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The quadrupole Carr± Purcell± Meiboom± Gill NMR experiment using magic-angle spinning
(QCPMG-MAS) is analysed as a means of determining quadrupolar coupling and anisotropic
chemical shielding tensors for half-integer I > 1/2 quadrupolar nuclei with large quadrupole
coupling constants C Q . This is accomplished by numerical simulations and 87Rb NMR
experiments wih Rb2SO4 and Rb2CrO4 using di� erent magnetic ® elds. It is demonstrated
that (i) QCPMG-MAS experiments typically provide a sensitivity gain by more than an
order of magnitude relative to quadrupolar-echo MAS experiments, (ii) non-secular second-
order terms do not a� ect the spin evolution appreciably, and (iii) the e� ect of ® nite RF pulses
needs to be considered when 2x 2

Q / x 0x RF > 0.1, where x Q 2p C Q / 4I 2I 1 , x RF is the
RF amplitude, and x 0 the Larmor frequency. Using numerical simulations and iterative
® tting the magnitudes and relative orientation of 87Rb quadrupolar coupling and chemical
shielding tensors for Rb2SO4 and Rb2CrO4 have been determined.

1. Introduction

Parameters for quadrupolar coupling and anisotropic
chemical shielding interactions determined by solid-state
nuclear magnetic resonance (NMR) spectroscopy have
long been recognized as useful probes of local structure
and dynamics in solids. Tensors for the two interactions
provide detailed and complementary information about
the local electronic environment for quadrupolar
I > 1/2 nuclei. This includes, for example, important

information about local symmetry which is di� cult to
access by other means. During the past decade these
aspects have motivated the development and application
of numerous experimental methods. Among these
should be mentioned nutation NMR [1± 3], detection
of satellite transitions by magic-angle spinning (MAS)
[4, 5], dynamic-angle spinning (DAS) [6], double rota-
tion (DOR) [7± 9], switched-angle spinning (SAS) [10],
multiple-quantum (MQ) MAS [11± 14], and single-
crystal NMR [15, 16]. In general these methods work
well in cases of relatively small quadrupolar coupling
constants C Q . Upon going to larger C Q’s, however,
the powder experiments become increasingly di� cult
to perform and generally su� er from low sensitivity
when relying on state-of-the-art sample spinning fre-
quencies and static magnetic and radiofrequency (RF)
® eld strengths [17, 18]. In this case the quadrupole-echo

(QE) method [19± 21]traditionally has been regarded as the
method of choice for detecting the rapidly decaying free-
induction decay (FID) without disturbance from ® nite
receiver dead time and probe ringing.

For half-integer quadrupolar nuclei with large C Q

values even QE or QE-MAS experiments su� er from
low sensitivity and resolution, since the second-order
quadrupolar powder pattern of the central transition
can be several hundred kHz wide. Furthermore, it
becomes increasingly di� cult to distinguish wide, low-
sensitivity spinning sideband patterns from the baseline,
which may hamper extraction of information about,
e.g., anisotropic chemical shielding. To remedy these
problems, while maintaining structural or dynamic
information from the anisotropic interactions, we
recently introduced static [22], MAS [23], and MQ-
MAS [14] versions of the quadrupolar Carr± Purcell±
Meiboom± Gill (QCPMG) [24, 25] experiment sampling
the FID in the course of a train of p pulses operating
selectively on the central transition. In this manner the
second-order powder pattern of the central transition is
split into manifolds of spin± echo sidebands. This leads
to a huge increase in sensitivity compared with the cor-
responding QE and QE-MAS experiments, and facili-
tates unambiguous distinction between baseline and
real signals.

0026± 8976/98 $12.00 Ñ 1998 Taylor & Francis Ltd.



In particular the QCPMG-MAS experiment, taking
advantage of partial averaging of the second-order
quadrupolar coupling by fast MAS, appears promising
for studying half-integer quadrupolar nuclei with large
C Q’s. In cases where the line broadening is dominated by
second-order quadrupole coupling, an additional gain in
sensitivity and resolution may be expected by per-
forming the QCPMG-MAS experiments under high
magnetic ® elds. Furthermore, this scales up the chemical
shielding interaction, which may be of interest when
studying combined e� ects from chemical shielding and
quadrupolar coupling tensors.

Although QCPMG-MAS NMR for sensitivity
reasons represents a promising method for studying
nuclei with large quadrupolar couplings, it is important
to keep in kind that it relies on multiple-pulse RF irra-
diation, which may be disturbed by dominant aniso-
tropic interactions. Therefore, for large C Q’s the
in¯ uence of ® nite RF pulse irradiation needs to be con-
sidered in order to extract reliable parameters for the
anisotropic interactions. Furthermore, it is relevant to
investigate the in¯ uence of non-secular terms of the
second-order quadrupolar interaction which do not
vanish in the high-® eld approximation. In the present
work these important aspects for the applicability of
QCPMG-MAS are examined theoretically and demon-
strated experimentally by 87 Rb NMR of Rb2SO4 and
Rb2CrO4.

2. Theory

In the Zeeman interaction representation, the evolu-
tion of the spin states for an ensemble of quadrupolar
nuclei may to a good approximation be described by the
high ® eld truncated e� ective Hamiltonian
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describe RF irradiation of amplitude x RF g B RF and
phase u

~
RF , chemical shielding to ® rst order ~ 1

s ,
secular terms of the ® rst-order quadrupolar interaction
~ 1

Q , and secular as well as non-secular terms of the
second-order quadrupolar interaction ~ 2

Q . These
terms are relevant in the regime of Q s . The
constants x 0 g B 0, C Q e

2
q Q /h , I, and x Q

2p C Q / 4I 2I 1 denote the Larmor frequency, the
quadrupole coupling constant, the spin-quantum
number, and the maximum quadrupole splitting, re-
spectively.

In equations (4) ± (6) the spin and spatial parts of the
internal Hamiltonian are expressed in terms of j th rank
irreducible tensor operators T
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with the Fourier components
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where the summation in equation (18) is de® ned for
m m 2, 1,0,1,2 . The non-vanishing prin-

cipal-axis frame tensor elements are given by
R s

0,0
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using the ordering
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¸ s ,Q .
Transformation of the spatial tensor from its prin-

cipal axis frame (P), through a crystal-® xed frame (C)
and a rotor-® xed frame (R), into the laboratory frame
(L) is described by Wigner rotation matrices D

2
X X Y

with the Euler angles X X Y a X Y , b X Y , g X Y relating
frames X and Y . For convenience C is chosen to coin-
cide with the principal-axis frame of the quadrupolar
coupling tensor (i.e., X

Q
PC 0,0,0 ) implying that the

relative orientation of the quadrupolar coupling and
anisotropic shielding tensors are given by

X
s
PC a s

PC, b s
PC, g s

PC .

We note the ambiguity a s
PC a s

PC n p and

g s
PC g s

PC m p

with n and m being arbitrary integers and that the
QCPMG-MAS spectrum is independent of a s

PC and
g s

PC in the special cases h s 0 and h Q 0, respectively.
X CR a CR, b CR,0 includes two of the powder angles
( g CR is part of the exponents in equations (13) ± (15))
while b RL cos 1 1 /31 /2 and x r /2p denotes the
magic angle distinguishing the rotor axis from the ® eld
direction and the spinning speed, respectively. d

2
b RL

is a reduced Wigner matrix.
Using equations (1) ± (6), it is possible to calculate the

response of an ensemble of quadrupolar nuclei to the
QCPMG-MAS pulse sequence reproduced in ® gure 1.

Following a rotor synchronized QE with sampling of the
decaying half of the echo (part A), the remaining part of
the FID is sampled during part B interrupted by rotor
synchronized p refocusing pulses and ending with a ® nal
extended free precession period (part C) to ensure full
decay of the FID. Within the secular approximation
evolution during periods of free precession (subscript
f ) and during periods of RF irradiation (subscript u

referring to the phase of the pulse) is governed by the
propagators

~
U f t 2, t1 exp i

t2

t1

~
int t dt , 19

~
U u t 2, t1 T exp i

t 2

t 1

~
t dt , 20

where T is the Dyson time-ordering operator [26]necess-
ary since ~

int t , ~
int t 0. We note that ~

int t

and ~
t in the usual Zeeman base adopt diagonal and

tridiagonal forms, respectively. ~
U f t 2, t 1 may be calcu-

lated readily by direct integration while ~
U u t 2, t 1 con-

veniently may be obtained as a time-ordered product of
propagators, i.e.:

~
U u t 2, t 1 exp i~ t 1 N D t D t

exp i~ t 1 D t D t , 21

where D t t 2 t 1 /N is a short time period over
which the Hamiltonian may be considered approxi-
mately time independent. When non-secular terms are
included, propagators for periods of free precession also

Quadrupolar coupling and chemical shielding tensors 1187

X

f 1

p_
2

t 1
Y

f 2

p

t 2 t 3
Y

f 3

p

t 3

M

A

t a/2

B

2N t r

t a

C

t d

Figure 1. QCPMG-MAS pulse sequence. Following a solid
echo with sampling of the ® rst half-echo (part A), the
subsequent part of the FID is sampled during a rotor-
synchronized train of p pulses (part B) ending with an
extended acquisition period (part C) to ensure full decay
of the FID. For half-integer quadrupolar nuclei with large
quadrupole couplings, the nominal pulse ¯ ip angles (indi-
cated above the pulses) are scaled by I 1

2
1. Rotor

synchronization requires ¿1 ¿r ¿p /2 and 2N ¿r ¿a

2¿3 ¿ p , where N is an integer, ¿r the rotor period, and
¿p /2 and ¿p durations of selective p /2 and p pulses. ¿2 is
adjusted to start the acquisition at an echo maximum. The
pulse phases u 1, u 2, and u 3 are given in [22].



are tridiagonal and therefore calculated using Dyson
time ordering.

Equipped with equations (19)± (21), it is straightfor-
ward to calculate the propagator corresponding to any
point in time in the rotor-synchronized QCPMG-MAS
pulse sequence. For example, the propagator corre-
sponding to the ® rst point in the FID is calculated for
one crystalline orientation as
~
U 3¿p /2 2¿1,0 ~

U f 3¿p /2 ¿2 ¿1,3¿p /2 ¿1

~
U p /2 3¿p /2 ¿1,¿p /2 ¿1

~
U f ¿p /2 ¿1,¿p /2

~
U 0 ¿p /2,0 , 22

with the timings de® ned in the caption of ® gure 1. Upon
averaging over all uniformly distributed crystallite
orientations the detected signal may be described as

s t
1

8p 2

2 p

0
da CR

p

0
sin b CR db CR

2 p

0
dg CR

Tr I
~
U t ,0 I z

~
U t ,0 , 23

with the operators I z and I being representatives of the
initial density operator and the `observable’ for quad-
rature detection. We note that the powder averaging is
performed numerically by simple sums selecting the
a CR, b CR angles according to the tiling scheme of

Zaremba [27] (details in [22]) and stepping the g CR

angles equidistantly.

3. E� ects from ® nite RF pulses and non-secular

second-order terms

In simulation of QCPMG-MAS spectra for half-
integer quadrupolar nuclei with large C Q’s, it is relevant
to consider the e� ects from ® nite RF pulses and poten-
tially also non-secular second-order terms of the quad-
rupole interaction. Addressing ® rst the e� ect of ® nite
RF pulses, it is known that in the relevant regime
x Q /x RF > 3 the dominant ® rst-order quadrupole inter-
action does not introduce any complicating e� ects to the
RF performance on the central transition apart from
uniform scaling of the nutation frequency by a factor
I 1

2 [3, 28, 29]. In the regime 0.2 < x Q /x RF < 3, x Q

and x RF become su� ciently close in magnitude that the
RF performance becomes more complicated and
requires speci® c evaluation [3, 29]. Likewise, interference
from the second-order quadrupolar coupling may be
anticipated when 2x 2

Q / x 0x RF > 0.1.
It was shown earlier that to a good approximation,

for RF amplitudes ful® lling x Q /x RF > 3 and
2x 2

Q / x 0x RF < 0.1, QCMPG-MAS spectra can be
simulated within the assumption of ideal RF pulses
[23]. For nuclei characterized by large C Q’s this
condition cannot always be realized. As an example,

consider an ensemble of spin I 3 /2 nuclei with
C Q 10 MHz and experimental conditions with
x 0 /2p 130 MHz and x RF /2p 65 kHz. In this
case x Q /x RF 12.8 and 2x 3

Q / x 0x RF 0.16. The
® rst value indicates that the QCPMG-MAS experiment
with scaling of the pulse ¯ ip angles by I 1

2
1 will

perform without noticeable complications from ~ 1
Q

while the second suggests interference from ~
2 Q.

That this is indeed the case is demonstrated in ® gure 2
by comparison of QCPMG-MAS spectra calculated
using the secular terms of the internal Hamiltonian
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(a)

(b)

(c)
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(e)

Figure 2. Theoretical QCPMG-MAS spectra illustrating the
e� ect of ® nite RF pulses for a powder of quadrupolar
nuclei characterized by I 3/2, C Q 10 MHz,
h Q 0.12, d s 150 ppm, h s 0.60, d iso 0.0ppm, and
X

s
PC 90ë ,30ë ,90ë . Each spectrum represents a stick

plot of integrated sideband intensities calculated using
the experimental parameters x 0 /2p 130.84 MHz,
x r /2p 9.5 kHz, x RF /2p 64.1 kHz, ¿a 2.0 ms,
¿d 3.14 ms, M 19, and a dwell time of 4 m s under
the assumption of (a) ideal and (b) ® nite RF pulses (see
text). Spectrum (d ) is obtained by calculating the FID
resulting from an M 1 pulse sequence with ® nite RF
pulses and replicating the part of the FID corresponding
to part B of the pulse sequence to generate the full FID.
(c) Di� erence between (a) and (b), and (e) di� erence
between (b) and (d ).



(vide inf ra) under the assumption of ideal (® gure 2 (a))
and ® nite (® gure 2 (b)) RF pulses. The relevance of con-
sidering the e� ects of ® nite RF pulses becomes particu-
larly pronounced from the di� erence plot in ® gure 2 (c).

Unfortunately, the improved QCPMG-MAS simula-
tions considering ® nite RF pulses comes at a cost: the
simulation in ® gure 2(a) requires 3.2 m in CPU time, but
the corresponding simulation in ® gure 2(b) requires
186 m of CPU time. A major reason for the relatively
fast simulations within the ideal RF pulse approach is
that the FID may be generated by replication of the ® rst
full-echo envelope readily established by symmetrizing
the half-echo from a sequence with M 0 (cf. ® gure 1).
Taking into account that typically the spectral simula-
tions aim at extracting up to 8 parameters describing the
magnitudes and relative orientations of quadrupolar
coupling and anisotropic shielding tensors through
iterative ® tting, even the CPU time required for the
ideal calculation is quite long. With an increase in
CPU time by a factor of 60, considering ® nite RF
pulses, iterative ® tting appears outside practical reach.
A similar problem was encountered earlier in a simula-
tion of static-sample QCPMG spectra, in which case it
proved possible to speed up ® nite RF pulse calculations
by replicating part B of the FID [22]. Using a similar
approach, ® gure 2(d ) shows an approximated ® nite RF
pulse QCPMG-MAS spectrum calculated within one
tenth of the CPU time required for the spectrum in
® gure 2(b). Speci® cally, the spectrum in ® gure 2(d ) was
obtained by calculating the initial QE half-echo and the
® rst spin± echo envelope of the repeating part B of the
pulse sequence under consideration of ® nite RF pulses
and subsequently replicating the latter part M times to
form the remaining part of the FID. The favourable
agreement between the `numerically exact’ spectrum in
® gure 2(b) and the approximated spectrum in ® gure 2(d )
(di� erence plot in ® gure 2(e)) reveals that at least initial
stages of iterative ® tting may bene® t greatly from the
factor of ten in computation speed o� ered by replica-
tion.

Since the fastest approach to simulation and iterative
® tting of experimental spectra still requires the assump-
tion of ideal RF pulse, it is relevant to investigate the
range of applicability of this approach. Figure 3 shows a
series of typical QCPMG-MAS spectra calculated using
anisotropic interaction parameters as in ® gure 2,
x r /2p 9.5kHz, and RF ® eld strengths adjusted to
ful® l 2x 2

Q / x o x RF 0 to 0.2 in steps of 0.05. These
spectra reinforce that QCPMG-MAS spectra to a rela-
tively good approximation may be calculated using the
fast ideal RF pulse approach for 2x 2

Q / x 0x RF values up
to about 0.1.

To our knowledge, all previous studies involving
second-order quadrupolar e� ects in powder spectra

have a priori neglected in¯ uence from the non-secular
second-order terms not truncated in the high ® eld
approximation. As judged from good agreement
between experimental and simulated spectra, this may
be an acceptable approximation in the case of free pre-
cession under the in¯ uence of weak to modest quadru-
polar coupling interactions. However, the situation may
be di� erent for large C Q’s, especially when periods of
® nite RF pulse irradiation are involved. To explore this
aspect, ® gure 4 compares QCPMG-MAS spectra calcu-
lated using the same parameters as in ® gure 3(e) ( ® nite
RF pulses) under consideration of secular (® gure 4(a))
and secular as well as non-secular (® gure 4(b)) contribu-
tions to the internal Hamiltonian as de® ned by equa-
tions (1) ± (6). The vanishing di� erence (® gure 4(c))
between these spectra suggests strongly that non-secular
terms may safely be ignored in a simulation of typical
QCPMG-MAS spectra. This is of signi® cant practical
value since simulation of the spectrum in ® gure 4(b)

Quadrupolar coupling and chemical shielding tensors 1189

Figure 3. Theoretical QCPMG-MAS spectra calculated
using parameters as in ® gure 2 but variation of
2x 2

Q / x 0x RF according to (a) 0.0 (ideal RF pulses), (b)
0.05 (213.7), (c) 0.1 (106.8), (d ) 0.15 (71.2), and (e) 0.20
(53.4). Numbers in parentheses give the RF ® eld strength
x RF /2p in kHz. Vertical scaling factors of (a) 1.0, (b)
3.4, (c) 3.7, (d ) 4.5, and (e) 5.2 have been used. All spectra
were weighted by a Lorentzian of 20 Hz linewidth.



requires a processing time of 1032min while the spec-
trum in ® gure 4(a) requires a factor of 135 less pro-
cessing time (i.e., 7.5 min).

4. Experimental
87 Rb QE and QCPMG-MAS spectra were recorded

on Varian Unity-400 (9.4 T, 130.84 MHz for 87Rb) and
Unity Plus-750 (17.6 T, 245.42 MHz for 87 Rb) spectro-
meters equipped with homebuilt MAS probes for 5 mm
rotors [30]. The experiments used spinning speeds
between 9.0 kHz and 13.7 kHz controlled to 1 Hz, a
recycle delay of 4 s, and RF ® eld strengths of 64.1 kHz
(i.e., a selective p /2 pulse width of 1.95 m s) and 33.3 kHz
(i.e., a selective p /2 pulse width of 3.75 m s) at 9.4 T and
17.6 T, respectively. Rb2SO4 and Rb2CrO4 were pur-
chased from Alfa Products (Karlsruhe, Germany) and

used without further puri® cation. Numerical simula-
tions and iterative ® tting were performed on a Digital
Alpha 4/1000 workstation using an MAS version of the
software described in [22]. All simulations used powder
averaging with 4181 pairs of a CR, b CR angles and
20 g CR angles. Time increments ( D t ) less than 0.4 m s
were employed for Dyson time ordering.

5. Results and discussion

The applicability of QCPMG-MAS NMR at high
® eld to determine parameters for anisotropic shielding
and quadrupolar coupling tensors for half-integer quad-
rupolar nuclei with large quadrupole couplings is
addressed in this section. For this purpose we use 87 Rb
NMR of the two rubidium salts Rb2SO4 and Rb2CrO4.
The structures of Rb2SO4 and Rb2CrO4 are known to
belong to the space groups Pnam (determined by X-ray
crystallography [31]) and Pmcn (determined by oscilla-
tion re¯ ection photography [32]), respectively, con-
forming with two crystallographically and thereby
magnetically non-equivalent rubidium sites in the
repeating unit. Both crystal symmetries require that
the anisotropic shielding and the quadrupole coupling
tensors both have one principal axis perpendicular to
the mirror plane in which the Rb ions are located
[33], i.e., a s

PC and g s
PC are both multiples of p /2. Par-

ameters for the 87 Rb quadrupolar coupling and chemi-
cal shielding tensor determined by QCPMG-MAS
NMR in this study and by other methods are listed in
table 1. The precision of the parameters determined by
QCPMG-MAS NMR is estimated from numerical simu-
lations by variation of parameters.

For half-integer quadrupolar nuclei advantage may
be taken of high ® elds to reduce quadrupolar second-
order broadening, increase the e� ect of anisotropic
shielding interactions, and reduce the demands on the
RF ® eld strength required for QCPMG-MAS NMR.
Although not representing an example with very large
C Q values, these aspects are demonstrated in ® gure 5 by
experimental and calculated high ® eld (17.6 T,
245.42 MHz) 87 Rb QCPMG-MAS spectra of Rb2SO4.
The displayed central transition region shows resolved
rotational and spin± echo sideband manifolds from two
87Rb sites which, according to earlier studies (table 1),
are characterized by C Q values of 2.7 MHz (left mani-
fold) and 5.3 MHz (right manifold) [15, 34, 35]. The
small and large C Q sites are associated with chemical
shielding anisotropies ( d s ) determined previously for
di� erent values in the ranges 3± 10 ppm and 23±
25ppm, respectively. Using a spinning frequency of
the order of 10 kHz, it may be anticipated a priori that
the e� ect of the smallest of the two shielding aniso-
tropies largely will be averaged beyond detection
3
2 d s x 0 /2p x r /2p , while e� ects from the largest
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(a)

(b)

(c)

Figure 4. Theoretical spectra (stick plots of integrated spin±
echo sideband intensities) illustrating the vanishing in¯ u-
ence from non-secular quadrupolar second-order terms in
typical QCPMG-MAS experiments in¯ uenced by ® nite
RF pulse irradiation. The spectra were calculated using
the same parameters as in ® gure 3(e) taking into account
(a) secular and (b) secular as well as non-secular second-
order terms (the spectra were generated using the replica-
tion method leading to ® gure 2(d )). (c) Di� erence between
(a) and (b). Only 987 a CR, b CR angles have been used for
these calculations.



shielding tensor potentially may be visible using the
17.6 T magnetic ® eld (3

2 d s x 0 /2p 9.2kHz). It is still,
however, an open question how small shielding aniso-
tropies actually can be detected under these conditions
when considering all spectral features including those of
low-sensitivity spinning sidebands being easier to
retrieve through their splitting into spin± echo sidebands
using QCPMG-MAS NMR relative to QE-MAS NMR.

With an available RF ® eld strength of 33.3 kHz,
x Q /x RF > 3.5 and 2x 2

Q / x 0 /x RF < 0.05 suggesting
that the experimental spectrum of Rb2SO4 (® gure
5 (a), vertical expansion in ® gure 5 (d )) may be analysed
by simulations within the ideal RF pulse approximation.
Considering the large C Q site, it is evident from the
simulation resulting from iterative ® tting of the experi-
mental spectra (® gure 5 (b, e), parameters in table 1) plus
the simulation using the same parameters but d s 0
(® gure 5(c, f )) that the QCPMG-MAS spectrum of
Rb2SO4 allows detection of e� ects from both the quad-
rupole coupling and the small anisotropic shielding
interactions. This becomes particularly evident from
the vertical expansions in ® gure 5 (d± f ) of the spin±
echo sideband manifolds from the spinning sidebands.
Addressing the small C Q site, it is not possible at this
spinning speed to identify any in¯ uence from aniso-
tropic shielding even using a high magnetic ® eld
strength. Using the same experimental setup at 9.4T it
becomes di� cult to detect e� ects from anisotropic
shielding even for the large C Q site, which is in full
accord with a priori expectations. This is demonstrated
by the experimental and simulated spectra in ® gure 6.

An intriguing test of the performance of QCPMG-
MAS experiments in cases of large C Q’s is the 87 Rb
NMR of Rb2CrO4. This compound has been studied
previously using a variety of experimental methods
including DAS [17], SAS [10], MQMAS [18], static-
sample QE [35], and single-crystal [16] NMR (par-
ameters included in table 1). We note that only the QE
and single-crystal studies have provided parameters for
the 87 Rb site with the largest quadrupole coupling (i.e.,
C Q 10 MHz) characterized by a second-order powder
pattern for the central-transition centreband being more
than 100 kHz wide at 9.4T.

Figure 7 shows a series of 87Rb QCPMG-MAS
spectra recorded at 9.4 T along with the corresponding
QE-MAS spectrum included to demonstrate the gain in
sensitivity that may be achieved by recording the FID in
the course of a train of spin± echo refocusing pulses. By
adjusting the p interpulse spacing, it is possible to bal-
ance the actual sensitivity gain against the digitization of
the spectral information. For the spectra in ® gure
7 (b, c, d ) the spin± echo sideband splitting is 0.5, 1, and
2 kHz, respectively, leading to sensitivity gain factors of
14, 18 (46), and 28 (138) relative to that of the QE-MAS
spectrum (® gure 7 (a)). These factors are all corrected to
correspond to a dwell time of 5 m s. Without this adjust-
ment the gain factors in parentheses apply. Besides the
direct advantage of the signi® cantly improved sensi-
tivity, it should be noted that QCPMG-MAS through
splitting of the powder patterns into distinct sidebands
facilitates discrimination of broad second-order powder
patterns from background and baseline artefacts. This is
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Table 1. Magnitudes and relative orientation of quadrupolar coupling and chemical shielding tensors for 87 Rb in Rb2SO4 and
Rb2CrO4 determined using QCPMG-MAS NMR at 9.4 and 17.6 T.a

[Ref]/
Compound Site Method C Q h Q d s h s d iso a s

PC b
s
PC g s

PC Fig.

Rb2SO4 1 QE 2.65 0.89 10.8 0.43 46.6 48 43 73 [35]
MAS 2.65 0.01 0.99 0.01 9 4 0.36 0.33 42.3 0.1 6 25 62 22 0 88 [34]
Single-crystal 2.72 0.03 0.93 0.03 2.7 0.9 0.26 0.62 42.6 0.3 76 89 17 13 110 37 [15]
QCPMG-MAS 2.51 0.05 0.99 0.03 Ð Ð 42.8 0.5 Ð Ð Ð 5, 6

2 QE 5.21 0.13 8.9 0.01 3.0 68 93 198 [35]
MAS 5.31 0.03 0.11 0.01 23 3 0.55 0.68 15.8 0.2 21 29 36 8 77 44 [34]
Single-crystal 5.29 0.05 0.12 0.03 25 3 0.54 0.30 15.5 1.6 9 26 37 5 270 22 [15]
QCPMG-MAS 5.21 0.1 0.09 0.03 27 4 0.69 0.40 16.2 0.5 34 30 42 10 268 40 5, 6

Rb2CrO4 1 QE 11.53 0.75 13.1 0.16 52.8 77 74 0 [35]
Single-crystal 9.43 0.66 0.700 0.014 80 7 0.19 0.14 60 3 90b 0.9 1.9 0b [16]
QCPMG-MAS 9.50 0.1 0.68 0.05 69 20 0.75 0.50 56 4 90b 28 30 0b 8, 9

2 QE 5.23 0.48 149.2 0.25 47.4 37 15 28 [35]
SAS 3.5 0.3 110 0.0 7 Ð 70 0 [10]
Single-crystal 3.549 0.014 0.362 0.012 109.7 0.6 0.037 0.010 8.7 0.2 93 11 68.88 0.16 0.3 1.6 [16]
QCPMG-MAS 3.56 0.05 0.36 0.03 103 10 0.0b 7.5 0.5 0b 62 10 15 30 8, 9

a The quadrupolar coupling (C Q) is in MHz, the isotropic chemical shift ( d iso) and the chemical shielding anisotropy ( d s ) in ppm, and the Euler angles
a s

PC, b s
PC, g s

PC in deg. Shifts are given on the d scale relative to 1.0 M RbNO3. Precisions for parameters determined from QCPMG-MAS NMR are estimated
using numerical simulations by variation of parameters.

b Parameters ® xed during optimization.



evident particularly in the region from say 50 kHz to
90 kHz.
Addressing extraction of parameters for the aniso-

tropic shielding and quadrupolar coupling tensors,
® gures 8 and 9 show 87 Rb QCPMG-MAS spectra of
Rb2CrO4 corresponding to magnetic ® elds of 9.4T
and 17.6T, respectively. To obtain su� cient spectral
information for both sites, characterized by widely dif-
ferent quadrupolar couplings (see table 1), the spin± echo
sideband separation has been adjusted to 500 Hz and
250 Hz at 9.4 T and 17.6 T, respectively, considering dif-
ferent scaling of the two interactions by the external
® eld. In both ® gures the experimental spectrum is

shown in (a), a simulation resulting from optimum ® t-
ting of the two experimental spectra considering ® nite
RF pulse performance in (b), while (c) and (d ) show
individual simulations of the two 87Rb sites in Rb2CrO4.
The optimum parameters for the anisotropic inter-
actions are given in table 1. The favourable agreement
between experimental and simulated spectra under both
® elds and the acceptable match between the corre-
sponding parameters and those determined by single-
crystal NMR [16] demonstrate that heavy overlap of
centrebands and spinning sidebands from the two sites
does not prevent extraction of reliable parameters from
the QCPMG-MAS spectra. To a large extent this is
ascribed to the possibility of identifying weak spin±
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kHz-20020

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. 17.6 T (245.42 MHz) 87 Rb QCPMG-MAS spectra
of Rb2SO4. (a) Experimental spectrum recorded using
x r /2p 10 765 Hz, ¿1 89.15 m s, ¿2 92.9 m s, ¿3
40.0 m s, ¿a 4.0 ms, M 30, ¿d 9.072 ms, a dwell time
of 8 m s, and 1024 scans. (b) Calculated spectrum using the
parameters in table 1 obtained through iterative ® tting of
the experimental spectrum in (a) under the assumption of
ideal RF pulses (see text). (d ) and (e) are vertical expan-
sions (by a factor 30) of the spectra in (a) and (b), respect-
ively. The calculated spectrum (c) and its vertically
expanded analogue ( f ) used the same parameters as in
(b) and (e), but with d s 0. The experimental and calcu-
lated spectra were apodized using 1 Hz and 10 Hz
Lorentzian line broadening, respectively.

kHz-2002040

(a)

(b)

(c)

Figure 6. 9.4 T (130.84 MHz) 87 Rb QCPMG-MAS spectra of
Rb2SO4. (a) Experimental spectrum recorded using
x r /2p 13 645 Hz, ¿1 ¿2 71.3 m s, ¿3 50.0 m s, ¿a
4.0ms, M 19, ¿d 3.92 ms, a dwell time of 10 m s,
and 128 scans. (b) Simulated spectrum corresponding to
the parameters in table 1 obtained by iterative ® tting
under the assumption of ideal RF pulses. (c) Simulated
spectrum using the same parameters as (b) but with
d s 0. The inserts are scaled by a factor 10 in the vertical
direction. Experimental and calculated spectra were apo-
dized using 1 Hz and 10 Hz Lorentzian line broadening,
respectively.



echo sidebands from the broad powder patterns of the
high C Q site 1.

One way to avoid overlap between centrebands and
spinning sidebands is to combine the QCPMG-MAS
experiment with the QPASS experiment [36]. This pro-
vides high sensitivity along with the advantage of MAS
with in® nite spinning frequency. To explore this
approach, ® gure 8 (e) shows a simulated 9.4 T 87Rb
QCPMG-MAS spectrum assuming in® nite spinning
speed and ideal RF pulse excitation. In this spectrum

the centrebands are clearly separated although at the
expense of lost information about the anisotropic
shielding interaction.

6. Conclusion

We have demonstrated that the QCPMG-MAS
experiment may provide a gain in sensitivity by an
order of magnitude (about 30 in the present experi-
ments) while allowing determination of magnitudes
and relative orientation of quadrupolar coupling and
anisotropic shielding interactions. For large quadru-
polar interactions the spectral simulations require con-
sideration of ® nite RF pulse excitation while non-secular
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kHz-8-40

(a©)
(b©)

kHz-60-40-2002040

(a)

(b)

(c)

(d)

Figure 7. Experimental 87 Rb (a) QE-MAS and (b± d )
QCPMG-MAS spectra of Rb2CrO4 at 9.4 T
(130.84 MHz). The spectra were recorded using: (a)
x r /2p 8506 Hz, ¿1 ¿2 103.25 m s, a dwell time of
5 m s, and 1024 transients; (b) x r /2p 9506 Hz,
¿1 ¿2 103.25 m s, ¿a 2.0 ms, M 19, ¿d 1.96 ms,
and a dwell time of 5 m s; (c) x r /2p 9059 Hz,
¿1 ¿2 108.4 m s, ¿a 1.0 ms, M 15, ¿d 1768 ms,
and a dwell time of 2 m s; and (d ) x r /2p 9935 Hz,
¿1 ¿2 98.7 m s, ¿a 0.5 ms, M 15, ¿d 1768 ms,
and a dwell time of 1 m s. All the QCPMG-MAS spectra
used ¿3 50.0 m s and 128 transients. The inserts (a , b )
show horizontal expansions of the central region of the
spectra (a ,b ). The spectra are apodized using Lorentzian
linebroadening of (a) 1, (b) 5, (c) 50, and (d ) 75 Hz, re-
spectively. Going from (a) to (d ) the vertical scale was
reduced by factors 1, 14, 18, and 28.

kHz-75-50-25025

(e)

(d)

(c)

(b)

(a)

Figure 8. Experimental and simulated 87 Rb QCPMG-MAS
spectra of Rb2CrO4 at 9.4 T (130.84 MHz). The experi-
mental spectrum (a) is identical to the spectrum in ® gure
7 (b). The simulated spectra in (b± d ) were calculated using
the experimental parameters of (a) and parameters
obtained from optimum iterative ® tting (assuming ® nite
RF pulses) as given in table 1. Spectrum (b) shows side-
band manifolds from both sites while (c) and (d ) give
those from sites 1 and 2, individually. The simulated spec-
trum in (e) uses the same parameters as (b) but assumes
ideal excitation with spinning frequency of 250kHz. The
spectra were apodized using Lorentzian linebroadenings
of (a) 1, (b) 5, and (c± e) 10 Hz.



second-order terms of the quadrupolar interaction do
not in¯ uence the spin evolution appreciably. Consid-
ering these aspects the applicability of the QCPMG-
MAS experiment has been demonstrated by 87Rb
spectra of Rb2SO4 and Rb2CrO4 in the present study.
Based on the results from this analysis, it is envisaged
that the QCPMG-MAS NMR may ® nd important
applications in the study of quadrupolar nuclei with
low receptivity and large quadrupolar coupling inter-
actions.
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