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Summary. Most NMR-active nuclei found in the periodic table have a quadrupole moment. In
combination with a nonsymmetric electron distribution a strong NMR-active interaction results, which
very often overshadows the dipolar and scalar couplings. This article aims at reviewing how these
interactions manifest themselves in quadrupolar NMR and how they can be exploited for resonance
assignment and structure elucidation, in spite of the presence of a strong quadrupolar interaction.
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Introduction

Most NMR-active nuclei in the periodic table have a quadrupole moment, that is a
nonsymmetric nuclear charge distribution. In combination with a nonsymmetric
electron distribution a strong NMR-active interaction results, which very often
overshadows other interactions such as dipolar and scalar couplings. It is on the
basis of observing and interpreting manifestations of these interactions that struc-
ture elucidation has been extremely successful in spin 1/2 NMR in one and multi-
ple dimensions in both the liquid and the solid states [1, 2]. Dipolar couplings
allow the determination of interatomic distances via NOESY-type experiments
[1, 3] in the liquid state and dipolar recoupling techniques [4—6] and dipolar cor-
relation experiments [7] in the solid state. Correlation spectroscopy via scalar J
couplings is routinely applied in the liquid state (COSY-type experiments) and has
likewise been demonstrated in solid state NMR [8—11] (see Ref. [12] for a recent
comprehensive review).

In solid-state NMR of quadrupolar nuclei these approaches have not been as
successful because the dipolar and scalar couplings are often negligible compared
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to the dominant quadrupolar coupling. Notable exceptions are cases where the
quadrupolar couplings are comparatively weak, such as e.g. in °Li and "Li NMR.

This article aims at reviewing how dipolar and scalar couplings manifest them-
selves in solid state quadrupolar NMR and how they can be exploited for resonance
assignment and structure elucidation in cases where the quadrupolar coupling is
large compared to these interactions.

One-dimensional NMR

Because of the strength of the quadrupolar coupling interaction, which may be on
the order of several MHz, dipolar and scalar couplings have rarely been observed in
static one-dimensional NMR experiments. The strength of the dipolar coupling
interaction may be on the order of hundreds of Hz up to a kHz (e.g. 532 Hz for
Mn-Mn with a distance of 2.4 A), which is minute compared to the quadrupolar
interaction (e.g. a linewidth of 2MHz due to a typical quadrupolar coupling
strength covers 100 times the full '*C chemical shift range at a 100 MHz Larmor
frequency). Heteronuclear dipolar coupling constants to protons may be as large
as 10kHz (e.g. 9.3kHz for YTAl1-'H with a 1.5A distance), but are nonetheless
significantly weaker than common quadrupolar couplings. Reports of observations
of these couplings can therefore be expected to be scarce. For half-integer spins,
where the central transition is free from the first order quadrupolar broadening [13]
it should, however, be straightforward to observe dipolar as well as scalar cou-
plings in an additional linebroadening and linesplitting of the central transition
lines, since the second order quadrupolar broadening is on the order of just a few
kHz. Figure 1 shows experimental and simulated static powder lineshapes for [''O]
and [°C, ""Olbenzamide. The former displays a usual second order powder line-
shape expected for the central transition of a quadrupolar nucleus. The latter shows
additional splitting resulting from the dipolar couplings between the '>C and the
70 nuclei. In this case these additional lineshape effects were used to determine
the absolute orientations of the electric field gradient tensor components and the
internuclear '>C—'"0 vector.

First Order Effects

Magic angle spinning (MAS) has been employed successfully in NMR of spin 1/2
nuclei to obtain high resolution spectra. In quadrupolar NMR this method also
leads to significant line narrowing due to (a) the removal of the first order quad-
rupolar coupling and (b) the reduction of the second order quadrupolar coupling
(see below). One would think that here the dipolar couplings should be easy to
observe, since one only needs to compete with the second order quadrupolar broad-
ening (on the order of a few kHz). The dipolar couplings are, however, likewise
averaged away rather efficiently by MAS. The strength and orientation parameters
of the dipolar couplings can in theory (in theory only) be determined by analysing
the intensities of the spinning sidebands [14]. The quadrupolar couplings also
contribute to the intensities and due to the relative weakness of the dipolar couplings
this approach seems prohibitive. It should be mentioned, however, that analysing the
spinning sidebands in the spectra of spin 1/2 nuclei coupled to quadrupolar nuclei is
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Fig. 1. Experimental and simulated static powder lineshapes for ['’O]benzamide (a,b) and
['*C, Olbenzamide (c, d). The additional linesplitting in (c) and (d) arises from the dipolar cou-
plings between the '*C and the 7O nuclei (reproduced from Ref. [81], with permission)

a straightforward procedure that has provided useful structural information based on
dipolar couplings [15-17].

Scalar coupling (the isotropic part), on the other hand should still be observable
as it is independent of orientation. Its small strength (up to a few hundred Hz),
however, makes its observation rather difficult. Figure 2 shows one of the few
documented observations of scalar coupling in a spectrum of a quadrupolar
nucleus [18]. While the coupling has a perceptible effect on the powder lineshape
it should be noted that in this particular case the presence of the isotropic J cou-
pling has been established by other means (see below). Again, scalar couplings
between 1/2 and quarupolar nuclei are best observed in the spectrum of the spin
1/2 nucleus [19].

Second Order Effects

It is well known that MAS NMR spectra of spin 1/2 nuclei coupled to quadrupolar
nuclei (e.g. “N) show peculiar non-symmetric lineshapes and linesplittings, which
can be explained by a second order dipolar coupling (a cross-term between the
quadrupolar and the dipolar coupling) [20, 21]. This additional linebroadening is
not averaged away by MAS. It scales as wowp/wo, Where wg = Co/21(21-1), with
Co the nuclear quadrupolar coupling constant, wy, the dipolar coupling constant,
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Fig. 2. ''B MAS spectra of (PhO);P—BH; obtained at 7.4 T. (a) Experimental spectrum, (b) simu-

lated spectrum, and (c) simulated subspectra for the two components of the doublet arising from J

coupling to 3p A coupling constant of approximately 85 Hz was extracted (reproduced from Ref.
[18], with permission)
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Fig. 3. '*C MAS spectra showing (a) residual second order dipolar lineshape distortions arising from

coupling to "N, and (b) their removal by isotopically enriching the molecule with '>N. The spectra

arise from the cyanide carbons of the coordination polymer [(Me;Sn),Fe(CN)g]... There are three
cyanide environments in the crystal structure (reproduced from Ref. [21], with permission)

and wy the Larmor frequency, given in angular velocity units. The resonance broad-
ening and splitting effects can be on the order of up to a few hundred Hz. Figure 3
shows a '>C MAS spectrum where the residual second order dipolar coupling to
N leads to pronounced lineshape distortions. The authenticity of the lineshape
effects is tested by acquiring the same spectrum from an '°N labeled sample, where
the distortions disappear. Similar effects have been observed for many nuclear
pairs, including 31p_63/65 Cu, 31P—55Mn, 119G 35/ 37Cl, 13C—23Na, 29Si—14N, and
even '*C—2H [21]. In the latter case the quadrupolar couplings are comparatively
weak, but the larger dipolar couplings associated with the deuterium nucleus com-
pensate for this [22].

In a MAS NMR spectrum of a quadrupolar nucleus, where the linewidth result-
ing from the second order quadrupolar coupling can be a few kHz in size, these
effects are also expected to be visible. Likewise, homonuclear coupling between
two quadrupolar nuclei should have pronounced effects. Because of the compli-
cated orientational dependencies involved (the second order dipolar/quadrupolar
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Fig. 4. Simulated central transition ''B MAS NMR spectra arising from the second-order ''B

quadrupolar interaction (a), the residual second order B_1“N dipolar interaction alone (b), and

both interactions (c). (d) Experimental ''B MAS NMR spectrum of triethanolamine borate obtained
at 11.75T (adapted from Ref. [24], with permission)

cross-term depends on the strength and orientations of the quadrupolar tensor, as
well as, on the orientation of the internuclear vector and the distance between the
nuclei) additional lineshape effects, though sufficiently strong, may not be imme-
diately apparent in a one-dimensional MAS spectrum of a powder sample (see for
example Ref. [23]). Figure 4 shows simulations and experimental evidence of
lineshape distortions of the central transition signal of ''B [24] in the presence
of a residual dipolar coupling to N

Dipolar Recoupling

The (first order) dipolar interaction is normally averaged out over a rotor cycle by
MAS (see Fig. 5). However, if this time averaging is interrupted by the application
of rotor-synchronized rf irradiation, a non-vanishing effective dipolar coupling
arises (Fig. 5b) [4, 5]. Heteronuclear dipolar interactions have been recoupled in
this way for spin 1/2 nuclei by a technique called REDOR (Rotational Echo
Double Resonance), which uses two 7 pulses per rotor cycle [6]. Approximately
70% of the dipolar coupling can be recoupled using REDOR. This coupling leads
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Fig. 5. The dipolar interaction is averaged away by MAS. (a) Shows an example of the change of the

magnitude of the heteronuclear dipolar Hamiltonian during the rotation for a particular crystallite

orientation. (b) Shows how the averaging process can be interrupted by the application of 180 degree
pulses during the rotor period. An average dipolar interaction results

to a signal dephasing, which is recorded after different recoupling times. A
“dephasing curve” is obtained which can be used to extact the dipolar coupling
constants [6]. The pulse sequence of the REDOR experiment is shown in Fig. 6a.
This approach has also been successfully implemented for determining dis-
tances between quadrupolar and spin 1/2 nuclei, and even between different quad-
rupolar nuclei (e.g. "B and 27Al) [25, 26]. In many cases, however, REDOR is not
very efficient since it relies on the possibility of complete magnetization inversion
for a quadrupolar nucleus. This is rarely possible. Another approach, called
TRAPDOR (transfer of populations in double resonance), has been shown to give
better sensitivity to dipolar couplings. In this case a continuous rf field is applied to
the quadrupolar nucleus and several level transitions occur adiabatically over a
rotor cycle (Fig. 6b shows the pulse sequence). While REDOR affects for the most
part only the :t% states, TRAPDOR affects all levels and therefore leads to more
effective dephasing [27-29]. In this way decay curves can be acquired, which are
characteristic of the dipolar and quadrupolar couplings. While the extraction of
quantitative information relies on computer simulations and is sometimes cumber-
some, this technique has been very useful to detect nuclei with large quadrupolar
couplings “indirectly”. This is done by monitoring the decay of the magnetization
of a spin 1/2 nucleus coupled to the quadrupolar spin as a function of the offset of
the rf field applied to the quadrupolar spin [30, 31]. Two spectra need to be
acquired, one with rf irradiation at the Larmor frequency of the quadrupolar
nucleus, and one without. The difference spectrum shows the spectrum of the
nuclei coupled to the quadrupolar nucleus. An example is shown in Fig. 7, where
the signals from the *'P nuclei neighboring ?’Al nuclei were filtered out.
Sometimes the TRAPDOR experiment can become difficult to perform because
of rf power and irradiation time limits. The REAPDOR experiment (Rotational
echo, adiabatic passage, double resonance) can prove more useful in these cases.
Instead of a continuous wave irradiation on the quadrupolar nucleus for a duration
of several rotor cycles (up to several milliseconds) a spin-lock pulse is applied for



Couplings in Solid State NMR

a'Ii‘,b

rotor period

Fig. 6. (a) The REDOR pulse sequence. Two 180 degree pulses per rotor period recouple the dipolar
coupling. (b) The TRAPDOR sequence. A continuous wave field applied to the quadrupolar nucleus
(S) over several rotor periods recouples the dipolar coupling. (c) The REAPDOR sequence. The dipo-
lar coupling is recoupled by two 180 degree pulses per rotor period on the spin 1/2 nucleus (/) and a
continuous wave field on the quadrupolar nucleus (S) for approximately 1/3 of a rotor period
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Fig.7. 3'p / 27 Al TRAPDOR experiment of trimethylphosphine on dehydroxylated zeolite HY. With-
out 2’Al irradiation (a), with irradiation (b), and the TRAPDOR spectrum (c) which is the difference
between (a) and (b) (reproduced from Ref. [30], with permission)
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only a fraction of a rotor period (Fig. 6¢c shows the pulse sequence). The rest of the
time 180 degree pulses on the neighboring spin 1/2 nucleus prevent the dipolar
coupling from refocusing. At the same time the effects of the chemical shift an-
isotropies are eliminated during the dephasing time. The spin-lock pulse on the
quadrupolar nucleus partly inverts the populations of the quadrupolar nucleus.
The optimal duration of the pulse needs to be adjusted individually but is approxi-
mately 1/3 of the rotor period. Without it the second half of the pulse sequence
would exactly retrace the evolution of the first half, and no dipolar dephasing
would occur. This represents a reference experiment, accounting for 7, relaxaiton.
REAPDOR has been used, for example, to determine Be0 and BC-"N
distances [28, 32, 33].

For homonuclear dipolar couplings between two quadrupolar nuclei different
techniques have been demonstrated, which will be discussed in the next section.

Correlation Spectroscopy

In NMR of spin 1/2 nuclei correlation spectroscopy has been extremely useful in
the assignment and interpretation of spectra. Spatial proximity can easily be
probed, as well as bonding through hetero- and homonuclear scalar couplings in
both the liquid and the solid states [1-3, 7-9, 34]. For quadrupolar nuclei similar
solid-state NMR approaches have been close to inexistent until recently. This sec-
tion reviews some of the recent developments in this field.

High-Resolution Techniques

Techniques for achieving high-resolution spectroscopy of quadrupolar nuclei have
been known for a long time. This was originally achieved by rotating the sample
simultaneously around two axes (double rotation — DOR [35]), which removes
both the first and the second order quadrupolar coupling. Another approach, which
is less demanding on hardware is to rotate the sample around different axes [36]
(dynamic angle spinning — DAS). As a result one obtains anisotropic—isotropic
correlation spectra. The isotropic dimension shows resonances free from quadru-
polar broadening effects. While these experiments have enormous potential, the
practical implementations are often cumbersome due to the mechanical limitations
of rapidly spinning around two different axes. In 1995 a method was developed,
called multiple quantum magic angle spinning (MQMAS), which allows one to use
standard hardware to obtain anisotropic—isotropic correlation spectra [37, 38].
These two-dimensional experiments show an isotropic dimension with resonances
free from the first and second order quadrupolar broadenings, correlated with
second order anisotropic lines in a second dimension. J couplings can therefore
be resolved in this way. In particular the J =85 45 Hz coupling constant between
"B and 3'P in (PhO);P-BH; has been determined and was used to unravel the
components from the J doublet in the powder spectrum of Fig. 1 [24].

It has since been shown that the narrow resonances in the isoptropic dimension
show another fine structure that is related to hetero- and homonuclear through-
space (dipolar) couplings [24, 39—42]. This shows up in both a linebroadening and
a linesplitting. In the case of the dipolar coupling (and the anisotropic J coupling)
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Fig. 8. Simulated 2D MQMAS NMR spectra with the quadrupolar interaction alone (a), the addition
of the second order dipolar coupling (b), and the scalar coupling (c). The spectra were calculated for a
pair of equivalent ''B nuclear spins (= 3/2) with 1.5 A distance in a field of 4.7 Twith a quadrupolar
coupling constant C, =5MHz, a J coupling constant of 100 Hz, and a natural line width of 20 Hz
(reproduced from Ref. [40], with permission). It should be noted that in this representation the
isotropic dimension (narrow resonances) is along the horizontal axis, while the anisotropic dimension
(broad resonances) is along the vertical axis. Many authors use the opposite representation

this can be explained by the same second order effect as discussed in Section 2.2.
The isotropic J coupling produces a first order effect since it is not removed by
MAS. For this reason, the second order dipolar coupling (wpwg/wp) is of the same
order of magnitude as the J coupling (up to a few hundred Hz). Figure 8 shows an
example of the fine structure observed in MQMAS spectra with both dipolar and
scalar couplings present. One can therefore extract dipolar and scalar coupling
parameters via iterative fitting to the experimental data. This process should be
more accurate than fitting one-dimensional spectra, because the resonance broad-
ening effects are not hidden by the large quadrupolar coupling.

Recently, a new type of MQMAS experiment has been presented, which pro-
duces high-resolution NMR spectra of quadrupolar nuclei by combining two dif-
ferent multiple quantum coherences [43]. By using different combinations of
multiple quantum coherences in the experiments, one obtains different chemical
shift (and quadrupolar isotropic shift) scaling factors. While heteronuclear inter-
actions scale in exactly the same way as the chemical shift, homonuclear inter-
actions scale differently. It is therefore expected, that combining different multiple
quantum coherences for a given spin can help to increase the accuracy of iterative
fits.

MQMAS spectra also display spinning sidebands in the isotropic dimension.
Extraction of dipolar coupling parameters, however, appears to be difficult, since
the major contribution to the sideband intensities comes from the first order quad-
rupolar coupling in combination with the creation and conversion efficiencies of
multiple quantum coherences [44].
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MQMAS has been combined with REDOR, where the dipolar dephasing
sequence was applied during the multiple-quantum evolution [45]. The authors
found that the sensitivity of this method for the determination of dipolar couplings
is higher than for a sequence where the dipolar dephasing occurs during single
quantum evolution. This is due to the fact that the heteronuclear dipolar coupling
affects p quantum coherence p times stronger than single quantum coherence,
hence the dephasing effect is stronger. This experiment may be a good alternative
to REAPDOR and TRAPDOR in cases where efficient inversion of the multiple
quantum coherence is possible.

Other, potentially more advanced methods for generating high-resolution spec-
tra for quadrupolar nuclei have been proposed, involving the correlation of satellite
transitions with central transitions [46—48]. While the the peaks are broadened
significantly in the isotropic dimension by inaccuracies in the setting of the magic
angle, a new type of split-#; experiment proposed by Wimperis and coworkers may
represent the ultimate solution to this problem [49]. It is expected that dipolar and
scalar coupling interactions will be well perceptible in these experiments.

Cross-Polarization, Heteronuclear Correlation

In spin 1/2 NMR, a technique called cross-polarization (CP) is widely used to
transfer magnetization from one nuclear species (usually the abundant nuclei, such
as 'H) to another (usually the rare spin, such as '>C) [50—52] via the dipolar or the
scalar couplings between those nuclei. The magnetization transfer is facilitated by
the fact that the nutation frequencies of both spins are made equal by properly
adjusting the respective radiofrequency fields such that w;;~ w g (this is the so-
called Hartmann-Hahn match condition [53]).

In the presence of the quadrupolar interactions the above considerations can-
not be used directly to perform an efficient polarization transfer, since for many
crystallites in a powder sample one has wp>w; (w; is the radiofrequency
field strength). The matching condition can be calculated directly in this limit
[54, 55] as

wip = (S + 1/2)wis. (1)

Under this condition the polarization is transferred from the 7 nucleus to the S (the
quadrupolar) nucleus [54]. This technique can be combined with MQMAS [56,
57]. One can also transfer the polarization directly to multiple quantum coherences
by using slightly modified matching conditions [55]. These experiments have also
been combined with MQMAS and up to seven quantum coherence has been
obtained using CP [58-62]. In the general case the sample contains also crystallites
with w; =~ wy, so that there is no longer a clear distinction between the different
matching conditions, and a suitable phase cycle needs to be used to select the
proper coherence order [63].

Contrary to the situation in spin 1/2 NMR, CP in quadrupolar NMR does not in
general offer signal enhancement but is more appropriately used for correlation
spectroscopy and for spectral editing techniques, i.e. filtering out signals from
nuclei that are close to spin 1/2 nuclei. Figure 9 shows an example of a corre-
lation spectrum that can be obtained using a combination of CP and MQMAS.
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Fig. 9. (a) Pulse sequence used for the high-resolution MQMAS-CP experiment correlating the

isotropic frequencies of the quadrupolar nucleus (S) with the frequencies of a spin 1/2 nucleus

via CP. (b) The *Na 3QMAS spectrum correlating isotropic and anisotropic *Na frequencies and

(c) the result of a *'P—*Na correlation experiment on the compound Na3;P30y (reproduced from Ref.
[66], with permission)

Some signal enhancement may be obtained by using “reverse” CP to transfer the
polarization from the quadrupolar nucleus to spin 1/2 nucleus [64—66]. In combi-
nation with MQMAS one can obtain two-dimensional correlation experiments with
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Fig. 10. (b) 2D correlation experiment between the isotropic frequencies of *7Al and the anisotropic
frequencies of ''B. The pulse sequence for this experiment is shown in (a) (similar to the one in
Fig. 9a; reproduced from Ref. [69], with permission)

an isotropic frequency dimension for the quadrupolar nucleus and a chemical shift
dimension for the spin 1/2 nucleus. Figure 9¢ shows a high-resolution Na->'p
correlation spectrum obtained from a sample of NazP;O9 [66].

The matching conditions for CP between two different quadrupolar nuclei (in
this case half-integer nuclei) are yet different [67—69], and a heteronuclear correla-
tion experiment between ''B and ?’Al has been presented (shown in Fig. 10).

Homonuclear Recoupling

In addition to the heteronuclear dipolar interactions, the homonuclear dipolar inter-
actions can be recoupled for the purpose of measuring distances and performing
correlation experiments. By applying a properly tuned continuous wave radiofre-
quency field or a multiple pulse sequence it is possible to interrupt the averaging of
the dipolar interactions that happens due to MAS and to recouple parts of the
dipolar coupling Hamiltonian. In the quadrupolar case this technique has to be
used with caution, since the same pulse sequence that recouples the homonuclear
coupling will also recouple the quadrupolar coupling. Since the latter is much
stronger it would lead to a quick decay of the magnetization leaving little hope
that the recoupled dipolar coupling would show a perceptible effect. Griffin and
coworkers [70] have shown that if a continuous wave field is applied which is
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Fig. 11. (a) A one-dimensional MAS **Na spectrum indicating the three crystallographically dif-
ferent sites. (b) Pulse sequence and (c) spectrum for a homonuclear correlation experiment between
the three crystallographically distinct ’Na sites in Na,HPO, (reproduced from Ref. [70], with
permission)

sufficiently weak compared to the spinning speed one can keep the magnetization
of the central transition locked (i.e. the effect of the quadrupolar coupling is mini-
mized), while the dipolar coupling is recoupled sufficiently so that a transfer of the
magnetization occurs. This has been used for a homonuclear correlation experi-
ment between the three crystallographically distinct **Na nuclei in Na,HPOy,
which is shown in Fig. 11.

Meier and coworkers further showed that the magnetization can be transferred
using a technique commonly known as rotational-resonance [71], and a correlation
spectrum has been obtained in this way [72]. The rotational-resonance condition is
met when the difference between the resonance frequencies of the two nuclei
matches an integer multiple of the spinning speed. In this case the magnetization
may be exchanged between the two spins. Furthermore, the authors showed that an
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increase in polarization transfer can be obtained when the rotor speed is swept
through the rotational-resonance condition, as in this case the matching condition
is broader. This transfer has also been shown to be possible for deuterium [73].

For quadrupolar spin systems it has been shown that many more rotational
resonance matching conditions can be found if a weak radiofrequency field is
applied [74-76]. These effects can be exploited for enhancing the excitation effi-
ciency in MQMAS experiments on the one hand, but more importantly can be used
to create three-dimensional high-resolution correlation experiments based on
homonuclear dipolar couplings [77].

For completeness, we also mention that by offsetting the sample spinning axis
from the magic angle, one also reintroduces the dipolar couplings, which has been
used to obtain a correlation spectrum for a **Na and ''B-containing sample [78].

Other Methods

As a final note we would like to mention a curious correlation experiment that was
recently presented by Duer and Painter [79]. In this experiment dipolar coupling
between two 3/2 quadrupolar nuclei (**Na) is probed by creating six quantum
coherence between them. This high quantum coherence can only be created when
two of these spins are in close proximity. Formally, this experiment corresponds to
the INADEQUATE experiment for spin 1/2 nuclei, where double quantum coher-
ence is created between the two nuclei [80].

Conclusions

In this article an overview was presented over manifestations of dipolar and scalar
couplings in quadrupolar NMR. We mentioned linebroadening and linesplitting
effects in one-dimensional NMR, methods for recoupling of the dipolar interaction
in MAS spectra, residual couplings in high-resolution MQMAS experiments, and
some of the more recent hetero- and homonuclear correlation experiments. The
development of high-resolution methods has unveiled the underlying structure of
the NMR interactions, which are normally completely hidden by the quadrupolar
interactions. The focus on dipolar and scalar coupling interactions is a natural
development in this area, as it is through these couplings that some of the most
sophisticated NMR experiments provide structural information both in liquid and
in solid state NMR today. It is probably only a matter of time until powerful hetero-
and homonuclear solid-state correlation experiments of quadrupolar nuclei will
become routine techniques.
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