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Sensitivity-Enhanced Quadrupolar-Echo NMR of Half-Integer Quadrupolar Nuclei.
Magnitudes and Relative Orientation of Chemical Shielding and Quadrupolar Coupling
Tensors

Flemming H. Larsen,† Hans J. Jakobsen,† Paul D. Ellis,‡ and Niels Chr. Nielsen*,†

Instrument Centre for Solid-State NMR Spectroscopy, Department of Chemistry, UniVersity of Aarhus,
DK-8000 Aarhus C, Denmark, and EnVironmental Molecular Sciences Laboratory, Pacific Northwest National
Laboratory, Richland, Washington 99352

ReceiVed: May 8, 1997; In Final Form: September 15, 1997X

A novel approach to quadrupolar-echo (QE) NMR of half-integer quadrupolar nuclei in static powders is
analyzed. By acquisition of the QE spectrum during a Carr-Purcell-Meiboom-Gill (CPMG) train of selective
π pulses, the second-order quadrupolar line shape for the central transition is split into a comb of sidebands
leading to a considerable increase in the sensitivity compared to a conventional QE spectrum. The applicability
of the method for determination of magnitudes and relative orientation of chemical shielding and quadrupolar
coupling tensors is examined. Through numerical simulation and iterative fitting of experimental87Rb (RbClO4
and RbVO3) and 59Co spectra (Co(NH3)5 Cl3), it is demonstrated that the quadrupolar CPMG experiment
represents a useful method for studying half-integer quadrupolar nuclei exhibiting large quadrupolar coupling
combined with anisotropic chemical shielding interactions. Sensitivity enhancements by a factor of up to
about 30 are observed for the samples studied.

1. Introduction

The quadrupolar-echo (QE) solid-state NMR experiment1-3

is among one of the most widely used experiments for studying
quadrupolar nuclei in powder samples. Through its ability to
detect rapidly decaying free induction decays outside the period
of receiver dead time and probe ringing using a spin-echo,1,4
variants of the QE experiment have been used extensively for
studying local electric field gradients or molecular dynamics
of integer (e.g.,2H)5-11 as well as half-integer quadrupolar
nuclei12-16 in a variety of amorphous and polycrystalline solids.
Although QE spectra for integer quadrupolar nuclei are typically
dominated by large first-order quadrupolar coupling effects, the
QE spectra of half-integer quadrupolar nuclei may provide
simultaneous information about several anisotropic interactions.
This is ascribed to the fact that QE spectra for half-integer
quadrupolar nuclei may be tuned to selectively observe the (1/
2,-1/2) central transition, which is perturbed by the quadrupolar
interaction only to second order and thereby also allows
detection of effects from other less dominant anisotropic
interactions. Among these interactions the anisotropic chemical
shielding should be mentioned in particular. Since the magni-
tudes and relative orientation of quadrupolar and chemical
shielding tensors may provide detailed information about the
electronic environment of the nucleus, the QE experiment has
recently attracted considerable attention as a tool for retrieving
information about these interactions for powder samples.12-16

When using QE NMR as a probe to obtain information on
magnitudes and relative orientation of quadrupolar and chemical
shielding tensors, one may be faced with two problems. First,
for large anisotropic interactions (e.g., quadrupole couplings in
the range 5-30 MHz) the central transition line shape may
extend over hundreds of kilohertz, leading to low sensitivity.
Second, when the magnitudes of the anisotropic interactions
become large relative to the amplitude of the rf irradiation field,

the excitation profile of the rf pulse becomes anisotropic (i.e.,
dependent on the orientation of the crystallite), which must be
taken into account in the determination of the anisotropic
interactions from experimental spectra.
It is well-known that spin-echo methods such as those in

the Carr-Purcell17 and Carr-Purcell-Meiboom-Gill (CP-
MG)18 experiments enable efficient separation of inhomoge-
neous and homogeneous (in the sense of Maricq and Waugh19)
NMR interactions.20-25 So far, this feature has primarily been
used to obtain information about homonuclear dipolar cou-
plings20,24,26and molecular dynamics21-23,25,27-30 (both behaving
as homogeneous interactions) either by just measuring the points
constituting the echo maxima or by measuring the full envelopes
of the spin-echoes. In the former case, the inhomogeneous
interactions are refocused, implying that the spectra primarily
probe the homogeneous interactions. In the latter case, the
Fourier transformed spectrum consists of a sideband manifold
from which information aboutbothhomogeneous and inhomo-
geneous interactions may be extracted. The homogeneous
interactions affect the line shape of the sidebands, whereas
information about the inhomogeneous interactions may be
extracted from the envelope of the sideband manifold.
Obviously, the utility of spin-echo multiple-pulse experi-

ments is not restricted to the determination of homogeneous
interactions. In this work we examine the quadrupolar version
of the CPMG experiment (previously referred to as quadrupolar
CPMG23 and spikelet29) with respect to sensitivity enhancement
of QE spectra for half-integer quadrupolar nuclei recorded with
the aim of determining parameters for the inhomogeneous
interactions. In particular, the quadrupolar CPMG experiment
is analyzed for the purpose of determination of magnitudes and
relative orientation of quadrupolar coupling and anisotropic
chemical shielding tensors for half-integer quadrupolar nuclei
(87 Rb and59Co) exhibiting very large quadrupolar coupling
constants. For this purpose, the experiment is described
theoretically using average Hamiltonian theory to second order.
This theory forms the basis for a computer simulation program
that allows iterative fitting of experimental spectra under
conditions of ideal as well as nonideal (finite) rf pulse
conditions. The method is demonstrated theoretically and
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experimentally with examples from87Rb and59Co spectra of
inorganic salts.

2. Theory

The quadrupolar CPMG (henceforth referred to as QCPMG)
pulse sequence proposed for sensitivity-enhanced QE NMR of
half-integer quadrupolar nuclei is depicted in Figure 1a. The
pulse sequence consists of three parts. Part A is a standard QE
sequence withτ2 optimized such that the acquisition starts at
the echo maximum. The repeating unit in part B accomplishes
sampling of the spin-echoes generated by the interrupting train
of πy refocusing pulses. The receiver-off periodsτ3 and τ4
bracketing the refocusing pulses serve to protect the receiver
from the effects of theπy pulses. Finally, part C extends the
decaying part of the final spin-echo to the free induction decay
(FID) to avoid undesired baseline problems and sinc wiggles
upon Fourier transformation. It is noted that the flip angles of
all pulses correspond to the angles effective for selective
operation on the (-1/2, 1/2) central transition. Thus, in practical
implementations for half-integer spin-I quadrupolar nuclei the
flip angles should be reduced by a factor (I + 1/2) in the limit
of large quadrupole coupling constants.31,32

In the usual Zeeman interaction representation, the evolution
of the spin states for an ensemble of quadrupolar nuclei may to
a good approximation be described by the high-field truncated
average Hamiltonian (assuming|HQ| . |Hσ|)

where Hh̃ σ
(1) includes the secular first-order terms of the

anisotropic chemical shielding interaction,Hh̃ σ
(1) andHh̃ Q

(2) the
secular first- and second-order terms of the quadrupolar
coupling, andHrf the external perturbation by rf irradiation. The
Hamiltonian for rf irradiation with amplitudeωrf ) -γBrf and
phaseφ is given by

while the secular Hamiltonians for the anisotropic interactions
take the forms33,34

whereω0 ) -γB0 is the Larmor frequency andCQ ) e2qQ/h
the quadrupole coupling constant.
The spin parts of the Hamiltonians are described by the

irreducible tensor operators35 T j,m
λ (λ ) σ or Q) of rank j

included in Table 1. We note the relations

Likewise, the spatial dependencies are expressed in the labora-
tory-fixed frame (L) by the irreducible tensors (Rj,0

λ )L. Among
these (R0,0

σ )L ) (R0,0
σ )P is a scalar and the second-rank tensor

element (R2,0
λ )L is related to the tensor elements (Rj,m

λ )P in the
principal-axis frame (Pλ) of the interactionλ (tensors included
in Table 1) according to

where Dk,l
(2) denotes thek,l element of the second-rank Wigner

matrix36 andΩXY ) (RXY, âXY, γXY) Euler angles relating the
coordinate systemsX andY. C refers to a crystal-fixed frame,
which in this study for simplicity is chosen to be coincident
with the principal-axis frame PQ of the quadrupolar interaction
(i.e.,ΩPC

Q ) (0,0,0)).
By use of the general Hamiltonian defined in eq 1, it is a

straightforward matter to calculate the response of a powder of
half-integer quadrupolar nuclei to the QCPMG pulse sequence

Figure 1. Quadrupolar CPMG (QCPMG) pulse sequence for sensitiv-
ity-enhanced quadrupolar-echo (QE) solid-state NMR of half-integer
quadrupolar nuclei: (a) timing scheme of the pulse sequence; (b)
relation between the pulse sequence timingt and the timingt2 of the
free induction decay (see text). Shaded and open bars correspond to
selective (central transition)π/2 andπ pulses, respectively. The phases
φ1, φ2, φ3, and the receiver reference phaseφrec are cycled (see Table
2) to select thep ) 0 f (1 f -1 f (1 etc. coherence transfer
pathways.

Hh̃ ) Hh̃ σ
(1) + Hh̃ Q

(1) + Hh̃ Q
(2) + Hrf (1)

Hrf ) ωrf(Ix cosφ + Iy sinφ) (2)

TABLE 1: Irreducible Tensor Operators for Chemical
Shielding and Quadrupolar Coupling Interactionsa

chemical shielding quadrupolar coupling

j m T j,m
σ (Rj,m

σ )P Tj,m
Q (Rj,m

Q )P

0 0 Iz σiso

2 -2 0 -
ησ

2
σaniso

1
2
I-

2 -
ησ

2

2 -1 1
2
I- 0 1

2
(I-Iz + IzI-) 0

2 0 x2
3
Iz x3

2
σaniso

1

x6
(3Iz

2 - I(I + 1)) x3
2

2 1 -1
2
I+ 0 -1

2
(I+Iz + IzI+) 0

2 2 0 -
ησ

2
σaniso

1
2
I+

2 -
ησ

2

a The spatial tensor elements in the principal axis frame P are related
to the principal elements of the anisotropic interaction (Rxx, Ryy, Rzz)
according toRiso) (Rxx + Ryy + Rzz)/3, Raniso) Rzz - Riso, η ) (Ryy -
Rxx)/Ranisousing the ordering|Rzz- Riso| g |Rxx - Riso| g |Ryy - Riso|.

Hh̃ σ
(1) ) -ω0((R0,0

σ )L T 0,0
σ + (R2,0

σ )LT 2,0
σ ) (3)

Hh̃ Q
(1) )

2πCQ

2I(2I - 1)
(R2,0

Q )LT 2,0
Q (4)

Hh̃ Q
(2) )

-π2CQ
2

2ω0I
2(2I - 1)2

(2(R2-
Q )L(R2,1

Q )[T 2,1
Q , T 2,-1

Q ] +

(R2,-2
Q )L(R2,2

Q )L[T 2,2
Q , T 2,-2

Q ]) (5)

[T 2,1
Q , T 2,-1

Q ] ) 1
2
Iz(4I(I + 1)- 8Iz

2 - 1) (6)

[T 2,2
Q , T 2,-2

Q ] ) Iz(2I(I + 1)- 2Iz
2 - 1) (7)

(R2,0
λ )L ) ∑

m)-2

2

∑
m′)-2

2

(R2,m′
λ )PDm′,m

(2) (ΩPC
λ )Dm′,0

(2) (ΩCL) (8)
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in Figure 1a. The propagator for the time evolution may
conveniently be written

where the subscript is used to distinguish between evolutions
under Hamiltonians without rf irradiation (i.e.,ωrf ) 0) (q )
f), with x-phase (φ ) 0) rf irradiation (q ) x), or with y-phase
(φ) π/2) rf irradiation (q) y). For periods with free precession
(q ) f) the propagator is generated by straightforward expo-
nentialization, since the Hamiltonian is diagonal. For periods
with rf irradiation the propagator is formed using diagonaliza-
tion, i.e.,

whereD represents a unitary transformation leading to the
diagonalized HamiltonianHh̃ q

D ) D† Hh̃q D.
Considering the pulse scheme in Figure 1a, it is useful to

introduce propagators describing the evolution during the initial
QE sequence (part A) and the repeating echo sequence in part
B (designated by subscripts A and B, respectively):

whereτπ/2 andτπ denote widths ofπ/2 andπ pulses. Now by
introducing the periods

the propagator at any timet2 ) t′+ ∆t with t′) τA - τa/2 for
M ) 0 andt′ ) τA + MτB - τa for M > 0 within the sampling
period may be written

with the upper limitτa replaced byτa + τd for M ) N, where
N is the total number ofπy pulses. It should be noted that the
apparent time scale of the sampled FID differs from the real
time scale as illustrated in Figure 1b.
With the propagator in eq 15 at hand, the sampled FID for a

powder sample may be calculated using

where we have taken the operatorsIz andI- as representatives
of the initial and observable spin states, respectively, and
averaged over all uniformly distributed crystallite orientations.
Qualitatively, the QCPMG pulse sequence in Figure 1a splits

the QE spectrum, which would result from sampling of the
decaying part of the first echo alone (i.e., part A of the pulse
sequence), into a manifold of sidebands separated by 1/τa. Thus,
the number and separation between the sidebands may be

adjusted by changing the interpulse acquisition periodτa. This
partition of the powder spectrum into distinct sidebands leads
to a considerable increase in the overall sensitivity of the
experiment. In this and other respects the spin-echoes observed
in QCPMG experiments resemble the rotational echoes observed
in magic-angle spinning (MAS) experiments. Before experi-
mental results that demonstrate the actual gain in sensitivity
are presented it appears relevant first to discuss various aspects
of numerical calculations based on the theory above. Further-
more, through numerical simulations we evaluate the capability
of the method for accurate determination of parameters for the
anisotropic inhomogeneous interactions.

3. Numerical Simulation and Iterative Fitting

On basis of eq 16 it is a straightforward matter to set up
numerical simulation software for calculating the response of
half-integer quadrupolar nuclei in a powder to the general
QCPMG pulse sequence in Figure 1a. However, by use of an
adequate number of uniformly distributed crystallite orientations
in the powder averaging and by taking the effects of finite rf
pulses into account, the numerical simulations may be rather
time-consuming. Although this may not be an issue for a single
simulation, it represents serious problems to QCPMG being a
general method for determination of accurate values for the
magnitudes and relative orientations of chemical shielding and
quadrupole coupling tensors by iterative fitting of experimental
spectra. Therefore, it appears relevant to address methods that
reduce the computation time.
A. Tiling Schemes. A well-known obstacle in the calcula-

tion of NMR spectra for static powders is the very large number
of crystallite orientations required for numerical powder averag-
ing. Since the computer processing time is proportional to the
number of crystallite orientations, it is crucial to use a powder
averaging method that requires the lowest possible number of
crystallite orientations for an acceptable powder averaging.
Recently, it has been demonstrated16 that selection of the
crystallite orientations according to the tiling scheme of Za-
remba,37 Conroy,38 and Wolfsberg and co-workers39 leads to
efficient powder averaging for a decently low number of
crystallites. When this method is employed, the pairs of (RCL,
âCL) crystallite angles are selected according to

wheremoddenotes the decimal part of the fraction. The number
N of crystallite orientations is a Fibonacci number andp2 is the
previous Fibonacci number. In this work all calculations employ
N ) 17711 andp2 ) 10946, which ensures convergence of the
powder averaging.
B. Finite rf Pulses. Another important issue for the

computation time is the potential need to include effects of finite
rf pulses in the calculation. For the special case of ideal rf pulses
(i.e., for |Hh̃rf| | . |Hh̃Q|, |Hh̃σ|), a dramatic reduction in the time
for the calculation of the FID may be obtained. This is achieved
by calculating the FID corresponding to a sequence withM )
0. From this half-echo envelope the full envelope may be
generated (M ) 1) and subsequently the total FID is formed by
replicating the FID resulting from part B of the pulse sequence
(M ) 1) up to the desired number of points. For the typical
case where|H̃rf| is less dominant, it is necessary to calculate
the entire FID on the basis of eq 16. Figure 2 illustrates the
effect of finite rf pulses on the appearance of the sideband
envelope detected using the QCPMG pulse sequence. Specif-
ically, the spectra are calculated for a powder of spinI ) 3/2

Ũq(tb,ta) ) exp{-i∫tatbHh̃q dt′} ) exp{-iH̃q(tb - ta)} (9)

Ũq(tb,ta) ) D exp{-iHh̃ q
D(tb - ta)}D† q) x or y (10)

Ũ A
† ) Ũ x

†(τπ/2,0) Ũ f
†(τ1,0) Ũ y

†(τπ,0) Ũ f
†(τ2 +

τa
2
,0) (11)

Ũ B
† ) Ũ f

†(τ3,0) Ũ y
†(τπ,0) Ũ f

†(τ4, 0) Ũ f
†(τa, 0) (12)

τA ) τπ/2 + τ1 + τπ + τ2 +
τa
2

(13)

τB ) τ3 + τπ + τ4 + τa (14)

Ũ †(t2,0))

{Ũ A
†Ũ f

†(τa2,0)Ũ f
†(∆t, 0), ∆t ∈ [0, τa2[, forM ) 0

U A
†(Ũ B

†)MŨ †(ta,0)Ũ f
†(∆t, 0), ∆t ∈ [0, τa2[, forM > 0

(15)

s(t2) )
1
4π∫02π

dRCL∫0πdâCL sinâCL Tr{I
+ Ũ (t2,0)Iz Ũ †(t2,0)} (16)

R ) i
N
2π, â ) mod(ip2Nπ), i ∈ {1, ...,N} (17)
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nuclei influenced by anisotropic chemical shielding (σaniso )
-73.8 ppm,ησ ) 0.38) and quadrupolar coupling (CQ ) 9.7
MHz, ηQ ) 0.72) interactions atω0/2π ) -130.84 MHz and
exhibiting a relative tensor orientation defined by the Euler
angles (RPC

σ , âPC
σ , γPC

σ ) ) (83°, 11°, 132°).
It is clear that the spectrum representing ideal rf excitation

(infinitely short pulses) in Figure 2a differs significantly from
the spectrum (Figure 2b) calculated using an experimentally
typical rf field strength ofωrf/2π ) -78.125 kHz (i.e., a
selectiveπ/2 pulse widthτπ/2 ) 1.6 µs). Clearly, with the
application of the QCPMG technique in mind, this difference
implies that finite rf pulses must be taken into account in order
to extract accurate values for the anisotropic interactions from
experimental QCPMG spectra. Unfortunately, in the present
example (forM ) 15 cycles each representing 500 sampling
points) this leads to an increase in the computation time by a
factor of ca. 15, which makes iterative fitting an unwieldy
procedure in cases of practical relevance. In an attempt to
remedy this disadvantage, the spectrum in Figure 2c represents
a combination of the two approaches used for the spectra in
parts a and b of Figure 2. Specifically, the spectrum in Figure
2c is obtained by calculating the FID corresponding to the A
andM ) 1 B parts of the pulse sequence under assumption of
finite rf pulses and then generating the remaining part of the
FID by appendingM - 1 replications of theM ) 1 B part. The
insignificant differences between the spectra in parts b and c of
Figure 2 (see Figure 2d) indicate that the approximate procedure,
employed in Figure 2c, may be of important value in the time-
consuming part of the iterative fitting, since computation time
is increased by a factor of only ca. 1.2 compared to the case of
ideal pulses.

C. Homogeneous Interactions.As already addressed in
the introductory part, other sources causing spectral distortions
are homogeneous interactions such as molecular dynamics and
homonuclear dipolar coupling. Both effects give rise to
characteristic line shapes for the sidebands, which may be
difficult to account for in the numerical simulations unless the
actual perturbation is known. Even in such cases it may be
undesirable to include these effects in the calculations, since
they lead to a dramatic increase in the computation time. To
circumvent this problem and to extract parameters for the
inhomogeneous interactions, iterative fitting is based on inte-
grated sideband intensities (i.e., stick plots).
D. Iterative Fitting. A final issue to be concerned with in

relation to the computational efforts involved in determining
magnitudes and relative orientations of several anisotropic
interactions from QCPMG spectra is the combination of the
simulation program with efficient routines for numerical opti-
mization and iterative fitting. Obviously, it is crucial to employ
optimization procedures that are fast, insensitive to local minima,
and capable of handling a large number of variables. Therefore,
our simulation program has been combined with the CERN
least-squares optimization package MINUIT,40which allows the
use of appropriate combinations of Monte Carlo, simplex, and
steepest-descent procedures in the minimization. Such combi-
nations have proven very efficient for systematic optimization
of solid-state NMR powder spectra that depend on several
variables.41,42

4. Sensitivity of Parameters in Iterative Fitting of Spectra

The general applicability of the QCPMG method for deter-
mination of magnitudes and relative orientations of chemical
shielding and quadrupolar coupling tensors highly depends on
the intrinsic sensitivity of the method toward variations in the
eight parametersCQ, ηQ, σiso, σaniso, ησ, RPC

σ , âPC
σ , and γPC

σ .
Although the envelope of the QCPMG sideband spectrum
closely resembles that of a standard QE spectrum, which may
be analyzed in detail as previously described,12-15,43 it appears
relevant to briefly demonstrate the effect of variation in these
parameters. Furthermore, these simulations may facilitate
estimation of initial values for the parameters to be used in an
iterative fitting. As an illustration, simulations are based on a
parameters set for a powder ofI ) 3/2 nuclei with a resonance
frequencyω0/2π ) -130 MHz and a combination of anisotropic
chemical shielding (σaniso) 100 ppm,ησ ) 0.6) and quadrupolar
coupling (CQ ) 5 MHz, ηQ ) 0.3) with a relative orientation
of the two tensors given byΩPC

σ ) (90°, 30°, 90°).
Figure 3 illustrates the dependence of the spectral appearance

on variations for the quadrupole coupling parametersCQ and
ηQ. It is evident that whenCQ is increased from 2.5 to 10 MHz
(parts a-d, the appearance of the QCPMG spectrum changes
from a pattern resembling that of the chemical shielding
anisotropy (CSA) to that being primarily dominated by the
quadrupolar coupling interaction. The latter case represents a
typical application for the QCPMG method, and an estimate of
CQ may be obtained from the total width of central transition
powder pattern. According to the formulas of Baugheret al.,43

CQ may be estimated by employing

where∆ν is the overall width (in frequency units) of the central
(1/2,-1/2) transition and 0e ηQ e 1. An impression of the

Figure 2. Theoretical QCPMG spectra (I ) 3/2, ω0/2π ) -130.84
MHz, σaniso) -73.8 ppm,ησ ) 0.38,ΩCL

σ ) (83°, 11°, 132°), CQ )
9.7 MHz, andηQ ) 0.72) illustrating the effect of nonideal rf excitation.
The spectrum in (a) is obtained using ideal (infinitely short) rf pulses
by calculating the part of the FID corresponding to part A of the pulse
sequence, reflecting this half echo to generate a full echo, which is
replicatedM times to form the remaining part B of the FID. Spectrum
in (b) is calculated using eq 16 with finite rf pulse widths oftπ/2 ) tπ/2
) 1.6 µs corresponding toωrf/2π ) -78.1 kHz. The spectrum in (c)
is calculated using the procedure leading to (b) withM ) 1 and
replicating part B of this FID to generate the full FID. The difference
between the simulations in (b) and (c) is given in (d).

CQ ) 8I(2I - 1)x ω0∆ν

2π(I(I + 1)- 3
4)(ηQ

2 + 22ηQ + 25)

(18)
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sensitivity of the QCPMG spectra toward variation inηQ is
illustrated by the simulations in parts e-h of Figure 3.
The corresponding responses toward variation in the param-

etersσaniso and ησ for the generally less dominant chemical
shielding tensor are illustrated in Figure 4. In particular it should
be noted that even in the regime of|Hh̃Q . |Hh̃o | (illustrated by
σaniso ( 10 ppm in parts c and d of Figure 4), it should be
possible to detect the influence of the CSA. Finally, the
simulations in Figure 5 illustrate the effects of different relative
orientations for the two tensors on the appearance of the
QPCMG spectra. It is evident that variations in the Euler angle
âPC

σ (parts e-h cause the most pronounced changes in the
sideband envelope, while the QCPMG spectra appear less
sensitive to variations in the Euler anglesRPC

σ and γPC
σ parts

a-d and i-l. We note that in the special cases ofησ ) 0.0
andηQ ) 0.0, the QCPMG spectrum (not shown) is independent
of RPC

σ andγPC
σ , respectively, observations also seen in MAS

NMR of quadrupolar nuclei.41

5. Experimental Section

87Rb (130.84 MHz) and59Co (94.43 MHz) experiments were
performed on a Varian UNITY-400 NMR spectrometer (9.4 T)
using a wideband Varian static-powder probe. For both nuclei
an rf field strength ofωrf/2π ) -78 kHz was employed.
Considering the increase in effective nutation frequency by the
factor (I + 1/2) for the central (1/2,-1/2) transition when 2
πCQ/(4I(2I - 1)ωrf) > 3,31,32 this corresponds toπ/2-pulse
widths of 1.6µs for 87Rb (I ) 3/2) and 0.8µs for 59Co (I )
7/2). The rf field strengths were calibrated using 1.0 M RbNO3

and 0.5 M K3Co(CN)6 aqueous solutions, which also served as
external87Rb and59Co chemical shift references, respectively.
The QCPMG spectra were recorded using the pulse sequence
in Figure 1a and the phase cycle in Table 2. The standard QE
experiments employed part A of the pulse sequence in Figure

1a with τa/2 extended to record the full-echo decay and using
the QE phase cycle also listed in Table 2. All calculations were
performed on a Digital Alpha 1000 4/200 workstation. Typi-
cally, simulation of anI ) 3/2 QCPMG spectrum employing
finite rf pulses (see above),M ) 16, a total number of 4256
points (256 points during a singleτa period and 32 points during
τd), and 17711 crystalline orientations required 42 s of CPU
time. Considering the accumulative effect of finite rf pulses
during all echo periods, a simulation required 5.8 min. RbClO4

was purchased from Alpha Products and used without further
purification. RbVO3 was synthesized as described elsewhere.45

Co(NH3)5 Cl3 was a gift from from Kemisk Vørk Køge,
Denmark.

Figure 3. Simulated QCPMG spectra illustrating the dependence on
CQ (left column) andηQ (right column). Parameters areI ) 3/2,ω0/2π
) -130 MHz,σiso ) 0, σaniso) 100 ppm,ησ ) 0.6, andΩPC

σ ) (90°,
30°, 90°). Parts a-d are withηQ ) 0.3 andCQ ) 2.5, 5.0, 7.5, and
10.0 MHz going from (a) to (d). Parts e-h are withCQ ) 5.0 MHz
andηQ ) 0.0, 0.3, 0.6, and 0.9 going from (e) to (h).

Figure 4. Theoretical QCPMG spectra displaying the dependence on
σaniso (left column) andησ (right column). Parameters areI ) 3/2,ω0/
2π ) -130 MHz, CQ ) 5.0 MHz, ηQ ) 0.3, σiso ) 0, and (RPC

σ ,
âPC

σ , γPC
σ ) ) (90°, 30°, 90°). Parts a-f are withησ ) 0.6 andσaniso)

500, 100, 10,-10,-100, and-500 ppm going from (a) to (f). Parts
g-j are with σaniso ) 100 ppm andησ ) 0.0, 0.3, 0.6, and 0.9 going
from (g) to (j).

TABLE 2: Phase Cycles for the QE and the QCPMG Pulse
Sequencesa

QE QCPMGb

φ1 φ2 φrec φ1 φ2 φ3 φrec

x y -x x y y -x
-x -y x y x x -y
x -y -x -x y y x
-x y x -y x x y
y -x -y x -y -y -x
-y -x y y -x -x -y
y x -y -x -y -y x
-y x y -y -x -x y
x y -x x y -y -x
y -x -y y x -x -y
-x -y x -x y -y x
-y x y -y x -x y
x -y -x x -y y -x
y x -y y -x x -y
-x y x -x -y y x
-y -x y -y -x x y

a The pulse phasesφ1 - φ3 corresponds to those in Figure 1a.φrec
denotes the receiver reference phase.b The phase cycle is based on
the first eight steps of the cycle proposed by Rance and Byrd.44
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6. Results and Discussion

Applications of the QCPMG method for the determination
of magnitudes and relative orientation of quadrupolar coupling
and chemical shielding tensors by iterative fitting of integrated
sideband intensities of experimental powder spectra are dem-
onstrated in this section for87Rb in RbClO4 and RbVO3 and
for 59Co in (Co(NH3)5 Cl)Cl2. These samples have been chosen
since they represent typical cases exhibiting different spin
quantum numbers as well as magnitudes of the quadrupolar
coupling and anisotropic chemical shielding interactions. The
two rubidium salts have previously been investigated using static
powder QE (RbClO4,16 RbVO3

50), single-crystal (RbClO4,49

RbVO3
50), and MAS (RbClO451) NMR while to our knowledge

the cobalt complex has not previously been studied. To
appreciate the sensitivity gain and the accuracy of the parameters
determined by iterative fitting, QCPMG spectra with different
sideband separations and standard QE spectra have been
recorded and analyzed for all samples.
In the analysis and interpretation of the relative orientation

of the principal axis systems for the quadrupole coupling and
chemical shielding tensors, it is essential that potential effects
of crystal symmetry (i.e., space group symmetry) is considered.
Since the two tensors are invariant toward symmetry operations
within the space group, crystal symmetry imposes certain
restrictions on the Euler anglesΩPC

σ relating the two tensors.
X-ray diffraction (XRD) studies show that RbClO4,46 RbVO3,47

and (Co(NH3)5 Cl)Cl248 all have orthorhombic crystal structure
with space groupsPnma, Pbcm, andPnma, respectively. These
space groups all exhibit a mirror or aC2 axis at the positions of
the quadrupolar nuclei of interest in the crystal lattice of these
compounds. The mirror plane symmetry requires that the
quadrupole coupling and the chemical shielding tensors both
have one principal axis perpendicular to this plane.13,49-52 This
implies that the anglesRPC

σ andγPC
σ are a multiple of 90° but

not necessarily the same multiple.
Parameters describing the magnitudes and relative orientation

of the quadrupole coupling and chemical shielding tensors
determined here and elsewhere for the three samples are
summarized in Table 3.
A. RbClO4. Figure 6 shows typical87Rb NMR spectra of

RbClO4 recorded using the QCPMG experiment for different
τa values (corresponding to different sideband separations) along
with the conventional QE spectrum. Clearly, the QCPMG
technique splits the static-powder spectrum of the QE experi-
ment (Figure 6d) into a manifold of sidebands that exhibit an
envelope quite similar to that of the QE spectrum. Depending
on the number of sidebands, this gives a significant sensitivity
enhancement as illustrated by the QCPMG spectra in parts a-c
of Figure 6. These spectra show signal enhancement factors
of 10.9, 4.4, and 2.2 compared to the QE spectrum.
To extract accurate parameters describing the magnitudes and

relative orientations of the quadrupole coupling and chemical
shielding tensors, the QCPMG and QE spectra were simulated
and iteratively fitted by employing a computer program based
on the principles given above. The resulting optimized simu-
lated spectra are shown in Figure 7 (parts d, h, and l in the
lower row) for comparison with the corresponding experimental
spectra in the top row. The optimized parameters corresponding
to the three simulated QCPMG spectra are summarized in Table
3 and may be compared with the parameters determined from
previous studies.16,49,51

TABLE 3: Magnitudes and Relative Orientation of Quadrupolar Coupling and Chemical Shielding Tensors for87Rb in RbClO4
and RbVO3 and for 59Co in (Co(NH3)5 Cl)Cl2 Determined by Iterative Fitting of QCPMG Powder Spectraa

compound method CQ ηQ σiso
b σaniso ησ RPC

σ âPC
σ γPC

σ ref/figure

RbClO4 SC 3.30 0.21 13.7 13.8 0.61 94 28 87 49
QE 3.24 0.19 14.3 14.0 0.50 112 28.8 16 16
MAS 3.29 0.20 13.1 13.5 0.32 98 34 69 51
QCPMG 3.30 0.22 12.8 13.7 0.76 118 40 111 thiswork/7d
QCPMG 3.28 0.24 12.4 13.0 1.00 118 32 97 thiswork/7h
QCPMG 3.29( 0.08 0.24( 0.06 12.5( 1.5 14.2( 3.0 0.68( 0.25 117( 20 36( 10 93( 15 this work/71

RbVO3 SC 9.70 0.74 31 -32 0.3 90 27 271 50
QCPMG 9.64 0.66 29.3 -71.4 0.86 96 5 73 this work/9d
QCPMG 9.47 0.68 27.9 -71.6 0.80 112 23 108 this work/9h
QCPMG 9.74( 0.2 0.72( 0.03 32.7( 5 -73.8( 30 0.38( 0.4 83( 30 11( 10 132( 40 this work/9l

(Co(NH3)5Cl)Cl2 QCPMG 26.9( 0.5 0.0( 0.1 8890( 5 1260( 30 0.08( 0.1 11( 20 8( 5 98( 20 this work/11d

a SC denotes single-crystal NMR. The quadrupole coupling constant (CQ), isotropic and anisotropic chemical shifts (σiso andσaniso), and relative
tensor orientations (RPC

σ , âPC
σ , γPC

σ ) are given in MHz, ppm, and degrees (relative to the principal axis system of the quadrupolar coupling interaction,
i.e.,ΩPC

Q ) (0,0,0), respectively.b Isotropic chemical shifts (corrected for second-order quadrupolar induced shifts) on theσ-scale are referenced to
1.0 M RbNO3 (87Rb) and 0.5 MK3 Co(CN)6 (59Co) solutions.

Figure 5. Calculated QCPMG spectra displaying the dependence on
RPC

σ (left column), âPC
σ (middle column) andγPC

σ (right column).
Parameters areI ) 3/2,ω0/2π ) -130 MHz,CQ ) 5.0 MHz, ηQ )
0.3, σiso ) 0, σaniso ) 100 ppm, andησ ) 0.6. Parts a-d are with
(âPC

σ , γPC
σ ) ) (30°, 90°) andRPC

σ ) 0°, 30°, 60°, 90° going from (a) to
(d). Parts e-h are with (RPC

σ , γPC
σ ) ) (90°, 90°) andâPC

σ ) 0°, 30°, 60°,
90° going from (e) to (h). Parts i-l are with (RPC

σ , âPC
σ ) ) (30°, 90°)

andγPC
σ ) 0°, 30°, 60°, 90° going from (i) to (l).
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At this point it seems appropriate to specify the procedure
used for iterative fitting. First, to ensure least-squares fitting
to pure inhomogeneous contributions of the spin dynamics
characterizing the experimental spectrum, our program compares
integrated experimental and simulated sideband intensities as
exemplified by the stick-plots in the second (experimental) and
third (simulated) rows of Figure 7. Second, to facilitate the
seven-parameter fit, the starting value forCQ can be estimated
to fall in the range 2.8-3.9 MHz using eq 18 with∆ν ) 15
kHz. Furthermore, the sideband envelope indicates that the
spectrum is dominated by the quadrupolar interaction andηQ
= 0.2-0.4. By use of these parameters as a start, iterative fitting
of the experimental “stick-plot” intensities gives the optimized
parameters in Table 3, the corresponding simulated stick-plot
spectra in Figure 7 (third row), and the line-shape-simulated
QCPMG spectra in the bottom row.
Comparison of the spectra in Figure 7 reveals a reasonable

agreement between experimental and calculated stick-plot
spectra for the three QCPMG experiments representing different
sampling conditions. Apart from minor differences near the
baseline, a similar agreement is observed for the spectra
including line shape. This shows that the experimental spectra,
to a good approximation, reflect purely inhomogeneous interac-
tions (chemical shielding and quadrupole coupling), while
homogeneous interactions from homonuclear dipolar coupling
or dynamics play an insignificant role for87Rb in RbClO4.

Inspection of the three parameter sets determined for RbClO4

(Table 3) shows small variations among the parameters even
for the spectrum with few sidebands. This indicates that the
sensitivity of the QE experiment may be increased by at least
an order of magnitude by QCPMG without severely sacrificing
the information content of the experiment and the accuracy of
the parameters extracted. This advantage is similar to that
observed in a comparison of standard MAS and static-powder
NMR spectra. Comparison of the QCPMG parameters with
those of the QE spectrum (Figure 6d) and previously determined
data from single-crystal,49 static-powder QE,16 and MAS51NMR
studies shows an excellent agreement for all parameters except
for ησ (determined with considerable uncertainty in all studies)
and the value forγPC

σ determined from the QE spectrum by
Koons et al.16 and commented on previously. Accuracies
estimated by numerical calculation and by visual inspection are
given in Table 3 for the spectrum in Figure 7l. Similar
accuracies may be determined from the other QCPMG spectra.
It is noted that theRPC

σ andγPC
σ values determined by QCPMG

are fairly close to 90° (a value in agreement with crystal
symmetry (vide supra).
B. RbVO3. To demonstrate the sensitivity gain achieved

by QCPMG relative to conventional QE for the important cases
of broad anisotropic powder patterns, Figure 8 shows a series
of 87Rb QCPMG and QE spectra for RbVO3. In accordance
with a quadrupole coupling constant on the order of 10 MHz,50

the second-order quadrupolar and CSA broadened powder
pattern for the central (1/2,-1/2) transition extends over a
frequency range of about 150 kHz. In addition to the large
quadrupolar interaction, rendering static-powder QE NMR a
relatively insensitive method, this compound represents an

Figure 6. Experimental87Rb (130.84 MHz) QCPMG (a-c) and QE
(d) spectra of RbClO4. The QCPMG spectra used the pulse sequence
in Figure 1a withτ1 ) 25µs,τ2 ) τ3 ) 26µs,τ4 ) 27µs, 4 s relaxation
delay, and a spectral width of 250 kHz. The number of echo periods
M, number of scans,τa, andτd were (a) 60, 1024, 512µs, and 128µs,
(b) 32, 3072, 1024µs, and 256µs, (c) 15, 8192, 2 ms, and 1.768 ms.
The QE spectrum (d) employed 4096 scans and the same spectral width,
τ1, τ2, and relaxation delay values as in (a-c). All spectra were weighted
by a Lorentzian of 1 Hz line width. The vertical scale of the QCPMG
spectra relative to the QE spectrum (d) were reduced by factors of 10.9,
4.4, 2.2 going from (a) to (c).

Figure 7. Experimental and optimum simulated87Rb QCPMG spectra
of RbClO4 corresponding to the pulse sequence parameters described
in Figure 6a (left column), 6b (center column), and 6c (right column)
and the interaction parameters given in Table 3. The full experimental,
stick-plot of experimental sideband intensities, stick-plot of simulated
sideband intensities, and full simulated spectra are reproduced in the
first (a, e, i), second (b, f, j), third (c, g, k), and fourth (d, h, l) row.
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intriguing test for the QCPMG technique because of its rather
small chemical shielding interaction.
The three QCPMG spectra in parts a-c of Figure 8 recorded

using τa values adjusted to split the powder pattern into
sidebands separated by 15.6, 7.8, and 2 kHz, display an intensity
gain by factors of 28.3, 12.7, and 4.1, respectively, relative to
the QE spectrum (Figure 8d). These numbers correspond to
experiments using a spectral width of 2 MHz for the spectra in
parts a and d of Figure 8 and 1 MHz for the spectra in parts b
and c. In turn, this implies that the corresponding QCPMG
experiments with 7.8 and 2 kHz sideband separation (corre-
sponding to those in parts b and c of Figure 8) recorded using
twice the spectral width would lead to gain factors of about 15
and 8, respectively. Furthermore, it is noted that the spectra in
parts a and b of Figure 8 was apodized using Lorentzian line
broadenings of 100 and 50 Hz, respectively, to avoid sinc
wiggles by truncation of the FID. The spectrum in Figure 8c
used 1 Hz line broadening, while 100 Hz was used for the
spectrum in Figure 8d. Using a line broadening of 1 Hz and a
spectral window of 2 MHz for all spectra leads to gain factors
of about 46, 21, and 8 for the three spectra in parts a-c of
Figure 8.
By employment of a quadrupole coupling constant in the

range 9.2-12.7 kHz, estimated using eq 18 with∆ν ) 160
kHz, seven-parameter iterative fitting of the experimental
QCPMG and QE spectra in Figure 8 leads to the parameters
summarized in Table 3. For comparison Table 3 also includes
the results from a recent single-crystal NMR study.50 Figure 9
shows the experimental spectra, experimental stick-plots of

sideband intensities, optimized fitted stick-plots of calculated
sideband intensities, and optimized simulated spectra for all three
QCPMG experiments. Comparison of the experimental and
optimum simulated87Rb QCPMG spectra corresponding to
different sideband separations demonstrates a good agreement
with respect to both sideband intensities and line shapes over
the entire spectral width. However, we note that slightly lower
sideband intensities are observed in the high-field region of the
calculated spectra compared to the experimental spectra. From
the narrow lines observed in all experimental spectra (and
reproduced in the simulated spectra) we conclude that homo-
geneous interactions contribute insignificantly to the spin
dynamics of87Rb in RbVO3.
Mutual comparison of the parameters determined by iterative

fitting of the QCPMG and QE spectra (estimated accuracies
included in Table 3 for the spectrum in Figure 9l) and against
those determined previously by single-crystal NMR leads to the
following observations. First, for the quadrupole coupling
interaction all studies give almost identicalCQ andηQ values
within experimental error. Second, more uncertainty concerns
the magnitude of the chemical shielding tensor, where the
QCPMG and QE results predictσaniso = -72 ppm compared
to the value of-43 ppm determined by single-crystal NMR.49

Likewise, theησ parameter is subjected to quite some uncer-
tainty, since values in the range 0.3-0.8 are obtained. Third,
although at first glance insensitive to the isotropic chemical shift
by sampling under influence of refocusing pulses, the QCPMG
experiments lead to isotropic chemical shift values (σiso) close
to the value determined by single-crystal NMR. Fourth, for
the relative orientation of the two tensorial interactions (specified

Figure 8. Experimental87Rb (130.84 MHz) QCPMG (a-c) and QE
(d) spectra of RbVO3. All QCPMG spectra were recorded usingτ1 )
25µs,τ2 ) 25.8µs,τ3 ) 26µs,τ4 ) 26.8µs, and 4 s relaxation delay.
The individual spectra used spectral width, number of echo periodsM,
number of scans,τa, τd, and Lorentzian line broadening: (a) 2 MHz,
61, 1024, 64µs, 159µs, and 100 Hz; (b) 1 MHz, 62, 384, 128µs, 190
µs, 50 Hz; (c) 1 MHz, 15, 4096, 500µs, 440µs, and 1 Hz. The QE
spectrum was obtained using 2048 scans,τ1 ) 25 µs, τ2 ) 24.8µs, 2
s relaxation delay, a 2 MHz spectral window, and a Lorentzian line
broadening of 1 Hz. The intensity of the QCPMG spectra compared to
the QE spectrum are 28.3, 12.7, 4.13, and 1.0 going from the top to
the bottom spectrum (see text).

Figure 9. Comparison of experimental and optimum simulated87Rb
QCPMG spectra of RbVO3 corresponding to the experimental spectra
and parameters given in Figure 8a (left column), 8b (middle column),
8c (rigth column) and the interaction parameters given in Table 3. The
first, second, third, and fourth rows give full experimental (a, e, i),
stick-plot of experimental sideband intensities (b, f, j), stick-plot of
simulated sideband intensities (c, g, k), and full simulated spectra (d,
h, l), respectively. The last spectra were apodized using a 50 Hz wide
Lorentzian.
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byΩPC
σ ), the QCPMG and QE results suggestRPC

σ andγPC
σ both

to be in the vicinity of 90° in accordance with crystal symmetry.
This agrees well with the single-crystal NMR results,50 which
favor RPC

σ ) 90° andγPC
σ = -90°, compatible with thePbcm

space group. Finally, considering the parameters overall, a
comparison reveals that iterative fitting of the QCPMG spectrum
with the smallest sideband separation generally leads to
parameters closest to those determined by single-crystal NMR.
However, quite similar results are obtained from QCPMG with
larger sideband separations.
C. (Co(NH3)5Cl)Cl2. As a final demonstration of sensitivity-

enhanced QE NMR for a nucleus exhibiting a larger spin
quantum number, Figure 10 shows a series of59Co (I ) 7/2)
QCPMG and QE NMR spectra of (Co(NH3)5Cl)Cl2. The four
QCPMG spectra were recorded withτa adjusted to split the 270
kHz wide second-order quadrupolar coupling and CSA broad-
ened central-transition powder pattern into a manifold of spin-
echo sidebands with separations of 62.5, 31.3, 15.6, and 7.8
kHz. The envelope of the sideband manifold in all spectra
exhibits clear similarities to the QE spectrum (Figure 10e).
Comparison of the signal intensities of the QCPMG relative to
the QE spectra reveals intensity enhancements by factors of 9.4,
7.3, 4.8, and 2.6 on going from the spectrum with the largest to
the smallest sideband separation.
The envelope of the spin-echo sideband manifold indicates

the presence of large quadrupolar couplingand anisotropic
chemical shielding interactions for59Co in this compound.
Considering the quadrupole interaction alone, the width of the

central transition (270 kHz) suggestsCQ to be in the range 31-
44 MHz. A more detailed determination of the parameters for
the two anisotropic interactions requires iterative fitting of the
experimental spectra in Figure 10, although we note that the
calculations due to a larger matrix dimension are a factor of 8
slower than the correspondingI ) 3/2 calculations performed
above. For this reason, we restrict the analysis to the experi-
mental QCPMG spectrum in Figure 10e. For this particular
QCPMG experiment, Figure 11 compares the experimental and
optimum simulated spectra, while Table 3 gives the correspond-
ing optimum parameters and their estimated accuracies. Al-
though the agreement between the experimental and simulated
spectra is less favorable than observed for the87Rb spectra
above, Table 3 clearly reinforces the presence of large quadru-
polar coupling and anisotropic shielding interactions. Further-
more, it is noted that the optimum values forRPC

σ and γPC
σ

(close to 0° and 90°) are in accordance with the crystal symmetry
(space groupPnma) for (Co(NH3)5Cl)Cl2.

7. Conclusions

In conclusion, we have introduced and demonstrated a new
experimental method, QCPMG, for determination of magnitudes
and relative orientation of chemical shielding and quadrupolar
coupling tensors of half-integer quadrupolar nuclei exhibiting
relatively large quadrupole coupling and anisotropic chemical
shielding interactions. The method bears close resemblance to
the conventional QE method but amplifies the sensitivity of this
experiment significantly by recording the FID through a train
of selectiveπ refocusing pulses. In practical application to wide
central-transition (1/2,-1/2) powder patterns, this may lead to
a gain in sensitivity by a factor of say 30 as demonstrated in
this study for quadrupolar nuclei characterized by 150-250 kHz
wide line shapes. In combination with efficient computer
software for simulation and iterative fitting of experimental to
calculated sideband intensities, the method proves useful for

Figure 10. Experimental59Co (94.43 MHz) QCPMG (a-d), and QE
(e) spectra of (Co(NH3)5Cl)Cl2. The QCPMG spectra were recorded
using the pulse sequence in Figure 1a withτ1 ) 25 µs, τ2 ) τ3 ) 26
µs, τ4 ) 27 µs, 4 s relaxation delay, and a dwell time of 0.5µs
(corresponding to a spectral width of 2 MHz). All spectra were
processed using 1 Hz Lorentzian line broadening. For the QCPMG
spectra the number of echo periodsM, number of scans,τa, and τd
were 128, 512, 16µs, and 199µs, (b) 63, 512, 32µs, and 191µs, (c)
61, 1024, 64µs, and 159µs, (d) 30, 2048, 128µs, andτd ) 191µs.
The QE spectrum employedτ1 ) 25µs,τ2 ) 24µs, a relaxation delay
of 2 s, 20 480 scans, and a spectral width of 2 MHz. The absolute
intensity of the QCPMG spectra relative to the QE spectrum are 9.4,
7.3, 4.8, and 2.6 on going from (a) to (d).

Figure 11. Comparison of experimental and optimum simulated59Co
QCPMG spectra of (Co(NH3)5Cl)Cl2: (a) experimental spectrum
corresponding to Figure 10d and (b) stick-plot of experimental sideband
intensities; (d) optimum simulated QCPMG spectrum and stick-plot
of calculated sideband intensities (c) corresponding to the experimental
parameters given in the caption of Figure 10 and the interaction
parameters in Table 3.
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accurate determination of parameters for quadrupole coupling
and chemical shielding tensors in polycrystalline solids. Cur-
rently, we are exploring combinations of QCPMG with MAS
experiments.
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