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a b s t r a c t

An experimental method for the heteronuclear dipolar recoupling of half-integer quadrupole nuclei is

proposed. The idea is to manipulate the central transition based on the recoupling technique of spin-

polarization-inversion rotary resonance. This method allows the extraction of structural parameters

under fast magic-angle spinning. Its validity has been examined by the average Hamiltonian theory and

numerical simulations. The initial rotational-echo dephasing arising from the dipolar evolution can be

approximated by a parabolic function, from which the heteronuclear van Vleck second moment can be

estimated. A factor, estimated from two-spin simulations, is required to account for the effects of the

quadrupolar coupling and is rather independent of the geometry and the orders of the spin systems. Our

method can facilitate the structural characterization of materials containing half-integer quadrupole

nuclei under high-resolution condition. Experimental verification has been carried out on two

aluminophosphate systems, namely, AlPO4-5 and AlPO4-11.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Magic-angle spinning (MAS) is a standard technique in solid-
state NMR spectroscopy because it can provide high-resolution
condition by suppressing anisotropic interactions. Nowadays, it is
relatively straightforward to reintroduce selected interactions for
spin-1

2 systems under controlled interference between MAS
modulation and spin dynamics manipulated by radiofrequency
(rf) pulses [1–8]. The situation becomes more complicated for
systems involving quadrupole nuclei (I41

2), in which the spin
Hamiltonians are usually predominated by the anisotropic
quadrupolar interactions. The fact that the rf field (o1) is typically
much smaller than the quadrupolar interaction (oQ) hinders the
use of conventional recoupling techniques originally developed
for spin-1

2 systems.
Transfer of population double resonance (TRAPDOR) [9,10] and

rotational echo adiabatic passage double resonance (REAPDOR)
[11,12] have been proposed for heteronuclear dipolar recoupling
involving half-integer quadrupole nuclei based on the population
transfer via rotor-synchronized adiabatic passage. Recently, it has
been reported that a universal REAPDOR curve can be obtained at
the initial dephasing stage for the spin pair system with I ¼ 1

2 and
S ¼ 5

2 [13]. Nevertheless, it is not always possible to achieve the so-
called adiabatic passage under the conditions of very fast MAS or
ll rights reserved.
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weak rf field. Over the past decade, the rotary resonance
recoupling (R3) technique, originally developed for spin-1

2 systems
[3,6], has been applied for half-integer quadrupole nuclei in the
central-transition subspace [14–16]. The R3 technique has the
advantage that the rf field required is comparable to the MAS
frequency. In principle, the R3 can be applied for the recoupling of
various anisotropic interactions such as homo- or hetero-nuclear
dipole–dipole interactions [15]. Consequently, following the same
idea significant efforts have been devoted to develop homonuclear
dipolar recoupling methods for dipolar correlations of half-integer
quadrupole nuclei [17], such as R3 [18–20], finite-pulse radio
frequency driven (fpRFDR) [21], and symmetry based pulse
sequences [22]. On the other hand, considerable progress in
heteronuclear dipolar recoupling involving quadrupole nuclei has
also been made. In general, the recoupling pulses are applied on
the spin-1

2 nuclei [23–29] mainly because rf irradiation on
quadrupole nuclei may invoke complicated spin dynamics [17].
Nevertheless, the development of the heteronuclear dipolar
recoupling techniques for quadrupole nuclei is still an important
and challenging topic, which may find potential applications
particularly for systems involving two different half-integer
quadrupole nuclei.

This work aims to develop a heteronuclear dipolar recoupling
scheme for quantitative extraction of structural information in
materials containing half-integer quadrupolar nuclei under fast
MAS. Compared to the R3, the technique of spin polarization
inversion rotary resonance recoupling (SPI-R3) is found to be a
more robust sequence for heteronuclear dipolar recoupling. Based
oupling of half-integer quadrupole nuclei under fast magic angle
.2009.07.002
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on the average Hamiltonian theory [15], the initial dephasing of
the rotational echo arising from the heteronuclear dipolar
recoupling of the SPI-R3 can be described by a parabolic function
of the evolution time, from which the corresponding van Vleck
second moment (M2) can be extracted. The effects of geometries,
orders, and multiple sites in multispin systems are investigated by
numerical simulations. Our approach is validated by experimental
results obtained for AlPO4-5 and AlPO4-11.
2. Theory

Consider an isolated dipolar-coupled spin pair consisting of a
spin-1

2 nucleus (S) and a half-integer quadrupole nucleus (I). The
total Hamiltonian of the I nucleus in the high-field approximation
can be written as

HIðtÞ ¼ Hð1ÞQ ðtÞ þ Hð2ÞQ ðtÞ þ HCSðtÞ þ HDðtÞ þ Hrf ðtÞ; ð1Þ

where Hð1ÞQ ðtÞ and Hð2ÞQ ðtÞ represent the first-order and second-
order quadrupolar interactions, respectively, whereas HCSðtÞ and
HDðtÞ denote contributions from the chemical shift and hetero-
nuclear dipole–dipole interactions, respectively. For simplicity, the
homonuclear dipole–dipole interaction is ignored. The term Hrf ðtÞ,
which represents the rf Hamiltonian, can be expressed as orf Ix in
the rotating frame. According to the works by Baldus et al. [14]
and Wi et al. [15], the Hamiltonians of the satellite transitions and
multiple-quantum transitions may be ignored in the sudden
regime ðo2

1=oroQ51Þ. Under the continuous rf irradiation in the
sudden regime, the effective Hamiltonian for the central transition
in the fictitious operator spin-1

2 formalism can be written as [15]

~~H
CT ;t

I ðtÞ ¼ �ðO
CT
CS ðtÞ þOCT

D ðtÞSz

þOCT
Q ðtÞÞðI

CT
þ e�iðIþð1=2ÞÞorf t þ ICT

� eiðIþð1=2ÞÞorf tÞ; ð2Þ

where CT represents the central-transition subspace. At the rotary
resonance condition, i.e. orf ¼ 2nor=ð2I þ 1Þ, where n ¼ 1 or 2,
the terms associated with chemical shift anisotropy (CSA),
heteronuclear dipolar interaction, and the second-order quad-
rupolar interactions will be recoupled. To the lowest order, the
average Hamiltonian over a rotor period is [15]

~~H
CT ;t

I;R3 ¼ �
X
ðOCT

7;CS;R3 þOCT
7;D;R3 Sz þOCT

7;Q ;R3 ÞICT
7 : ð3Þ

For the dipolar term, we have

OCT
7;D;R3 ¼ o7n

D ðb
D
Þ; ð4Þ

where for n ¼ 1 or 2

o71
D ðb

D
Þ ¼

dISffiffiffi
2
p mI sinð2bD

Þ expð7igDÞ; ð5Þ

o72
D ðb

D
Þ ¼
�dIS

2
mI sin2

ðbD
Þ expð72igDÞ; ð6Þ

and

dIS ¼ 2pDIS ¼ �
m0

4p
gIgS‘

r3
: ð7Þ

Eq. (4) is identical to the results expected for spin-1
2 systems.

However, the validity of Eq. (4) would rely on the following
condition:

Hð1ÞQ bðI þ 1
2Þorf4OCT

CS ;O
CT
Q ;O

CT
D : ð8Þ

By the same token, the average Hamiltonian for the first rotor
period in SPI-R3 is identical to that for the R3 recoupling,

~~H
CT ;t

I;SPIð1Þ ¼ �
X
ðOCT

7;CS;R3 þOCT
7;D;R3 Sz þOCT

7;Q ;R3 ÞICT
7 ; ð9Þ
Please cite this article as: S.-J. Huang, et al., Heteronuclear dipolar rec
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whereas the average Hamiltonian for the second rotor period, in
which the phase of the rf field is inverted, can be derived by
inverting the sign of orf in Eq. (2):

~~H
CT;t

I;SPIð2Þ ¼ �
X
ðOCT

8;CS;R3 þOCT
8;D;R3 Sz þOCT

8;Q ;R3 ÞICT
7 : ð10Þ

The lowest-order average Hamiltonian for the entire SPI-R3

sequence can be obtained by taking the average over two
successive rotor periods [30]:

~~H
CT;t

I;SPI�R3 ¼ �ðOCT
CS;SPI�R3 þOCT

D;SPI�R3 Sz þOCT
Q ;SPI�R3 ÞICT

z ; ð11Þ

where, for the dipolar term,

OCT
D;SPI�R3 ¼

oþn
D ðb

D
Þ þo�n

D ðb
D
Þ

2
: ð12Þ

On the basis of Eqs. (4) and (12), the recoupling efficiency of R3

irradiation seems to be higher than that of SPI-R3. However, since
the terms in Eq. (3) do not commute with each other, the
recoupling efficiency of the dipolar term will be sensitive to the
tensor orientations and the principal tensor components of the
chemical shift and the second-order quadrupolar interaction:

½OCT
7;D;R3 SzICT

7 ;O
CT
7;CS;R3 ICT

7 �a0; ½OCT
7;D;R3 SzICT

7 ;O
CT
7;Q ;R3 ICT

7 �a0: ð13Þ

On the other hand, all the terms in Eq. (11) commute with one
another. Thus, the dipolar recoupling by SPI-R3 will not be affected
by other recoupled interactions if the higher order effects are
negligible.

For an isolated spin-pair system consisting of a spin-1
2 nucleus

(S) and a half-integer quadrupole nucleus (I), the rotational echo
of the S spins will be attenuated by the I-spin irradiation under
the condition of R3 or SPI-R3. For a powder sample, one obtains

DS

S0
¼

2

2I þ 1
1�

1

4p

Z 2p

0
daD

Z p

0
sinbD cosðDFÞdbD

 !
; ð14Þ

where DF is the dephasing angle arising from the dipolar
recoupling. According to Eqs. (4) and (12), the dephasing angle
for R3 with n ¼ 1 can be deduced as

DFR3 ¼
dIS sinð2bD

Þ

2
ffiffiffi
2
p NTr ; ð15Þ

and for SPI-R3 recoupling with n ¼ 1 as

DFSPI�R3 ¼
dIS sinð2bD

Þ cos gD

2
ffiffiffi
2
p NTr ; ð16Þ

where Tr is the rotor period and N is the number of the rotor cycle
throughout the recoupling irradiation. The factor of 2/(2I+1)
accounts for the population of the spin states of m ¼71

2. Although
Eqs. (14)–(16) do not have any explicit dependence on the nuclear
quadrupole coupling constant (CQ), if the second-order quad-
rupolar effect is so large that Eq. (8) becomes invalid, the dipolar
recoupling efficiency will be affected by the magnitude of CQ (see
below).
3. Experimental method

All solid-state NMR experiments were performed on a wide-
bore Bruker Avance 300 spectrometer equipped with a 4 mm
triple resonance MAS probe with a sample spinning rate of 10 kHz.
The Larmor frequencies for 27Al and 31P were 78.21 and
121.51 MHz, respectively. The rf field strengths for the 27Al and
31P channels were 3.33 and 50 kHz, respectively. The pulse
sequences used were shown in Figs. 1a and b. Saturation combs
were applied before the relaxation delays for all experiments. The
relaxation delay was 8 s. A total of 64 transients were
oupling of half-integer quadrupole nuclei under fast magic angle
.2009.07.002
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Fig. 1. Schematic representations of pulse sequences invoking central-transition (a) R3 and (b) SPI-R3 schemes. Open and filled rectangles in the 31P channel represent the

p/2 and p pulses, respectively. A four-step phase cycling was applied for the p/2 pulse (0, 0, 0, 0), the p pulse (0, p/2, p, 3p/2), and the receiver phase (0, p, 0, p). In (a), the

open rectangle in the 27Al channel represent rotary resonance irradiation with orf ¼ 2or=ð2I þ 1Þ ¼ 3or , whereas in (b) the phase of the irradiation is successively inversed

for each rotor period.
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accumulated for each spectrum. Two model compounds, namely
anhydrous AlPO4-5 and AlPO4-11 powders, were first dehydrated
under vacuum at 473 K for 24 h and sealed in a gas-tight ZrO2

rotor under N2 atmosphere. To ensure a good rf homogeneity, the
sample was packed in the middle one-third of the rotor volume by
Teflon spacers.

All simulations were carried out on SIMPSON package (version
1.1.2) [31]. The maximum time step (max dt) was set to be 0.1ms. A
powder-averaging scheme containing 320 REPULSION angles
(alpha and beta) and 18 gamma angles was chosen [32].
Simulations were done based on the pulse sequences shown in
Figs. 1a and b. The parameters such as rf field strength and
spinning frequency were matched to the experimental conditions.
The real part of the calculated FIDs was taken for analyses,
whereas the negligible amplitude of the imaginary part was
ignored. Relaxation effects were not taken into account. Data
convergence was checked by repeating selected calculations with
smaller time steps and more extensive powder-averaging
schemes.
4. Results and discussion

4.1. Isolated dipolar-coupled spin pair system

Two-spin (S ¼ 31P and I ¼ 27Al) simulations of 31P echo
dephasing upon heteronuclear dipolar evolution time were
carried out based on R3 (Fig. 1a). Fig. 2a shows the simulated
dephasing curves with respect to the dimensionless parameter
|NTrDIS| for a series of CQ, ranging from 2 to 8 MHz. Two sets of
simulations were obtained for DIS equal to�400 and �800 Hz. The
asymmetry parameter of the quadrupolar interaction (Z) was set
to be zero and the z-axis of the principal axis system (PAS) of
the dipolar tensor was set to be coaxially aligned with that of the
electric field gradient tensor. The dephasing curves calculated by
the SIMPSON package are shown along with the dephasing curve
Please cite this article as: S.-J. Huang, et al., Heteronuclear dipolar rec
spinning, Solid State Nucl. Magn. Reson. (2009), doi:10.1016/j.ssnmr
predicted by the average Hamiltonian theory (Eqs. (14) and (15))
with n ¼ 1, as indicated by the dashed line. The initial parts of the
dephasing curves are well approximated by Eqs. (14) and (15), for
which the CQ seems to have minor effect. However, the dephasing
curves were found to vary strongly with the relative orientation
between the PAS coordinates of the heteronuclear dipolar and the
electric field gradient tensors (Fig. 2b), and the asymmetry
parameter Z (Fig. 2c). These strong dependences can be ascribed
to the fact that the recoupled dipolar and second-order
quadrupolar interactions do not commute as revealed in
Eq. (13). The interference effect among these recoupled
interactions reduces the efficiency of the dipolar dephasing. It
should be pointed out that in most systems of interest the relative
orientations between the PAS coordinates of anisotropic
interactions are unknown and cannot be determined easily.
Therefore, such dependence on the relative orientations
between the PAS coordinates of anisotropic interactions would
severely limit the applicability of R3 to dipolar recoupling for half-
integer quadrupole systems.

In the case of SPI-R3 (Fig. 1b), the dephasing curves were
calculated with respect to the CQ values, the tensor orientations,
and the asymmetry parameter Z (Figs. 3a–c). Unlike the case of R3

recoupling, the lowest-order average Hamiltonians for SPI-R3 do
commute with itself at different times. The dephasing curves
become rather independent of the tensor orientation and Z at the
short evolution regime, as shown in Figs. 3b and c, respectively.
However, we observe that the initial dephasing of the rotation
echo arising from SPI-R3 depends critically on CQ (Fig. 3a). We do
not fully understand this phenomenon. As mentioned above, the
validity of Eq. (8) mainly depends on two conditions: (i) The rf
field should be sufficiently small so that the satellite transitions
would not affect the spin dynamics significantly and (ii) the rf
field should be larger than the second-order quadrupolar
interaction. Apparently, this undesirable dependence on CQ is
originated from the second-order quadrupolar interaction. We
have carried out additional simulations in which the second-order
oupling of half-integer quadrupole nuclei under fast magic angle
.2009.07.002
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Fig. 2. Simulated results of 31P{27Al} R3 dipolar dephasing for an isolated spin pair of 27Al and 31P. Dephasing curves obtained for (a) CQ ranging from 2 to 8 MHz with

DIS ¼ �400 (closed symbols) and �800 Hz (open symbols), bD
¼ 01 and Z ¼ 0; (b) bD ranging from 0 to 90

%
o; (c) for Z values of 0.0, 0.5, and 1.0. For the simulations in (b) and

(c), we have CQ ¼ 2.5 MHz, Z ¼ 0, DIS ¼ -400 Hz, and aQ
¼ bQ

¼ gQ
¼ aD

¼ gD
¼ 0

%
o. The dashed line represents the curve calculated by Eqs. (14) and (16).
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Fig. 3. Simulated results of 31P{27Al} SPI-R3 dipolar dephasing for an isolated spin pair of 27Al and 31P. Dephasing curves obtained for (a) CQ ranging from 2 to 8 MHz; (b) bD

ranging from 0 to 90
%
o; (c) for Z values of 0.0, 0.5, and 1.0. (d) Dephasing curves of various CQ values ranging from 2 to 10 MHz, in which the second-order quadrupolar

interaction is intentionally switched off. Other simulation parameters are referred to the caption of Fig. 2.
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quadrupolar interaction is intentionally omitted. Indeed, the
behavior of the dipolar dephasing becomes less dependent on
CQ value (Fig. 3d).

Although the dipolar dephasing of SPI-R3 is dependent on CQ,
we will demonstrate in the next section that a scaling factor can
be used to account for such dependence. Once the amplitude of
the scaling factor is evaluated by SIMPSON simulations (vide
infra), SPI-R3 may be applicable for the determination of DIS in a
manner similar to that proposed for REDOR analyses involving
half-integer quadrupole nuclei [41–43].

4.2. Parabolic approximation for the initial signal attenuation

It has been reported that the initial REDOR dephasing curve is
geometry independent and hence allows for extraction of the van
Vleck second moment (M2) for multiple-spin systems [44–46].
Such approach has also been successfully extended to systems
involving quadrupole nuclei [42,43]. Following the same idea, an
analytical formula was deduced to describe the initial part of the
dephasing curve for SPI-R3 on the basis of Eqs. (14) and (16):

DS

S0

� �
SPI-R3

¼
p2

15

2

2I þ 1
f ðNTrDISÞ

2; ð17Þ

where the scaling factor f is introduced herein to account for the
influence of CQ on the echo attenuation. Referring to Figs. 3a–c, all
dephasing curves can be approximated by parabolic functions at
short dephasing times. Accordingly, the factor f for a specific CQ

value may readily be deduced by fitting the simulated curves in
the initial regime to Eq. (17). In other words, once the CQ value for
a system of interest is determined by experiments such as
MQMAS [33–36] and STMAS [37–40], f can be estimated through
SIMPSON two-spin simulations. For multispin systems, Eq. (17)
may be reformulated as

DS

S0

� �
SPI�R3

¼
p2

15

2

2I þ 1
f
X

i

ðNTrDIS;iÞ
2

¼
1

16IðI þ 1Þ

2

2I þ 1
fMIS

2 ; ð18Þ

where M2 denotes the van Vleck second moment:

M2 ¼
4

15

m0

4p

� �
g2

I g
2
S‘

2IðI þ 1Þ
X

i

r�6
IS : ð19Þ

In order to study the effects of the spin order and the geometry
in multispin systems, SIMPSON calculations were carried out for a
three-spin SI2 (27Al–31P–27Al) system with DIS ¼ �400 Hz and
different CQ values (0.5, 2 and 6 MHz) for I spins. The angles
between the two dipolar vectors were also varied as 01, 301, 601,
and 901. The corresponding f values estimated by fitting the initial
Table 1
Estimated f values for 27Al–31P and 27Al–31P–27Al systems obtained by fitting the

SIMPSON simulated results to Eq. (16).

CQ (MHz) F

27Al–31P 27Al–31P–27Al

DbD
¼ 01 DbD

¼ 301 DbD
¼ 601 DbD

¼ 901

0.5 0.9946 0.9840 0.9617 0.9724 1.008

2.0 0.8926 0.8832 0.8690 0.8659 0.8776

6.0 0.7053 0.6990 0.7417 0.7734 0.7621

0.5, 2.0 0.9436a 0.9340 0.9197 0.9165 0.9282

2.0, 6.0 0.7990a 0.7916 0.8346 0.8665 0.8550

a The average of two f values for individual CQ value.

Please cite this article as: S.-J. Huang, et al., Heteronuclear dipolar rec
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part of the dephasing curves (|NTrDIS|o0.3) to Eq. (18) were
summarized in Table 1. Apparently, the obtained f values are
rather independent of the geometries and the orders of the spin
systems. The f values estimated from the SI2 systems are in good
agreement with the value obtained for the SI system, even with a
CQ value as large as 6.0 MHz. In addition, the simulation for a
three-spin (SI0I00) system was also carried out. The CQ values of the
I0 and I00 spins were set to 0.5 and 2 MHz, respectively. For
comparison, the f values for the two-spin systems SI0 and SI00 were
also determined. As illustrated in Table 1 (bottom two entries), the
f value obtained for the SI0I00 system is comparable (o10%) to the
average of the f values obtained for SI0 and SI00. The same
conclusion is observed when the CQ values of the I0 and I00 spins
were set to 2 and 6 MHz. Thus, the factor f for multiple-site
systems can be approximated by the weighted average of the f

values obtained for the corresponding two-spin subsystems.
Consequently, once the CQ values of quadrupole nuclei for a
material under investigation are determined from experimental
data, the f value can be estimated from SIMPSON simulations and
thus the van Vleck second moment can be extracted by fitting the
initial dephasing data using central-transition SPI-R3 to Eq. (18)
with the predetermined f value.

4.3. Measurements on model compounds

To validate the aforementioned recoupling scheme experimen-
tally, measurements were carried out for two crystalline model
samples, namely AlPO4-5 and AlPO4-11. Both model compounds
are microporous aluminophosphates whose structures consist of
alternating AlO4

� and PO4
+ tetrahedra linked together via bridging

oxygen atoms. For the AlPO4-5, which has a single Al site, the
second-order quadrupolar effect (SOQE) was found to be 2.57 MHz
based on earlier MQMAS experiments [46]. On the other hand, it
has been reported that there are three different T sites with the
relative ratio of 2:2:1 in AlPO4-11, corresponding to the CQ values
of 2.6, 2.15, and 0.5 MHz and Z values of 0.45, 0.35, and 0.5,
respectively [47,48]. The f values for each Al site in AlPO4-5 and
AlPO4-11 obtained from two-spin SIMPON simulations are
summaries in Table 2. In the case of AlPO4-11 which has
multiple Al sites, the weighted average of the f values was used
for the M2 extraction. Under the MAS condition, both dehydrated
aluminophosphate samples were found to exhibit a single 31P
resonance. Figs. 4a and b revealed the experimental signal
dephasing using the SPI-R3 sequence for AlPO4-5 and AlPO4-11,
respectively. The experimental data at the initial regime, i.e. DS/

S0o0.2, were fitted by the Eq. (18) to derive the M2. As can be
found in Table 2, the M2 data deduced from this approach are in
good agreements (within ca. 5%) with those calculated based on
the crystalline structures reported in literatures [49,50].
Table 2
Summary of related parameters for AlPO4-5 and AlPO4-11 model samples.

CQ

(MHz)

Site fraction

(%)

f M2

(�107 s�2)

Individual

site

Multiple

sites

Calca Expt

AlPO4-5 2.57b 100 0.8934 – 7.04 7.28

AlPO4-

11

0.50 20 0.9857 0.9029c 7.95 8.22

2.15 40 0.8797

2.60 40 0.8846

a Calculated based on the structures reported in literatures [49,50].
b The SOQE estimated by earlier MQMAS experiments [46].
c The weighted average of the f value of each individual site.

oupling of half-integer quadrupole nuclei under fast magic angle
.2009.07.002

dx.doi.org/10.1016/j.ssnmr.2009.07.002


ARTICLE IN PRESS

Fig. 4. Experimental results of 31P{27Al} dipolar dephasing using SPI-R3 irradiation on the central transition of 27Al for (a) AlPO4-5 and (b) AlPO4-11 samples. The dashed

curves represent the parabolic fittings at the initial stage of the dephasing (DS/S0o0.2).
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5. Conclusions

We have demonstrated that the dephasing behavior arising from
SPI-R3 at the initial evolution stage could be approximated by a
parabolic equation modified with a factor f, which reflects the
influences of the CQ. The factor f determined by numerical simulations
is found to be independent of the geometry and the order of the spin
system. This semi-empirical approach is also validated on systems
with multiple sites. The van Vleck second moments determined for
AlPO4-5 and AlPO4-11 are in good agreement with the literature data.
While the technique such as TRAPDOR and REAPDOR can be applied
in the adiabatic regime (slow spinning or strong rf field), our approach
will find a general application in the sudden regime (fast spinning
and/or weak rf field).
Supplementary materials

Representative 31P spectra of AlPO4-5 and AlPO4-11 at different
dephasing times with and without SPI-R3 recoupling.
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