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The effects of multiple-resonance heteronuclear decoupling under magic angle spinning (MAS) on the
resolution of one-dimensional 19F and 31P and various two-dimensional MAS NMR spectra and on the
residual non-refocusable coherence lifetimes in fluorinated aluminophosphate AlPO4-CJ2, i.e. a com-
pound that contains numerous highly abundant nuclei but no homonuclear spin bath, has been investi-
gated. The design of the four-channel (1H, 19F, 27Al, 31P) MAS probe used for this study is first described.
1H and 1H–27Al double-resonance decouplings allows lengthening the optimized transverse relaxation
Topt

2 and increasing the resolution in the 19F and 31P dimensions. Under the application of multi-nuclear
decoupling, a two-dimensional 19F–31P CP-HETCOR correlation spectrum for AlPO4-CJ2 is recorded with
unprecedented high-resolution in the two dimensions. Moreover, because 1H-decoupling increases the
19F Topt

2 , it has been applied during the entire duration of the 2D NMR experiments, allowing the direct
use of residual small interactions to generate 19F–19F and 19F–27Al 2D NMR correlation spectra in
AlPO4-CJ2.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Solid-state nuclear magnetic resonance (NMR) methods com-
bined with magic angle spinning (MAS) have greatly improved
over the past decades, including the development of numerous
decoupling and magnetization transfer schemes, as well as two-
dimensional (2D) correlation techniques, based either on homonu-
clear or heteronuclear, dipolar or scalar interactions. While the
dipolar interaction yields features about through space proximi-
ties, the scalar interaction, mediated through chemical bonds, con-
tains information about the connectivity between nuclei [1].
Although the scalar interaction is usually of several orders of mag-
nitude lower than the dipolar interactions and often hindered by
the spectral linewidth, it has emerged, along with the improve-
ment of high-resolution techniques, as a complementary method
to the dipolar correlation [2,3]. Indeed, it is not the transverse
coherence lifetime given by the experimental linewidth that is
the actual limitation in the use of such small couplings, but the
residual non-refocusable one T 02. T 02 is a function dependant on
the MAS frequency and the decoupling scheme(s) to which the
sample is submitted and that more or less efficiently scale down
the spin–spin interactions. To generate a 2D NMR correlation spec-
trum, T 02 has to be optimized by a proper choice of experimental
conditions (adjustment the MAS frequency, selectively
ll rights reserved.
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reintroduction or decoupling of interactions, etc) so that the result-
ing optimized Topt

2 of the concerned nuclei becomes longer than the
time required by the interaction carrying the targeted information
to build-up. The Topt

2 is also related to the spectral resolution, and
therefore, to reach high-resolution performances, interactions that
contribute to a decrease of Topt

2 must be removed. For example,
homonuclear dipolar decoupling schemes involving combined
rotation and multiple pulse spectroscopy (CRAMPS), by reducing
the 1H–1H dipolar interaction, contribute to decrease the trans-
verse relaxation [4].

In solid inorganic fluorinated compounds, heteronuclear J-cou-
plings involving the 19F nucleus ranging from hundred to thou-
sands of Hz have been reported, like, for example, in the case of
the 19F–31P [5,6], 19F–69,71Ga [7], 19F–75As [8], 19F–93Nb [9,10],
19F–115In [11], 19F–119Sn [12,13] or 19F–207Pb [14–19] spin pairs.
Providing an efficient averaging of the 19F homonuclear interaction
thus a prolonged 19F T 02 (i.e. under fast MAS in hydroxyfluorides or
oxyfluorides or under ultra-fast MAS in inorganic fluorides), smal-
ler interactions that survive MAS, like homonuclear 19F–19F isotro-
pic J-couplings or 19F homogeneous homonuclear dipolar
Hamiltonian, can be used to generate 2D double-quantum single-
quantum (DQ–SQ) NMR spectra, as was done, for example in a deu-
terated-hydroxyfuorinated silicate [20] (for which the 1H–19F dipo-
lar couplings could also be neglected) or in inorganic fluorides [21].

In our work, we were faced to AlPO4-CJ2 [22], a compound
belonging to the class of microporous crystalline fluorinated alu-
minophosphate [23], which are materials containing numerous
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NMR-accessible nuclei (1H, 19F, 27Al, 31P). If these solids are usually
free from strongly homonuclear dipolar-coupled spins (i.e. no 1H or
19F spin-baths), the presence of abundant nuclei induces heteronu-
clear couplings (dipolar and scalar) responsible for NMR spectral
resolution loss. For the purpose of this study, a four-channel (1H,
19F, 27Al, 31P) MAS probe was built, whose design concepts are pre-
sented in the first section of the paper. Then, we present the opti-
mization of the Topt

2 (for both gain in signal and resolution), and the
extended possibility of solid-state NMR experiments that can be
applied to this class of compounds, by application of multiple res-
onance heteronuclear NMR techniques. In particular, the influence
of single 1H or double-resonance 1H and 27Al heteronuclear decou-
pling, under moderate MAS frequency conditions (10–15 kHz), on
the resolution of the 19F and 31P NMR spectra of fluorinated alu-
minophosphate AlPO4-CJ2 is evaluated. Since these decoupling
schemes also significantly increase the coherence lifetime Topt

2 ,
we show that their application during both the acquisition periods
of the signals and the periods of excitation of the multiple-quan-
tum coherences yields 19F–31P 2D NMR spectra with unprece-
dented spectral resolution, and allows the use of small 19F–19F
residual interactions and, for the first time, 19F–27Al J-couplings
to generate 2D correlation MAS NMR spectra in AlPO4-CJ2.

2. Experimental

2.1. Sample

AlPO4-CJ2 was synthesized by hydrothermal synthesis as de-
scribed in reference [24]. The purity of the sample was controlled
by powder X-ray diffraction.

2.2. NMR experiments

All NMR experiments were performed on an Avance 500 Bruker
spectrometer (static magnetic field B0 = 11.7 T, Larmor frequencies
Fig. 1. Homogeneous line resonator (a) modified in a way (b) such that it becomes a heter
the coaxial transmission line. The magnitude is drawn over the field amplitude (color ba
while in the center of the homogeneous line resonator or at points short-circuited to gr
figure legend, the reader is referred to the web version of this article.)
of 500.1, 470.6, 202.5 and 130.3 MHz for 1H, 19F, 31P and 27Al,
respectively). 1H, 19F, 31P and 27Al simultaneous quadruple-irradia-
tion was achieved using a quadrupole resonance 2.5 mm cross-
polarization magic angle spinning (CP-MAS) probe. In this probe,
1H and 19F frequencies are combined to travel through the same
channel, but with separated tuning for each frequency.

The 19F Hahn-echo NMR spectra were recorded in the 15–
30 kHz MAS range, using 2.5 ls 90� pulses, inter-pulse delays syn-
chronized with the rotor frequency and recycle delays of 10 s.
When mentioned, a 1H 64-step small-phase incremental alteration
(SPINAL-64) [25] decoupling (nutation frequency of 90 kHz) was
implemented in the acquisition period of the 19F MAS spectrum.

The 1H–31P cross-polarization [26,27] (CP) MAS (15 kHz) NMR
spectra of AlPO4-CJ2 were recorded using a 2.85 ls initial 1H 90�
pulse length, a 5 ms contact time, 5 s recycle delay, and accumula-
tion of 16 transients. A 1H RAMped amplitude (RAMP)-CP [28] con-
tact pulse was employed, with a RF field centered on the n = +1
Hartmann–Hahn matching condition (i.e. mRF(1H) = mRF(31P) + mROT)
and spanning over ±mROT, with mRF(31P) = 62.5 kHz and
mROT = 15 kHz. When mentioned, 1H SPINAL-64 decoupling (nuta-
tion frequency of 90 kHz) and 27Al rotor-asynchronized multi-
pulses (RA-MP) [29] decoupling (nutation frequency of 30 kHz)
were implemented during the acquisition of the 31P signal.

The 19F–27Al heteronuclear multiple-quantum correlation (J-
HMQC) [30] NMR correlation spectrum of AlPO4-CJ2 was recorded
at MAS frequency of 15 kHz. In the J-HMQC, 11 ls 90� pulse length
were employed on 27Al, and the excitation of the double-quantum
coherence was synchronized with the rotor frequency and set to
2.67 ms. Eighty t1 slices with 64 transients each were accumulated.
1H SPINAL-64 decoupling was implemented during the excitation
periods as well as during the acquisition of the 19F signal.

The 19F–31P CP heteronuclear correlation (CP-HETCOR) NMR
spectrum of AlPO4-CJ2 was recorded at MAS frequency of 15 kHz,
using a 6 ms contact time. 1H SPINAL-64 decoupling was imple-
mented during the whole experiment. 27Al RA-MP decoupling
ogeneous line resonator (c). The color bars indicate the electric field amplitude along
r). At the open ends of the line resonator the electric field magnitude is maximum,

ound the electric field is zero. (For interpretation of the references to colour in this



Fig. 2. 1H/19F circuit consisting of the heterogeneous coaxial transmission line
resonator (TL1 + TL2), now surrounded by cylindrical tubular shield, with splitting
inductance L0 introduced at the cold point of the line resonator. ai, bi, li, and Zwi

denote the loss factor, propagation factor, length, and characteristic impedance of
the ith subunit (i = 1, 2) forming the heterogeneous line resonator.

19F frequency (ppm)
-127-124-121-118-115-112

(c)

(b)

(a)

T2opt ~ 3 ms

T2opt ~ 0.2 ms

Fb Ft(F)

Ft(OH)

Fig. 3. 19F NMR spectra of AlPO4-CJ2 recorded (a) without decoupling at MAS
30 kHz, and with 1H SPINAL decoupling at (b) MAS 30 kHz and (c) MAS 15 kHz. The
vertical dash line is a guide for the eye.
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was additionally implemented during the acquisition of the 31P sig-
nal. Eighty t1 slices with 128 transients each were accumulated.

The 19F double-quantum single-quantum [31] (DQ–SQ) NMR
spectra of AlPO4-CJ2 was recorded at MAS frequency of 15 kHz.
The DQ coherence was generated through the dipolar homonuclear
homogeneous Hamiltonian (DH3) experiment [21], whose pulse se-
quence is identical to that of the Refocused incredible natural
abundance double quantum transfer (R-INADEQUATE) [2] experi-
ment. The rotor-synchronized delay to excite the DQ coherence
was set to 1 ms. 1H SPINAL-64 decoupling (90 kHz) was during
the acquisition of the 19F signal in both horizontal and vertical
dimensions as well as during the DQ excitation delays.

In all 2D NMR experiments, phase sensitive detection in the
indirect dimension was obtained using the States [32] method.
The 19F, 31P and 27Al chemical shifts were referenced to CFCl3,
H3PO4 85% and a 1 M solution of Al(NO3)3, respectively. The spectra
were reconstructed using the Dmfit [33] software.
3. Results and discussion

3.1. Design of the four-channel probe

In order to study simultaneously the whole four-spin system
(1H, 19F, 27Al, 31P) in the fluorinated aluminophosphate AlPO4-
CJ2, building a corresponding four-channel MAS probe was neces-
sary. The first design of a more than one additional channel probe
has been given by Schaefer [34] with a six-irradiation channel
probe. More recently, Limbach et al. presented a five-channel
probe for biological samples [35]. The specific task to realize 1H
and 19F frequencies in one circuit has been addressed by various
research groups [36,37]. Here we describe a different technique
as published in [38] based on transmission line resonators. The
concept of a standing electromagnetic wave on a coaxial transmis-
sion line resonator is illustrated in Fig. 1. First, in Fig. 1a, a two-
sided open transmission line resonator with a standing wave of a
half wavelength k/2 equal to the geometric length l of the line is
shown. The electric field magnitude is maximum at both open ends
of the line and is equal to zero at the center of the line, in technical
jargon this latter point is referred to as ‘‘cold point’’. The homoge-
neous coaxial line of Fig. 1a is cut conceptually into two parts as
shown in Fig. 1b with short-circuiting the cold point. The outer
diameter and the length l1 of one of the two parts of the coaxial line
is now changed yielding a different characteristic impedance ZW1

and a different quarter wavelength k1/4 = l1 compared to the other
part of length l2 with characteristic impedance ZW2. Reassembling
the two parts as shown in Fig. 1c gives an heterogeneous coaxial
line resonator with the cold point not necessarily located in the
center anymore. A real short circuit of the cold point B does not af-
fect the distribution of the electric field along the line between the
points A and C. In contrast to the homogeneous k/2 line resonator
of Fig. 1a, which has the resonance frequency f = c/k, the heteroge-
neous line resonator of Fig. 1c reveals two resonance frequencies f1

and f2 that now depend on the lengths l1 and l2 as well as on the
characteristic impedances ZW1 and ZW2.

In order to make use of the heterogeneous line resonator for
designing a probe circuitry that exhibits nearby resonance fre-
quencies as for 19F and 1H, the structure of Fig. 1c needs to be
embedded in a suitable tune and match circuit. An example [38]
is represented in Fig. 2. The upper end A of the resonator (see
Figs. 1c and 2) is connected to the NMR RF coil with complex
impedance Zr. The capacitance Cs represents a stray capacitance
caused by the feed-throughs of the resonator. At the cold point B
in Fig. 2 the short circuit of Fig. 1c is replaced by a variable induc-
tance L0 to fine-tune the resonances f1 and f2. The lower end C of
the resonator is terminated by a tuning capacitance Ct, and be-
tween point C and the capacitance Ct the RF is fed in and out in
point D in series with the matching capacitor Cm.

On the opposite side of the NMR coil a tank circuit consisting of
a parallel LC circuit acts as a high-frequency stop circuit providing
a high impedance for the 19F and 1H frequency. On the other side of
this 1H/19F stop circuit the conventional 27Al/31P circuit is con-
nected, comprising tuning capacitances for the 31P and 27Al chan-
nel in series to the NMR coil Zr, another LC stop circuit (in the
27Al channel tuned to 31P) to decouple the 31P channel from the
27Al channel, and variable inductances connected to ground to
match these channels to 50 X.

The probe circuit thus built provides four different resonance
frequencies (1H, 19F, 31P, 27Al) on three external ports – two sepa-
rate ports for 27Al and 31P and one common port for 1H and 19F
(port D in Fig. 2). In order to separate 1H and 19F channels from
each other, a diplexer (a kind of impedance matched T circuit) is
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connected to the 1H/19F port, providing a 50 X impedance to the
probe port and 50 X each for the 1H and for the 19F channel. Each
branch of the diplexer output is followed by either 1H pass/19F stop
highpass filters (in the 1H channel) or by 19F pass/1H stop bandpass
filters (in the 19F channel). These highpass and bandpass filters fi-
nally yield a channel separation of more than 85 dB such that
experiments like 19F observation under simultaneous 1H decou-
pling become possible. Once tuned and matched for each channel,
the probe can simultaneously deliver RF field amplitudes (or equiv-
alently, RF efficiencies) of 100 kHz (ca. 16 kHz/(W)1/2) for 1H,
80 kHz for 19F (ca. 13 kHz/(W)1/2), 70 kHz (ca. 7 kHz/(W)1/2) for
31P, and 60 kHz (ca 5 kHz/(W)1/2) for 27Al for long decoupling
pulses.

3.2. Application to AlPO4-CJ2

The structural build unit (SBU) of AlPO4-CJ2 contains one six-
coordinated and one five-coordinated aluminum and two four-fold
phosphorus inequivalent sites [24]. In each SBU, the aluminum and
phosphorus sites are alternated to form a square-like unit. The
penta-coordinated aluminum shares a bridging group with the
hexa-coordinated aluminum, which also has a bond to a terminal
site. While the terminal site is fully occupied by a F atom, the
bridging site can be either a OH group (named SBU-OH, 67% prob-
ability) or a F atom (named SBU-F, 33% probability). Previous NMR
experiments have shown the sensitivity of the 19F, 31P and 27Al iso-
tropic chemical shift to the kind of chemical group on the bridging
position (OH group of F atom), and the various 1D and 2D NMR
spectra have pointed towards a random distribution of the SBUs
in the solid network [39].

3.2.1. 1D MAS NMR spectra
The 19F Hahn-echo MAS (30 kHz) NMR spectrum of AlPO4-CJ2

(Fig. 3a) shows three main resonances located at isotropic chemical
shift (diso) of �115, �121 and �124 ppm, which have been previ-
ously assigned to the three inequivalent fluorine atoms in SBU
Fig. 4. (a) Free induction decay and (b) NMR spectrum obtained after Fourier Transfo
decoupling, with 1H-SPINAL decoupling and with 1H-SPINAL and 27Al-RA-MP decouplin
[39]: the bridging F atom (Fb), the terminal F atom in a SBU-OH
(Ft(OH)) and the terminal F atom in a SBU-F (Ft(F)), respectively.
Because AlPO4-CJ2 contains protons (NHþ4 molecules in the pores
and a crystallographic site partially occupied by an OH-group),
application of 1H SPINAL-64 decoupling (1H decoupling RF field
corresponding to a 90 kHz nutation frequency) during the echo
and evolution periods of the 19F signal leads to an increase of the
19F Topt

2 measured from the Hahn-echo decay (from �0.4 ms to
�3 ms) and results in an better resolved 19F NMR spectrum
(Fig. 3b) as compared to a spectrum recorded without decoupling
at a fast-MAS of 30 kHz (Fig. 3a). One can notice a slight shift
(��0.5 ppm, c.a. 235 Hz) of the 19F resonances upon 1H decou-
pling, due to Bloch–Siegert [40] effect between 1H and 19F which
have close Larmor frequencies (29.5 MHz (6%) difference at
B0 = 11.7 T). At lower MAS frequency of 15 kHz (Fig. 3c), the reso-
lution of the 1H-decoupled 19F MAS NMR spectrum is similar to
that recorded at MAS 30 kHz, indicating that for AlPO4-CJ2, in
which the F atoms are ‘diluted’ (there are either isolated F atoms
in the SBU-OH or pairs of fluorine atoms in the SBU-F), the
19F–19F homonuclear dipolar interaction is already averaged out
at moderate MAS frequency of 15 kHz. This situation is different
from that observed in purely fluorinated inorganic solids, in which
the strongly coupled 19F spin system is very difficult to decouple,
even using ultra-fast MAS [41]. 1H-decoupling allows resolution
of two extra lines on the 19F MAS NMR spectrum of AlPO4-CJ2, lo-
cated at �118 and �119 ppm, which suggests the occurrence of
several different chemical environments for these fluorine atoms.
This multiplicity of the magnetically inequivalent environments
around the fluorine atoms can be related to the repartition of the
SBU-OH and SBU-F in the solid network of AlPO4-CJ2.

The 1H–31P CP–MAS (10 kHz) NMR spectrum of AlPO4–CJ2
(Fig. 4a) shows two main resonances of equal relative intensity,
centered around – 10 ppm and – 20 ppm previously assigned,
based on their isotropic chemical shift to the two inequivalent
phosphorus atoms P2 and P1 of the structure, respectively [39].
Each of the two 31P resonances has a shoulder, whose resolution
rm for 1H–31P CP-MAS (10 kHz) NMR experiments of AlPO4-CJ2 recorded without
g schemes.



Fig. 5. 19F–31P CP-HETCOR (a) pulse sequence and (b) corresponding MAS (15 kHz) 2D NMR correlation spectrum of AlPO4-CJ2. The top and right spectra, on which lines are
assigned, are the full projections along the horizontal and vertical dimensions, respectively. The dash lines indicate P–F correlations. (c) 19F–31P CP-HETCOR NMR spectrum
recorded without any decoupling, taken from ref [39]. (d) The spectrum in (c) had been described as compatible with a virtual 2D for which full disorder of building units was
assumed. The spectrum (a) clearly confirms this deduction.
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can be increased by application of 90 kHz RF field 1H-SPINAL
decoupling and significantly further increased by application of
double-resonance 1H-SPINAL and 27Al moderate power (30 kHz
RF field) RA-MP decoupling (Fig. 4b). Along with the improved res-
olution, the duration of the 31P free induction decay, thus the Topt

2 ,
is also significantly increased upon heteronuclear multi-resonance
decoupling (Fig. 4a). Additional 19F SPINAL-64 decoupling has no
apparent influence on the 31P NMR spectrum, either because the
31P line widths were already reduced to the point where the chem-
ical shifts distribution represent the limit in resolution or because
the combination of 19F dipolar and CSA interactions decreases the
efficiency of the SPINAL-64 scheme. Two main resonances for each
P1 and P2 atoms can be distinguished, which correspond to P1 and
P2 in a SBU-F and OH (labeled P(F) and P(OH), respectively). Each of
these sub-peaks also has several contributions, which can also be
related to the distribution of SBUs around one given SBU in this
compound [39].
Suppression (or strong reduction) of heteronuclear interactions
(1H–19F, 1H–31P, 27Al–31P) in fluorinated aluminophosphate can be
achieved using single or double heteronuclear decoupling schemes,
even at moderate MAS frequency and B0 magnetic field, yielding
increased Topt

2 for 19F and 31P and high-resolution NMR spectra
can be obtained. The 31P chemical shifts definitively seem to be
the more sensitive to slight structural disorder observed in
AlPO4-CJ2.

3.2.2. 2D MAS NMR spectra
3.2.2.1. 19F–31P. 19F–31P spatial proximities have been probed using
the CP-HETCOR experiment at moderate MAS frequency (15 kHz).
As previously mentioned, high-resolution in both direct 31P and
indirect 19F dimensions required the suppression of all heteronu-
clear couplings (1H–19F, 1H–31P, 27Al–31P) by application of 1H
decoupling during the acquisition of the 19F signal and both 1H
and 27Al decoupling during the acquisition of the 31P signal



Fig. 6. 19F–27Al J-HMQC (a) pulse sequence and (b) corresponding MAS (15 kHz) 2D NMR correlation spectrum of AlPO4-CJ2. The top and right spectra, on which lines are
assigned, are the full projections along the horizontal and vertical dimensions, respectively. The dash lines indicate F–Al correlations. (c) 19F–27Al 2D correlation MAS NMR
spectrum recorded with the CP-HETCOR pulse sequence and without any decoupling, taken from ref [39].
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(Fig. 5a). The obtained 19F–31P CP-HETCOR MAS (15 kHz) NMR cor-
relation spectrum of AlPO4-CJ2 (Fig. 5b) indeed shows a resolution
on both dimensions much better than what was obtained earlier
(Fig. 5c) under equivalent magnetic field (11.7 T) and MAS fre-
quency (�15 kHz) but without any decoupling. The observed
cross-correlations peaks between P1(F)–P2(F) and P1(OH)–
P2(OH) indicate proximities between the P and F atoms within a
SBU, while the cross-correlation P1(F)–P2(OH) and P1(OH)–P2(F)
indicate proximities between phosphorous atoms belonging to
neighboring SBUs. The presence of cross peaks between P from
SUB-OH(F) and F from SBU-F (resp. OH) confirms the random char-
acter of the distribution of the SBUs in the solid network, rather
than a separation in distinct domains (Fig. 5d).
3.2.2.2. 19F–27Al. Proximities between the fluorine and aluminum
atoms in fluorinated samples are usually probed though the heter-
onuclear dipolar interaction in CP experiments [42–45], which can
be tricky to set-up and are sensitive to offsets because of the quad-
rupolar spin 27Al (I = 5/2). 19F–69,71Ga [7] and 19F–115In [11] J-cou-
plings of c.a. 100s of Hz have been measured in the solid-state.
Therefore, although it has to date never been measured, similar
values can also be expected for the 19F–27Al spin pair. In AlPO4-
CJ2, around 3 ms time was required for the 19F–27Al heteronuclear
double-coherence to build-up (i.e. longer than the 19F Topt

2 without
application of 1H decoupling). Therefore signal through the
19F–27Al J-HMQC experiment could only be obtained under
application of 1H-decoupling during the excitation periods of this



Fig. 7. 19F–19F DQ–SQ (a) pulse sequence and (b) corresponding MAS (15 kHz) 2D NMR correlation spectrum of AlPO4-CJ2. The excitation of the DQ coherence was achieved
using the DH3 scheme [21], identical to the five-pulse R-INADEQUATE [30] experiment. The top spectrum, on which lines are assigned, is the full projection along the
horizontal dimensions. The thick line indicates the diagonal with slope of 2. The dash lines indicate F–F correlations.
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double-coherence (Fig. 6a). In addition, to get high-resolution 19F
direct dimension, 1H decoupling was also applied during the acqui-
sition of the 19F signal. In the case of AlPO4-CJ2, the 19F line width is
mostly homogeneous and due to coupling with the 1H. Thus, the 1H
decoupling results in both an increased efficiency of the J-based
transfer and a gain in resolution in the 19F dimension. The resulting
19F–27Al J-HMQC MAS (15 kHz) NMR spectrum of AlPO4-CJ2 is
shown in Fig. 6b. Again, the resolutions in both dimensions are
much better than what was obtained earlier on a 19F–27Al CP-HET-
COR NMR spectrum (Fig. 6c) under equivalent magnetic field
(11.7 T) and MAS frequency (�15 kHz) but without any decou-
pling. It should be mentioned that these heteronuclear experi-
ments could be combined with a high-resolution multiple-
quantum (MQ-MAS) filter in the 27Al indirect dimension [46–48]
to even further the gain in resolution. Finally, the observed connec-
tivity pattern on the 2D NMR spectrum evidences the difference
between the fluorinated SBUs which contains bridging F site (Fb)
linking two aluminum sites, and the hydroxylated SBUs, in which
only one F atom is linked to a six-fold coordinated aluminum site.
3.2.2.3. 19F–19F. Fluorine–fluorine proximities can conveniently be
probed using DQ–SQ NMR experiments, with the 19F–19F homonu-
clear dipolar coupling, very strong in inorganic fluorides, being the
sourced interaction used to generate the DQ coherence. Since it is
partially averaged out by MAS, the homonuclear dipolar interac-
tion must be reintroduced by means of, for example, the BABA
[49] or SPIP [50] recoupling pulse sequences [18,19,41,51–54].
However, it has recently been shown that small (20–80 Hz) J-cou-
plings [20] or the homogeneous homonuclear dipolar Hamiltonian
that are not averaged out by MAS [21], can also be directly used, i.e.
without any recoupling, in the R-INADEQUATE [30] or DH3 [21]
NMR experiments, respectively. One limitation in the use of such
small interactions (compared to the dipolar interaction) is the
longer time needed for the DQ coherence to build-up (1–10 ms
in the R-INADEQUATE vs 100s of ls in a dipolar driven experi-
ment), which therefore requires long 19F coherence lifetime Topt

2 .
In deuterated oxyfluorides [20] this can be achieved using fast
MAS (30 kHz) since the F atoms are far from each other and not
coupled to any protons. In pure fluorides [21], the 19F–19F dipolar
interaction has to be efficiently averaged out, which can be done
under ultra-fast MAS (60–70 kHz) conditions. In AlPO4-CJ2, which
does not contain strongly coupled homonuclear spin systems, opti-
mized Topt

2 is obtained when the 19F–1H dipolar interaction is aver-
aged out, i.e. either under ultra-fast MAS conditions or, as in our
case, under 1H-decoupling at moderate MAS. Consequently, maxi-
mum 19F DQ signal intensity was obtained in the DH3 experiment
with application of 1H-decoupling during the DQ excitations peri-
ods (Fig 7a). In addition 1H-decoupling was also applied during
the 19F signal detection to obtain high-resolution dimensions.
The resulting 19F–19F DH3 spectrum of AlPO4-CJ2 (Fig. 7b) shows
expecting cross-correlation peaks between neighboring F atoms
within a structural unit (Fb–Ft(F)), as well as longer range correla-
tions between F atoms in neighboring structural units (Fb–Ft(OH),
Fb–Fb, Ft(F)–Ft(OH), Ft(F)–Ft(F)).
4. Conclusions

The effect of multiple-resonance heteronuclear decoupling un-
der MAS on the resolution of 1D 19F and 31P and various 2D MAS
NMR spectra and on the coherence lifetimes Topt

2 in fluorinated alu-
minophosphate AlPO4-CJ2, i.e. a compound that contains numerous
highly abundant nuclei but no homonuclear spin bath, has been
investigated. The use of relaxation to improve resolution has previ-
ously been considered in the liquid-state in the transverse relaxa-
tion optimization spectroscopy (TROSY) NMR experiment [55].
Although the set of interactions are much more complex in the so-
lid-state, using multiple RF irradiations may potentially also lead,
by selective suppression of interactions, to comparable effects un-
der MAS. If only one pair of interactions could be retained, then by
multi-radio-frequency-decoupling, one might access TROSY under
MAS (mrfd-TROSY-MAS). 1H decoupling and double-resonance
1H–27Al increases both the resolution and the Topt

2 of 19F and 31P,
respectively. A quadruple frequencies probe (1H, 19F, 27Al, 31P) al-
lows obtaining two-dimensional 19F–31P CP-HETCOR correlation
spectrum for AlPO4-CJ2 with high-resolution in the two
dimensions. Because 1H-decoupling increases the 19F Topt

2 , it has
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been applied during the whole 2D NMR experiments. Under these
conditions, small interactions like 19F residual dipolar couplings
and 19F–27Al J-couplings, have been directly used to generate
19F–19F and 19F–27Al 2D NMR correlation spectra in AlPO4-CJ2.
The various NMR spectra of AlPO4-CJ2 displayed in this contribu-
tion show that manipulating the relaxation times provides signifi-
cant gains in sensitivity and a resolution about 2.5 higher than
what could have been achieved by increasing the static magnetic
field from 11.7 T to 23.4 T. This consequence indicates that consid-
erable improvements in resolution enhancement could be under-
taken at moderate magnetic fields with multiple channels probes.
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