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Abstract: Taking advantage of an order of magnitude in sensitivity enhancement obtained by sampling of
quadrupolar-echo (QE) solid-state NMR spectra during a quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG)
pulse sequence, we demonstrate that the coordination environment of low-γ quadrupolar metal nuclei can be
studied routinely for powders with these nuclei in natural abundance. The general applicability of the method
is demonstrated by39K, 25Mg, 67Zn, and87Sr QCPMG solid-state NMR experiments for K2MoO4, KVO3,
Mg(VO3)2, Zn(CH3COO)2‚2H2O, Zn(Ala)2‚H2O, Sr(NO3)2, and SrMoO4. For all samples the quadrupolar
coupling parameters and the isotropic chemical shifts are extracted by numerical simulation and iterative fitting
of the spin-echo sideband spectra observed in the experimental QCPMG NMR spectra. These parameters are
discussed in light of the crystal structures for the compounds.

1. Introduction

Alkali and earth alkali metal ions play a fundamental role in
the chemistry of many compounds ranging from semi- and
superconductors, piezoelectrics, and minerals via alkalides and
metalloporphyrins to metalloproteins and -enzymes responsible
for vital biological functions. For example, the latter category1,2

includes chelates such as chlorophyll A and heme being
important for photosynthesis and biochemical electron-transfer
reactions.3 In the binding sites of metalloproteins, metal ions
such as Zn2+, Mg2+, and K+ are responsible for the catalytic/
enzymatic activity or function regulation through metal-ion
induced conformational changes. In fact, the catalytic activity
of about 30% of all known enzymes relies on the presence of
metal ions in the active sites.4 This aspect renders metal binding
an attractive target for external control/regulation of biological
functions.5 The regulation relies on the specific affinity of the
metal toward various donor atoms (O, N, or S) and the local
ligand symmetry.

The important role of metal ions as molecular reaction centers
makes the characterization of the local structure for these ions
an extremely important issue. This has prompted numerous
studies of structure versus function for metal binding sites using
X-ray diffraction (XRD), electron paramagnetic resonance
(EPR), nuclear quadrupole resonance (NQR), liquid- as well
as solid-state nuclear magnetic resonance (NMR) spectroscopy,

Mössbauer spectroscopy, and extended X-ray absorption fine
structure (EXAFS) spectroscopy. For example, these methods
have been used to study macromolecules of specific interests3,6-9

as well as model systems which mimic their binding sites.10-12

Depending on the molecular system and the particular ion
subject to investigation, the different methods have clear
advantages/disadvantages. For example, XRD applies to crystal-
line samples, EPR to paramagnetic species, NQR to quadrupolar
nuclei in solids generally exhibiting large quadrupole couplings,
and liquid-state NMR to molecules with a high degree of
isotropic motion, while solid-state NMR applies to molecules
immobilized by size, aggregation, or coordination in crystalline
or amorphous solids. Furthermore, the spectroscopic techniques
differ from XRD in the sense that they may provide specific
information about the local structure of the binding site for the
metal ion. In addition, they allow characterization of crystalline
as well as noncrystalline solids. The latter aspect opens up the
possibility for studying metalloproteins in membranes.

While liquid-state NMR of metal nuclei has gained popularity
in studies of metalloproteins as recently reviewed by Drakenberg
et al.,4 the use of solid-state NMR to study metal binding
employing low-γ quadrupolar nuclei such as25Mg, 39K, 67Zn,
and87Sr has been quite rare. This is ascribed to several facts.
First, these nuclei have a low gyromagnetic ratio (γ) which
causes low sensitivity (proportional toγ5/2B0

3/2) and severe probe
ringing artifacts. Second, the relevant spin isotopes generally
have low natural abundance which translates directly into low
sensitivity unless isotope enrichment is employed. Third, the
half-integer spin quadrupolar nuclei of interest have quite large
quadrupole moments (Q) which may impede liquid-state NMR

* Address correspondence to this author.
† Laboratory for Biomolecular NMR Spectroscopy, Department of

Molecular and Structural Biology.
§ Present address: Department of Earth Sciences, University of Cam-

bridge, CB2 3EQ Cambridge, United Kingdom.
‡ Instrument Centre for Solid-State NMR Spectroscopy, Department of

Chemistry.
(1) Fraisto da Silva, J. J. R.; Williams, R. J. P.The Biological Chemistry

of the Elements; Clarendon Press: Oxford, 1991.
(2) Christianson, D. W.AdV. Protein Chem.1991, 42, 281.
(3) Utschig, L. M.; Ohigashi, Y.; Thurnauer, M. C.; Tiede, D. M.

Biochemistry1998, 37, 8278.
(4) Drakenberg, T.; Johansson, C.; Forsen, S. Metal NMR for the Study

of Metalloproteins. InMethods in Molecular Biology, Vol. 60: Protein NMR
Techniques; Reid, D. G., Ed.; Humana Press: Totowa, NJ, 1997.

(5) Suzuki, K.; Hiroaki, H.; Kohda, D.; Nakumura, H.; Tanaka, T.J.
Am. Chem. Soc.1998, 120, 13008.

(6) Christianson, D. W.; Libscomb, W. N.Acc. Chem. Res.1989, 22,
62.

(7) Kennedy, M. A.; Ellis, P. D.J. Am. Chem. Soc.1989, 111, 3195.
(8) Bentrop, D.; Bertini, I.; Cremonini, M. A.; Forsen, S.; Luchinat, C.;

Malmendal, A.Biochemistry1997, 36, 11605.
(9) Scrofani, S. D.; Wright, P. E.; Dyson, H. J.Protein Sci.1998, 7,

2476.
(10) Ellis, P. D.Science1983, 221, 1141.
(11) Larsen, F. H.; Lipton, A. S.; Jakobsen, H. J.; Nielsen, N. C.; Ellis,

P. D. J. Am. Chem. Soc.1999, 121, 3783.
(12) Hammes, B. S.; Carrano, C. J.Inorg. Chem.1999, 38, 4593.

7080 J. Am. Chem. Soc.2000,122,7080-7086

10.1021/ja0003526 CCC: $19.00 © 2000 American Chemical Society
Published on Web 07/08/2000



studies of these nuclei and may give rise to very broad solid-
state NMR second-order powder patterns. Fourth, low-γ qua-
drupolar nuclei may occasionally be associated with quite long
T1 relaxation times rendering signal averaging very time-
consuming. These aspects, summarized for39K, 25Mg, 67Zn, and
87Sr in Table 1,13 make solid-state NMR studies of these nuclei
technically demanding and associated with very low sensitivity.
The above difficulties have motivated studies where the metal
ion has been exchanged with a spinI ) 1/2 metal nucleus giving
a more favorable NMR response such as113Cd.10,14,15As has
been generally stated, this approach only serves as a model for
the metalloprotein structure since the cation exchange may cause
changes of the local structure under investigation.

For solid-state NMR to be a general tool for low-γ quadru-
polar nuclei in studies of metal binding sites, it is necessary
that the problems concerning sensitivity and probe ringing be
effectively solved to (i) study the active sites in biomolecular
systems potentially using isotope labeling and (ii) routinely
examine the impact of the type/number of donor atoms and
ligand symmetry on the chemical shielding and quadrupolar
coupling interaction parameters using nonlabeled model com-
pounds. The latter aspect is of fundamental importance since,
with the lack of reliable quadrupolar coupling parameters in
solids from ab initio or density functional theory calculations,
the only reliable route to extract detailed structural information
from solid-state NMR experiments by necessity is based on
empirical or semiempirical correlations between NMR param-
eters and known model structures.

So far the most widely appreciated step toward NMR on
low-γ quadrupolar nuclei has been undertaken by the develop-
ment of high-field solid-state NMR equipment which in
combination with sampling using a quadrupolar-echo (QE)16-18

reduces probe ringing effects to an extent that allows detection
of 39K, 25Mg, and67Zn in natural abundance.19-23 In particular
this holds for compounds with these cations in relatively sym-
metric environments. In more general cases where the second-
order quadrupolar line shape for the (-1/2, 1/2) transition may
extend over hundreds of kilohertz, the sensitivity is still too
low for general applications. In this paper we demonstrate that
this condition may be improved significantly by detecting the
QE free-induction decay (FID) through a quadrupolar Carr-

Purcell-Meiboom-Gill (QCPMG) train of refocusing pulses.24,25

In this manner the sensitivity may be improved by an order of
magnitude26 and baseline artifacts from probe ringing essentially
removed. This opens up for routine applications as demonstrated
in this work by experiments and numerical analysis of25Mg,
39K, 67Zn, and87Sr QCPMG spectra for powders of various
inorganic, organic, and bioinorganic solids with naturally
abundant spin isotopes.

2. Experimental Section

NMR Measurements.The 39K, 25Mg, 67Zn, and87Sr NMR spectra
were recorded at ambient temperature using a wide-bore Varian Unity-
INOVA 600 (14.1 T) spectrometer equipped with a wideband 5 mm
Varian static-powder probe. The QCPMG pulse sequence (Figure 1)
was used with 1 s relaxation delay (16 s for K2MoO4), central-transition
selectiveπ/2 andπ pulses (pulse lengths scaled by (I + 1/2)-1 in the
regime of 2πCQ/(4I(2I - 1)ωrf) > 3) of amplitudeωrf/2π ) 45-60
kHz, andτ1, τ2, τ3, andτ4 spin-echo delays in the order of 40-140µs
to minimize effects from probe ringing. The interpulse acquisition period
τa was adjusted to obtain an appropriate sideband separation (1/τa)
ensuring a significant sensitivity enhancement while maintaining the
details of the envelope for the second-order quadrupolar powder pattern.
This is required for a precise determination of the quadrupolar coupling
constant (CQ) and the asymmetry parameter (ηQ) from numerical
simulation and iterative fitting to the experimental spin-echo sideband
patterns. The39K, 25Mg, 67Zn, and87Sr NMR spectra are referenced to
external aqueous solutions of 1.0 M KCl, 3.0 M MgSO4, 2.0 M Zn-
(NO3)2, and 1.0 M SrCl2, respectively. Spectral simulations and iterative
fitting were performed on a 450 MHz Pentium III processor using the
procedures described elsewhere.26,27 Specifically, the iterative fitting
evaluates the root-mean-square deviation between integrated spin-echo
sideband intensities from experimental and calculated QCPMG spectra.
The QCPMG spectra were calculated taking into consideration effects
from finite radio frequency pulses: (i) in the initial stages of the iterative
fitting the full QCPMG FID was approximated by a FID generated
through replication of the FID from theM ) 1 part of the pulse
sequence in Figure 1 (calculated using finite rf pulses)M times and
(ii) in the final stages of the iterative fitting the full QCPMG FID was
approximated by taking the finite pulse effects from all radio frequency
pulses fully into account.26,27

Materials. Powder samples of K2MoO4, KVO3, Zn(CH3COO)2‚
2H2O, and Sr(NO3)2 were obtained commercially and used without
further purification. Zn(CH3CHNH2COO)2‚xH2O (Zn(Ala)2‚xH2O) was
synthesized by dissolvingL-alanine and ZnO (molar ratio 1.9:1) in
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Table 1. NMR Properties for39K, 25Mg, 67Zn, and87Sr13

isotope

spin
quantum

no.

natural
abund.

(%)

gyromagnetic
ratio γ (107

rad T-1 s-1)
Larmor freqa
ω0/2π (MHz)

quadrupole
momentQ
(1028 m-2)

39K 3/2 93.26 1.2498 27.996 0.049
25Mg 5/2 10.00 -1.639 36.711 0.201
67Zn 5/2 4.11 1.6738 37.525 0.150
87Sr 9/2 7.00 -1.163 26.001 0.335

a Larmor frequencies at a static magnetic field strength of 14.1 T.

Figure 1. Timing scheme of the QCPMG pulse sequence. Part A is a
quadrupolar echo (QE) element withτ2 adjusted such that the acquisition
starts at the echo maximum. Part B is theM-time repeating unit
containing the central-transition selectiveπ refocusing pulse followed
by sampling of the echo in a periodτa. The bracketing delaysτ3 and
τ4 protect the receiver from pulse breakthrough (noteτ2 - τ1 ) τ4 -
τ3). In part C the last (M + 1) echo sampling period is extended by a
periodτd to ensure detection of the full decay of the FID. The pulses
are phase cycled as described in ref 26.
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boiling water followed by slow evaporation of the water at room
temperature until crystallization begins. Finally, the complex was
isolated by slow evaporation at 4°C.28 The purity and stoichiometryx
) 1 of the sample were determined by13C and1H solid-state NMR,
respectively. SrMoO4 was synthesized by heating equimolar amounts
of SrCO3 and MoO3 at 700°C for 24 h while Mg(VO3)2 was prepared
as described recently.32 The basic structure and purity of SrMoO4 and
Mg(VO3)2 were confirmed by powder XRD and by95Mo and 51V
magic-angle-spinning (MAS) NMR.

Results and Discussion

Of the low-γ quadrupolar metal cations studied in this work,
39K possesses the most favorable NMR properties (i.e., 93.26%
natural abundance and a relatively low quadrupole moment).
Nevertheless,39K still remains quite challenging for solid-state
NMR investigations. Figure 2a shows an experimental39K
QCPMG solid-state NMR spectrum of K2MoO4, which through
the characteristic second-order quadrupolar spin-echo sideband
manifolds reflects the electric field gradients and thereby the
electronic surroundings of the K+ ions in this compound. It is
evident, as described earlier in the context of static powder,11,26

MAS,27,33and multiple-quantum (MQ) MAS34,35NMR of half-
integer quadrupolar nuclei and measurement of molecular

dynamics for2H (I ) 1),36 that sampling of the FID during a
QCPMG pulse sequence24,25(Figure 1) causes a splitting of the
normal QE powder pattern into a manifold of spin-echo
sidebands. This leads to a significant sensitivity enhancement
compared to normal QE spectroscopy (vide infra), in full
analogy to the well-established sensitivity enhancement obtained
in MAS experiments which split powder patterns from, e.g.,
first-order quadrupolar coupling into spinning sidebands.37

The simulated39K QCPMG NMR spectrum for K2MoO4

(Figure 2b) resulting from the numerical optimization is
composed of two spin-echo sideband patterns (Figure 2c,d)
with equal total intensities. These patterns correspond to two
types of K+ sites with different electronic surroundings, as
reflected by the39K quadrupolar coupling (CQ, ηQ) and isotropic
chemical shift (δiso) parameters summarized in Table 2. It should
be mentioned that although the spin-echo sideband manifolds
are centered around the radio frequency carrier frequency, and
not aroundδiso as in the case for spinning sideband MAS spectra
from first-order quadrupolar interactions, the optimization
unambiguously resolves two resonances since an acceptable fit
to the experimental spectrum requires two rather than one
resonance. The identification of two distinct sites is in agreement
with the crystal structure for K2MoO4 (monoclinic, space group
C2/m),38 which includes two different K+ ions in the asymmetric
unit, both coordinated to eight oxygen atoms. The observation
of almost identicalδiso andCQ values for the two sites supports
the fact that the coordination polyhedra for the two K+ ions
are very similar. We note that the39K quadrupolar couplings
for the two sites are of similar magnitude as those obtained
earlier (i.e., 0.9 MHz< CQ < 2.7 MHz) for potassium salts,
using 39K single-crystal NMR20 and NQR,39 and for K+ ions
complexed by crown ethers using39K QE NMR.19,21 A
somewhat larger39K quadrupolar coupling (CQ ) 3.2 MHz)
has been reported for the K+monensin- complex.19

At this stage, it appears relevant to address in more detail
the fundamental aspects of the sensitivity enhancement obtained
using the QCPMG method relative to the standard QE experi-
ment. The experimental39K QCPMG spectrum of K2MoO4
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Figure 2. Experimental (a) and simulated (b-d) 39K QCPMG spectra
of K2MoO4. The experimental spectrum was recorded usingτ1 ) τ3 )
40.0µs,τ2 ) τ4 ) 42.5µs,τa ) 1.0 ms,τd ) 1.188 ms,ωrf/2π ) 48.8
kHz, M ) 60, a dwell time of 4.0µs, and 529 scans. The simulated
spectrum (b) represents the sum of the separate simulations for sites 1
(c) and 2 (d) which correspond to the parameters in Table 2. The spectra
were apodized by Lorentzian line broadenings of (a) 7 and (b-d)
10 Hz.

Table 2. Quadrupole Coupling (CQ, ηQ) and Isotropic Chemical
Shift (δiso) Parameters Determined by Iterative Fitting of39K, 25Mg,
67Zn, and87Sr QCPMG Powder Spectra for a Series of Solids with
These Spin Isotopes in Natural Abundancea

compound site CQ (MHz) ηQ δiso (ppm)

K2MoO4 1 2.19( 0.10 0.32( 0.05 -9 ( 5
2 2.32( 0.10 0.97( 0.05 10( 5

KVO3 2.44( 0.10 0.80( 0.05 -31 ( 5
Mg(VO3)2 8.88( 0.20 0.76( 0.05 -0.4( 5
Zn(CH3COO)2‚2H2O 5.35( 0.10 0.86( 0.05 2( 5
Zn(Ala)2‚H2O 1 11.9( 0.50 0.70( 0.1 110( 20

2 19.0( 0.50 0.03( 0.1 273( 20
Sr(NO3)2 15.4( 0.2 0.03( 0.05 -84 ( 5
SrMoO4 22.7( 0.2 0.03( 0.05 -5 ( 5

a Accuracies are estimated by numerical calculations and visual
inspection. The39K, 25Mg, 67Zn, and87Sr chemical shifts (corrected
for second-order quadrupolar induced shifts) are on theδ scale and
referenced to 1.0 M KCl, 3.0 M MgSO4, 2.0 M Zn(NO3)2, and 1.0 M
SrCl2 aqueous solutions, respectively.
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serves as an illustrative example in this respect as demonstrated
in Figure 3. The FID in Figure 3a shows that the central-
transition-selectiveπ pulses of the QCPMG experiment are
indeed capable of refocusing the quadrupolar dephasing of the
QE experiment. Even after a train ofM ) 60 echo pulses the
magnetization has not decayed more than about 35% which
immediately promises a significant sensitivity enhancement
compared to sampling of the QE echo alone. This applies in
particular to cases where the pulse sequence repetition rate
(dictated byT1) is much longer than the echo spacing. In the
present case a relaxation delay of 16 s was used (although clearly
not sufficient for full recovery of the polarization) along with
an echo separation of about 1 ms. Thus, the QCPMG experiment
allows sampling of 2M + 1 ) 121 half echoes in 60 ms.
Neglecting the small decay of the echo amplitude, this would
in terms of sensitivity correspond to 121 QE experiments each
using a relaxation delay of 16 s and resulting in an equivalent
experiment time of about1/2 h. Taking into account a similar
repetition time for a single QCPMG experiment, the experiment
time is reduced by a factor of 121 using QCPMG relative to
QE. Considering the small effect fromT2 relaxation this factor
could even be improved significantly by sampling more echoes
in the QCPMG experiment.

These aspects become clearly apparent by comparison of the
Fourier transformed spectra resulting from the QE part alone
(Figure 3b,b′), the first 15 echoes of the QCPMG experiment

(Figure 3c,c′), all 60 echoes of the QCPMG experiment (Figure
3d,d′), and a spectrum generated by superposing all half echoes
from the full QCPMG experiment onto the QE echo (Figure
3e,e′). In the left column of Figure 3 the spectra are Fourier
transformed without apodization while the spectra in the right
column are appropriately apodized to reduce sinc wiggles upon
zero filling. The intensity factors written to the right of each
spectrum show that the signal in the superposed spectrum in
Figure 3e is 106 times more intense than that in Figure 3b, which
results from the QE part of the sequence alone. This corresponds
to an enhancement of the sensitivity (i.e., the signal-to-noise
ratio) by a factor of 9.5 taking into account an increase in the
noise by a factor ofx121. Considering relaxation these
numbers agree very well with the prediction given above. The
QCPMG spectra using 15 and 60 echoes are 26 and 91 times
more intense than the QE experiment, respectively, in the case
without apodization. The apodization required to avoid sinc
wiggles from the very narrow spin-echo sidebands in the
QCPMG spectra (in Figure 3c the line width at half-height is
14 Hz, comparing well with the width of approximately 10 Hz
for the sinc function alone) reduces the enhancement factors to
21 and 68. Although these numbers suggest that superposition
of the echoes before Fourier transformation is beneficial for
sensitivity reasons, several other facts are in favor of the spin-
echo sideband spectra. First, by splitting the broad second-order
powder spectrum into sidebands it is possible unambiguously
to resolve signal components with low sensitivity from the
baseline of the spectra.27 Second, it is possible to recognize
effects from homogeneous evolution due to homonuclear
dipole-dipole couplings or molecular dynamics which both lead
to an increased line width for the spin-echo sidebands.36 Third,
although the QCPMG experiment practically eliminates the
undesirable baseline-roll effects from probe ringing, it is
desirable to verify this by observing the baseline between the
spin-echo sidebands which additionally provides the possibility
of applying numerical baseline correction procedures.

The 39K QCPMG spectrum of KVO3, shown in Figure 4a,
displays a QCPMG sideband manifold with an envelope that
resembles a typical QE spectrum for a single39K site character-
ized by an asymmetry parameter aboutηQ ≈ 0.7 for the
quadrupolar coupling interaction. From the overall width of 50
kHz for the QCPMG sideband spectrum the associated qua-
drupolar coupling constant may be estimated toCQ ≈ 2.5 MHz.
Using these estimated values as initial parameters in a least-
squares fit of simulated to experimental spin-echo sideband
intensities gives the optimized parameters in Table 2 and the
simulated spectrum in Figure 4b. The observation of a single
39K resonance is in full accord with the reported orthorhombic
crystal structure (space groupPbcm) for KVO3 which contains
a single K+ ion in the asymmetric unit.40 Furthermore, KVO3
is isostructural with RbVO3 for which 87Rb quadrupole coupling
and chemical shielding anisotropy (CSA) parameters for a single
Rb+ site recently have been determined using87Rb QCPMG
NMR26 as well as87Rb QE and single-crystal NMR.41 TheηQ-
(39K) parameter for KVO3 is almost identical with the value
ηQ(87Rb) ) 0.75( 0.02, determined for RbVO3, which reflects
the similar environments of the K+/Rb+ cations in the orthor-
hombic structure of these vanadates. Although a small87Rb CSA
was observed for RbVO3, the optimizations to the39K QCPMG
spectrum showed no significant influence from a possible
anisotropy for the39K shielding interaction.

The applications of25Mg solid-state NMR have so far been
quite sparse and essentially limited to single-crystal studies of

(40) Hawthorne, F. C.; Calvo, C. J.Solid State Chem.1977, 22, 157.
(41) Vosegaard, T.; Skibsted, J.; Bildsøe, H.; Jakobsen H. J.Solid State

Nucl. Magn. Reson.1999, 14, 203.

Figure 3. Illustration of the sensitivity enhancement obtained by
QCPMG relative to QE demonstrated by different processing of the
experimental spectrum from Figure 2a. (a) The full FID where the
arrows indicate the part used for the transformed spectra in spectra
b-e. The frequency-domain spectra were obtained by Fourier tranfor-
mation of (b, b′) the first 225 points of the FID corresponding to the
decaying part of the first echo, (c, c′) the 3875 points corresponding to
the first 15 echoes, (d, d′) all 15424 points corresponding to 60 echoes,
and (e, e′) all 15424 points upon superposition of all half-echoes (half
of them inverted with respect to time). The spectra in parts b-e were
tranformed without apodization while those in parts b′-e′ used
Lorentzian line broadenings of (b′, e′) 1000, (c′) 25, and (d′) 8 Hz to
reduce truncation effects. The number given in the rigth-hand side of
each spectrum represents the relative intensity of the spectrum.
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MgF2,42 brucite (Mg(OH)2),43 and fosterite (Mg2SiO4)44 and
MAS or QE studies of some simple magnesium salts,22

minerals,45 Mg-substituted sialons,46 and silicate melts.47 This
limited attention, seen in contrast to the importance of Mg in
minerals and in biological metal binding sites, may be ascribed
to the low natural abundance and low gyromagnetic ratio for
25Mg and to the fact that25Mg quadrupolar couplings may be
so large that MAS NMR methods hardly can be used. As an
example of the applicability of QCPMG NMR in this situation,
Figure 5 shows an experimental25Mg QCPMG spectrum of Mg-
(VO3)2. The presence of spin-echo sidebands extending over
some 120 kHz in this spectrum immediately demonstrates the
presence of a quite large25Mg quadrupole coupling. The
intensities of the experimental spin-echo sidebands may be
convincingly reproduced by the numerical simulation in Figure
5b which reflects a single Mg site, characterized by the
optimizedCQ, ηQ, andδiso parameters listed Table 2. This obser-
vation is in good agreement with the crystal structure for
Mg(VO3)2 which includes a single Mg2+ ion, octahedrally
coordinated to oxygen atoms, in the asymmetric unit.48 So far
the largest25Mg quadrupole couplings have been reported for

the two Mg sites in fosterite (CQ ) 4.313 and 4.996 MHz) from
25Mg single-crystal NMR.44 The quadrupole coupling constant
of 8.88 MHz, observed for Mg(VO3)2 in this study, is signif-
icantly larger than these values, thereby illustrating the potential
of the QCPMG experiment for extracting large quadrupolar
couplings from powdered samples.

The gyromagnetic ratios and quadrupole moments for25Mg
and67Zn are quite similar, the main difference being the lower
natural abundance for67Zn. Again these unfavorable NMR
properties may explain the limited number of67Zn solid-state
NMR studies reported in the literature. These have included
67Zn single-crystal,49,50 QE,23,51 and MAS52,53 NMR studies of
some simple inorganic solids (i.e., ZnO,23,49,52ZnSO4‚7H2O,23

K2Zn(CN)4,53 and ZnS),23,52 metallic zinc,51 Zn(CH3COO)2‚
2H2O,19,50and its anhydrous form.23 In a preliminary study we
demonstrated that the QCPMG experiment through its signifi-
cant sensitivity enhancement relative to standard QE NMR may
represent a useful tool for studies of67Zn in organometallic
model compounds for metalloproteins.11 This was demonstrated
by 67Zn QCPMG spectra of Zn(OOCH)2‚2H2O and Zn-
(OOCCH3)2(C3H4N2)2 being isotopically enriched in67Zn (90%
enrichment). Obviously, the potential of studying model com-
pounds to establish relations between anisotropic NMR param-

(42) Bleich, H. E.; Redfield, A. G.J. Chem. Phys.1977, 67, 5040.
(43) Bastow, T. J.Solid State Commun.1991, 77, 547.
(44) Derighetti, B.; Hafner, S.; Marxer, H.; Rager, H.Phys. Lett.1978,

66A, 150.
(45) MacKenzie, K. J. D.; Meinhold, R. H.J. Mater. Sci. Lett.1993,

12, 1696. MacKenzie, K. J. D.; Meinhold, R. H.Thermochim. Acta1993,
230, 331. MacKenzie, K. J. D.; Meinhold, R. H.Am. Mineral.1994, 79,
43. MacKenzie, K. J. D.; Meinhold, R. H.Am. Mineral.1994, 79, 250.
MacKenzie, K. J. D.; Meinhold, R. H.Am. Mineral.1997, 82, 479.

(46) MacKenzei, K. J. D.; Meinhold, R. H.J. Mater. Chem.1996, 6,
821.

(47) Fiske, P. S.; Stebbins, J. F.Am. Mineral.1994, 79, 848.

(48) Ng, H. N.; Calvo, C.Can. J. Chem.1972, 50, 3619.
(49) Bastow, T. J.; Stuart, S. N.Phys. Status Solidi B1988, 145, 719.
(50) Vosegaard, T.; Andersen, U.; Jakobsen, H. J.J. Am. Chem. Soc.

1999, 121, 1970.
(51) Bastow, T. J.J. Phys.: Condens. Matter1996, 8, 11309.
(52) Dec, S. F.; Davis, M. F.; Maciel, G. E.; Bronnimann, C. E.;

Fitzgerald, J. J.; Han, S.Inorg. Chem.1993, 32, 955.
(53) Wu, G.; Kroeker, S.; Wasylishen, R. E.Inorg. Chem.1995, 34,
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Figure 4. Experimental (a) and simulated (b)39K QCPMG spectra of
KVO3. The experimental spectrum was obtained usingτ1 ) τ3 ) 40.0
µs, τ2 ) τ4 ) 42.5µs, τa ) 1.0 ms,τd ) 600 µs, ωrf/2π ) 48.8 kHz,
M ) 30, a dwell time of 2.0µs, and 16384 scans. The simulated
spectrum corresponds to the parameters given in Table 2. Both spectra
were apodized using a 20 Hz Lorentzian line broadening.

Figure 5. Experimental (a) and simulated (b)25Mg QCPMG spectra
of Mg(VO3)2. The experimental spectrum was obtained usingτ1 ) 50.0
µs, τ2 ) 51.6 µs, τ3 ) 40.0 µs, τ4 ) 41.6 µs, τa ) 200 µs, τd ) 157
µs, ωrf/2π ) 52.9 kHz,M ) 30, a dwell time of 0.5µs, and 65536
scans. The simulated spectrum corresponds to the parameters given in
Table 2. The spectra were apodized using Lorentzian line broadenings
of (a) 50 and (b) 75 Hz.
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eters and structure would be improved considerably by the
ability to investigate these compounds in natural abundance.
To demonstrate that QCPMG opens up exactly this possibility,
Figure 6a shows an experimental67Zn QCPMG spectrum of
Zn(CH3COO)2‚2H2O with 67Zn in natural abundance. Iterative
fitting to the sideband intensities for this spectrum gives the
CQ, ηQ, and δiso parameters listed in Table 2 and the corre-
sponding simulated spectrum in Figure 6b. The optimized
quadrupole coupling parameters agree well with those reported
earlier for Zn(CH3COO)2‚2H2O from QE NMR (CQ ) 5.3 MHz
and ηQ ) 0.87)19 and single-crystal NMR (CQ ) 5.34 MHz
andηQ ) 0.82).50 We note that in the single-crystal NMR study
(14.1 T), parameters for a small67Zn chemical shielding
anisotropy (|δ33 - δ11| ) 58 ppm) were also obtained.50

Although our simulation software for the QCPMG experiment
allows incorporation of the CSA interaction,26 a reliable value
for the small67Zn CSA could not be extracted from the67Zn
QCPMG spectrum in Figure 6a.

As a second example of natural abundance67Zn solid-state
NMR, which more directly addresses bioinorganic chemistry,
Figure 7 shows67Zn QCPMG spectra of Zn(Ala)2‚H2O. Despite
a relatively low signal-to-noise ratio it is immediately evident
from the width of the experimental spin-echo sideband
manifold in Figure 7a that the67Zn sites in this compound are
characterized by very large quadrupolar couplings. Indeed, using
iterative fitting the experimental spectrum can be reproduced
by sideband patterns from two distinct67Zn sites characterized
by δiso, CQ, andηQ values of 110 ppm, 11.9 MHz, 0.70 and
273 ppm, 19.0 MHz, 0.03, respectively. We note that the
relatively low signal-to-noise ratio in this case prevents a precise

determination of these parameters. The presence of two sites
agrees with a doubling of all13C resonances observed for this
complex by13C MAS NMR (not shown) considering observa-
tions made for the analogous Cd-alaninate, Cd-glycinate, and
Zn-glycinate complexes. For these complexes the number of
distinct 13C carbonyl resonances matches the number of metal
sites identified by XRD.28-31

To the best of our knowledge87Sr solid-state NMR has so
far been employed only in a single study which specifically
addressed the phase transition for strontium titanate (SrTiO3)
around 110 K.54 In analogy to the examples discussed above,
this is most likely ascribed to experimental difficulties that may
be alleviated using the QCPMG method. This is illustrated by
the experimental87Sr QCPMG NMR spectra of Sr(NO3)2 and
SrMoO4 shown in Figures 8a and 9a, respectively. For Sr(NO3)2

the 87Sr QCPMG spectrum shows a manifold of spin-echo
sidebands with an envelope which over the full spectral range
of about 70 kHz closely resembles the corresponding87Sr QE
spectrum shown above the QCPMG spectrum in Figure 8a.
Least-squares optimization of simulated to experimental QCP-
MG sideband intensities leads to the simulated spectrum shown
in Figure 8b along with the corresponding optimized parameters
in Table 2. Although the87Sr QE spectrum (experiment time
89 h) of Sr(NO3)2 has a considerably lower signal-to-noise ratio
as compared to the QCPMG spectrum (experiment time 15.7
h), it allows for determination of the parametersCQ ) 15.2(
0.2 MHz, ηQ ) 0.00( 0.03, andδiso ) -93 ( 4 ppm. These

(54) Weber, M. J.; Allen, R. R.J. Chem. Phys.1963, 38, 726.

Figure 6. Experimental (a) and simulated (b)67Zn QCPMG spectra
of Zn(CH3COO)2‚2H2O. The experimental spectrum was obtained using
τ1 ) τ3 ) 68.0 µs, τ2 ) τ4 ) 69.4 µs, τa ) 400 µs, τd ) 122.8µs,
ωrf/2π ) 58.8 kHz,M ) 15, a dwell time of 0.2µs, and 72711 scans.
The simulated spectrum corresponds to the parameters given in Table
2. The spectra were apodized using Lorentzian line broadenings of
(a) 1 and (b) 75 Hz.

Figure 7. Experimental (a) and simulated (b-d) 67Zn QCPMG spectra
of Zn(Ala)2‚H2O. The experimental spectrum was obtained usingτ1 )
τ3 ) 68.0µs, τ2 ) τ4 ) 69.7µs, τa ) 100 µs, τd ) 122 µs, ωrf/2π )
49.8 kHz,M ) 19, a dwell time of 0.2µs, and 589824 scans. The
simulated spectrum in part b represents the sum of the simulated spectra
for sites 1 (c) and 2 (d) corresponding to the parameters in Table 2.
The experimental spectrum was apodized using 150 Hz Lorentzian line
broadening while 200 Hz were applied for the simulated spectra.
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parameters are in excellent agreement with those determined
from the QCPMG spectrum. We note that the utility of the
standard QE spectrum in this case is highly facilitated by the
axial symmetry of the electric field gradient tensor, leading to
well-defined singularities for the second-order quadrupolar
powder pattern which can be unambiguously determined even
in case of a low signal-to-noise ratio. The observation of an
axially symmetric 87Sr electric field gradient tensor is in
agreement with the localC3i symmetry of the Sr2+ sites in the
cubic unit cell (Pa3) determined for Sr(NO3)2 using single-
crystal neutron diffraction.55 In analogy to the observation of
an anisotropic chemical shielding tensor for207Pb in Pb(NO3)2,56

which is isostructural with Sr(NO3)2, the nonvanishing quad-
rupole coupling constant for87Sr in this crystal system may be
explained by covalent contributions to the electric field gradient
tensor at the87Sr site. Finally, the87Sr QCPMG spectrum of
SrMoO4 (Figure 9a) is very similar to that observed for Sr-
(NO3)2, although a significantly larger quadrupolar coupling
interaction for SrMoO4 almost doubles the overall width of the
spin-echo sideband envelope. An iterative fitting using the
spin-echo sideband intensities from the experimental QCPMG
spectrum leads to theCQ, ηQ, andδiso parameters listed in Table
2 and the simulated spectrum shown in Figure 9b. Also in this
caseηQ ≈ 0, which indicates axially symmetric environments
for the unique Sr2+ site in SrMoO4. This observation is in accord
with the tetragonal space group (I41/a) reported for SrMoO4.57

Conclusions

In conclusion, we have shown that QCPMG NMR through a
very significant sensitivity enhancement relative to standard QE
methods opens up the possibility for routine studies of low-γ
quadrupolar nuclei in natural abundance. This has been dem-
onstrated by39K, 25Mg, 67Zn, and 87Sr QCPMG spectra for
various solids. Obviously, the method may also be of interest
for other equally demanding and exotic quadrupolar nuclei.
Focusing on the biologically important39K, 25Mg, and 67Zn
cations, it is anticipated that the QCMPG method, through
accessibility of these nuclei in natural abundance, will find
widespread application as a tool to establish relations between
anisotropic nuclear spin interactions and structural parameters
in model complexes for metalloproteins. This is of fundamental
importance for solid-state NMR to become a more general tool
for studying metal binding in biological macromolecules.
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Figure 8. Experimental (a) and simulated (b)87Sr QCPMG spectra of
Sr(NO3)2. The experimental spectrum was obtained usingτ1 ) τ3 )
68.0µs, τ2 ) τ4 ) 69.1µs, τa ) 400 µs, τd ) 151 µs, ωrf/2π ) 44.4
kHz, M ) 30, a dwell time of 0.5µs, and 56576 scans. For comparison,
part a includes an experimental QE spectrum recorded usingτ1 ) τ2

) 100.0µs, and 319488 scans. The simulated spectrum corresponds
to the parameters given in Table 2. The QCPMG spectra were apodized
using Lorentzian line broadenings of (a) 25 and (b) 40 Hz, while a
Lorentzian line broadening of 1000 Hz was used for the QE spectrum.

Figure 9. Experimental (a) and simulated (b)87Sr QCPMG spectra
SrMoO4. The experimental spectrum was obtained usingτ1 ) τ3 )
140.0µs,τ2 ) τ4 ) 141.1µs,τa ) 200µs,τd ) 155µs,ωrf/2π ) 46.7
kHz, M ) 30, a dwell time of 0.5µs, and 70144 scans. The simulated
spectrum corresponds to the parameters given in Table 2. The spectra
were apodized using Lorentzian line broadenings of (a) 50 and
(b) 75 Hz.
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