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The challenges associated with acquiring double-quantum homonuclear Nuclear Magnetic Resonance
correlation spectra of half-integer quadrupolar nuclei are described. In these experiments the radio-fre-
quency irradiation amplitude is necessarily weak in order to selectively excite the central transition. In
this limit only one out of the 25 double-quantum coherences possible for two coupled spin I = 5/2 nuclei
is excited. An investigation of all the 25 two spins double quantum transitions reveals interesting effects
such as a compensation of the first-order quadrupolar interaction between the two single quantum tran-
sitions involved in the double quantum coherence. In this paper a full numerical study of a hypothetical
two spin I = 5/2 system is used to show what happens when the RF amplitude during recoupling is
increased. In principle this is advantageous, since the required double quantum coherence should build
up faster, but in practice it also induces adiabatic passage transfer of population and coherence which
impedes any build up. Finally an optimized rotary resonance recoupling (oR3) sequence is introduced
in order to decrease these transfers. This sequence consists of a spin locking irradiation whose amplitude
is reduced four times during one rotor period, and allows higher RF powers to be used during recoupling.
The sequence is used to measure 27Al DQ dipolar correlation spectra of Y3Al5O12 (YAG) and gamma alu-
mina (cAl2O3). The results prove that aluminium vacancies in gamma alumina mainly occur in the tetra-
hedral sites.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction quadrupolar, MAS cannot completely remove the dipolar interac-
Nuclear Magnetic Resonance (NMR) experiments on solid sam-
ples containing half-integer quadrupolar nuclei result in similar
structural information to those designed for spin-1/2 nuclei. The
central transition (CT) of a half-integer quadrupolar nucleus is
not broadened to first-order by the quadrupolar interaction. Magic
angle spinning (MAS) removes part of the residual second-order
quadrupolar broadening, so that NMR spectra can resolve chemi-
cally different sites in order to find answers to structural questions.
Furthermore, two-dimensional experiments like MQMAS [1] and
STMAS [2] can remove the second-order quadrupolar broadening,
providing high resolution NMR spectra of half-integer quadrupolar
nuclei. These experiments are now widely accepted and routinely
used for structural investigation of materials, such as zeolites,
ceramics and biomaterials [3,4].

MAS averages the large dipolar interactions observed for solid
samples, resulting in high resolution spectra. However, the dipolar
interaction contains important structural information, such as
internuclear distances, and in order to retrieve this, the dipolar
interaction must be reintroduced in a controlled fashion. For
spins-1/2 many experiments have been introduced [5 and refer-
ences therein]. However, if one of the dipolar-coupled nuclei is
ll rights reserved.
tion because the dipolar Hamiltonian does not commute with the
quadrupolar Hamiltonian. This means that a quadrupolar-driven
recoupling of the homo and/or heteronuclear dipolar interaction
occurs during MAS experiments. These ‘‘residual’’ dipolar cou-
plings were reported in 1980 [6] and analyzed by Menger [7].
Therefore, it might be expected that dipolar correlation spectra
could be obtained without the need for a recoupling sequence.
However, this approach is complicated by the fact that quadrupo-
lar nuclei usually suffer from rapid loss of coherence and there is
insufficient time for evolution under the residual dipolar coupling
to generate a double quantum (DQ) coherence. Therefore, recou-
pling sequences designed to operate with quadrupolar nuclei are
required [8], but the development of such recoupling sequences
is difficult because the quadrupolar interaction is very large com-
pared with the dipolar interaction and quadrupolar nuclei have
more than two energy levels rendering the dynamics of the spin
system much more complicated.

Two interactions can be used for creating homo and heteronu-
clear correlations: the through-space and through-bond (J-cou-
pling) dipolar interactions. This paper is mostly concerned with
the through-space dipolar interaction, but two-dimensional scalar
correlation experiments operating via J-coupling between a half-
integer quadrupolar nucleus and a spin-1/2 nucleus have been
demonstrated [9]. In addition, heteronuclear correlations obtained
through J-coupling between two quadrupolar nuclei (27Al and 17O)
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have been reported [10]. The J-coupling does not vanish during
MAS, but long mixing times are required to develop two spin
coherences, and therefore this approach can only be used for spins
that have a long T02 relaxation time. In order to increase the T02 of
quadrupolar nuclei spin the sample can be spun slightly off the
magic angle [11]. In this case the spinning sidebands of the satellite
transitions do not overlap with the CT and therefore rotational res-
onance between the CT and the satellite transitions is reduced,
increasing the T02.

Homonuclear correlations based on the through-space dipolar
interaction can be further split into two categories; experiments
that produce SQ–SQ correlations and experiments that produce
DQ–SQ correlations. The first category includes homonuclear
correlations using rotary resonance (HORROR) adapted for
half-integer quadrupolar nuclei [12]; spinning away from the
magic angle [13]; spin diffusion under double angle rotation [14];
rotary resonance recoupling [15] and symmetry-based recoupling
sequences [16]. DQ–SQ homonuclear correlations between quadru-
polar nuclei have been demonstrated using rotary resonance recou-
pling (R3) [17] or symmetry-based recoupling sequences [18–20].

This paper is concerned with the second category, namely
experiments that produce DQ–SQ homonuclear correlations. For
this category, and in general when working with quadrupolar nu-
clei, very weak RF pulses that are selective to the CT are usually
employed in order to avoid leakages of coherence due to adiabatic
passages [21]. For this reason in order to match the xMAS/2 or xMAS

rotary resonance condition [22,23] for weak RF irradiation the
spinning speed must also be low. This condition severely limits
the applicability of this experiment to real systems containing
half-integer quadrupolar nuclei, which require rapid MAS due to
the large quadrupolar interaction. In addition, using weak RF irra-
diation to create the DQ coherence imposes longer DQ excitation
and conversion times. In such a case one must be aware of the
difficulties of spin locking the central transition of half-integer
quadrupolar nuclei. During sample spinning, RF irradiation of the
quadrupolar spin system induces adiabatic passage transfers that
scramble the spin populations and spin coherences. The
Fig. 1. Energy level diagram of two spin I = 5/2 nuclei coupled. The ratio between quadru
levels indicates whether quadrupolar interaction of the energy involved compensates o
quantum moment of the first spin and 12> is the eigenvalue of the quantum moment o
scrambling effect depends on the orientation and therefore the free
induction decay dephases rapidly. An understanding of the phe-
nomena occurring during spin locking [24] is essential for design-
ing DQ–SQ correlations experiments for quadrupolar nuclei.

This paper analyzes a theoretical spin system formed by two
dipolar-coupled I = 5/2 spins. In such a spin system there are 36 en-
ergy levels and 25 DQ transitions. We demonstrate that cancella-
tion of the first-order quadrupolar interaction occurs for several
DQ transitions. This cancellation can be complete for identical
spins, so that in this case the DQ transitions are not affected by
the first-order quadrupolar interaction. The paper further investi-
gates the phenomena that occur while irradiating a quadrupolar
spin system and describes what happens when the RF irradiation
is not sufficiently low to avoid adiabatic passage transfers. An
understanding of these phenomena is essential for avoiding excita-
tions of unwanted DQ coherences that cancel the desired |1/2,
1/2 > |�1/2, �1/2 > DQ coherence. A new pulse sequence that al-
lows for stronger RF irradiation, while reducing the negative effect
of adiabatic passage transfers for some of the orientations is intro-
duced. The sequence consists in irradiation at rotary resonance
condition with amplitude that is reduced for four short time peri-
ods per rotor period. The new sequence allowed us to obtain 27Al
homonuclear correlation spectra of YAG and of cAl2O3.

2. Double quantum coherences

When two spin I = 5/2 nuclei are coupled through a dipolar cou-
pling a spin system with 36 energy levels is formed. In a powder
sample the quadrupolar interactions of the two spins broaden
the energy levels. Fig. 1 shows the energy level diagram for an
hypothetical spin system formed by two identical spin I = 5/2 nu-
clei. A quick analysis of the figure indicates that different levels
are broadened by a different amount due to the first-order quadru-
polar interaction. For example the level |I1 = 5/2, I2 = 5/2> will be
broaden by the sum of the two quadrupolar interactions, whereas
for the level |�1/2, 5/2> the first-order quadrupolar interactions
will cancel each other.
polar interaction and Zeeman interaction was artificially increased. The width of the
r adds up. A level is represented as |1, 2>, where |1> refers to the eigenvalue of the
f the second spin. The 25 DQ transitions are indicated with arrows.
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A two-spin DQ transition occurs when both spins undergo a
single quantum transition in the same direction whereas a two-
spin zero-quantum (ZQ) transition occur when the two spins
involved follow a transition in the opposite direction. For example
a transition from |5/2, 5/2> to |3/2, 3/2> is a DQ transition whereas
Fig. 2. Static first-order quadrupolar broadening of a double quantum transition for (a)
nuclei (Cqcc1 = 4 MHz g1 = 0.4; Cqcc2 = 2 MHz g2 = 0.8, relative orientation between the spi
to |�5/2, �5/2> C1); (|�3/2, �1/2> to |�5/2, �3/2> C2); (|�3/2, 1/2> to |�5/2, �1/2> C3); (
2, �5/2> C6); (|�1/2, �1/2> to |�3/2, �3/2> C7); (|�1/2, 1/2> to |�3/2, �1/2> C8); (|�1/2
2> C11); (|1/2, �1/2> to |�1/2, �3/2> C12); (|1/2, 1/2> to |�1/2, �1/2> C13); (|1/2, 3/2> t
(|3/2, �1/2> to |1/2, �3/2> C17); (|3/2, 1/2> to |1/2, �1/2> C18); (|3/2, 3/2> to |1/2, 1/2> C1
2, �3/2> C22); (|5/2, 1/2> to |3/2, �1/2> C23); (|5/2, 3/2> to |3/2, 1/2> C24); (|5/2, 5/2> t
a transition between |1/2, 5/2> and |3/2, 3/2> is a ZQ transition. In a
spin system formed by two coupled I = 5/2 spins, there are 25
two-spin DQ transitions (shown on Fig. 1) and 25 ZQ transitions
(not shown). The two-spin DQ transitions bear information con-
cerning the coupling between the two spins and therefore an
identical spin I = 5/2 nuclei (Cqcc = 4 MHz g = 0.4) and (b) non-identical spin I = 5/2
ns (a = 30�, b = 45�, c = 0�). From top to bottom the DQ transitions are: (|�3/2, �3/2>
|�3/2, 3/2> to |�5/2, 1/2 > C4); (|�3/2, 5/2> to |�5/2, 3/2> C5); (|�1/2, �3/2> to |�3/
, 3/2> to |�3/2, 1/2> C9); (|�1/2, 5/2> to |�3/2, 3/2> C10); (|1/2, �3/2> to |�1/2, �5/
o |�1/2, 1/2> C14); (|1/2, 5/2> to |�1/2, 3/2> C15); (|3/2, �3/2> to |1/2, �5/2> C16);
9); (|3/2, 5/2> to |1/2, 3/2> C20); (|5/2, �3/2> to |3/2, �5/2> C21); (|5/2, �1/2> to |3/

o |3/2, 3/2> C25);



Fig. 3. Second order lineshape for the 25 DQ transitions. Two identical spin I = 5/2
nuclei (Cqcc = 4 MHz g = 0.4 mL = 130 MHz) were considered. From top to bottom the
DQ coherences are from C1 to C25.

Fig. 4. Pulse sequences used in this study. (a) Spin locking, (b) spin locking using an oR3 se
sequence, (d) pulse sequence for measuring DQ–SQ homonuclear correlations using oR3 s
was used for the DQ–SQ homonuclear correlation experiments.
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NMR experiment that detects the DQ coherence will reveal the
homonuclear correlations present in the sample.

For further insight into the DQ transitions it is useful to com-
pare them with the SQ transitions for a single spin I = 5/2. A spin
I = 5/2 nucleus has a central transition between |1/2> and |�1/2>
levels, not affected by the first-order quadrupolar interaction and
other SQ satellite transitions (|5/2> ? |3/2>; |3/2> ? |1/2>; |�1/
2> ? |�3/2>; |�3/2> ? |�5/2>) broadened by the first-order quad-
rupolar interaction. For Cqcc = 4 MHz and g = 0.4 in a powder sam-
ple, where all the orientations of the quadrupolar tensor with
respect to the external magnetic field are possible, the transitions
between |±3/2> and |±5/2> are spread over a 2.4 MHz, whereas
the transitions between |±1/2> and |±3/2> are 1.2 MHz wide. In
MAS experiments these transitions result in spinning sidebands.
Now making a similar investigation of the DQ transitions in a spin
system formed by two coupled spin I = 5/2 nuclei, we obtain the
static first-order quadrupolar line shape of the 25 DQ transitions
shown in Fig. 2. For the transitions |5/2, 5/2>|3/2, 3/2> and |�3/2,
�3/2>|�5/2, �5/2> the first-order quadrupolar interactions of the
two spins add resulting in broader transitions, whereas for the
transitions |5/2, �3/2>|3/2, �5/2>; |3/2, �1/2>|1/2, �3/2>; |1/2,
1/2>|�1/2, �1/2>; |�1/2, 3/2>|�3/2, 1/2> and |�3/2, 5/2>|�5/2,
3/2> the first-order quadrupolar interaction cancels. Therefore
the former five transitions are not affected to first order. This
observation is very interesting and may lead to other solutions
for DQ–SQ correlation experiments. If the spins are not identical,
i.e. they have different quadrupolar interactions with different
quadrupole coupling constant, asymmetry and orientation, for
some of the DQ transitions there still exists a significant compen-
sation between the quadrupolar interactions of the two spins lead-
ing to reduced quadrupolar broadening. This indicates a second
important observation namely that identical homonuclear spin
pairs behave differently to non-identical homonuclear spin pairs.
At this point it is useful to raise the question: Is the RF irradiation
creating the DQ transitions from SQ transitions or directly from
equilibrium populations?, if the former, then the quadrupolar
broadening of a SQ coherence can be refocused by another SQ
coherence with the opposite quadrupolar broadening.
quence, (c) pulse sequence for measuring DQ–SQ homonuclear correlations using R3

equence. A phase cycle that selects the coherence transfer pathway shown in and (e)
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Fig. 5. Excitation profile for the 25 DQ coherences, spin locking RF power was (a)
5 kHz, (b) 25 kHz and (c) 50 kHz. Excitation profile for the central DQ transition is
drawn with solid line. A spin system formed by two identical spin I = 5/2 nuclei
(Cqcc = 4 MHz g = 0.4) was considered. The equilibrium density matrix of the spin
system was evolved under the first-order quadrupolar Hamiltonian, spin lock
irradiation Hamiltonian and a 200 Hz isotropic coupling Hamiltonian. The spin
system was spun at mMAS = 10 kHz.
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Closer examination of the spinning sidebands which result from
the first-order quadrupolar broadening reveal a powder lineshape
explained by a second order perturbation treatment of the quadru-
polar interaction. This second order broadening affects all the SQ
transitions of a spin I = 5/2 nucleus and will therefore affect all
two-spin DQ transitions of two coupled spin I = 5/2 nuclei. Fig. 3
shows the effect of the second-order quadrupolar interaction on
the 25 DQ transitions under MAS. The positions of the lines vary,
since the quadrupolar induced shifts are different for different
transitions. The 25 DQ transitions cannot be separated from one
another by phase-cycling procedures. Therefore, the DQ dimension
of a DQ–SQ correlation spectrum will contain not only a DQ coher-
ence from the |�1/2, �1/2>|1/2, 1/2> transition, but all possible DQ
transitions. When all the 25 lineshapes shown in Fig. 3 overlap a
very broad, non-interpretable spectrum will result.

Therefore, it is important to establish the DQ excitation effi-
ciency for the individual coherences, since this determines the
overall sensitivity of the experiment and the lineshape in the DQ
dimension. Of course this depends additionally on the excitation
and reconversion schemes chosen, but here we analyze the excita-
tion produced by a rotary resonance condition used previously
[17]. This excitation sequence, displayed in Fig. 4a, consists of a soft
90� pulse followed by a soft spin lock pulse of duration equal to an
integral number of rotor periods. Fig. 5 shows the excitation profile
of all 25 DQ coherences for three values of the spin lock RF ampli-
tude. The figure highlights the requirement that the pulses are
selective for the central transition, since otherwise other DQ tran-
sitions are excited leading to line broadening and reduced intensity
in the DQ spectrum. More importantly one can see that while some
coherences have positive intensities others are negative, so that
cancellation of the desired signal occurs.

Further insight into how the DQ coherences are created can be
gained by an investigation of the adiabatic passages which occur
during the experiment. In MAS experiments each spin feels a quad-
rupolar interaction that oscillates, so that during a rotor period
there are several zero crossings when the quadrupolar interaction
changes sign. These zero crossings induce adiabatic transfers be-
tween energy levels population and coherences. Fig. 6a shows
the behaviour of the quadrupolar interaction of a spin I = 5/2 nu-
cleus (with orientation a = 156� b = 98� c = 12�) during one rotor
period. The transfers of populations between the energy levels
with RF irradiation at 5 kHz and 50 kHz are shown in Fig. 6c and
e. One can clearly see that a 5 kHz irradiation is selective to central
transition, whereas during a 50 kHz irradiation all the populations
are scrambled. Similar behaviour is expected for a system formed
by two coupled spin I = 5/2 nuclei. The oscillations of the energy
levels over a rotor period are shown in Fig. 6b and the behaviour
of the populations during irradiation with a 5 kHz and a 50 kHz
RF field is shown in Fig. 6d and f. In this case a 5 kHz irradiation
is mostly affecting the m = ±1/2 energy levels whereas a 50 kHz
irradiation affects the populations of all the energy levels. It is this
phenomenon of adiabatic passage transfer that allows all 25 DQ
coherences to be created regardless of the magnitude of the quad-
rupolar interaction. The only way to avoid the unwanted coher-
ences and restrict the experiment to the central |1/2, 1/2>|�1/2,
�1/2> DQ transition is to use a very low amplitude RF field. Look-
ing at Fig. 6c and e we can say that if the population of the |3/2>
energy level changes much during one rotor period, it means that
unwanted coherences are more likely to be created whereas if the
change in the population of the |3/2> energy level is small, the cen-
tral transition coherence initially created will be effectively locked
without significant coherence leakage.

How low should the RF field strength be in order to selectively
create the two-spin central DQ transition? The rotary resonance
recoupling experiments require that the effective RF field matches
the spinning speed. One can easily see the conflict, since on the one
hand we want to spin faster than the residual second-order quad-
rupolar broadening (>20 kHz), but on the other hand we must use
low RF irradiation to avoid adiabatic passage transfers. To answer
this question it is useful to investigate how the adiabatic transfer
depends on orientation namely to analyze all possible orientations
of the quadrupolar interaction. Fig. 7 shows how each orientation
of the quadrupolar interaction contributes to the MAS lineshape.
In (a) all orientations possible are displayed on a sphere (each ori-
entation of the quadrupolar tensor in the principal axis system cor-
responds to the a, b and c angles of that point) and they are colour
coded as a function of, where they contribute to the MAS lineshape
shown in (b). We can simulate what happens with one spin I = 5/2
nucleus during the spin lock pulse sequence shown in Fig. 4a. In



Fig. 6. Variation of the energy levels during one rotor period (mMAS = 10 kHz) for (a) a spin I = 5/2 nucleus (Cqcc = 4 MHz and g = 0.4) and (b) two coupled spin I = 5/2 nuclei
(both with Cqcc = 4 MHz and g = 0.4). Evolution of energy level population for one orientation (a = 156, b = 98, c = 12) during one rotor period for a spin I = 5/2 nucleus (c and
d) and for two coupled spin I = 5/2 nuclei (e and f). mRF = 5 kHz (for c and d); mRF = 50 kHz (for e and f). Only the effect o the first-order quadrupolar Hamiltonian was
considered.

230 D. Iuga / Journal of Magnetic Resonance 208 (2011) 225–234
Fig. 8, we monitor the changes that occur in the population of the
|3/2> energy level of a single spin I = 5/2 nucleus. In this figure a
light colour means that orientation is not much affected whereas
a dark colour means that orientation is very strongly affected
and many adiabatic passage transfers occur during one rotor peri-
od. Fig. 8a shows that for 2 kHz RF irradiation most orientations are
not significantly affected, and Fig. 8c shows that for 8 kHz most ori-
entations are strongly affected. An intermediate RF field strength
(4 kHz) produces an intermediate situation where some orienta-
tions are less affected that others but overall one can easily expect
that such an irradiation implies significant losses in the central
transition coherence.

In order to increase the RF field strength during homonuclear
experiments on half-integer quadrupolar nuclei we propose a
new sequence which consists in a normal rotary resonance
irradiation but the amplitude is reduced for four short time periods



Fig. 7. (a) Contribution of different orientations of the quadrupolar tensor to the
second-order quadrupolar MAS spectrum. (b) Central transition second-order
quadrupolar MAS spectrum of a spin I = 5/2 nucleus (Cqcc = 4 MHz and g = 0.1).
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during a rotor period. The pulse sequence used on the spin lock
experiment is shown in Fig. 4b. The aim of reducing the amplitude
is to avoid the adiabatic passage transfer that occurs during quad-
rupolar interaction zero crossings. For most orientations there are
four zero crossings during one rotor period but the time they occur
is different for each orientation. Therefore when optimizing such a
pulse sequence one must look again at what happens to all orien-
tations and for a quantitative analysis we monitored the changes
that occur within the population of the |3/2> energy level of a spin
I = 5/2 nucleus during spinning. Fig. 9a shows these changes during
a normal spin lock experiment with the RF field strength of 4 kHz
(similar with Fig. 8b). Fig. 9b shows the same changes during a spin
lock experiment shown in Fig. 4b where the amplitude of the spin
lock is reduced four times per rotor period. The same colour code
as in Fig. 8 is used. One can clearly see that for the oR3 sequence
there are fewer changes in the |3/2> level population implying that
adiabatic passage transfers are reduced.
Fig. 8. Behaviour of spins with different orientations of first-order quadrupolar
tensor during spin locking and MAS. All changes in the 3/2 level population during
spin locking and MAS are added up. More changes imply more adiabatic passage
transfers occur and therefore more likely that unwanted coherences appear. The
figures are colour coded darker the colour more affected that orientation is
(mMAS = 12 kHz, (a) mRF = 2 kHz, (b) mRF = 4 kHz and (c) mRF = 8 kHz). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
3. Experimental details and discussions

For testing the oR3 sequence in the DQ–SQ homonuclear correla-
tion experiment we use the pulse sequence shown in Fig. 4c and d.
It consists of R3 (oR3) spin lock pulses sandwiched between two soft
90� pulses to create the DQ coherence. The effective RF field
strength of the spin lock pulses (R3 or oR3) matches the spinning
speed while their duration equals a rotor period. Several spin lock
pulses with y–y phase alternation can be applied. In this way both
single spin DQ coherences and two-spin DQ coherences are created.
A selective p pulse which was introduced by Kwack and Gan [25]
for the STMAS experiment and later used by Mali et all [17] in the



Fig. 9. Comparison between the effect of spin locking using R3 (a) or oR3 and (b)
mRF = 4 kHz; mMAS = 12 kHz. The figures are colour coded darker the colour more
affected that orientation is. The same conditions as for Fig. 8 apply. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 10. 27Al MAS spectra of (a) YAG mMAS = 20 kHz and (b) cAl2O3 mMAS = 12 kHz.
The stars indicate spinning sidebands.
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DQ–SQ correlation experiments can be used to distinguish between
single spin DQ coherences and two-spin DQ coherences. A two-spin
DQ coherence for example S3�4

þ I3�4
þ remains a DQ coherence after

such a pulse, S3�4
� I3�4

� , whereas a single spin DQ coherence for exam-
ple S1�2

þ S3�4
þ Iz is converted to a single spin zero-quantum coherence

S1�2
þ S3�4

� Iz. Here S and I represents the two 27Al spins involved and
S1–2, S3–4 refers to the fictitious spin ½ operators (introduced by
Vega [26]) for a satellite transition and central transition respec-
tively. The remaining two-spin DQ coherences are evolved for the
t1 time and then converted to a ZQ coherence again by R3 (oR3) spin
lock pulses sandwiched between two soft 90� pulses. A Z-filter con-
verts the remaining ZQ coherences into a detectable SQ signal. The
coherence pathway of the DQ–SQ correlation experiment is shown
in Fig. 4e.

We chose as model samples, YAG and cAl2O3 (commercial
cAl2O3 99.5% (metals based) from Johnson and Mattey GmbH). In
both samples 27Al occupy a tetrahedral and an octahedral position.
Fig. 10 shows the 27Al MAS spectra of the two samples, span at
20 kHz (YAG) and 12 kHz (cAl2O3) respectively. For YAG [27] the
two tetrahedral and octahedral peaks are at 77.24 ppm and
5.71 ppm respectively whereas for cAl2O3 the two tetrahedral
and octahedral peaks are at 73.8 ppm and 13.8 ppm respectively.
The normal MAS spectra indicate some distribution of the NMR
parameters for cAl2O3.

Fig. 11 shows the first slice from a 2D DQ–SQ correlation exper-
iment performed on 27Al on YAG The experiment (pulse sequence
shown in Fig. 4c and 4d) was performed using oR3 (Fig. 11a) and R3

(Fig. 11b) recoupling sequences respectively. The YAG sample was
spun at 12 kHz and different effective RF field strengths (from
11 kHz to 13.5 kHz) were used during the recoupling sequence.
oR3 sequence clearly performs better for the tetrahedral site with
bigger quadrupolar coupling constant.

Fig. 12a shows the DQ–SQ homonuclear correlations for YAG
measured at 20 kHz spinning speed. The measurement was per-
formed using a Bruker 850 MHz (27Al xL = 221.55 MHz) Avance
III spectrometer using a Bruker 2.5 mm HX probe. 256 scans were
acquired for 64 t1 increments using 2 s relaxation delay (i.e. exper-
iment time of 9 h). The effective RF power for the 90� pulse and
conversion filter was set to about 17 kHz effective RF field strength
giving a 14 ls 90� pulse. An effective RF irradiation of 10 kHz was
applied for the oR3 sequence. In Fig. 12b is shown the DQ–SQ
homonuclear correlations of cAl2O3 measured at 12 kHz spinning
speed using a Bruker 500 MHz (27Al xL = 130.31 MHz). Advance
III spectrometer using a Bruker 4 mm HX probe. 1280 scans with
a d1 of 0.2 s were acquired for 160 t1 transients (i.e. experimental
time of 11 h). The effective RF power for the 90� pulse and conver-
sion filter was set to about 16.6 kHz giving a 15 ls 90� pulse. An
effective RF irradiation of 12 kHz was applied for the oR3 sequence.

YAG has a cubic crystal structure with 27Al in a octahedral
(27Al1) and tetrahedral (27Al2) positions. In a second sphere of coor-
dination each 27Al1 sees six 27Al2 at 3.35 Å distance and eight 27Al1

at a distance of 5.19 Å. Each 27Al2 sees four 27Al1 at 3.35 Å and four
Al2 at 3.6 Å [28]. The distances are to be considerate only approx-
imate as there are quite some variations in literature. These 27Al
pairs are forming a two spin system where the DQ coherences
are generated. There are three types of 27Al pairs: 27Al1–27Al1 pair,
27Al1–27Al2 pair, and 27Al2–27Al2 pair. Their DQ coherences appear
at 11 ppm, 83 ppm and 156 ppm respectively, see Fig. 12a.
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Fig. 11. First sliced spectrum from a 2D DQ–SQ homonuclear correlation experiment obtained for different effective RF field strengths (a) spectra obtained using oR3 (pulse
sequence shown in Fig. 4d.) and (b) spectra obtained using R3 (pulse sequence shown in Fig. 4c). mMAS = 12 kHz.

Fig. 12. 27Al–27Al DQ–SQ homonuclear correlation spectra (a) YAG mMAS = 20 kHz
and (b) cAl2O3 mMAS = 12 kHz.
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The second sample investigated using the DQ–SQ homonuclear
correlation experiment shown on Fig. 4d was cAl2O3. Despite the
widespread use of cAl2O3 the structure and the composition is still
under debate [29]. X-ray diffraction suggests a spinel structure with
24 cations and 32 anions per unit cell. However to satisfy the stoichi-
ometry some cation sites need to be vacant. The distribution of the
vacancies is still under debate. The structure is formed from a layer
containing both octahedral aluminium (27Al1) and oxygen and an-
other layer containing both octahedral (27Al1) and tetrahedral alu-
minium (27Al2) and oxygen [14]. In this case the X-ray structure
shows six 27Al1–27Al1 pairs with 2.8 Å internuclear distance, six
27Al1–27Al2 pairs with 3.3 Å internuclear distance, and four
27Al2–27Al2 pairs with 3.5 Å internuclear distance (again due to large
variation of these values in literature the distances are approximate
and given only as a guidance). The DQ–SQ correlation spectrum
shown in Fig. 12b reveals that double quantum coherence peaks ap-
pears for two coupled octahedral 27Al (at 26 ppm) and for an octahe-
dral 27Al coupled with a tetrahedral 27Al sites (at 86 ppm). There is no
peak for two coupled tetrahedral 27Al and this indicates that the
vacancies mainly occur among these sites.
4. Conclusions

The paper presents a numerical investigation of a spin system
formed by two spin I = 5/2 nuclei. It demonstrates that the first-
order quadrupolar interactions of the two spins involved can com-
pensate each other. The compensation is complete for identical
spins resulting in DQ transitions free of first-order quadrupolar
broadening. It is shown that such DQ coherences can have signifi-
cant intensity and since they cannot be removed by phase-cycling
they can broaden the experimental spectrum and lower the inten-
sity of the desired CT DQ coherence. This can be avoided if selective
(low) RF irradiation is used. The paper introduces the optimized ro-
tary resonance recoupling sequence which allows for larger RF
amplitude without exciting undesired DQ coherences. The oR3 se-
quence is used to measure the DQ–SQ homonuclear correlation
spectra of YAG and cAl2O3. The homonuclear correlation spectrum
of gamma alumina is used to conclude that the vacancies in the
structure mainly occur on the tetrahedral aluminium sites.
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