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ABSTRACT: Crystallization of AIPO,-S with AFI structure under
solvent-free conditions has been investigated. Attention was mainly
focused on the characterization of the intermediate phases formed at the
early stages during the crystallization. The development in the long-
range ordering of the solid phases as a function of crystallization time ﬁ
was monitored by XRD, SEM, IR, UV-Raman, and MAS NMR

techniques. Particularly, the UV-Raman spectroscopy was employed to
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obtain the information on the formation process of the framework. J-

HMQC *’Al/*'P double-resonance NMR experiments were used to

identify the P—O—Al bonded species in the intermediate phases. For the first time the P—O—Al bonded species in the
intermediate phases can be correctly described through using this advanced NMR technique. The crystallization under solvent-
free conditions appears to follow the pathway: The initial amorphous raw material is converted to an intermediate phase which
has four-/six-membered ring species, then gradually transformed into crystalline AIPO,-5. This observation is not consistent with
the common idea that the intermediate phase is the semicrystalline intermediates with a three-dimensional structure.

B INTRODUCTION

Aluminophosphate (AIPO,-based) molecular sieves and
zeolites are widely used in industry for separation and catalysis
because of their unique frameworks with specific pores,
channels, and cavities at molecular levels."” Despite tremen-
dous advances in the understanding of the principles underlying
the formation of these materials under hydrothermal synthesis
(HTS) conditions or dry gel conversion,””'* it is an extremely
complicated process with multiple reactions and equilibriums
occurring simultaneously in solution and solid phases to figure
out the crystallization mechanism from the HTS reaction
system. Therefore, until now the crystallization mechanisms of
molecular sieves are still not understood well on a molecular
level, and it is still difficult to design novel framework structures
with desirable properties.'>™**

Through observing the details of the conversion of one-
dimensional (1-D) chain to 2-D layer and to 3-D open-
framework aluminophosphates, Oliver and co-workers pro-
posed that all the AIPO,-based structures are transformed from
a parent single chain with corner-sharing (Al-O-P), four-
membered rings (4-MRs).”” No doubt, this observation is very
important for understanding the formation process of AIPO,-
based molecular sieves. Of course, it is also very important to
identify the other small parent units in the structures of the
intermediates or precursors. A number of advanced techniques
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such as UV-Raman,"”"* SAXS,* and X-ray diffraction (XRD)>'
have been taken to study the crystallization processes, and the
1-D growth process and the existence of 4-/6-MR species have
been partly confirmed.'"**%*!

Although solid-state NMR techniques have been widely used
to characterize the framework of molecular sieves and probe the
local environments of the amorphous phases,”>** until now no
NMR technique has been employed to identify the specific
structural units such as 4- and 6-MR in the intermediate phases.

Recently, a number of important zeolites and molecular
sieves have been synthesized by our group using solvent-free
synthesis methodology. One of the most important benefits of
this methodology is providing a simple and uniform reaction
system for studying their crystallization process. All of the
reactive species are contained in the solid phase, which avoids
to distinguishing the reaction intermediates from solution and
solids like HTS conditions, which is very favorable for deep
understanding the molecular sieve crystallization. Here, we
present the investigation on AIPO4-5 crystallization processes
under solvent-free conditions. AIPO,-S is one of the
representative AIPO,-based molecular sieves with AFI top-
ology. This material has a wide range of applications as an
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absorbent or an excellent catalyst support, and now it is
considered to be a novel material for optical data storage or
other optical applications.”*** In this paper, we have
characterized the intermediate phases of AIPO,-5, which were
obtained by quenching the reaction at different times using
several solid-state NMR techniques in combination with
powder XRD, SEM, FT-IR, and UV-Raman spectroscopy.

In particular, we have employed *’Al and *'P MAS NMR to
probe the development of coordination environments of P and
Al atoms. 'H-"*C CP/MAS NMR is utilized to monitor the
development of organic agents (di-n-propylamine, DPA;
tetraethylammonium, TEA") during the crystallization process
of AIPO,-S. Besides the routine solid-state NMR techniques
have been applied, a specific solid-state NMR technique, the J-
mediated heteronuclear multiple-quantum correlation (J-
HMQC) sequence, is taken to characterize the directly boned
P—O-—AI species, which provides accurate information about
the intermediate phases during the framework formation
process.

The 2-D INEPT experiment has been successfully applied to
reveal the connectivities between AlO, and PO, polyhedra by
Fyfe and co-workers,”* but its relatively low sensitivity limits
deep understanding on the connectivities. Therefore, a new
technique in solid-state NMR field-]-HMQC sequence is
employed in this work to probe the connectivities between
spin-1/2 ("H, BC, *'P, ...) and half-integer quadrupolar (''B,
»Na, 70, ¥Al, ...) nuclei. This PT-J]-HMQC experiment has
been successfully applied to study the structural connectivities
of 3'P—O-Al on a layered aluminophosphate Mu-4.>"" In
those cases, this method could be used to distinguish the true
structural building units from the other reaction intermediates.
Obviously, these true structural building units are the keys to
find out the real crystallization mechanism of molecular sieves.

B EXPERIMENTAL SECTION

Zeolite Synthesis. AIPO,-5 was synthesized under solvent-free
condition according to previous works.”” Typically, the solvent-free
synthesis of AIPO,-S was performed by grinding at room temperature
and heating at 200 °C for solid compounds of di-n-propylamine
phosphate (DPA-H,;PO,), boehmite, and tetraethylammonium bro-
mide (TEABr) with the molar ratio of AlL,O;/P,0;/DPA/TEABr/
H,O at 1.0/0.8/1.6/0.2/2.4. After dryness at 100 °C, the crystalline
product was finally obtained, which was designated as S-APO-S.

Characterization. XRD patterns were measured with a Rigaku
Ultimate VI X-ray diffractometer (40 kV, 40 mA) using Cug, (4 =
1.5406 A) radiation. Scanning electron microscopy (SEM) experi-
ments were performed on Hitachi SU-1510 and SU-8010 electron
microscopes. FT-IR spectra were recorded on Thermo Scientific
Nicolet iS5 FT-IR spectrometer. *’Al and *'P solid NMR spectra as
well as JHMQC 27Al/*'P double-resonance NMR experiments were
recorded on a Bruker Infinity Plus 500 spectrometer, and the chemical
shifts were referenced to Al(H,0)s** (1 M, 0 ppm). All the liquid
NMR experiments were performed on a Bruker 600 spectrometer at
resonance frequencies of 600.13 and 150.92 MHz for 'H and *C,
respectively. 'H NMR spectra were recorded with a pulse width of 9.8
ps and a recycle delay of 2 s. A 30° exiting pulse with 2 s repetition
time was used for *C NMR experiments. The chemical shifts were
externally referenced to TMS. UV-Raman spectra were recorded on a
Jobin-Yvon T64000 triple-stage spectrograph with spectral resolution
of 2 cm™. The 266 nm line from the double frequency of Coherent
Verdi-V10 laser through Wave Train CW frequency doubler was used
as another excitation source. The power of the 266 nm line at samples
was below 1.0 mW.
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B RESULTS AND DISCUSSION

Figure SIA shows XRD patterns of the washed samples with
different crystallization time, which indicate the crystalline
evolution of the solid mixtures. For the initial samples (Figure
S1A-a), the XRD pattern shows only the peaks from DPA-
H,PO,.”” As heating to 1.0 h (Figure S1A-b), two broad humps
between 12.5° and 30° appear; when heating to 1.5 h (Figure
S1A-c), three weak diffraction peaks between 19° and 22.5° are
shown, which suggest that the periodic framework of crystalline
AIPO,-S starts to be formed from an amorphous phase. Heating
to 2 h (Figure S1A-d) leads to the formation of the fingerprint
peaks associated with the AFI-type framework at 7.5°, 19.9°,
21.1°, and 22.6°. With increasing the time to 3 h (Figure S1A-
e), nearly 80% raw materials are transformed into crystalline
molecular sieves of AIPO,-S (Figure S1B). The fully crystalline
molecular sieve is obtained when the reaction time is over 4 h
(Figure S1A-f,g). Compared with HTS, the solvent-free
synthesis takes shorter reaction time, therefore saving energy;
meanwhile, the yield under solvent-free synthesis is much
higher than that of HTS due to no loss of nutrients in the
solvent,*?>?’

Figure S2 shows IR spectra of the washed samples with
different crystallization time for understanding the reactive
intermediates. Before heating (Figure S2a,b), the sample shows
only the peaks from DPA-H;PO,”" After heating for 1 h
(Figure S2c), several weak bands in the range of 2600—3000
cm™! are assigned to C—H stretching modes of the template
molecules. The bands at 1470 and 1400 cm™" are considered to
be associated with the bending modes of the —CH, and —CHj
groups of the TEA cations.”® The strong band at 1123 cm™ is
characteristic of the asymmetric stretching vibration of the Al—
O—P units in the amorphous phase.””*” With increasing the
crystallization time from 1.5 to 24 h (Figure S2d—h), several
weak bands at 499, 627, 739, 889, and 1216 cm™ appear, which
are related to the symmetric and asymmetric stretching
vibrations of the AI-O—P units, and the band appearing at
550 cm™" arises from the P—O or Al-O bending modes.*’ All
above observations suggest that the P—O—Al units and the
TEABr molecules exist in the amorphous phase. The two
strong bands at 3422 and 1645 cm™' in the IR spectra
correspond to the specificity of water molecules adsorbed on
OH groups and bending vibrations of these surface-adsorbed
water molecules.”*”"!

Figure S3 shows the SEM images of the washed samples at
different crystallization time. With increasing time, the
amorphous phase has gradually transformed into crystal
morphology. Notably, after heating for 1.5 h (Figure S3c), it
is observed the crystalline phase; after 24 h heating (Figure
S3f), the solids are fully crystallized. The crystalline growth
informed from the SEM images are well consistent with those
observed from XRD patterns.

The Raman spectra in the T—O—T (T = tetrahedral site)
bending region are very sensitive to the ring systems existing in
the molecular sieve frameworks.”” In order to make sure that
the characteristic 12-membered ring (12-MR) channels have
been formed, UV-Raman experiments have been taken for
selected washed samples in Figure 1. For AIPO,-S, its 12-MR
channel has a characteristic ring breathing mode at 260
cm™."**** The starting solid mixture exhibits two well-resolved
signals at 310 and 412 cm™' in the Raman spectrum (Figure
1a), which is associated with those of the Raman spectrum of
DPA-H,PO, molecule (Figure S4a). After heating for 1 h
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Figure 1. Raman spectra of the samples synthesized at different
crystallization time (a) 0, (b) 1, (c) 1.5, (d) 2, (e) 3, and (f) 24 h and
(g) the calcined sample of 24 h.

(Figure 1b), the sample shows the bands at 321, 407, 419, and
498 cm™. The bands at 321 and 419 cm™ are shifted from the
bands at 310 and 412 cm™', which is due to the interaction
between the DPA-H;PO, molecule with aluminum species. The
Raman bands at 407 and 498 cm™" assigned to be the distortive
6-MRs and normal 4-MRs appear in the very early stages of the
synthesis, })articipating in the formation of channel-like
structures.' "**** When increasing the time to 1.5 h (Figure
lc), a weak band with a maximum at 260 cm™’ starts to be
observed, which means the semicrystalline intermediate
structures with 12-MR are formed. At the same time, the
band at 401 cm™" shifted from the band at 407 cm™" in Figure
1b becomes stronger, which suggests that more 6-MRs are
formed. Continuing to increase the crystallization time from 2
to 24 h (Figure 1d,f), the intensities of Raman bands at 260,
401, and 498 cm™ gradually increase, suggesting that the 12-
MR crystalline structures are well constructed through
arrangements of the 6- and 4-MRs. After calcination of the
sample crystallized at 24 h (Figure 1g), the sample clearly
shows the band at 397 cm™" assigned to 6-MRs. In addition, to
remove the UV-Raman signals associated with DPA-H;PO, in
the synthesis, we have compared as-synthesized, washed, and
calcined samples, as shown in Figure S4. Obviously, the Raman
bands at 260, 401, and 498 cm™! should be confirmed to
associate with 12-, 6-, and 4-MR structure.

To investigate the roles of TEABr and DPA molecules during
the crystallization process, 'H-13C NMR spectra were
performed. Figure 2 shows 'H—"*C CP/MAS NMR spectra
of the washed samples prepared at different synthesis time.
Three strong DPA-H;PO, signals are dominant in the spectrum
of the initial sample (Figure 2a), in which raw materials are just
mixed without heating. The reason is that the mole amount of
DPA is far more than that of TEABr in the raw material. After
heating for 1 h (Figure 2b), two signals at 53.2 and 7.2 ppm
assigned to the methylene and methyl groups of TEABr appear,
indicating that the TEA cations are similar to the role of the
structural directing agent, interacting with the inorganic species
even if the solids are still amorphous in nature.’”” After heating
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ppm

Figure 2. '"H—"3C CP/MAS NMR spectra of the samples synthesized
at different crystallization time of (a) 0, (b) 1, (c) 1.5, (d) 2, (e) 3, and
(f) 24 h.

for 1.5 h (Figure 2c), the signals from DPA are significantly
reduced, which might be related to the fact that most of DPA-
H;PO, molecules in the system are dissociated to DPA and
H;PO,. At the same time, the produced H;PO, at high
temperature might react with AL,O; to form (Al-O-P),
species. Possibly, the DPA-H;PO, complexes made the
crystallization time shorter than that of traditional hydro-
thermal synthesis and produced a uniform crystallized
molecular sieves. They can be a good candidate of phosphorus
sources. The reaction equation is proposed as follows:

§A1203 + gDPA~H3PO4 — (Al-O—P), + nDPA

As observed in Figure 2, the 'H—">C NMR spectra
demonstrate that the relative intensities of DPA molecules
are gradually decreased and TEA" species are gradually
increased with prolonging the crystallization time in the
samples. In the pure AIPO,-5 product we cannot observe the
DPA molecules, which means that the DPA molecules do not
act as pore filling agents or structure-directing agents in the
synthesis, but TEA" species do.

Figure SS shows 'H and "*C liquid NMR spectra of a filtrate
obtained from the fully crystallized sample, showing peaks at
0.7, 1.4, 2.7 ppm in 'H spectrum and 10, 19, 49 ppm in *C
spectrum, which are assigned to characteristic of DPA species.
These results confirm the direct decomposition of DPA-H;PO,,
to DPA and H;PO,, rather than templation of AIPO,S
molecular sieve. Figure S6 shows TG-DTA curve of DPA-
H;PO,, giving that the DPA-H;PO, starts to decompose from
about 160 °C. This observation strongly supports our
suggestion that the DPA-H;PO, molecules are dissociated to
DPA and H;PO, under solvent-free conditions (reaction
temperature at 200 °C). In fact, the DPA-H;PO, molecules
provide a solid P source for the solvent-free synthesis of AIPO,-
5.

Figure 3A shows *’Al MAS NMR spectra of the samples
synthesized at different crystallization time. For the starting raw
solid mixtures (Figure 3A-a), only a strong signal at 8.3 ppm is
observed, which is correspondent to boehmite. After heating for
1 h (Figure 3A-b), *’Al spectrum of the sample shows a weak
signal at 42.6 ppm and a strong signal at 8.3 ppm. Previous
work has assigned that the weak signal is from the tetrahedral

Al connected with phosphate [AI(OP),], while the strong
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Figure 3. (A) YAl and (B) *'P MAS NMR spectra of the samples
synthesized at different crystallization time of (a) 0, (b) 1, (c) 1.5, (d)
2, (e) 3, and (f) 24 h.

signsaz%j 31: related to unreacted boehmite in aluminophospha-
tes.”

The *’Al spectrum of the 1.5 h (Figure 3A-c) heated solid
shows a similar feature to the 1 h heated solid. After heating the
mixtures for 2 h (Figure 3A-d), the intensity of the tetrahedral
Al signals at 42.6 ppm is increased, and the “octahedral” Al
signals are decreased, suggesting that the solids get more
organized. Further heating does not really change the relative
intensities of the signals, which means almost all raw materials
have been transformed to crystalline products after heating for
3 h (Figure 3A-e). It is also observed that the chemical shift of
the tetrahedral Al changes from 42.6 to 38.4 ppm during the

crystallization, which suggests the chemical environment of Al
atoms between the amorphous and crystalline phase are slightly
different. The very weak peak at —11.7 ppm in Figure 3A can
be attributed to the extra-frame octahedral AL**"7#37%

Figure 3B shows *P MAS NMR spectra of the samples
synthesized at different crystallization time. For the initial raw
mixtures (Figure 3B-a), only one strong signal at 2.7 ppm
associated with DPA-H;PO, is observed.

The "P spectrum of the 1 h (Figure 3B-b) heated mixture
shows a broad signal from —12.2 to —15.4 ppm and a sharp
signal at —18.9 ppm, indicating the presence of several kinds of
P—O—Al units in the mixture.””>* Particularly, the sharp 3'P
peak at —18.9 ppm has been assigned to P(OAl);(=O) and/or
P(OAl);(—OH) species.””*”** The 3'P spectrum of the 1.5 h
(Figure 3B-c) heated sample gives the signal at —27.9 ppm,
which is assigned to P(OAl),.”*”* Simultaneously, the signal
intensities (—12.2 to —15.4 ppm) become weaker. As heating
time to 3 h (Figure 3B-e), there is only signal around —29 ppm
assigned to the tetrahedral P in the AIPO,-S crystalline
framework, indicating its full crystallization.

For 1D *'P and *’Al NMR spectra, it has a great challenge to
get high-resolution NMR spectra of the aluminophosphate
intermediate species because their signals are highly overlapped.
To deeply understand the crystallization process and the
aluminophosphate structures in the intermediates, *'P-{*’Al} J-
HMQC experiments have been performed, which can provide
the bonded P—O-—Al structural information. In contrast,
HETCOR method only provides the spatial information.
Obviously, the J- HMQC experiments can be used to identify
the complex species existing in the crystallization of molecular
sieves.

In the spectrum of the initial sample, there is no correlated
signal (Figure 4A) because no Al-O—P units are in the raw
mixtures. For crystallization with 1 h (Figure 4B), the top cross
contours relate the signals of P atoms with chemical shift from
—12.2 ppm to —154 ppm with the signals from Al with
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chemical shift at —4.8 and —1.0 ppm, these correlated peaks are
thought to be the linear tetrahedral Al and P units [(P—O—
Al),] in the intermediates.*’

The top cross contours in Figure 4B mainly relate the signals
of P atoms with chemical shift at —18.5 ppm with the signals
from Al with the shift from —4.8 to —1.0 ppm; these correlated
peaks were considered to be the tetrahedral Al and P units that
are formed to 4-/6-MRs and branched ring units in the
intermediates. The UV-Raman spectra of the sample support
the presence of 4-/6-MRs in the system (Figure 1). These 4-/6-
MRs could be the dominant AlI-O—P bonded species due to
their relatively strong signals. The 4-/6-MRs will be organized
by the association of TEABr molecules and form the 1D AlLP,
parent chains and 3D frameworks around the TEABr
molecules. We believe that this stage is the true nucleation
stage for assembling the AFI framework. Later observations
prove that this stage is the key for the intermediate phase to be
further crystallized because the ring species provide the basic
construction materials for building a 3-D framework.>’

When the heating time is increased to 1.5 h (Figure 4C), the
cross contour shows that all Al atoms and P atoms are in the
framework of AIPO,-S. Even if XRD pattern of the sample does
not show characteristic peaks related to AIPO,-S, the 2D NMR
spectrum clearly demonstrates that the sample synthesized at
1.5 h is well crystallized. It is worth mentioning that the Al-O—
P species with P chemical shift —18.5 ppm are almost totally
consumed, but 1D 3!P MAS spectrum does not show this
transformation. This observation also supports that the ring
species are the nutrients and building blocks for the formation
of aluminophosphate-based molecular sieve AIPO,-S. Longer
crystallization time just makes the crystals more perfect and
grow bigger. In Figure 4D,E, the cross contour with Al signal at
12.5 ppm can be assigned to the penta-coordinate AL>’ For
calcined sample (Figure 4F), this contour disappears for losing
water molecules. Clearly, the 2D NMR technique could be a
new tool to investigate the complex intermediates in the
crystallization of aluminophosphate molecular sieves.

Theoretical simulation of *'P and *’Al chemical shifts can
been applied to provide further evidence on the assignments of
the intermediates.”’ Compared with the 4-MR chain (Figure
S7) and the 6-MR chain (Figure S8), the theoretically
simulated *’Al (2.8 to —7.0 ppm) and *P NMR (—16.3 to
—17.0 ppm) for 4-/6MR chain (Figure 5) are very close to the
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Figure S. Optimized 4-/6-MR chain structure. The simulated 3p
(blue) and *Al (black) NMR labeled in ppm.

experimental results (—4.8 to —1.0 ppm for *’Al and —18.5
ppm for *'P), which strongly supports the experimental results
that the 4-/6-MR chains as the intermediates assemble to 1D
chains and 3D framework.

On the basis of above experimental results, the crystallization
process of the AIPO,-S is proposed in Scheme 1. The initial
amorphous raw material is converted to an intermediate phase
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with 4-/6-MR species, then gradually transformed into
crystalline AIPO,-S.

Scheme 1. Illustration of Possible Formation for Solvent-
Free Synthesis of AIPO,-5
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Bl CONCLUSIONS

We have investigated the formation process of molecular sieve
AIPO,-5 as a function of crystallization time under solvent-free
conditions. This process follows a self-assembly mechanism,
involving the formation of a key intermediate consisting of 4-/
6-MR chains, which is not detectable by XRD pattern, but J-
HMQC *'P/?’Al technique clearly observes this key stage. This
intermediate provides the basic building blocks for further
forming the target AIPO,-5 crystals.
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