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Composite pulses of the type ðspÞxð2spÞ�xð3spÞx allow one to excite the central transition of nuclei with
half-integer spin with enhanced efficiency compared to a simple ðssp

p Þx pulse. The method has been tested
on solid samples containing sodium-23 (I = 3/2), aluminium-27 (I = 5/2) and scandium-45 (I = 7/2) under
both static and magic-angle spinning conditions. Numerical simulations for I = 3/2 indicate that the
enhancement is due to a more efficient conversion of Zeeman population differences associated with
the satellite transitions to the central transition.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Sensitivity is no doubt the Achilles’ heel of NMR spectroscopy.
This is inevitably due to the small population differences between
the Zeeman energy levels when an external magnetic field lifts
their degeneracy [1]. In the solid state, the resulting weak signals
may be further compromised by the dispersion of frequencies
caused by anisotropic interactions [2]. This is particularly true for
quadrupolar nuclei, which represent the vast majority of NMR-ac-
tive spins. The quadrupolar interaction, which cannot be fully re-
moved by magic-angle spinning (MAS) because of second-order
terms, is often very large and results in a severe lack of spectral res-
olution and, consequently, in weak signal-to-noise ratios [3]. Sev-
eral methods have been proposed to partially overcome these
intrinsic limitations that affect the acquisition of NMR spectra of
quadrupolar nuclei in the solid state. Most proposed approaches
achieve signal enhancement of the central transition (CT) mI =
+1/2 M mI = �1/2 of nuclei with half-integer spin (I P 3/2) through
the selective rf-manipulation of the populations of the Zeeman
eigenstates [4–23]. This preparation step is then usually followed
by a selective excitation of the CT. Clearly, if the populations of
the satellite transitions (STs) mI = ±1/2 M mI = ±3/2 can be driven
away from their equilibrium values, an enhanced population dif-
ference across the CT can be obtained. These population-transfer
techniques achieve signal enhancement of the CT via inversion or
ll rights reserved.
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saturation of the STs [24]. In contrast to these earlier approaches,
this Letter focuses on an excitation process that does not require
any preparation step. We present a new recursive composite
scheme [25] comprising non-selective ‘hard’ pulses of the form
ðspÞxð2spÞ�xð3spÞx . . . ðnspÞ�x, where sp is the time length of the first
pulse, 3 6 n 6 7, and the phase of the last pulse is +x or �x, for odd
or even values of n, respectively. This may be regarded as an unu-
sual form of time-dependent amplitude modulation where the
modulation frequency decreases with time. A regular phase alter-
nation ±x at intervals sp would generate sidebands at x = xrf ± 1/
sp, and larger intervals nsp would cause the sidebands to move clo-
ser together to x = xrf ± 1/(nsp). Neither picture applies to our
excitation scheme, where the rf phase oscillates with increasing
time steps. This achieves signal enhancement of the CT without
preliminary manipulation of the populations of the ST. Our method
achieves an efficient excitation of the CT single-quantum coher-
ence (SQC) and minimizes ST SQC as well as spurious coherences
of higher orders which necessarily occur during a single pulse. Gi-
ven that the rf-manipulations are much shorter than in previous
approaches (ls instead of ms), we refer to our excitation scheme
as COMPACT-n (Composite Pulses Adapted for Central Transitions),
n being the number of pulses.
2. Simulations

In order to explore the excitation profile of the various
populations and coherences during a composite pulse, numerical
simulations have been carried out for a quadrupolar spin I = 3/2
with the SIMPSON program [26]. We make use of irreducible
spherical tensor operators Tl;p [27], of rank l and coherence order
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Figure 1. Numerical simulations of the expectation values of the single-quantum coherences (SQC) associated with the central transition (CT) and the satellite transitions
(ST) of a spin I = 3/2: (a) T ðCTÞ

1;�1, (b) T ðSTÞ
1;�1 and (c) the triple-quantum coherences (TQC) T3;�3 during a single pulse of duration ssp

p (continuous lines) and during a composite
COMPACT pulse with n = 3 (dashed lines) for 0 < t < 6sp. In black, red and green, different initial states T1;0, T ðCTÞ

1;0 and T ðSTÞ
1;0 , respectively, were considered. The vertical lines

indicate the phase reversals during the composite pulse. The length of the first pulse was sp = 0.63 ls. The rf field strength was x1/(2p) = 100 kHz. The offset or chemical shift
was xI/(2p) = 0 Hz, the quadrupole coupling constant CQ = 3 MHz and the asymmetry parameter gQ = 0.5. The spinning frequency was xR/(2p) = 10 kHz. Simulations were run
for 256 crystallite orientations and 3 c angles.

Table 1
Expectation values of TðCTÞ

1;�1, T ðSTÞ
1;�1 and T3;�3 at the end of a single pulse and after a

composite COMPACT-3 pulse. In the case of the single pulse, the expectation values of
the three operators shown in bold indicate the maxima that are achieved at the
corresponding pulse widths.

Pulse length (ls) hTðCTÞ
1;�1i hTðSTÞ

1;�1i hT3;�3i

Single pulse
ssp

p ¼ 0:89 0.138 0.076 �0.007

ssp
p ¼ 1:39 0.163 0.071 �0.022

ssp
p ¼ 3:78 �0.097 0.017 �0.092

COMPACT-3
6sp = 3.78 0.208 0.060 �0.021
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p. The operator T1;�1 corresponds to observable (in-phase) single-
quantum coherence (SQC), and T3;�3 describes triple-quantum
coherence (TQC). It is convenient to decompose the single-quan-
tum operator T1;�1 into T1;�1 ¼ T ðCTÞ

1;�1 þ T ðSTÞ
1;�1, where T ðCTÞ

1;�1 corre-
sponds to the CT and T ðSTÞ

1;�1 to the sum of the STs. Furthermore,
we decompose the Zeeman order T1;0 into T1;0 ¼ T ðCTÞ

1;0 þ T ðSTÞ
1;0 and

consider these two terms separately as initial operators, so as to
monitor how the populations of the Zeeman eigenstates contribute
to the creation of coherences (off-diagonal elements). The follow-
ing tensor operators can be detected if the signal is defined to be
sðtÞ ¼ Tr½Tl;prðtÞ� with l = 1 and p = �1:
TðCTÞ
1;�1 ¼

1ffiffiffiffiffiffi
10
p

0 0 0 0
0 0 0 0
0 2 0 0
0 0 0 0

0
BBB@

1
CCCA; T ðSTÞ
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p

0 0 0 0ffiffiffi
3
p

0 0 0
0 0 0 0
0 0

ffiffiffi
3
p

0

0
BBB@

1
CCCA

ð1aÞ



Figure 2. Schematic representation of the overall effect of the composite pulse on
the density matrix. The creation of ST SQC and TQC from outer Zeeman states is
quenched (dashed arrows). The outer diagonal elements are instead redirected
towards the CT SQC (continuous arrows).
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while the TQC with p = –3 has the following form

T3;�3 ¼

0 0 0 0
0 0 0 0
0 0 0 0
1 0 0 0

0
BBB@

1
CCCA; ð1bÞ

and the initial states that are considered separately in the simula-
tions are:

T ðCTÞ
1;0 ¼

1ffiffiffiffiffiffi
20
p

0 0 0 0
0 1 0 0
0 0 �1 0
0 0 0 0

0
BBB@

1
CCCA and TðSTÞ

1;0 ¼
1ffiffiffiffiffiffi
20
p

3 0 0 0
0 0 0 0
0 0 0 0
0 0 0 �3

0
BBB@

1
CCCA:

ð2Þ

Extensions to spins I = 5/2, 7/2 and 9/2 are obvious. We consider
the quadrupolar interaction to second order, as implemented in
SIMPSON. Figure 1a–c shows the expectation values of the three
operators of Eq. (1a) and (1b) during a single pulse or during our
COMPACT-3 sequence ðspÞxð2spÞ�xð3spÞx; (continuous and dashed
lines, respectively). The discontinuities in the dashed curves, high-
lighted by vertical lines, indicate the inversions of the rf phase.
Simulations starting from the initial states T1;0 ¼ T ðCTÞ

1;0 þ T ðSTÞ
1;0 are

shown in black, TðCTÞ
1;0 in red, and T ðSTÞ

1;0 in green. The length of the first
02040
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Figure 3. Simulated spectra of a spin I = 3/2 in a spinning sample. Two operators that ca
and satellite transitions, in (a) and (b), respectively. The spectra obtained with a single
COMPACT-3 pulse (n = 3) are shown in red. The CT is shown in the expansion. The en
orientations. All the other parameters are the same as in Figure 1.
pulse of the COMPACT-3 sequence was sp = 0.63 ls. The time
dependences in the CT subspace are shown in Figure 1a. At the
end of the composite pulse, i.e., at t = 6sp = 3.78 ls, when starting
from the full Zeeman order T1;0 (black curves), a higher CT intensity
is obtained than with a single pulse with ssp

p = 1.39 ls (expectation
values hT ðCTÞ

1;�1i ¼ 0:208 and 0:163, respectively). Considering the
universal bound discussed by Sørensen [28–31] for an initial state
T1;0 of a spin I = 3/2, the maximum amplitude amax of the Hermitian
operator T1;1 þ T1;�1 that can be created by a unitary transforma-
tion is jamaxj ¼

ffiffiffi
2
p

=5 � 0:283. The composite pulse therefore
achieves an excitation of single-quantum CT coherence which ap-
proaches the theoretical maximum achievable much better than
a single pulse (�74% and �58%, respectively, for a spin I = 3/2 with
parameters of Figure 1). For comparison, a single pulse with hypo-
thetical (unrealistic) rf field strengths x1 = 1 or 2 MHz would yield
expectation values of the CT-SQC hTðCTÞ

1;�1i ¼ 0:260 or 0:276, respec-
tively. It is worth noting that an intense rf field x1 � 340 kHz
would be required for a single pulse to yield the same CT-SQC
hT ðCTÞ

1;�1i ¼ 0:208 as COMPACT-3 with x1 = 100 kHz. It is interesting
to note that the optimal initial pulse length sp of a composite pulse
with n = 3 amounts to about half of the optimum length ssp

p of a sin-
gle pulse, i.e., sp � ssp

p =2. Remarkably, when the operator TðCTÞ
1;0 is

artificially considered as initial state (red curves), no enhancement
is obtained at the end of the composite pulse. The results obtained
with the starting state represented by TðSTÞ

1;0 are shown in green. Sur-
prisingly, at the end of the composite pulse the amount of TðCTÞ

1;�1

generated from the populations of the outer mI = ± 3/2 Zeeman
eigenstates is higher than that obtained from the inner mI = ± 1/2
eigenstates (0.115 and 0.093, respectively). Figure 1b shows anal-
ogous simulations for the detectable operator TðSTÞ

1;�1. When the full
Zeeman order is considered as starting state (black lines), the
amount of satellite SQ coherence TðSTÞ

1;�1 obtained at the end of the
composite pulse is smaller than that obtained with a single pulse
of duration ssp

p ¼ 1:39 ls (0.060 and 0.071, respectively). Another
interesting finding highlighted in Figure 1b is that the outer and in-
ner Zeeman eigenstates (red and green lines, respectively) contrib-
ute to TðSTÞ

1;�1 with opposite signs and interfere destructively at the
beginning of the excitation profile. Figure 1c shows the profile re-
lated to the TQC operator T3;�3. By inspection of the profiles ob-
tained with three distinct initial operators, is clear that, in the
20 40 kHz

* * *

* * * * *

n be detected are considered separately, T ðCTÞ
1;�1 and TðSTÞ

1;�1, associated with the central
-pulse excitation are shown in black whereas those obtained with the composite

hancement factor of the CT is e = 1.28. Simulations were run over 2000 crystallite
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Figure 4. (a) Optimal length sp of the first pulse in a composite COMPACT-n
sequence versus the number of pulses n. In red, the function sp ¼ ssp

p =ðn� 1Þ is
shown for comparison, where ssp

p is the optimum length of a single pulse. (b)
Effective final flip angle beff achieved at the end of the composite pulse versus the
number of pulses n. (c) Enhancement e obtained for increasing n. All parameters
used for the simulations were as in Figure 1.
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single-pulse case, the TQC is generated mainly from the popula-
tions of the outer mI = ± 3/2 states. This is not surprising since
the TQ transition spans these eigenstates [32]. By contrast, the ac-
tion of the composite pulse causes this coherence to oscillate
around zero. At the end of the COMPACT sequence, the TQC is lar-
gely quenched when compared with the case of a single pulse at
the same time 6sp = 3.78 ls (�0.021 and �0.092, respectively).
The expectation values of the relevant tensors created from the full
Zeeman order T1;0 are summarized in Table 1. These simulations
indicate a scenario in which the COMPACT sequence results in a
quenching of the generation of ST SQC and TQC from the outer pop-
ulations represented by density-matrix elements r1;1 and r4;4, and
instead ‘redirects’ these diagonal elements towards the desired off-
diagonal CT element r2;3. Figure 2 shows the overall effect of the
composite excitation. Figure 3a shows, in black and red, respec-
tively, simulations of spectra obtained with a conventional sin-
gle-pulse excitation and with a COMPACT-3 pulse when the
operator TðCTÞ

1;�1 is detected. Figure 3b shows the analogous spectrum
obtained if the observable is the operator T ðSTÞ

1;�1. The CT is clearly en-
hanced by the composite pulse. The decrease of ST intensity al-
ready shown in Figure 1b and Table 1 is also identified,
particularly for the ST spinning-sideband envelope.

In general, we find that the optimal length sp of the first pulse of
a COMPACT-n sequence is sp � ssp

p =ðn� 1Þ. This is highlighted in
Figure 4a, where the numerically optimized duration of the first
pulse sp of composite pulses of increasing sophistication, i.e., with
increasing n, is shown in black. In red, the function sp ¼ ssp

p =ðn� 1Þ
is shown for comparison. Figure 4a shows that, as n is incremented,
the optimum length of the first pulse becomes progressively short-
er. Clearly, this function represents a sound criterion to estimate
the best length of the first pulse for a given number n of pulses that
make up the composite pulse. We like to stress at this point that
the length of the first pulse is the only experimental parameter that
needs to be optimized in this new excitation scheme, which is there-
fore no more demanding than a conventional single-pulse experi-
ment. Of course, in practice, the hardware allows neither the use
of infinitely short pulses, nor instantaneous phase inversions. The
shortest first pulse considered in the simulations was sp = 0.20 ls
for n = 9, which is close to the technical limit of our NMR spectrom-
eter. We found discrepancies between experimental results and
simulations for n > 7. It is worth noting that, as the length of the
first pulse decreases (with increasing number of pulses n), the total
length of the composite pulse increases since stot ¼

Pn
j¼1jsp. Be-

sides limitations of the amplifier, the discrepancy between exper-
iments and simulations may be in part ascribed to homogeneous
decay which alters the behavior of the coherences during the com-
posite pulse and becomes more prominent as the overall length of
the composite pulse increases. The progressive decrease of the
length of the first pulse required to achieve an optimal excitation
suggests that one should pay attention to the effective final flip an-
gle beff achieved after the n-th pulse. The effect of an rf pulse on a
half-integer quadrupolar spin has been considered by several
authors in the limiting cases where x1 � xQ and x1 � xQ

[2,33,34]. In the former case, when the quadrupolar interaction is
negligible and only the external rf manipulation needs to be
considered, the relevant density matrix element at the end of an
x-pulse of length t is mh jrðtÞ mþ 1j i ¼ i

2 n sinðx1tÞ, and the signal
due to a coherence associated with an arbitrary transition mI M -
mI + 1 is proportional to hIyi ¼ �n sinðx1tÞ, where n ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IðI þ 1Þ �mðmþ 1Þ
p

. In the other limit, when the quadrupolar
coupling is the main interaction present, the pulse can be consid-
ered to be selective, acting either on the CT or on one ST only.
This allows one to recast the evaluation in a pseudo two-state
ð mj i; mþ 1j iÞ basis, i.e., as if only two eigenstates were present.
The relevant submatrix element at time t is then mh jrðtÞ
mþ 1j i ¼ i

2 sinðnx1tÞ, and the expectation value of the detected
operator in the ð mj i; mþ 1j iÞ subspace is hIyi ¼ � sinðnx1tÞ. In this
limit x1 � xQ , the CT nutates n times faster than if the quadrupole
interaction were negligible. For a spin I = 3/2, n ¼ 2 and

ffiffiffi
3
p

for the
CT and the ST, respectively [35–37]. In more challenging cases
when x1 � xQ , the efficiency of the excitation depends on both
x1 and xQ , the latter being orientation dependent. In the simula-
tions of Figure 1, we find that neff = 2.5/1.39 = 1.80, which is equal
to the ratio between the pulse length that would be required for a
90� pulse with an rf field of 100 kHz applied to a spin I P 3/2 with-
out quadrupolar splitting (CQ = 0 MHz), and the length of a 90�
pulse with the same rf field strength applied to the CT of a spin sys-
tem I = 3/2, CQ = 3 MHz and g = 0.5 as in our work. This factor al-
lows one to evaluate the effective flip angle beff achieved at the
end of the COMPACT-n sequence for the CT:

beff ¼
Xn

i¼1

ð�1Þiþ1ineff x1sp; ð3Þ

which takes into account the phase switching during the composite
pulse. The numerically calculated effective final flip angles for
3 6 n 6 9 are shown in Figure 4b. Clearly, regardless of the number
of pulses considered in the composite-excitation scheme, the final
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flip angle beff achieved with the oscillating rf-phase is always smaller
than that which would ensure maximum intensity with a single
pulse, i.e., bsp ¼ neff x1ssp

p ¼ 90�, with the spin-system parameters
of Figure 1. This observation is particularly interesting if one consid-
ers that, for all values of n investigated, the smaller final flip angle at
the end of the composite pulse always grants enhancement factors
which range from 1.28 < e < 1.36. Thus, paradoxically, the COM-
PACT-n excitation achieves a higher intensity of CT coherence with
a smaller overall flip angle than that of a single pulse. Figure 4b also
shows that composite-pulse schemes with both odd and even n tend
to a common effective final nutation angle which, for the n = 9 case,
is beff � 65�. Figure 4c shows enhancement factors calculated for the
COMPACT-n scheme as a function of the number of pulses n. A
smooth increase of the enhancement factor e is observed as the
number of pulses n is increased. In the spin system considered in
the simulations, a nearly optimal enhancement seems to be ob-
tained when n = 5. It should be stressed at this point that earlier ap-
proaches [4–23] can grant higher enhancements than those reported
in this study albeit at the cost of more complex prescriptions.

3. Results

The performance of the composite-pulse excitation method has
been tested on powder samples of Na2C2O4 for 23Na (I = 3/2), Al(a-
cac)3 for 27Al (I = 5/2) and Sc(OTf)3 for 45Sc (I = 7/2). COMPACT-n
excitations have been considered with 3 6 n 6 7. Higher values of
n did not produce the enhancements expected from the simula-
−20004000 2000 H0 z

−20004000 2000 H0 z

(a)

(c)

Figure 5. (a) 23Na spectra of a spinning powder of Na2C2O4 acquired with COMPACT-7 (u
enhancement e = 1.37 was obtained. The fitting of both lineshapes gave a quadrupolar c
and 0.71, respectively. (b) 27Al spectra of a spinning powder of Al(acac)3 acquired with CO
was 3 s. An enhancement of e = 1.32 was obtained. The fitting of the lineshapes gave a
were g = 0.15 and 0.12, respectively. (c) 45Sc spectra of a spinning sample of polymorphic
A recycling delay of 3 s was used. An enhancement of e = 1.30 was achieved. The spinnin
sample of Na2C2O4 acquired with COMPACT-7 (upper line) and with a single pulse (lower
the two lineshapes gave the same quadrupolar coupling constant CQ = 2.39, MHz, and asy
T, and the rf field strength was x1/(2p) �100 kHz in all cases. All spectra were referenc
tions, probably indicating that the short length sp of the first pulse
for n > 7 approaches the limit of our spectrometer. All n values that
were experimentally explored produced very similar results. In
Figure 5a, the 23Na spectrum of Na2C2O4 obtained with a single
pulse was overlaid with that obtained with COMPACT-4 excitation.
An enhancement factor of e = 1.37 is obtained. No significant line-
shape distortions were observed. The fitting of the spectra gave
CQ = 2.39 MHz in both cases, and g = 0.71 and 0.73, respectively.
In Figure 5b, the 27Al spectrum of Al(acac)3 obtained with a single
pulse was overlaid with that obtained with COMPACT-7 excitation.
An enhancement factor of e = 1.32 was obtained. The fitting of the
spectra gave CQ = 2.99 and 2.98 MHz, and g = 0.12 and 0.15, respec-
tively. In Figure 5c, the 45Sc spectrum of polymorphic Sc(OTf)3 ob-
tained with a single pulse was overlaid with that obtained with
COMPACT-4 excitation. A slightly smaller enhancement factor of
e = 1.30 was obtained. No significant lineshape distortions were
observed in this polymorphic sample. Numerical simulations show
that COMPACT excitation also works on static samples. This is
experimentally proven in Figure 5d, where the static 23Na spec-
trum of Na2C2O4 obtained with a single pulse and that obtained
with COMPACT-7 excitation were overlaid. An enhancement factor
of e = 1.34 was obtained. The fitting of the spectra gives
CQ = 2.39 MHz in both cases, and g = 0.85 and 0.84, respectively.
The different asymmetry values obtained when compared to the
spinning samples of Figure 5a can probably be ascribed to the re-
moval of dipolar interactions and shielding anisotropies when
MAS is utilized.
−2000−10001000 H0 z

−1000010000 H0 z

(b)

(d)

pper line) and with a single pulse (lower line). A recycling delay of 6 s was used. An
oupling constant CQ = 2.39 MHz, the apparent asymmetry parameters were g = 0.73
MPACT-4 (upper line) and with a single pulse (lower line). The delay between scans

quadrupolar coupling constant CQ = 2.98 and 2.99 MHz, the asymmetry parameters
Sc(OTf)3 acquired with COMPACT-4 (upper line) and with a single pulse (lower line).
g frequency was xrot/(2p) = 10 kHz in all cases. (d) 23Na spectra of a static powder
line). The delay between scans was 6 s. The enhancement was e = 1.34. The fitting of
mmetry parameters g = 0.85 and 0.84, respectively. All spectra were acquired at 9.4
ed so that the carrier frequency falls at 0 Hz.
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4. Conclusions

The proposed new composite COMPACT-n pulses for the
excitation of the CT of half-integer quadrupolar nuclei yields
enhancement factors 1.30 < e < 1.4 compared with conventional
single-pulse excitation. The method has been successfully tested
on samples containing I = 3/2, 5/2 and 7/2. The new excitation
scheme works under both static and spinning conditions. All crys-
tallite orientations are affected in a uniform manner, resulting in
unperturbed lineshapes. Numerical simulations for a spin I = 3/2
indicate that the enhancement is related to a more efficient con-
version into SQC of Zeeman populations associated with the ST.
The ST SQC and TQC unwittingly excited from the outer eigenstates
by the first pulse are partially suppressed by the phase alternation
during the composite-pulse scheme. The enhancements obtained
from the simulations agree remarkably well with the experimental
results.

5. Experimental and computational details

All experiments were performed on a Bruker Avance II spec-
trometer equipped with a 9.4 T magnet (400 MHz for protons)
and a double-channel MAS probe designed for low-temperature
DNP. All measurements were performed at 300 K. The samples
were packed in 3.2 mm zirconia rotors and the spinning frequency
was 10 kHz. The recovery delays between scans were 3 or 6 s and
the rf field strength was always x1/(2p) � 100 kHz. All samples
were purchased from commercial sources and used without fur-
ther purification. Numerical simulations were carried out with
the SIMPSON program. The quadrupolar interaction has been consid-
ered to second order. Typically 256 crystallite orientations and
three c angles were considered, sampled with the REPULSION
scheme [38].
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