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Layered Assembly of Organic Molecules and Host—Guest Interactions
in a CAL-1 Chabasite-Type Precursor of H-SAPQO-34 Catalysts**
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The first step in the preparation of molecular-sieve-based
catalysts is the synthesis of a precursor comprising the
inorganic framework in which the organic structure-directing
agents (SDAs) are properly organized. Conversion to the
final catalyst generally requires one further step, for example,
the removal of the sacrificial SDAs. Owing to the high price of
some SDAs, attempts have been made to decrease the costs of
catalyst production by using two organic compounds: the less
expensive one to increase the pH value and the other as a
SDA. H-SAPO-34, an acidic silicoaluminophosphate with a
chabasite-type structure (CHA),"? is used in the methanol-
to-light-olefins (MTO) conversion, for which it is one of the
best catalysts described to date. Its relevance is demonstrated
by the large number of articles published and patents filled in
the last ten years (230 research articles and 277 patents).
Despite the considerable research effort, novel synthesis
strategies are desired for tuning the acidity and morphology
of H-SAPO-34. The nature of the SDA has a profound
influence on the morphology of the crystallites. This issue is
important, as the reactivation of the SAPO-34 catalyst by
elimination of coke derived from the MTO process is
facilitated in particles with high a surface/bulk ratio. Attempts
to tune size and morphology of the particles have included
dilution of the reaction mixture,”! addition of organic solvents
to the reactants,* and stirring"* the reaction mixture.
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CAL-1 (CAmpinas-ALessandria) is a member of a novel
family of aluminophosphates and is prepared using a combi-
nation of SDAs (n-butylammonium (nBA), and hexamethyl-
enimine (HMI)), which are embedded in the solid after
crystallization.”'”) The innovative synthesis starts from
ALPO-ntu,"" a layered aluminophosphate that is structurally
analogous to SiO, kanemite, which contains two fundamental
components of the ALPO structure. This strategy led to a
CHA-type solid with a peculiar layered morphology,”! which
is unusual in that it contains both SDAs within the same cages.
The solid is a precursor of acid H-SAPO-34 with tunable
acidity features.'"'! The focus of this research is to obtain H-
SAPO-34 with enhanced catalytic performance but also to
lower the cost of the final product by using cheaper SDAs.

Herein, the fully solved structure of the novel CAL-1 was
obtained by a combination of single crystal synchrotron X-ray
diffraction and Fourier transform (FT) IR spectroscopy. This
combined approach allowed for the first time the elucidation
of the CAL-1 structure and the investigation of the inter-
action of the embedded SDAs with the inorganic framework.

The CAL-1 inorganic host lattice can be described as a
CHA-type 3D framework that consists of corner-sharing TO,
tetrahedra (T=Al, P, Si). The analogous structure of pure
SiO, chabasite!"®! contains only one tetrahedrally coordinated
species. Owing to the introduction of two T species with
slightly different T—O bond lengths (the Al-O bond is about
0.2 A longer than the P—O bond), the framework is slightly
distorted from that of the pure SiO, chabasite. CAL-1
crystallizes in the space group R3 and consists of three
cages per unit cell, each of which hosts two organic entities.
The threefold symmetry axis intersects the cavities of the host
structure and leads to a disorder of the guest species within
the framework (Figure 1).

While #nBA can be arranged in one of three equivalent
positions on a site, the center of gravity of the HMI rings is
located on the rotation axis. This situation results in the
formation of an approximately planar ring lying in the ab
plane, which contains the disordered C and N sites of the HMI
molecule.l'"" Buckled 2D guest-species layers in the ab plane
were observed (Figure 1, top), with an abc stacking order in
the crystal structure of this compound (Figure 1, bottom).
Besides the organic entities, the guest species are composed of
0.56 water molecules per unit cell, which reside in the
hexagonal prisms of the structure.

C and N atoms of the HMI ring could not be distin-
guished, and the H atoms of the guest species could not be
refined, owing to the strong disorder. The absence of an
ordered superstructure suggests that the two different amines
are arranged in a random fashion within the CHA cages.
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Figure 1. Assembly of the organic SDAs nBA and HMI (carbon and
nitrogen atoms are represented as gray and blue spheres, respectively)
in the CHA-type CAL-1 host framework. Oxygen atoms of water
molecules are represented as pink spheres.

Figure 2 shows a possible arrangement of the two different
guest species in a slab of the inorganic framework. For clarity,
only one of the three possible positions of each molecule is
displayed.

Figure 2. Random distribution of HMI and nBA SDAs in the CHA
cages of the CAL-1 host structure.

Few crystalline framework systems that contain two
different templating species are known, for example USH-
8*I and sodalite.!'l In these cases, one organic guest species is
a decomposition product of the pristine organic template.

The nature of the host-guest interaction between SDAs
and the CAL-1 framework was clarified by FT-IR spectros-
copy (Figure 3). For comparison, the FT-IR spectra of nBA
intercalated into the layers of ALPO-ntu and of HMI/HMIH*
embedded within MCM-49 zeolite!'”! were also recorded.
When the low-frequency region is considered, it is clear that a
mixture of nBA and HMIH" (and possibly HMI) is found
within the CAL-1 cages, in agreement with reported results of
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Figure 3. FT-IR spectra of nBA and HMI/HMIH" in CAL-1 in compar-

ison to nBA in ALPO-ntu and HMI/HMIH" in MCM-49.

NMR spectroscopic investigations."”’ In the CAL-1 spectrum,
in fact, the deformation modes of #BA at 1612 and 1502 cm™!
(NH;") and at 1394 cm™' (CH,) are present along with CH,
bending modes typical of the HMI and HMIH™ rings at 1470~
1445 cm ™'

The NH;" deformation modes of nBA in CAL-1 are at
significantly lower frequencies than those of the ion interca-
lated in ALPO-ntu, which were found at 1634 and 1555 cm™..
This result is a clear indication that #BA ions are bound to the
frameworks of the two solids in different ways. NH;" groups
interact with oxygen atoms of the host lattice through
hydrogen bonds, as indicated by the presence of broad
bands in the NH stretching region at approximately 3120 and
3075 cm ! for ALPO-ntu and at 3290 and 3230 cm ™ for CAL-
1. The difference in the frequencies of both stretching and
bending modes of the NH;" groups for nBA ions intercalated
in ALPO-ntu or embedded in CAL-1 suggests that these
vibrations are very sensitive to the chemical environment of
the host framework. The positive charge of the NH;" groups,
in fact, balances the negative charge of [Si-O-Al]~ and P-O~
groups in CAL-1 and ALPO-ntu respectively, and the lower
basicity of the [Si-O-Al]~ groups should lead to the formation
of weaker hydrogen bonds. Weaker interactions, in accord-
ance with the hydrogen-bond theory,™®'! lead to higher-
wavenumber values of stretching vibrations and lower values
of bending vibrations, as is the case for nBA ions embedded in
CAL-1.

Additional information on host—guest interactions of nBA
ions embedded in CAL-1 and intercalated into ALPO-ntu
was derived from the distances of the NH;" groups to
framework oxygen atoms. For CAL-1, as measured in the
fully solved structure, N--O distances are found between
3.28(6) and 3.59(7) A. In the case of ALPO-ntu, a combined
FT-IR spectroscopic and DFT study®™’ suggests that N--O
distances (2.62-2.82 A) are much shorter than in CAL-1.
These results fully confirm the spectroscopic data.

Whilst the N positions of the disordered nBA molecules
could be determined, HMI had to be described using a
simplified model. The C and N atoms could not be distin-
guished, and N--O distances between HMI and the host
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framework were found in the 3.61(6)-4.30(7) A range using
the CI site.

The FT-IR spectrum of CAL-1 shows a very broad band at
3150-2600 cm ™', which overlaps with the CH, and CH,
stretching modes at 3000-2800 cm ™' and is absent in the
spectrum of ALPO-ntu. This band may be assigned to NH--N
bonds in nBA-HMI complexes, in agreement with a
N--N(C1) distance of 2.48 A found in the refined structure.*!
The absorption at 3150-2600 cm ' indicates the presence of
patches of supramolecular organic guest structures within the
host CHA framework.

It is concluded that the novel CAL-1 structure displays a
layered organization of the SDAs, which may be responsible
for the crystal morphology. The layered SDA assembly in
synergy with host—guest interactions probably drives the
crystallization of the layered morphology of the CAL-1
particles, which is unusual for a CHA-type solid. It is
predicted that the morphology of the SAPO-34 final product
can be designed, along with the acid strength and catalytic site
distribution, by tuning the supramolecular organization of the
SDAs.

Experimental Section

The structure of CAL-1 was determined from single crystal synchro-
tron diffraction. A transparent crystal (40 x 30 x 30 um) was measured
at SNBL (ESRF, Grenoble) using a MAR345 image-plate detector
(A=0.7111 A). The data were collected at 100K at a crystal-to-
detector distance of 120 mm. 101 images were collected with a 1.5°
step. Diffraction images were treated with CrysAlis software.”!
Intensities were integrated in a rhombohedral cell with a=
13.736(3) and ¢ =15.170(2) A. The structure was solved and refined
in the space group R3 using the SHELX-97 program package.”’
Analysis of bond distances®! showed that Si atoms were present at
both T sites in the aluminophosphate framework. Microprobe
analysis was used to define the composition of single crystals used
for X-ray diffraction study.”” The resulting percentages for Al, P, and
Si were used for the refinement of the crystal structure. Both T
positions were described as mixed T/Si sites with Xsof =sof(T) +
sof(Si) =1.

Standard values for T--O distances were taken from the
literature.” Difference Fourier map analysis, which was performed
after locating the atoms of the inorganic framework, showed that both
nBA and HMI were present in the CHA cages. Calculations
performed at an intermediate stage, in which the relative positional
occupancies of the interstitial atoms were refined, revealed the strong
disorder of the organic guest species.'*! Final R indices obtained by
the use of 1001 reflections, 80 refined parameters, and 78 restraints
were: R, =0.0605, wR, =0.1531 for [/ >20(I)] and R, =0.0674, wR, =
0.1573 for all data.*"!
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