100.0ms.
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and the pulse defined by Eq. [10]. It is clear that the site
quantification can be improved by optimizing the pulse shape.
For example, a nearly horizontal line can be obtained by using
the shape generated by Eq. [10].

Similar to Fig. 2, the intensity changes with different RF
offsets for different pulse shapes are shown in Fig. 3. Figure 3a
shows the variation of the absolute signal intensities (1QCs)
with regard to offsets with three different pulse shapes: rect-
angular, decaying exponential, and the one defined by Eq. [10].
Figure 3b shows the change of relative intensities, i.e., the three

intensities divided by their respective values at zero offset,
which are a more accurate description of the offset tolerance.
Note that the maximum RF power used is the same for all three
pulse shapes. As can be seen from Fig. 3, the offset tolerance
can be improved by properly adjusting the pulse shape; e.g.,
the decaying exponential shaped pulse is the best among the
three used to yield the data for Fig. 3. It should be noted that
the optimum shape with good offset tolerance might cause a
reduction of sensitivity but the loss can be made quite small as
shown in Fig. 3. Also, the best pulse shapes for quantification
are not necessarily the optimum ones for improving offset
characteristics.

Analogous results are obtained for thez-filtering case.
Shown in Figs. 4–6 are the comparisons of conversion effi-
ciencies of the three typical pulse shapes (for the second pulse),
with different pulse lengths, QCCs, and RF offsets, respec-
tively. It is obvious that the pulse shape (Eq. [10]) can signif-
icantly improve the site quantification problem caused by the
large range of magnitudes of the QCCs although the offset
effect is slightly degraded.

When higher RF fields or higher spinning speeds are used,
the afore-mentioned results also hold but generally with higher
sensitivity. It is noteworthy that in Figs. 1–3, although the
spinning speed assumed is 5 kHz the sensitivity loss compared
with higher spinning speeds is not drastic, meaning that shaped

FIG. 4. The conversion efficiencies from the initial 3QC for different
shaped pulses in thez-filtering case over a spinning period [0,2p]. The
ordinates forur1/2,1/2 2 r21/2,21/2u and ur3/2,3/2u are shifted vertically by 1 and
2 units, respectively. The dashed lines are for a rectangular pulse, the dotted
lines for a decaying triangular pulse, and the solid lines for the pulse defined
by Eq. [10]. The parameters used are the same as those in Fig. 1.

FIG. 3. The dependence of the 3Q conversion efficiency on RF offset,
displayed with (a) the absolute intensities and (b) the (normalized) relative
intensities. The dashed lines are for a rectangular pulse, the dotted lines for a
decaying exponential pulse, and the solid lines for the pulse defined by Eq.
[10]. The exponential pulse is defined asv1(t) 5 v1maxe

2bt, wherev1max 5
60.0 kHz andb 5 6.0 kHz. The other parameters have the same values as those
in Fig. 1.
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pulse MQMAS NMR can be performed with moderate spin-
ning speeds. One problem related to slow or moderate spinning
speeds is the occurrence of spinning sidebands in the isotropic
dimension, meaning that the central band intensity is not a
wholly reliable indication for use in site quantification analysis.
However, for typical compounds, nuclei at all lattice sites may
manifest spinning sidebands. Moreover, it is seen from Eqs.
[5]–[9] that the pulse shaping has the same effect on the
sidebands and the central band. Therefore, the relative increase
of the central band intensity of certain sites corresponds to an
improvement of the site quantification as compared with the
original spectrum. On the other hand, there exist certain ap-
proaches that either restore the central band intensity and
remove the spinning sidebands or reconstruct sideband-free
spectra from the experimental ones combined with numerical
fitting. This latter approach is under study.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The experiments were performed on a Bruker MSL-200
NMR spectrometer. A Doty DAS probe was used with a
spinning speed of about 6.5 kHz. The two-pulse sequence was
used in our experiments. To compare the conversion pulse
performance (quantification and offset effect), four types of

second pulses were used: a short rectangular pulse as used in
Refs. (1, 5–12), rectangular pulses with a duration of one-
quarter of a spinning period as used in RIACT(I) (39), a
decaying exponential pulse, and the shaped pulse defined by
Eq. [10]. Pulse shaping can be easily realized on digital NMR
spectrometers. In our experiments it was achieved with a
homebuilt electronic circuit, a schematic diagram of which is
shown in Fig. 7. The audiofrequency modulation signal is
generated by an arbitrary wave generator. The modulation
waveform (determined by the parameters including frequency,
amplitude offset, and duration) is changeable by downloading
different sets of data from a microcomputer connected to the
waveform generator. The wave generator used was a
Wavetek-75 with a maximum sampling frequency of 2 MHz;
therefore, the time resolution in pulse shaping was 0.5ms,
sufficient for shaping pulses with a duration of approximately
100 ms as in our experiments. The modulation signal is then
fed to a mixer circuit when a trigger signal (controlled by the
pulse program) is applied to the wave generator. The mixed
signal (shaped pulse) is first amplified by a low-power ampli-
fier and later by a high-power amplifier. A variable attenuator
can be used between the two amplifiers to adjust the output
power. The linearity of the high-power amplifier is crucial for
the production of an undistorted shape after amplifying. The
amplifier attached to our MSL-200 was found to be nonlinear
and thus unsuitable for our experiment. Therefore, a gateable
linear high-power (ENI LPI-10, class-AB) amplifier was used.

The above theoretical predictions are verified by a series
of experimental results for23Na 3Q–1Q MQMAS NMR
correlation spectra from polycrystalline anhydrous
Na2HPO4. There are three magnetically nonequivalent Na
sites in this compound (48) with large QCC differences

FIG. 5. The dependence of the 3Q conversion efficiencies on the QCC
values in thez-filtering case. The ordinates forur1/2,1/2 2 r21/2,21/2u and
ur3/2,3/2u are shifted vertically by 1 and 2, respectively. The dashed lines are for
a rectangular pulse (width1

4
tr 5 100.0 ms), the dotted lines for a decaying

triangular pulse (width1
4
tr 5 100.0ms), and the solid lines for the pulse defined

by Eq. [10] (width1

4
tr 5 50.0ms). The other parameters have the same values

as those in Fig. 2.

FIG. 6. The dependence of the 3Q conversion efficiency on RF offset in
the z-filtering case, displayed with absolute intensities. The ordinate is the
population difference of the two central energy levels,ur1/2,1/2 2 r21/2,21/2u.
The dashed lines are for a rectangular pulse, the dotted lines for a decaying
exponential pulse, and the solid lines for the pulse defined by Eq. [10]. The
exponential pulse is defined asv1(t) 5 v1maxe

2bt, wherev1max 5 60.0 kHz
and b 5 6.0 kHz. The other parameters have the same values as those in
Fig. 5.
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(2.13, 1.374, and 3.702 MHz); thus the undistorted isotropic
solid-state NMR spectrum should show three peaks with a
1:1:2 intensity ratio (48). This compound has been generally
regarded as an appropriate sample for testing the qualifica-
tion by comparing the intensities of the three sites exhibited
in its MQMAS spectrum. Demonstrated in Fig. 8 is the
contrast between the spectra obtained with a short pulse,
with the RIACT(I) scheme, and with the RIACT pulse
sequence but employing a shaped pulse (Eq. [10]) for co-
herence conversion. It is clear that better site quantification
is achieved by means of proper pulse shaping. For the
spectrum generated with short pulses (Fig. 8a) (the normal
MQMAS method), as expected, the intensity of the signal
from site Na(3) is much weaker than the signals from the
other two lattice sites, and, in addition, its linewidth is
broader, meaning lower resolution. Even the intensities of
the signals from the Na(1) and Na(2) lattice sites are not
equal, though the two sites have relatively small and similar
QCCs; this clearly means that other parameters such as the
orientation of the EFG tensor of the quadrupolar nucleus at
a particular site may also affect site quantification. As can
be seen, the RIACT spectrum (Fig. 8b) exhibits little dif-
ference between the intensities of the signals from lattice
sites Na(1) and Na(2), and there is also a significant en-
hancement of the intensity of the signal for lattice site
Na(3). At higher magnetic fields and at higher spinning
speeds, the RIACT method may offer better site quantifica-
tion; see Ref. (39). As shown in Fig. 8c, site quantification
is further improved in the MQMAS NMR spectrum obtained
with the conversion shaped pulse defined by Eq. [10]. Con-
sidering that our experiment was performed on a relatively
low-magnetic-field spectrometer with moderate rotor spin-
ning speed, this enhancement of site quantification is mean-

ingful and may be significant for future MQMAS NMR
applications.

As pointed out in the previous section, one must note that
under the above spinning speeds, the presence of spinning
sidebands in the isotropic dimension may be significant;
hence the central band intensity alone does not reflect quan-
titative information about the lattice site signal. A larger
central band intensity, however, definitely corresponds to
better quantification. A study is underway to devise a tech-
nique more general than the synchronized acquisition
scheme (15) to remove the spinning sidebands and restore
the intensity of the central band. If this technique proves
practical, then the problem caused by insufficient spinning
speed should become insignificant.

Figure 9 shows the contrast between the 3QC intensities in
the MQMAS NMR spectra of Na2HPO4 obtained by using
rectangular and decaying exponential pulses, and with various
offsets. The normalized (Na(1)) integral intensities of the spec-
tral peaks of the F1 projections are used. Obviously, with the
decaying exponential pulse, better offset dependence can be
achieved than with the rectangular pulse, in agreement with the
theoretical results shown in Fig. 3. It is noteworthy that for
different sites (with different QCCs), the offset curves are more
similar to each other when a shaped pulse is used than when the

FIG. 7. The block diagram of the electronic circuitry used for high-power
pulse shaping.

FIG. 8. Experimental23Na MQMAS NMR spectra of polycrystalline
anhydrous Na2HPO4 acquired with (a) two short pulses (the second pulse
length 5 3 ms), (b) RIACT(I) with rectangular pulses (the second pulse
length5 38.5ms, one-quarter of the spinning period), and (c) the second pulse
shaped (Eq. [10], with a pulse width of 115ms, a 5 10v1 5 700.0 kHz,b 5
0.1v1 5 7.0 kHz, andt0 5 75.0 ms). One hundred twenty-eight FIDs were
acquired for each 2D spectrum witht1 incremented in steps of 20ms. One
hundred twenty scans were used for each FID. The RF power was 70.0 kHz,
the first pulse length5 12 ms, and the sample spinning speed was 6.5 kHz.
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rectangular pulse is employed. This is understandable because
the sensitivities with shaped pulses are much less dependent on
the value of the QCC as shown in Fig. 2.

4. CONCLUSIONS

Through theoretical analysis supported by numerical simu-
lations and experimental verification, a further perspective is
presented on the effects of optimizing the MQMAS NMR
pulse sequence, i.e., by means of pulse shaping. Two types of
pulse shapes have been studied, namely, the sinx/x type and
decaying exponential (or triangular) pulses. It is found that
properly shaped pulses can enhance spectral site quantification
and/or alleviate offset effects. This reduces the requirement of
high rotor spinning speeds ($10 kHz) which is usually re-
garded as a prerequisite in MQMAS NMR spectroscopy. With
the method described, MQMAS NMR studies may be carried
out at moderate spinning speeds, thus becoming accessible to
more experimenters. Moreover, the total RF power may be
reduced to achieve the same sensitivity. Shaping can be carried
out for the excitation, for conversion pulses, or for both.
Although only spin-3

2
nuclear quadrupolar spin systems were

considered in this work, the arguments supporting the use of
shaped pulses are obviously applicable to higher spin cases
and, therefore, similar results are expected for those systems.
Finally, all the conclusions hold for thez-filtering case even

though the optimum pulse length might be different. There
may, of course, also exist more preferable pulse shapes that are
more efficient than those presented here and they might be
discovered, or designed, by using more powerful theoretical
tools such as Floquet theory mentioned in Section 2. More
work is being done along these lines and will be published
separately.
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