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Elements possessing half-integer quadrupolar nuclei are integral
constituents in a variety of inorganic, organic, and biological
structures.1 The strong first-order quadrupolar anisotropy affecting
these species generally restricts their solid-state NMR study to
central-transition experiments.1,2 The resulting resonances, however,
will still be broadened by second-order quadrupole anisotropies.
During the last years a number of 2D NMR alternatives have been
proposed for the acquisition of high-resolution quadrupole reso-
nances devoid of all anisotropy.3 Upon employing these techniques
to study the binding of metals to biomolecules, a variety of sites
from polycrystalline samples have indeed been resolved.4 Assigning
these resonances to specific chemical motifs, however, is a
challenging task on which efforts continue to be invested.5 In fact
similar challenges arose decades ago in the related field of high-
resolution spin-1/2 solid-state NMR. Then, separate-local-field (SLF)
MAS techniques exploiting the differential dipolar couplings which
nuclei exhibit to their neighboring protons were found to be among
the most practical routes to the unambiguous assignment of
resonances.6 Experiments monitoring heteronuclear couplings be-
tween13C/15N and1H’s eventually became widely used resources
in structural and dynamic characterizations of spin-1/2 spectra.7 We
report here on the potential arising when extending such SLF
measurements to solid-state quadrupolar NMR.

Two main differences arise upon invoking SLF MAS techniques
as aids in metal binding studies. The first is a consequence of the
relatively long metal-1H distances in bioinorganic complexes,
leading to SLF MAS sidebands that are typically too small to be
observed. A second distinction arises from the inability of
conventional MAS to remove the second-order anisotropies affect-
ing quadrupolar line shapes. This implies that when applied as in
spin-1/2 spectroscopy, quadrupolar 2D SLF MAS NMR will end
up correlating second-order powder patterns along one axis, with
dipolar sideband patterns along the other. These anisotropic-
anisotropic 2D distributions will carry valuable information about
the magnitudes and relative orientations between these two tensorial
interactions, but lack the spectral resolution required for studying
complex multisite systems.

A number of routes have been discussed on how to deal with
the first of these problems; that is, the recoupling of quadrupolar
and spin-1/2 nuclei subject to fast MAS.5,8 A solution that we found
particularly useful for implementing 2D SLF MAS NMR experi-
ments is that which combines relatively fast sample spinning, with
a 2n× magnification of the heteronuclear couplings based on
π-pulses.9 Figure 1 illustrates representative results observed upon
applying these2n× sequences to a23Na SLF NMR analysis of Na2-
dCMP(5′)‚7H2O. According to its X-ray structure this nucleotide
possesses a unit cell with two inequivalent sodium sites in hexa-

and penta-aquo coordination, forming a water-bridged dimer.10aThis
prediction is born out by the23Na NMR data, which show a broader
powder line shape that we assign to the pentacoordinated sodium
environment and a sharper one from the more symmetric octahedral
site (Figure 1A). These patterns can be resolved almost entirely by
conventional MAS, giving us an opportunity for trying the SLF
2n× sequences in a 2D NMR fashion. Figure 1B illustrates1H-
23Na dipolar sideband line shapes obtained upon implementing such
SLF MAS sequences on this deoxycytosine salt. A visual analysis
evidences the ongoing magnification of the effective dipolar
couplings with increasingn values, while confirming that the23Na
site coordinated in the more symmetric environment is subject to
a stronger heteronuclear dipolar coupling.

A case like Na2dCMP(5′)‚7H2O, where heteronuclear dipolar
couplings can be analyzed using conventional MAS methods,
constitutes an exception rather than a rule. As mentioned earlier,
MAS spectra will usually result in overlapping second-order powder
patterns. To achieve site resolution in such cases, it becomes
necessary to couple SLF MAS NMR with protocols capable of
resolving inequivalent sites. Figure 2A illustrates an example of
such merger with multiple-quantum magic-angle-spinning (MQ-
MAS), resulting in a single 3D NMR sequence that resolves the
dipolar/quadrupolar SLF MAS correlations for each inequivalent
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Figure 1. (A) 1H-decoupled23Na NMR spectrum of Na2dCMP(5′).7H2O,
showing the two inequivalent powder line shapes and their origin according
to the diffraction structure. As for all remaining data this spectrum was
collected on a laboratory-built 11.7 T NMR spectrometer at 8 kHz MAS,
using a pulse sequence akin to that described in ref 9c. (B)1H-dephasing
progression exhibited by the indicated sites through a series of 2n× MAS
SLF acquisitions. (C) Comparison of 16× and 32× dipolar 1H-23Na SLF
patterns resulting from 2D MAS- and 3D MQMAS-based pulse sequences
(displaced for ease of visualization).
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site in the sample. Such sequence yields1H-23Na dipolar sideband
patterns that are indistinguishable from their conventional 2D NMR
counterparts (Figure 1C). Figure 2B summarizes the NMR results
obtained when applying such sequence on the multisite Na2UMP-
(3′)‚4H2O nucleotide. According to its X-ray study this nucleotide
should present two chemically inequivalent sodium atoms,10b but
when it was recrystallized as described in the literature, six
resonances were consistently observed in its high resolution23Na
MQMAS NMR spectrum. Figure 3 illustrates the1H-23Na dipolar
patterns that resulted from 3D MQMAS SLF NMR measurements
obtained as a function of dipolar amplification factor, for all the
six sites resolved in this uridine sample. Variations in heteronuclear
coupling strengths are clearly picked up by this new 3D NMR
experiment for the various sites, and characteristic changes in these
dipolar MAS spectra were also observed upon increasing the
coupling’s magnification. A refined multispin numerical analysis
indicates that this dipolar sideband pattern progression is sensitive
to the actual coordination number and to the geometry surrounding
the metal ion. This can help us define metal-binding environments

in samples that, like this one, have eluded crystallographic analyses,
as will be detailed in a more comprehensive publication.
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Figure 2. (A) Generic 3D NMR pulse sequence employed for 2n×
-amplifications (n g 4) of effective1H-X local fields in combination with
high-resolution MQMAS NMR. The sequence involves an initial split-t1
delay encoding an isotropic evolution, at2 labeling the1H dipolar evolution,
and a finalt3 acquisition under conventional MAS. In the experimental X
) 23Na implementationφ1 was incremented in 30° steps,φ2 was kept
constant,φ3 was incremented in 180°, andφRx was cycled to retrieve the
illustrated coherence transfer pathway. (B) Isosurface representation of a
16× SLF MQMAS 3D 23Na NMR spectrum recorded for Na2UMP(3′)‚
4H2O, showing the projections resulting along the three orthogonal spectral
axes. Data were recorded using 32, 8, and 64 totalt1, t2, andt3 points; 250,
6.25, and 62.5µs dwell times alongt1, t2, andt3; an echo delay∆ ) 2 ms
(32‚Tr) centering the time-domain data alongt3; a 9.3 µs 3Q excitation
pulse, and an optimized 3Qf 1Q FAM conversion.11 Because of the
amplitude modulation occurring alongt2 and the echo arising alongt3, purely
absorptive data sets (1283 points) were obtained on Fourier processing a
single experimental 3D data set.

Figure 3. 1H-23Na dipolar MAS sideband patterns resolved for the six
sites of polycrystalline Na2UMP(3′)‚4H2O, labeled as in Figure 2. These
3D NMR experiments were recorded using the sequence illustrated in that
Figure, with 16× and 32× dipolar amplification factors.
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