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Encapsulation of bulky solvent molecules into the channels of
aluminophosphate molecular sieve and its negative influence on the
thermal stability of open-framework
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Three aluminophosphate molecular sieve AlPO4-5s were synthesized using water, ethylene glycol, and
triethylene glycol as solvent. The products were thoroughly characterized by powder X-ray diffraction analyses,
thermogravimetric analyses, scanning electron microscope analyses, and solid-state cross polarization magic
angle spinning nuclear magnetic resonance analyses. The results showed that solvothermally synthesized
aluminophosphate molecular sieve AlPO4-5 from triethylene glycol was much less stable than that hydrother-
mally synthesized from water. Thermogravimetric analysis and 13C cross polarization magic angle spinning nu-
clear magnetic resonance analyses confirmed that the bulky solvent molecules of triethylene glycol were
encapsulated within the channels of AlPO4-5 and was responsible for the significant decrease of the thermal sta-
bility of open-framework.
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Zeolites and related microporous crystalline materials have been
widely used as ion-exchangers, catalysts, and adsorbents [1–4]. Before
and in the utilization of suchmaterials, calcination is usually needed ei-
ther to eliminate water and/or organic structure-directing agents en-
capsulated within their porosity or cavity or to regenerate them by
eliminating the coke deposits in air ormoisture. Therefore, high thermal
and hydrothermal stability for such materials are the basic require-
ments for their potential applications. For zeolites, both intrinsic and ex-
ternal factors can affect their stability [5]. The intrinsic factors include
the framework Si/Al ratio, defects, crystallinity, the type and size of
charge-compensating cations, the coordination of cations after dehy-
dration, and the framework topology. The external factors include the
calcination environment, crystal size, and heating rate, etc. For a given
zeolitic structure, it is important to keep its stability by controlling ex-
ternal factors. Thus, it is very necessary to investigate the external fac-
tors affecting the thermal stability of zeolitic structures.

During the formation of microporous crystalline materials, the or-
ganic structure-directing agents will be usually encapsulated in the
open-framework if the organic species was used as structure-directing
agent, which will occupy most of the room of porosity or cavity [6–

11]. It is well accepted that the small solvent molecules of water can
be possibly included in the hydrothermally synthesized structures to-
gether with the organic structure-directing agent. Since M. P. Dale per-
formed the first solvothermal synthesis of zeolites using ethylene glycol
and propanol as solvent [12], solvothermal synthesis has been consid-
ered as an important method for the synthesis of molecular sieves.
Since then, plenty of zeolites and microporous crystals have been syn-
thesized using various alcohols and other organic solvents [13–17].
However, the information and investigation on if the organic solvent
molecules, especially bulky organic solvent molecules, can be included
in the structure of microporous crystals in the solvothermal synthesis
is very rare. In a recent work, the encapsulation of organic solvent mol-
ecules in the pore structure of ZSM-12 was speculated according to the
blue shift of symmetric and asymmetric Si\\O vibration modes in FTIR
spectra [18]. In 2004, Morris and co-workers reported the “ionothermal
synthesis” of microporous materials in which bulky ionic liquids were
used as both structure-directing agents and solvents [19]. The bulky
ionic liquids were usually included inside the microporous crystals.
However, these included species was usually treated as structure-
directing agent instead of solvent. Very recently, we found that
triethylene glycol solventmolecules can be encapsulated into the chan-
nels of as-synthesized aluminophosphate molecular sieve AlPO4-11
[20]. However, such encapsulation has no influence on the thermal sta-
bility of AlPO4-11.
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Aluminophosphate molecular sieves were first reported in 1982
[21], and denoted as AlPO4-n, where n represents a structure-type.
These molecular sieves possess neutral zeolitic open frameworks that
are built up from strict alternation of AlO4 and PO4 tetrahedra through
corner sharing. AlPO4-5(AFI) was the first AlPO4 molecular sieve syn-
thesized [22]. The framework of AlPO4-5 comprises a one-dimensional
(1D) channel system of circular 12-membered rings with a free diame-
ter of approximately 7.3 × 7.3 Å [23]. It has been reported that the
AlPO4-5 is thermally stable to 1000 °C, above which it transforms to
the AlPO4 analog of tridymite [24].

In this work, we report an unusual influence of solvents on the ther-
mal stability of AlPO4-5 synthesized with water, ethylene glycol (EG)
and triethylene glycol (TEG) as solvents and triethylamine was used
as organic structure-directing agent. The corresponding products were
denoted as AlPO4-5-H2O, AlPO4-5-EG and AlPO4-5-TEG, respectively.
We confirm that bulky solvent molecules can be encapsulated in the
channels of AlPO4-5 together with the structure-directing agent of
triethylamine and such encapsulation has a significant negative influ-
ence on the thermal stability of AlPO4-5. The AlPO4-5 synthesized
with triethylene glycol as solvent collapsed at the temperature as low
as 300 °C, far from 1000 °C.

Fig. 1 shows the powder X-ray diffraction (XRD) patterns of AlPO4-5
synthesized with solvents of water, EG and TEG and the corresponding
calcined samples at different temperatures. The XRD power patterns
shown in Fig. 1a indicate that all AlPO4-5s have high degree of crystallin-
ity. Taking AlPO4-5-H2O as a reference, the degree of crystallinity of
AlPO4-5-EG and AlPO4-5-TEG is 38.2% and 40.7%, respectively. The de-
gree of crystallinity is calculated by comparing the summation of the in-
tensities of the six prominent peaks in the 2θ range of 7 to 25° (i.e. 7.42,
12.88, 14.88, 19.72, 20.96, and 22.36°) [25]. Thermal stability studies
show that AlPO4-5-H2O is stable up to 800 °C (Fig. 1b), which is consis-
tent with the previously reported results [24]. Similarly, AlPO4-5-EG is
also stable up to 800 °C (Fig. 1c). However, compared to the as-synthe-
sized AlPO4-5-EG, its degree of crystallinity of the calcined AlPO4-5-EG
at 800 °C decreased to 56.4%. During the calcination, AlPO4-tridymite
starts to form at 600 °C. Surprisingly, AlPO4-5-TEG is much less stable

than AlPO4-5-H2O and also less stable than AlPO4-5-EG (Fig. 1d). At
150 °C, obvious AlPO4-tridymite starts to form. Compared to the as-syn-
thesized AlPO4-5-TEG, the degree of crystallinity of calcined AlPO4-5-
TEG at 150°C is decreased to 78.1%. At 300°C, the framework of AlPO4-
5-TEG completely collapses, which is far from 800 or 1000 °C. These re-
sults show that the solvent of TEG has significantly negative influence
on the thermal stability of the framework of AlPO4-5. Considering that
AlPO4-5-EG and AlPO4-5-TEG have very similar degree of crystallinity
but significant difference in thermal stability, we conclude that the
low stability of AlPO4-5-TEG is not caused by the degree of crystallinity
but by the solvent of TEG.

The scanning electron microscopy (SEM) images of AlPO4-5-H2O,
AlPO4-5-EG, andAlPO4-5-TEG (Fig. S1)with low and highmagnification
reveal that their morphologies are significantly different from each
other. AlPO4-5-H2O crystals (Fig. S1a, d) exhibit a rod-like habit with a
size distribution of 10–15 μm, which is a typical morphology for the hy-
drothermally synthesized AlPO4-5. Compared to the crystals of AlPO4-5-
H2O, the crystals of AlPO4-5-EG (Fig. S1b, e) have amuch smaller aspect
ratio. The typical crystal size for AlPO4-5-EG is about 2.5 μm.When the
solvent is TEG, aggregated tablet-like crystals were obtained (Fig. S1c,
f). Compared to the crystals of AlPO4-5-EG, the aspect ratio of AlPO4-
5-TEG crystals was further significantly decreased, consistent with pre-
vious report that poly ethylene glycol (pEG) can significantly decrease
the aspect ratio of transition metal substituted AlPO4-5 crystals [26].

Thermogravimetric (TG) curves of three AlPO4-5s (Fig. 2) under air
atmosphere and the detailed weight losses at different stages summa-
rized in Table S1 clearly show that the physically adsorbed water in
AlPO4-5-H2O (6.60 wt%), AlPO4-5-EG (7.18 wt%), and AlPO4-5-TEG
(4.37 wt%) was lost at temperature of 150 °C. Previous studies showed
that the triethylamine in hydrothermally synthesized AlPO4-5 is fully
protonated and charge balance is achieved through the inclusion of hy-
droxide ions in the channels [27,28]. Upon heating, deprotonation of the
structure-directing agent first occurred, forming triethylamine and
eliminating hydroxide ions as water. Further heating results in the pro-
gressive loss of ethylene to form lower amines and finally ammonia via
sequential Hofmann elimination reactions, which is consistent with the

Fig. 1. XRD patterns of AlPO4-5 synthesized with solvents of water, EG and TEG (a) and the calcined AlPO4-5-H2O (b), AlPO4-5-EG (c) and AlPO4-5-TEG (d) at different temperatures. The
marks indicate aluminophosphate version of tridymite.
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