The first observation of ‘NMR-invisible phosphorus' in cobalt-substituted

aluminophosphate molecular sieves
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A spin-echo mapping technique is used to record the total
31P NMR signal of CoAPO molecular sieves for which a
large proportion of phosphorus nuclei are not accessible by
conventional NMR techniques.

Framework substitution of divalent cations for auminium in
aluminophosphate molecular sieves (MeAPO,) has been a
matter of interest over the last years as it provides AIPO
materials with interesting properties in cataytic reactions.1.2
Therefore, it is of prime importance to have an extensive
characterisation of these catalysts, and to determine the nature
and location of the metal ions within the channels and cavities
of the structure. Among all the spectroscopic techniques that
can be used, solid-state NMR is very attractive as both 31P and
27Al nuclei possess anatural abundance of 100%. It is expected
that substitution of divalent cations for auminium modifies the
chemica shift of neighbouring 3P nuclei, as observed in 295
NMR spectra of zeolites with aluminium incorporation. Up to
now, the method has been successfully applied for the study of
the environment of phosphorus nuclei in magnesium-substi-
tuted auminophosphates MAPOs.35 However, as far as
paramagnetic transition-metal cations like Co?+ are concerned,
conventional NMR sequences cannot be applied. NMR signals
are broadened and numerous spinning side-bands are observed,
due to various interactions between cobalt and phosphorus
nuclei .6 The presence of these side-bands aswell asthe decrease
in both the T, and T, relaxation times of 3P nuclei has
sometimes been considered as a proof for the framework cobalt
siting.” However, such modifications are also observed in Co-
impregnated a uminophosphates, which makes the discrimina
tion between framework and non-framework cobalt almost
impossible with this technique. Peeters et al .8 have shown that,
when cobalt is incorporated into the AIPO framework, phos-
phorus nuclei in the first and third coordination spheres around
the metal cannot be detected by NMR and become ‘NMR-
invisible'.

We report here for the first time a method that alowed us to
observed these so-called ‘“NMR-invisible phosphorus’ nuclel
and to record the total 31P NMR spectrum of COAPO materials.
The method is based on a spin-echo mapping technique that has
been successfully applied for the characterisation of para
magnetic VPO catalysts.®.10 Schematically, the method consists
of recording a series of spectra using a Hahn echo sequence at
different irradiation frequencies. For each spectrum, the
intensity is corrected taking into account the relaxation of the
magnetisation before acquisition of the signal. The total NMR
signal is then obtained by addition of all individual spectra
Tong!! has recently shown that, under specific conditions, the
spectrum obtained by spin-echo mapping could reproduce the
real line shape. Therefore, it was possible to make quantitative
measurements by comparing the NMR intensities with those of
pure AIPO-5. All experiments were carried out on a Bruker
DSX 400 spectrometer operating at 161.9 MHz. The 90° pulse
was 3 us and the defocalisation time between the 90 and 180°
pulses in the echo sequence was 20 us. All CoAPO
molecular sieves were synthesised following literature pro-
cedures.

Fig. 1 comparesthe 31P NMR spectra of CoAPO-50 obtained
under various conditions. Almost no signal is observed under
MAS conditions, due to the high Co content in the sample (11
mass% Co). With a Hahn echo, a broad signal is observed at
0 ca. —20 (ref. H3POy), the intensity of which corresponds to
<10% of the total amount of phosphorus in the material. This
shows that > 90% of 3!P nuclei are not detected under these
conditions. Using the spin-echo mapping technique, a very
broad signal is observed between 6 ca. 0 and 10000. The
integrated intensity of the obtained spectrum corresponds to
98% of the phosphorus atoms present in the sample, which
showsthat thetotal signal hasbeen recorded. Infact, most of the
signa (ca. 85%) is shifted towards low fields, which is the
reason why it could not be observed using conventional echo
sequences. The invisibility of 31P nuclei is thus not due to very
fast relaxation processes but to the fact that the signal cannot be
observed when the irradiation frequency is centred on & 0. As
for VPO catalysts, the shift probably results from an electron—
nuclear dipolar-plus contact term between the electrons of Co2*
and 3!P nuclei. We have already reported that the frequency
shift is proportional to afractional contribution of the unpaired
electron spin to the 3P nucleus.© In order to obtain more
information about the nature and the assignments of the NMR
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Fig. 131PNMR spectraof CoAPO-50. (a) 3tP MAS spectrum. Pulselength:
2 us, recycle delay: 20 s, spinning rate: 10 kHz. 1600 scans were
accumulated (asterisks denote spinning side-bands). (b) Spectrum obtained
with a Hahn echo sequence with the irradiation frequency at 0 Hz. (c) Spin-
echo mapping spectrum obtained by addition of 22 spectra. For each
individual spectrum, 1800 FIDs were accumulated.
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signals, we have recorded the spectrum of DAF-2, a cobalt
phosphate made of alternating CoO,4 and PO, tetrahedra.12 The
signa is composed of a broad peak at & ca. 9500 and
corresponds to P atoms surrounded exclusively by four Co
atoms. As the shift is proportional to the electron density of
Co?2* on the 31P nucleus, it is expected that it will depend on the
number of Co atomsin the first coordination sphere around P.
Therefore, we can suggest that the signal observed between
0 ca. 500 and 10000 correspondsto P atomswith at |east one Co
in the first coordination sphere, whilst the peak at 6 ca. 0
corresponds to P(4A 1) species. Thiswas confirmed by studying
a series of CoOAPO molecular sieves with various Co contents.
The relative intensity of the signal above & 500 increases with
the Co content but, in all cases, integration of the spectrum
indicates that all phosphorus atoms were detected (Table 1).
More details about the evolution of the line shape and intensity
with the amount of Co incorporated will be given in a
forthcoming paper.

CoAPO-50 clearly shows adistinct NMR peak at & ca. 2500
which corresponds to approximately one quarter of the shift
observed for DAF-2. We can thus assume that this line
correspondsto P(1Co,3Al) units. Unfortunately, NMR lines are
very broad and deconvolution of the signal into several lines

Table 1 Percentage of phosphorus nuclel observed by 31P NMR in various
samples

Sample Co (mass%) le (%)2 lsem (%0)°
CoAPO-50 117 9.5 98
CoAPO-46 7.9 17 103
CoAPO-39 2.95 71 (65¢) 101 (97¢)
CoAPO-5 3.05 67 (66°) 99 (102¢)

a |g is the percentage of 3!P nuclei detected using a Hahn echo with
irrediation frequency at 0 Hz. ® sy isthe percentage of 31P nuclel detected
with the spin-echo mapping technique. ¢ Vaues obtained on calcined
samples.
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Fig. 2 31P NMR spectra by spin-echo mapping of as-synthesised CoAPO-5
(a), calcined CoAPO-5 (b) and cobalt impregnated AIPO-5 (c)
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corresponding to P(nCo, 4 — nAl) is not trivial. However, our
assumption was supported by the study of samples containing
low amounts of cobalt, like CoOAPO-34 (2.95 mass% Co) or
CoAPO-5 (3.05 mass% Co). For these samples, if we assume a
random distribution of Co in thelattice, the relative contribution
of P(2Co,2Al) speciesis expected to be negligible compared to
that of P(1Co,3Al). Experimentally, spectra are essentially
composed of two lines centred around & 0 and 2500 without
significant contribution above 6 5000. Moreover, we found that
the relative intensity of the signa at & O could be directly
correlated with the Co content in the various samples, which
makes the method very interesting not only for observing the
total 31P NMR signal but also to estimate the chemical
composition. The line shape is dightly modified upon calcina-
tion of COAPO materialsin air (Fig. 2). As ageneral trend, we
have noticed that the intensity in the range 6 500-1500
increases upon calcination whilst that above & 2500 decreases,
but the total intensity remained unchanged. As the observed
shift strongly depends on the geometry and electronic density
around P atoms, such modifications might be explained by
changes in bond angles and lengths or by partial oxidation of
Co' to Co''' species upon calcination. Indeed, oxidation is
expected to reduce the electronic density on the phosphorus
nuclei and thus to decrease the observed NMR shift as already
reported for VPO.®

Finally, we have studied a CoAPO-5 sample (10 mass% Co)
obtained by impregnation of calcined AIPO-5 with cobalt(ii)
nitrate followed by calcination in air at 500 °C. As previously
reported,® numerous spinning side bands are observed in the
MAS NMR spectrum and T, and T, relaxation times con-
siderably decrease with respect to pure AIPO-5. However, no
signal isdetected in the range 6 500—10 000 using the spin-echo
mapping technique. This strongly suggests that the presence of
an NMR signal in thisregion is characteristic of the incorpora-
tion of Co in the AIPO framework. The presence of Co-O-P
bridges is probably necessary to delocalise the unpaired
electrons of the metal on 31P nuclei.

All these experiments show that the spin-echo mapping
technique is a rapid and very powerful method to characterise
CoAPO molecular sieves and to prove the incorporation of the
metal in the framework. A detailed attribution of the different
signals as well as the possibility of applying the method to the
characterisation of other transition-metal substituted molecular
sievesisin progress.
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