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The crystallization of microporous material SAPO-37 was studied under hydrothermal synthesis (HTS)
and dry gel conversion (DGC) conditions. The evolution of the intermediate phases as a function of crys-
tallization time was followed by several techniques including PXRD, SEM, AFM, and solid-state NMR. For
DGC, SAPO-37 crystallizes from a semi-crystalline layered precursor containing large pores and sodalite

cages, whose structure is held by weak nonbonding interactions. Si atoms are only incorporated in the
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later stage of the crystallization via the formation of aluminosilicate species. Under HTS conditions,
the crystallization pathway of SAPO-37 is somewhat similar to that for DGC. The AFM data suggest that
the crystal growth mechanism is “birth and spread”, and the final SAPO-37 crystals have rough (11 1) sur-
faces terminated by different structural building units. The findings of the present work provide new
physical insights into the formation of SAPO-37.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Since the first report by Lok et al. in 1984 [1], silicoalumino-
phosphate molecular sieves (SAPO-n) have received much atten-
tion due to that they have been widely used in industry for
separation and catalysis. These microporous solids not only exhibit
properties characteristic of zeolites and aluminophosphate (AIPO4-
n) based molecular sieves, but also present physicochemical traits
unique to their chemical compositions [2,3].

SAPO-based molecular sieves consist of tetrahedral oxide (TO,4)
frameworks (T = Si, P, and Al) and can be viewed as silicon atoms
being incorporated into an AlPO4-n framework [2]. Flanigen and
co-workers [4] proposed three Si substitution mechanisms: (1) Si
incorporated into an Al site (SM I), (2) Si incorporated into a P site
(SM II), and (3) two Si atoms for an Al-P pair (SM III). Lok et al. [5]
and Flanigen et al. [4] further suggested that silicon mainly substi-
tutes via the SM II and SM III. This argument was confirmed later
by lattice simulations [6], which showed that Si islands with only
Si-0-Al and Si-O-Si bridges formed by a combination of SM II
and Il are energetically favorable and that at lower concentrations,
the substituted Si is dispersed.

SAPO-37 has Faujasite framework (FAU topology, Scheme 1)
[3,7-9], and attracted much attention due to its catalytic perfor-
mances [10-12]. Like most molecular sieves, SAPO-37 is usually
prepared by hydrothermal synthesis method (HTS) from an aque-
ous hydrogel prepared by mixing phosphoric acid, alumina, fumed
silica, as well as structure-directing agents (SDAs). Several studies
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on the structure, synthesis conditions, and thermal stability of
SAPO-37 were reported, but relatively few dealt with details of
the crystallization process [3,7,13-23]. Thus, the formation of
SAPO-37 is still not well understood at a molecular level.

A different synthetic approach, namely dry-gel conversion
(DGC), was introduced years ago as an alternative method to HTS
[24-29]. This method involves conversion of pre-dried gel powder
to a crystalline microporous material at elevated temperature and
autogenous pressure (for reaction vessel typically used for DGC,
see Supporting Information, Scheme S1). Unlike hydrothermal syn-
thesis, DGC has several advantages for examining crystallization
owing to its simpler reaction system where all the reactive species
are confined in the solid phase [30]. However, the lack of the
apparent liquid phase may result in limited mass transport, and
therefore lower crystal growth rates. As such, the intermediates
may be captured under the favorable circumstances. Since the
dry-gel powder contains about 40% water, it is widely recognized
that the information obtained under DGC conditions does provide
insight into crystallization under HTS conditions [30].

In this paper, we present our work on the formation of SAPO-37
under both HTS and DGC conditions using a mixture of tetrameth-
ylammonium (TMA) and tetrapropylammonium (TPA) hydroxides
as the structure-directing agents (SDAs). Si incorporation was also
studied. The local environments of P, Al, Si, and SDA molecules in
various solid intermediate phases formed during the synthesis
were probed by 3'P, 2’Al, 2°Si, and '>C magic-angle spinning
(MAS) NMR. The 2’Al{*'P} and 3'P{?’Al} rotational-echo double-
resonance (REDOR) were also used to detect the Al-O-P connectiv-
ity in the gel wherever needed. The evolution of the long-range
ordering within intermediates was monitored by powder X-ray
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Scheme 1. Framework of SAPO-37.

diffraction (PXRD). Scanning electron microscopy (SEM) was uti-
lized to observe the morphological changes. Further, the nucleation
and crystal growth were examined by atomic force microscopy
(AFM). The combination of these techniques provides new physical
insights into the formation of SAPO-37.

2. Experimental
2.1. Sample preparation

The silicon, aluminum, and phosphorous sources were fumed
silica Aerosil® 300 (Degussa), pseudo-boehmite (Catapal-B, Vista,
ca. 65% Al,03), and H3PO4 (EM Science, 85%). A mixture of tetra-
methylammonium hydroxide pentahydrate (TMAOH-5H,0, Sig-
ma-Aldirch) and tetrapropylammonium hydroxide (TPAOH, Alfa
Aesar, 40% in water) was used as the SDAs. The initial gel compo-
sition (TPA20:TMA,0:Al,03:P,05:Si0,:H,0) was
1.0:0.025:1.0:1.0:0.4:50 in a molar ratio [3]. The reaction mixture
was prepared according to the work reported by Davis group [2].
Under HTS conditions, the mixture was put into several autoclaves
and the crystallization was then carried out at 443 K. The auto-
claves were quenched after specified lengths of time in cold water
and the liquid phase in each autoclave was separated from the so-
lid phase by centrifugation. The solid intermediates were carefully
dried in air at room temperature and kept in tightly sealed glass
vials once dried for further analysis. Under DGC conditions, the
same reaction mixture was dried at 353 K with constant stirring
until water was evaporated and solids formed. The solid dry gel
was then ground into a fine powder and sealed in glass vials. It is
hereafter referred to as the initial DGC dry gel. A series of interme-
diates were synthesized by placing 1.0 g of the initial DGC dry gel
powder into small Teflon cups. Each cup was placed in a 23-mL
Teflon-lined autoclave with 0.3 g distilled water at the bottom,
and the autoclaves were heated in an oven at 473 K for different
times. The reactions were quenched in cold water. For comparison,
the solid sample from each cup was divided into two parts. One
part was directly dried in air (unwashed sample) and the other part
was first washed by stirring it with a small amount of water in a
beaker and then dried in the same beaker in air without isolation
from the liquid phase (washed sample). This ensured that no solid
particles could be washed away. The solid gel samples were kept in
tightly sealed glass vials.

2.2. Characterization

PXRD patterns were recorded on a Rigaku diffractometer using
Co K, radiation (/1 =1.7902 A). A LEO 1540XB Field Emission Scan-
ning Electron Microscope equipped with an energy-dispersive X-
ray spectrometer was used for recording SEM images and elemen-
tal analysis. Representative samples were first coated with 3 nm
osmium metal using a Filgen OPC-80T instrument.

All the NMR experiments were carried out on a Varian/Chemag-
netics Infinityplus 400 WB spectrometer equipped with three rf

channels operating at the field strength of 9.4 T. The Larmor fre-
quencies of 'H, 3C, 3'P, 27Al, and 2°Si were 399.5, 100.4, 161.7,
104.1, and 79.4 MHz, respectively. The magic angle was set using
the 7°Br resonance of KBr. The chemical shifts of '3C, 3'P, 27Al,
and 2°Si were referenced to adamantane, NH,H,PO,, 1 M AI(NOs)s,
and tetrakis(trimethylsilyl)-silane (TTMSS). Depending on the
requirements of the individual experiment, we used three NMR
probes (Varian/Chemagnetics 7.5 mm, 4.0 mm H/X/Y triple-tuned
T3 MAS probe, and 5.0 mm H/F/X/Y triple-tuned MAS probe). The
13C cross-polarization MAS (CP MAS) spectra were recorded by
using the 5.0 mm probe with the Hartmann-Hahn conditions being
optimized on adamantane. The 'H 90° pulse length was 4 us. A
contact time of 2 ms was used and the pulse delay was 9 s. The pro-
ton-decoupling field was about 60 kHz. For >'P MAS experiments, a
30° pulse was typically used and the recycle delay was 60 s. The
277l spectra were acquired using a very small pulse angle with a
pulse delay of 1 s. For the 2°Si MAS experiments, a 45° pulse was
used with a pulse delay of 60s. For 'H to 2°Si CP experiments,
the 'H 90° pulse length was 5 s and the Hartmann-Hahn condi-
tion was determined using TTMSS. The rotational-echo double-res-
onance (REDOR) technique is a rotor-synchronized technique
involving two separate experiments [31]. The first one is a normal
spin-echo (Sp) on observed spin. The second (REDOR) experiment
is also a spin-echo (S), but during the echo, a series of m-pulses
are applied to the dephasing spin, which prevent the dipolar cou-
pling from being refocused at the end of each rotor cycle. The RE-
DOR difference spectrum (AS=S,—S) indicates the dipolar
interaction. 3'P{?>’Al} and ?’Al{3'P} REDOR experiments were per-
formed using the standard REDOR pulse sequence described in lit-
erature [31]. A 5.0 mm probe with a spinning speed of 8 kHz was
used.

Surface structures of our SAPO-37 samples were studied with a
Park Systems XE-100 AFM operated in the dynamic force mode
using a cantilever with nominal spring constant of 40 N/m, reso-
nant frequency of 300 kHz, and tip radius of 10 nm (NSC15, Mikro
Masch). In this mode, the cantilever is vibrated at around the res-
onant frequency and its amplitude reduces when the tip is in prox-
imity with the sample surface caused by the tip-sample
interaction. Reduced amplitude is set as the feedback parameter
(set point) so that the AFM system scans the surface contour of
the sample with minimized error signals (the difference between
the set point and the amplitude measured) by adjusting the dis-
tance between the tip and the sample surface. Mapping of this dis-
tance constructs topographic image for the surface morphology.
On the other hand, mapping the error signal results in an image
removing the height contribution and stressing only the shape of
surface features. When the height range is large, surface features
with small height differences are obscured in a topographic image.
In this case, it is advantageous to use the error signal image to
show the shapes of surface features, while using the topographic
image to estimate the height distribution. The scan rate for obtain-
ing images in an area of 45 x 45 pm? is 0.5 Hz and for images in an
area of 10 x 10 pm? is 1 Hz. The experiment was conducted in air
with a relative humidity of ~40%.

3. Results and discussion
3.1. HTS method

To follow the development of the long-range ordering of the
intermediate phases, the PXRD patterns of gel samples were re-
corded as a function of crystallization time (Fig. 1). The pattern
of the initial gel without heating and that of the gel samples heated
below 16.5 h exhibit the patterns similar to that of the Al source,
pseudo-boehmite (not shown), indicating that the solid phases
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are X-ray amorphous and that most of the Al source has not yet re-
acted. Sharp diffraction peaks matching the pattern for SAPO-37
started to appear after heating the gel for 19 h and their intensities
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Fig. 1. Powder XRD patterns of the HTS samples.
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increase with the heating time. The PXRD patterns of the samples
heated for 2 d or longer show only the reflections due to SAPO-37.

Fig. 2 shows the SEM images of the selected HTS samples.
Fig. 2A shows that for 22 h sample (Fig. 2A), the amorphous mate-
rials and SAPO-37 single crystals with typical octahedral morphol-
ogy coexist, which is consistent with the corresponding PXRD
pattern (Fig. 1) showing that the sample is a mixture of an amor-
phous phase and SAPO-37. Also visible are several spherical parti-
cles. The spherical particles are immediate precursor to SAPO-37,
from which SAPO-37 crystallites develop. One such spherical par-
ticle labeled with a circle clearly exhibits an emerging (111) face.
The 4 d sample is pure SAPO-37. Its SEM image (Fig. 2B) shows
intergrown octahedra with (11 1) faces clearly visible.

The development of the local chemical environments of P and Al
atoms in the gel phases as a function of crystallization time under
HTS conditions is monitored by 3'P and 2’Al MAS NMR. In the 3'P
MAS spectrum of the initial gel without heating (Fig. 3A), there is
a very broad peak centered at around —12 ppm. The broadness of
the peak indicates a wide distribution of P environment and the
existence of many P containing species, which is consistent with
the amorphous nature of the sample. These species are likely due
to not fully condensed P sites with P(OAl),(OH)4_x or (O)P(OAI),(-
OH)3_, (x=1-3) environments in the amorphous AIPO materials
[32]. After heating the initial gel for 16.5 h, a new peak emerged
at —26 ppm in the 3'P MAS spectrum. The chemical shift of this
new peak is almost identical to the P(OAl)4 environment in pure
SAPO-37 [33]. It seems that although the sample is still X-ray
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Fig. 2. SEM images of selected HTS samples. (A) 22 h and (B) 4 d.
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Fig. 3. (A) >'P MAS and (B) 2’Al MAS spectra of selected HTS samples. Asterisks indicate spinning sidebands. The peak labeled with an arrow is due to AIPO4-20 impurity.
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amorphous, the local P(OAl), environment similar to that of SAPO-
37 has begun to form. The intensity of this peak increases with
increasing the crystallization time at the expenses of the broad
amorphous peak and eventually become a single sharp peak at
—26 ppm, indicating that the amorphous materials have trans-
formed into SAPO-37. A weak signal at —35 ppm in the 19 h sample
is likely due to AIPO4-20 impurity since it can also be synthesized
by using a mixture of TPA* and TMA" as co-templates [34].

The 27Al MAS spectrum of the initial gel without heating
(Fig. 3B) shows a strong signal at 7 ppm and an extremely weak
one at 41 ppm. The peak at 41 ppm falls within the reported range
of 35-48 ppm for tetrahedral Al environment, Al(OP),, in the AIPO-
based phase [34-37]. The resonance at 7 ppm results from the
unreacted alumina (pseudo-boehmite) which also displays a peak
at the same position [38]. The observed spectrum is consistent
with those reported in the literature [22,23].

13C CP MAS NMR technique is an effective tool to probe the tet-
raalkylammonium ions trapped in a microporous structure [39].
Fig. 4A shows the '3C CP MAS NMR spectra of selected HTS sam-
ples. In the initial gel without heating, there are four signals.
According to the literature, all of them belong to TPA* cations
[2,17]. The signals at 60.9 and 15.6 ppm are assigned to the C;-
and C,-methylene. The two peaks at 9.8 and 11.3 ppm originate
from the methyl groups of the TPA" cations. The fact that the Cs-
methyl group exhibits two signals in the initial gel indicates that
the TPA" cations exist in different environments. A previous work
found that the chemical shifts of TMA® cations adsorbed on the
outer surface of SAPO framework and trapped inside sodalite
(SOD) cage are 56.8 and 58.0 ppm, respectively [40]. Interestingly,
none of these peaks was observed, suggesting that the TMA" cat-
ions are not present in the initial gel. Ito and co-workers [22,23]
previously studied the crystallization of SAPO-37 by using ?°Xe
NMR and reported that the initial gel and the sample heated for
5h at 473 K already contain species having large cavities with
25 A in diameter corresponding to the space of two supercages
(the diameter of a supercage is 13 A, see Scheme 2A for illustra-
tions). They also pointed out that the connection between these
species having large cavities is small and the arrangement of these
species in solids is disordered. Since similar HTS synthesis condi-
tions are used in the present case, the initial gel may also contain
these large pore species. This is supported by the observation of
a signal at 11.3 ppm, which is known to be the methyl of the
TPA" trapped inside the supercage [2]. The 9.8 ppm peak is as-
signed to the TPA" adsorbed outside the large cavities [2]. The lack

initial gel

of 13C signals due to TMA" indicates that no significant amount of
sodalite cage has been developed.

Heating the initial gel for 16.5 h led to the appearance of a new
peak as a weak shoulder at 58.5 ppm. As mentioned earlier, the
chemical shift corresponds to the TMA® trapped inside the sodalite
cage. It seems that the sodalite cages start to form in the gel, pre-
sumably associated with the large pore species (Scheme 2A) [2]. In
the final product of SAPO-37, the 3C peak assigned to the trapped
TMA" becomes sharper, and the signals due to the TPA" are rela-
tively broader, which suggests that the TMA" cations in the sodalite
cages have higher mobility than the TPA* cations in supercages.

To examine the incorporation of the silicon atom into the
framework under HTS conditions, 2°Si MAS NMR experiments were
carried out (Fig. 5). Unlike other SAPOs [41-43] where the Si spe-
cies in the initial gel and the gel obtained in the early stage of
the crystallization are simply unreacted silica whose 2°Si spectra
usually have a broad peak at —110 ppm, no meaningful 2°Si signal
was observed in the solids heated for less than 19 h in this study.
Since the silicon source used in this study is fumed silica that is
in the form of very small particles, it seems that within short crys-
tallization time, vast majority of fumed silica still remain sus-
pended in the solution and were separated from the solids by
centrifugation. In the 22 h sample, a weak signal at —90 ppm ap-
pears. The position of this peak is characteristic of isolated Si(OAl)4
species in SAPOs [3,33,44], indicating the beginning of Si incorpo-
ration into the FAU framework. The intensity of the signal becomes
sharper and stronger in the 2 d and 4 d samples, indicating that
more Si atoms are incorporated into the SAPO-37 structure with
increasing the heating time. There is also a broad shoulder at
—94 ppm in these two samples, suggesting a small amount of
Si(OAl);(0Si); species [45].

EDX experiments were also carried out to semi-qualitatively
estimate the substitution degree of Si atoms (Table 1). The Si con-
tent is about 14 mol.% in the final SAPO-37 sample, which is com-
parable to the upper threshold value (13%) of SM Il mechanism in
SAPO-37 framework [46]. The EDX data agree well with the corre-
sponding 2°Si NMR spectrum discussed earlier. Both 2°Si NMR and
EDX results suggest that under HTS conditions employed, Si is
incorporated into the framework via both SM II and Il mechanisms
with SM II being the dominant one.

AFM has been used to image the detailed surface structures of
zeolites and is able to provide key information on zeolitic crystal
growth [47-51]. Several studies on the crystal growth of micropo-
rous materials with FAU structure such as zeolite Y and zincophos-

80 60 40 20 O ~ ppm

80 60 40 20 0 -20 ppm

Fig. 4. '3C CP MAS spectra of selected HTS samples (A) and DGC gel samples (B) with a contact time of 2 ms.
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Scheme 2. Illustration of the formation of SAPO-37 under HTS (A) and DGC (B) conditions.
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Fig. 5. 2°Si MAS spectra of selected HTS samples.

phate-faujasite (ZnPO-FAU) were reported [52-55]. In the present
study, we utilize AFM to examine the surface feature of SAPO-37
crystals synthesized by HTS method. To date, this is the first study

Table 1
Elemental compositions (molar basis) of selected gel samples.

Method _ Sample  Si Al P PIAL___ (Si+PyAl of nucleation and crystal growth of SAPO-37 by AFM.
g(T;Sc ggh g-g)g g.ig g'i; ggg }82 Fig. 6A depicts an 8 x 8 um? AFM image of one (111) face in a
5h 013 0.49 038 078 104 SAPO-37 crystal. Besides the intergrown structure in the face

center, several terraces can be found on the surface. The magnified
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Fig. 6. AFM images of the (11 1) face of SAPO-37 crystals (4 d sample). (A) AFM image in an area of 8 x 8 um?; (B) enlarged view of an area of 2 x 2 um? indicated in the black
box in (A); (C) and (D) cross-sectional height profiles isolated from the AFM image along red and green lines shown in (B), showing the average height of surface steps and
nuclei; (E) AFM image of the (111) face on another crystal in an area of 8 x 8 um?; (F) zoomed-in image of the blue square area in (E); (G) AFM image of a (111) face on a
crystal in an area of 4 x 4 um?; (H) an illustrative scheme of triangle-shaped steps and dent pits on the (11 1) surface as indicated in the blue box in (G). For clarity, all AFM
images in this figure are error signal images, while the height profiles are isolated from the corresponding topographic images (not shown). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

image (Fig. 6B) presents a rough (11 1) surface covered with these
terraces as well as the nuclei on top of the terraces. This suggests
that the rate of the terraces spreading to cover the whole (111)
surface is slower than the nucleation rate. The nuclei grow all over
the surface and on top of the terraces or other nuclei. They spread
and coalesce with the terraces or nuclei underneath to cover the
surface. This crystal growth mechanism is referred to as “birth
and spread” [50]. Similar surface structures were reported before
on the (111) face of the ZnPO-FAU crystals [56]. Section analysis
(Fig. 6C and D) reveals that the terraces and nuclei in Fig. 6B have
an average thickness of approximately 7.5 and 10.5 nm, which cor-
responds to the thickness of about 5 and 7 FAU layers (each FAU
layer has a thickness of 1.43 nm) [54]. The thickness corresponding
to one FAU layer was previously observed on the (11 1) surface of
the zeolite Y and ZnPO-X crystals synthesized under HTS condi-
tions [52,54,55]. Under the current synthesis conditions, both the
heights of terraces and nuclei have much larger sizes than the re-
ported value in zeolite materials [52,54,55].

Besides the above mentioned details on the SAPO-37 crystal
surface, other crystal growth features were also observed. Fig. 6E
shows the (111) face of a different crystal. Its magnified image
(Fig. 6F) indicates that the steps on the (11 1) surface have triangu-
lar shapes rotated by 60° with respect to the crystal edge. Similar
observations were reported for zeolite Y [54]. Fig. 6G shows a
(111) face of a crystal with a large hollow pit in the center of
the surface, indicating that SAPO-37 crystals have preference to
start growing from the edges and then towards the center. A sim-
ilar growth pattern was also observed for ZnPO-FAU [55]. Fig. 6G
also displays a triangle-shaped dent near the edge of the crystal
face. This type of triangular dent likely results from the coalescence
of triangular shaped terraces as illustrated in Fig. 6H.

It should be pointed out the seemingly flat area on a given ter-
race such as the area in blue box in Fig. 6F is not atomically flat. For
example, when zooming in on the terrace as indicated by the blue
box area (Fig. 7A), a variation in height was observed. Interestingly,
the heights are less than 1.43 nm (the height of one FAU layer).
Two cross-sectional lines are drawn in the “flat” area inside box
and their height profiles are shown in Fig. 7B and C. The height pro-
files along the two cross-sectional lines show the peaks with vari-

ous heights such as 0.31 nm (corresponding to a 6-membered ring,
6R), 0.56 nm (corresponding to a double 6-membered ring, D6R),
0.87 nm (corresponding to an incomplete sodalite cage), and
1.28 nm (a height between that of a complete sodalite cage with-
out D6R parallel to (11 1) plane (1.12 nm) and that of one FAU layer
(1.43 nm)). See Fig. 7D for illustrations. Multiple steps with heights
less than 1.43 nm were previously observed on the (111) face of
zeolite Y crystals grown in aluminosilicate solutions [52]. By mod-
eling the observed terminal structures, it was reported that com-
plete D6Rs were the major surface structure. However, in the
present study, the (111) surface growth is not terminated by the
complete D6R. Instead, the (11 1) surfaces of SAPO-37 were termi-
nated by different microstructures. It seems that instead of having
uniform terminal structure on the surface, the (111) face of SAPO-
37 crystals tends to be terminated by several building units such as
6Rs, D6Rs, as well as incomplete sodalite cages (Fig. 7D). It is worth
noting that the intermediates and SAPO-37 crystals formed in the
early stage of crystallization are not suitable for AFM study simply
because their surfaces are covered with debris.

In summary, in the HTS study described earlier, the initial gel
without heating appears to contain some species having large cav-
ities with the TPA* cations trapped inside. These large cavities can
evolve into supercages. Sodalite cages, on the other hand, form la-
ter, and they are templated by TMA" cations. These sodalite cages
are likely to be associated with the species containing large pores.
The amorphous material formed at this stage is a precursor and
eventually evolves into FAU framework. Si incorporation occurs
at later stage of the crystallization. Crystal growth on (111) face
follows “birth and growth” mechanism. The surface structure is
not terminated uniformly by one type of secondary building unit.
The fact that the “incomplete soldiate cage” is found as terminal
structure, suggesting that sodalite cage does not exist in the
solution.

3.2. DGC method
The SAPO-37 formation was also studied by DGC method which

simplifies the reaction system as all the reactive species present is
confined in the solids. Fig. 8A shows the PXRD patterns of the un-
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Fig. 7. (A) Topographic AFM image of the boxed area in Fig. 6F on a crystal in an area of 800 x 800 nm?; (B and C) cross-sectional profiles along the lines in (A). Heights of ca.
1.28, 0.87, 0.56, and 0.31 nm are observed; (D) a model of the terminal structure of SAPO-37 along the lines in (A).

washed gel samples heated for different times under DGC condi-
tions. The pattern of the initial dry gel dried at 353 K indicates that
only amorphous materials exist. Upon heating the dry gel for 0.5 h,
the PXRD pattern shows the appearance of a new broad peak with
a very low 20 value (labeled with an arrow). This peak becomes
much strong after 1 h heating, implying that the majority of the
amorphous materials transformed into a semi-crystalline layered
phase. After washing with distilled water, the strong low-angle
peak in 1 h sample became weaker and broader (Fig. 8B), demon-
strating that part of the semi-crystalline phase transformed back
to amorphous materials after washing. This indicates that the
semi-crystalline phase is held by weak nonbonding forces such
as van der Waals and/or weak hydrogen bonding; similar situation
is also found in the crystallization of SAPO-34 and AIPO4-based

A

40

molecular sieves under DGC conditions [57-60]. After 5.5 h, the
intensity of the strong low-angle peak due to the semi-crystalline
phase began to decrease. The characteristic reflections due to
SAPO-37 started to appear concomitantly, indicating the transfor-
mation of the semi-crystalline phase into the FAU framework.
Heating the gel for 12 h results in the complete disappearance of
the low-angle peak and the PXRD pattern indicates pure SAPO-37
with high crystallinity [3]. Further heating leads to the appearance
of a small amount of impurity as shown in the PXRD pattern of the
45 h sample.

The SEM images of the selected DGC samples are shown in Sup-
plementary Fig. S1. The picture of 5.5 h sample shows a large num-
ber of aggregated small octahedral crystals. The micrograph of 45 h
shown in Fig. S1B is analogous to that of 5.5 h sample except that

40

20

Fig. 8. (A) Unwashed and (B) washed powder XRD patterns of DGC gel samples. * indicates impurities.
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the crystal sizes are slightly larger (0.2-0.3 pm). Due to the small
crystal size, AFM characterization cannot be conducted on SAPO-
37 crystals synthesized under DGC conditions.

The 3'P MAS spectrum (Fig. 9A) of the initial DGC dry gel shows
a peak at —20 ppm and a broad hump on its high-frequency side.
The presence of the broad hump is consistent with the amorphous
nature of the initial dry gel. The 2Al MAS spectrum of the initial gel
(Fig. 9B) contains a relatively narrow peak at 41 ppm and a broad
resonance at 6 ppm. To further understand the nature of the initial
dry gel without heating, 2’Al{*'P} and 3!P{?’Al} REDOR experi-
ments were carried out to establish the connectivity between P
and Al atoms in the dry gel. The 2’Al{3*'P} REDOR difference (AS)
spectrum is shown in Fig. S2A. As mentioned earlier, REDOR tech-
nique is based on heteronuclear dipolar coupling. In the ?’Al{3'P}
REDOR difference (AS) spectrum, only Al with P in its proximity
will be observed. The fact that Fig. S3A only contains the peak at
41 ppm confirms that the tetrahedral Al is indeed in the AIPO-
based material. The peak at 6 ppm did not appear in the AS spec-
trum, indicating unambiguously that this peak is due to unreacted
alumina. 3'P{?Al} REDOR difference spectrum (Fig. S2B) shows
that the P site at —20 ppm is connected to the tetrahedral Al at
41 ppm and vast majority of the high-frequency signals in the
31p MAS spectra are from phosphate species (presumably amine
phosphates) without Al nearby. It seems that the initial dry gel
contains unreacted alumina and amine phosphates as well as
AlPO-based materials.

With increasing heating time, the 6 ppm peak in 2’Al MAS spec-
tra and broad high-frequency signals in 3'P MAS spectra become
weaker, implying that they further react with each other to form
AlPO-based layered semi-crystalline intermediate. After heating
the dry gel for 1 h, the very broad high-frequency signals in the
31p MAS spectrum of the initial dry gel has almost diminished
and the peak at —20 ppm is now the strongest peak (Fig. 9A). In
the corresponding 2’Al MAS spectrum (Fig. 9B), the intensity of
the resonance at 41 ppm due to the tetrahedral Al site in the AIPO
phase is increased significantly at the expense of the intensity of
the peak at 6 ppm. The changes in the 3'P and 2’Al MAS spectra
coincide with the observed changes in the PXRD pattern of this
sample, suggesting that the phosphates and alumina further react
to form AIPO-based layered semi-crystalline intermediate. Upon

45h

heating the dry gel for 5.5h, a new 3'P resonance at around
—26 ppm started appearing with the peak at —20 ppm decreasing
in its intensity. The formation of the —26 ppm peak suggests the
development of a new phase in the gel sample. This agrees very
well with the corresponding PXRD pattern (Fig. 8), which shows
the appearance of the characteristic peaks due to SAPO-37 phase.
The 3'P MAS and ?’Al MAS spectra of the 45 h sample (Fig. 9) only
exhibit resonances characteristic of SAPO-37, confirming that the
semi-crystalline phase transformed into SAPO-37 phase.

The 3C CP MAS NMR spectra of selected DGC gel samples are
shown in Fig. 4B. For the DGC dry gel, the peaks 58.0 and
56.8 ppm are from methyl groups of TMA". As mentioned before,
these two peaks correspond to the TMA® cations trapped inside
the sodalite cage (58.0 ppm) and adsorbed outside the surface of
the solids (56.8 ppm). Seeing these peaks suggests that in the
DGC dry gel, sodalite cage or quasi-sodalite cage already exists.
The initial DGC dry gel was prepared by drying a solution contain-
ing all the reactive species at 353 K. It appears that under these
conditions, quasi-sodalite cage forms around TMA". As discussed
earlier, the signals at 60.4, 15.8 and 11.6 ppm are due to the C;-
and C,-methylene as well as Cz-methyl groups of TPA*, respec-
tively. Observing the 11.6 ppm methyl peak from TPA* suggests
that similar to the gel phase obtained under HTS conditions, the
initial dry gel also contains the AIPO species having large cavities
with trapped TPA".

Upon heating the dry gel for 1 h, the peak assigned to the ad-
sorbed TMA" disappeared and only the signal due to the trapped
TMA" is present, indicating that the TMA" ions initially adsorbed
on the outer surface further direct the formation of the sodalite
cage. Since the corresponding PXRD pattern and !P MAS spectrum
show unambiguously that the sample only contains semi-crystal-
line layered phase and that SAPO-37 has not formed at this point,
the 3C NMR data suggest that the semi-crystalline layered inter-
mediate contains the quasi-sodalite cage.

295i MAS NMR spectra (Fig. 10A) were acquired to follow the
incorporation of Si into the framework under DGC conditions and
H to 2°Si CP technique was also utilized to select the Si species
with protons in its close proximity (Fig. 10B). The 2°Si MAS spectra
of the DGC dry gel and the gel sample heated for 1 h show a broad
peak centered at around —112 and —108 ppm, respectively. These

4 12 h
]
1

N
. ! 55h
L

20 0o 20 -40 60  ppm

150 100 50 0 50 ppm

Fig. 9. 3'P MAS (A) and 27Al MAS (B) spectra of selected unwashed DGC gel samples. Asterisks indicate spinning sidebands.
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Fig. 10. 2°Si MAS (A) and 'H — 2°Si CP spectra of selected unwashed DGC gel samples with a contact time of 0.5 ms (B).

broad peaks can be assigned to the unreacted amorphous silica
with Si(OSi), environments [61]. This indicates that the majority
of the silica in the samples heated below 1 h has not reacted and
the semi-crystalline phase is mainly AIPO in nature. The CP spec-
trum of the 1h sample presents two signals at about —85 and
—95 ppm. The —95 ppm peak is due to (Si0),Si(OH), on the surface
of the silica particles [61,62]. The —85 ppm is likely due to the
(AIO)3SiOH or Si(OAl)4 with a SDA nearby in a small amount of
amorphous aluminosilicates [61,62]. The results indicate that the
silica is activated via formation of aluminosilicate species which
are subsequently incorporated into the FAU framework. A similar
situation has been reported for SAPO-34 [57]. A sharp peak appears
in the 2°Si MAS and CP spectra of the 5.5h sample at around
—90 ppm, which is characteristic of isolated Si(OAl),; species in
SAPO-37 [3,33]. The presence of this peak agrees with the corre-
sponding PXRD pattern, 3'P and 2’Al MAS spectra, which show
the existence of SAPO-37 in this sample. 2°Si NMR data suggest
that the silica first reacts with alumina to form aluminosilicates.
The aluminosilicate species then react with the semi-crystalline
layered AIPO phase, leading to the Si incorporation and corre-
sponding SAPO-37 formation.

EDX results on selected DGC gel samples are shown in Table 1. A
comparison of the Si molar percentages in the two samples synthe-
sized under DGC conditions revealed that Si is gradually incorpo-
rated into the framework upon heating the dry gel. The average
Si content in 45 h sample is about 13 mol.%, which is the proposed
upper threshold value (13%) of SM Il mechanism in SAPO-37
framework [46]. Furthermore, the (Si+ P)/Al ratio (1.04) is very
close to 1, which further supports the SM Il mechanism. Therefore,
EDX data indicate that under DGC conditions, Si enters into the
FAU framework only via substitution for P (SM II), which is consis-
tent with the presence of a single sharp peak at —90 ppm in the 2°Si
MAS spectrum of the 45 h sample (Fig. 10A). This is similar to the
synthesis under HTS conditions, where Si is also incorporated into
the framework mainly via SM II.

3.3. SAPO-37 formation pathways

For HTS synthesis, the >C NMR data indicate that the solids
heated for less than 16.5 h at 443 K contain the species having
the large cavities corresponding to two supercages. Such species
is likely the precursor to final FAU framework and was previously
identified existing in the solid phases obtained during SAPO-37
synthesis under very similar conditions [22,23]. >C NMR data also
suggest that this precursor does not have sodalite cages, but likely
has 4-membered rings (4Rs) and 6Rs since the existence of 4Rs and
6Rs in the solid phase at the initial stage of crystallization was con-
firmed by in situ and ex situ UV Raman studies on the assembly

mechanism of zeolite X [63,64]. Further heating leads to the
cross-linking of the large pore species, developing of sodalite cages
under the influence of TMA" and the eventual formation of the FAU
framework. Such pathway is illustrated in Scheme 2A.

The AFM findings show that the crystal growth mechanism is
“birth and spread” with the nuclei containing at least 7 FAU layers,
coalescing with the terraces underneath to form the (11 1) faces of
SAPO-37 framework. The AFM data also suggest that the hydro-
thermally synthesized SAPO-37 has rough surfaces that are termi-
nated with 6Rs, D6Rs and incomplete sodalite cages.

While the HTS synthesis is carried out in an extremely compli-
cated system where the crystallization involves solid, liquid, and
gaseous phases, the DGC method, on the other hand, is conducted
in a relatively simple way with all the reactive species are confined
in the solids. Like the HTS initial gel, the initial DGC dry gel also
contains the AIPO species having large cavities without long-range
ordering. This is not surprising, considering that the initial DGC dry
gel is prepared by drying the same initial gel solution. Unlike the
HTS initial gel where sodalite cage (which is the secondary build-
ing units of the FAU framework) does not exist, the DGC dry gel
does contain, at least, quasi-sodalite cages that trap the TMA®,
which are presumably attached to the large pore species. This is
consolidated by the finding that the sodalite cage exists in the
intermediate phase during the formation of zeolite X [63,65]. In
the initial DGC dry gel, the large cavities species with quasi-soda-
lite cages are disordered in the amorphous material, but they
cross-link together to form semi-crystalline layered phase under
prolonged heating under DGC conditions. Eventually, each large
pore in the layer evolves into two well separated supercages.
Meanwhile, silica slowly reacts with alumina, yielding small alu-
minosilicate particles, which are possibly dispersed between the
AIPO layers. As mentioned earlier, the forces holding the layers to-
gether are weak nonbonding interactions, which promote bond
breaking and reforming in the absence of bulk water and hence
facilitate the transformation from the layered phase to SAPO-37.
In the last step these layers are reorganized and cross-linked to-
gether to form the FAU structure and at the same time Si atoms
are incorporated into the framework as isolated Si(OAl), species.
Scheme 2B is the illustration of this pathway.

4. Conclusions

We have examined the formation of SAPO-37 under both HTS
and DGC conditions by using an assortment of techniques includ-
ing PXRD, SEM, AFM, and solid-state NMR. The results indicate that
crystallization pathways for HTS and DGC are similar. Under HTS
conditions, the precursor initially is only composed of the large cav-
ities whose size is equivalent to two directly connected supercages.
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Increasing the crystallization time leads to the slow formation of
sodalite cages that are connected to the cavities. Under DGC condi-
tions, the precursor initially not only contains the large cavities,
but also quasi-sodalite cages. Thus, the precursors are almost the
same. Further, the precursors are mainly AIPO in nature with little
or no Si. The Si incorporation involves forming aluminosilicates
first and then incorporating isolated Si(OAl)4 species into the FAU
framework. The AFM data suggest that SAPO-37 crystal growth un-
der HTS conditions follows the “birth and spread” mechanism and
the (111) crystal surfaces are terminated by different structural
building units.
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