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Sulfur-centered phenyl, n-butyl, p-tolyl, and benzyl sulfoniums and sulﬁdes were tested as organic structuredirecting agents (SDAs) for the synthesis of crystalline microporous aluminophosphates (AlPOs) over various
ranges of gel compositions, hydrothermal treatment temperatures, and crystallization times. Among the investigated compounds, triphenylsulfonium gave single-phase products of ATS-type AlPO and silicoaluminophosphate. Other sulfoniums yielded only non-porous, dense crystalline AlPOs. On the other hand, diaryl sulﬁdes gave a tiny amount of AFI-type AlPO amid tridymite and amorphous phases. Based on the results, it was
found to be reasonable that weakly basic sulﬁde could hardly act as a zeotype SDA due to the low protonation to
sulfonium at the present synthesis pH.

1. Introduction
As a new class of zeolite-like materials, crystalline microporous
aluminophosphates (AlPOs) have attracted attention in adsorption and
catalysis ﬁelds since the ﬁrst discovery by Wilson and co-workers in
1982 [1–3]. Similar to aluminosilicate zeolites, the AlPO molecular
sieves exhibit various pore-diameters, shapes, and connectivity depending on the framework structures. So far, more than 60 types of
AlPO frameworks have been discovered, which include 18 structures
that share framework topologies with those already identiﬁed in conventional aluminosilicate zeolites. More than 40 unique framework
structures are only observed from the AlPO-based molecular sieves
[4,5]. The AlPOs exhibit an even wider range of micropore openings
than those reported to date observed from zeolites. For example, the
micropore openings of AlPOs may vary from very small pores with sixmembered oxygen rings to extra-large pores with eighteen-rings and
multiple channel systems [6–8]. Furthermore, the microporous AlPO
frameworks can incorporate more than 20 kinds of metal elements with
varying oxidation states, which often yield versatile catalytic and adsorptive applications [6]. Owing to the rich diversity in structures and
framework compositions of these materials, many eﬀorts to study adsorption and catalytic processes with AlPOs are currently under way in
various application ﬁelds [9]. To develop these processes in desired
ways, many researchers have over the past decades extensively studied
∗

the synthesis of AlPOs with new structures.
Zeolite-type AlPOs, which are hydro- or solvothermally crystallized
from synthetic gels, usually require inorganic precursors and organic
structure-directing agents (SDAs) under strong to mild acid conditions
[10,11]. Among the components of synthetic gels, the molecular
structure of SDAs is the most important factor in determining the framework topologies of an AlPO product because the AlPO structure direction heavily depends on the geometrical and chemical properties of
the SDAs [12]. Organic amines are widely used as SDAs for zeolite-type
AlPOs because their molecular structures can readily be diversiﬁed via
simple organic reactions. In acidic aqueous media, the amines are
protonated into ammonium cations, which can cooperatively assemble
with inorganic anions via electrostatic interactions to generate microporous AlPO frameworks [13]. Various kinds of zeolite-type AlPOs and
their analogues (e.g., SAPO-34, SAPO-31, AlPO-5, VPI-5, etc.) have been
synthesized using amine-type SDAs [11,14,15]. Instead of amines, organic quaternary ammoniums [16], metal complexes [17], and N-containing crown ethers [18] were also extensively tested for the synthesis
of zeolite-type AlPOs and related inorganic phosphates. These tests
using new SDAs were performed with the expectation of discovery of
new zeolite-type AlPOs that might result from diﬀerent SDA molecular
structures and aﬃnities to inorganic precursors.
Recently, Jo et al. reported the synthesis of silicate zeolite analogues
using organic sulfonium as the SDAs [19]. They also obtained a
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of aluminum isopropoxide and water. After aging under magnetic
stirring for 1 h at room temperature, the sulﬁde SDA was added at once
and the resultant gel was vigorously hand-shaken for 5 min. The molar
composition of the ﬁnal gel was 1.0 Al2O3/x P2O5/y SDA/50 H2O,
where 0.7 ≤ x ≤ 1.2 and 1.0 ≤ y ≤ 4.0. After subsequent aging at
333 K for 1 d under stirring, the gel was transferred to a Teﬂon-lined
stainless steel autoclave and heated in a convection oven at 453 K with
tumbling for 1 d. The remainders were the same as those of the sulfonium-directed synthesis procedure described in Section 2.2.

germanosilicate with a new zeolite structure using triphenylsulfonium
as SDAs. The role of sulfonium in their synthesis was identical to that of
amine in AlPO synthesis, even though the polarity of sulfonium was
distinct from that of the amine. In this work, based on the work of Jo
et al., we investigated the possibility of using sulfur-centered organics
(i.e., sulfoniums and sulﬁdes) as SDAs for hydrothermal synthesis of
microporous crystalline AlPOs. We tested various sulfoniums and sulﬁdes species, and changed the reaction gel compositions, reaction
temperatures, and crystallization times. As a result, we discovered that
triphenylsufonium hydroxide (TPSOH) generated single-phase ATStype AlPO and silicoaluminophosphate (SAPO). We also discovered that
diaryl-substituted sulﬁde molecules yielded zeolite-type AlPO crystals
with an AFI-type structure, although the AlPO product was mixed with
tridymite and amorphous phases.

2.4. Materials characterization

The four organic sulfonium compounds listed in Section 2.1 were
tested as SDAs for the synthesis of zeolite-type AlPOs after ion-exchange
with hydroxide from the anion-exchange resin. Pseudoboehmite and
phosphoric acid were used as aluminum and phosphorus sources, respectively. In a typical synthesis test, a mixture of pseudoboehmite,
phosphoric acid, and doubly distilled water with the proper composition was stirred for 8 h. Then, aqueous solution of organic sulfonium
hydroxide was added at once under vigorous stirring. The gel was
further stirred for 1 h at room temperature. The molar composition of
the ﬁnal gel was 1.0 Al2O3/x P2O5/y SDA/50 H2O, where
1.0 ≤ x ≤ 1.7, and 1.0 ≤ y ≤ 2.5. The ﬁnal gel was transferred to a
Teﬂon-lined stainless steel autoclave and heated in a convection oven at
453 K with tumbling. Products were occasionally sampled from the
autoclave through a sampling valve. The products were ﬁltered, washed
with water, and dried at 373 K overnight. For calcination, the sample
was placed in a lab-made glass reactor and heated at 423 K for 1.5 h
under N2 gas ﬂow. Subsequently, the sample was further heated at
523 K for 8 h under ozone gas ﬂow [20].
Ludox AS-40 colloidal silica solution was used as a silica source for
SAPO synthesis. Except for the addition of AS-40 to the synthetic gel
before adding the TPSOH, the same synthetic procedure was performed
as the procedure with organic sulfoniums described above. The gel
composition was 1.0 Al2O3/1.0 P2O5/1.0 SDA/0.025 SiO2/50 H2O.

Powder X-ray diﬀraction (XRD) patterns were obtained on a Rigaku
SmartLab diﬀractometer using a monochromatized X-ray beam coming
from Cu Kα radiation (λ = 1.54056 nm) at 40 kV and 30 mA. Scanning
electron microscope (SEM) images were obtained using an FEI Verios
460 microscope with an electron beam current of 13 pA and a beam
landing voltage of 1.0 kV in beam deceleration mode (stage bias
voltage = 5.0 kV). Transmission electron microscope (TEM) images
were obtained using an FEI Titan ETEM G2 microscope operating at
300 kV. Ar adsorption-desorption isotherms were obtained at 87 K
using a Quantachrome Autosorb iQ volumetric gas adsorption analyzer;
N2 adsorption-desorption isotherms were obtained at 77 K using a
Micromeritics Tristar volumetric gas adsorption analyzer. Prior to the
adsorption measurements, each sample was degassed at 573 K for 3 h
under vacuum. According to Brunauer-Emmett-Teller (BET) theory, the
speciﬁc surface area of the sample was calculated from the adsorption
branch in the region of relative pressure (P/P0) between 0.05 and 0.2.
The non-local density functional theory (NLDFT) model with assumption of Ar adsorption at 87 K on cylindrical silica pores was used for the
estimation of pore size distribution. The micropore volume was calculated from the DFT cumulative volume in a range of pore diameter less
than 2 nm. The total pore volume was determined at P/P0 = 0.98.
Thermogravimetric analysis (TGA) was conducted using a TA
Instrument Q50 under a mixture of N2 and air ﬂow of 40 and
60 cm3 min−1 while increasing the temperature from room temperature
to 1073 K at a ramping rate of 5 K min−1.
Elemental analysis was performed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a PerkinElmer Optima
4300DV instrument. NH3 temperature-programmed desorption (TPD)
was performed as follows: using a quartz reactor, 50 mg of sample was
degassed at 823 K for 3 h under He gas ﬂow at a rate of 30 cm3 min−1.
The degassed sample was put in contact with NH3 gas ﬂow at a rate of
30 cm3 min−1 for 1 h at 373 K for full adsorption of NH3. Subsequently,
the sample was treated with He gas ﬂow for 1 h at 373 K to remove
weakly adsorbed NH3. Using a thermal conductivity detector, an NH3TPD proﬁle was then recorded under He ﬂow (ﬂow rate:
30 cm3 min−1). The temperature for TPD was increased at a rate of
10 K min−1. Solid-state 13C nuclear magnetic resonance (NMR) spectroscopy was carried out with a Bruker AVANCE III HD 400WB spectrometer at room temperature. The 13C NMR spectrum was recorded at
100.63 MHz frequency and a magic angle spinning (MAS) rate of
10 kHz in a 4 mm zirconia rotor. A relaxation delay time of 5 s was
given, with a contact time of 2 ms and a π/2 pulse of 4 μs. The chemical
shift was externally calibrated with respect to the CH2 resonance of
adamantane.

2.3. Procedure using organic sulﬁde

3. Results and discussion

The ﬁve organic sulﬁdes listed in Section 2.1 were tested as SDAs for
zeolite-type AlPOs. Aluminum isopropoxide and phosphoric acid were
used as aluminum and phosphorus sources, respectively. In a typical
synthesis test, aluminum isopropoxide was mixed with a proper volume
of water. An aqueous phosphoric acid solution was prepared to have the
same water content as that of the aluminum isopropoxide mixture.
Then, the phosphoric acid solution was added dropwise to the mixture

3.1. Synthesis results for organic sulfonium SDA

2. Experimental
2.1. Chemicals
Triphenylsulfonium bromide was synthesized according to the
procedure described elsewhere [19]. Tri-p-tolylsulfonium triﬂuoromethansulfonate, tri-n-butylsulfonium iodide, and diphenylmethylsulfonium tetraﬂuoroborate were purchased from TCI Chemicals. Diphenyl sulﬁde, dibenzyl sulﬁde, phenyl p-tolyl sulﬁde, ethyl
phenyl sulﬁde, and di-n-butyl sulﬁde were purchased from TCI and used
as received without further puriﬁcation. MTO-Dowex SBR LCNG anionexchange resin (Supleco), pseudoboehmite (75 wt%, Catapal Alumina),
aluminum isopropoxide (98%, Sigma-Aldrich), phosphoric acid (85 wt
%, Sigma-Aldrich), and Ludox AS-40 colloidal silica (40 wt% suspension in H2O, Sigma-Aldrich) were also used as received.
2.2. Procedure using organic sulfonium

The four sulfonium molecules in Fig. 1 were tested as SDAs for the
synthesis of AlPO molecular sieves. The anions in the sulfonium molecules were ion-exchanged into hydroxides before the synthesis tests in
order to prevent non-porous dense phase (e.g., berlinite and tridymite)
formation, which can easily occur in the presence of halides or other
76
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Fig. 1. Various organic sulfonium molecules tested as SDAs in zeolite-type AlPO synthesis.

adsorption measurement. As shown in Fig. 2D, the adsorption isotherm
had a sharp increase in the relative pressure region below P/P0 = 0.05.
Afterward, the adsorption quantity gradually increased as the pressure
increased to P/P0 = 1.0. The initial increase at low pressure could be
assigned to argon ﬁlling in the zeolitic micropores, while the subsequent gradual increase indicated that there was capillary condensation in the intercrystalline meso- and macroporous spaces between
adjacent nanorods. The BET surface area and micropore volume of the
AlPO product were 363 m2 g−1 and 0.14 cm3 g−1, respectively. The
pore size distribution, acquired by NLDFT method, showed an intense
peak centered at 0.62 nm. This result agreed with the microporous
structure of ATS-type AlPO [23]. The total pore volume (0.54 cm3 g−1)
of the AlPO sample was markedly higher than that of the bulk crystalline microporous ATS-type AlPOs (0.14 cm3 g−1) [23]. This was interpreted as a result of the intercrystalline mesopores and macropores.
As discussed above, an ATS-type microporous crystalline AlPO
product was obtained from the gel composition of 1.0 Al2O3/1.0 P2O5/
1.0 TPSOH/50 H2O. When TPSOH was excluded from the gel composition, however, the hydrothermal synthesis failed to give any zeolitetype AlPOs at all. Instead, a mixture of tridymite and amorphous phases
was obtained (Fig. S3). This result indicated that the TPS cations were
an SDA of the ATS-type AlPO structure. According to the TGA proﬁle in
Fig. 3A, the organic content of the as-synthesized AlPO product corresponded to 18 wt%. The AlPO product was thoroughly washed with
water and various organic solvents, but the organic content did not
decrease at all. The organic content in the AlPO product was characterized by 13C cross polarization (CP) MAS NMR spectroscopy. The
13
C NMR spectrum exhibited only one peak, which was centered at a
chemical shift of 131.5 ppm and shouldered on both sides (Fig. 3B).
This NMR spectrum was identical to that of solid-state TPS cations,
except for the line broadening. The NMR signal broadening in the AlPO
sample is interpreted as a result of molecular distortion, which can
occur when a bulky organic sulfonium cation is tightly conﬁned in

anions during AlPO syntheses [21]. The synthesis tests were performed
at 453 K over a wide range of synthetic conditions. The molar gel
composition was 1.0 Al2O3/x P2O5/y SDA/50 H2O, where x was varied
from 0.5 to 1.2, and y was varied from 1.0 to 5.0. All precipitated
products resulting from various compositions and hydrothermal reaction times were analyzed by XRD. Only the triphenylsulfonium hydroxide (TPSOH) SDA successfully gave a zeolite-type crystalline microporous AlPO product with a reasonably high phase purity. The other
sulfonium molecules (i.e., tri-p-tolylsulfonium, tri-n-butylsulfonium,
and diphenylmethylsulfonium hydroxides) all gave amorphous AlPOs
and/or non-porous crystalline phases (Fig. S1). The details of the
synthesis results are described in the following subsections.

3.1.1. Synthesis of ATS-type AlPO using triphenylsulfonium
Fig. 2 shows the characterization results for the AlPO sample, which
was hydrothermally synthesized at 453 K for 2 d using TPSOH. The
molar gel composition of the synthetic gel was 1.0 Al2O3/1.0 P2O5/1.0
TPSOH/50 H2O. As shown in this result, the TPSOH-directed AlPO
sample was a crystalline microporous AlPO with a morphology of
bundled nanorods. The XRD pattern (Fig. 2A) of the AlPO product exhibited sharp peaks indicating a crystalline structure. The XRD peak
positions were in agreement with Bragg reﬂections of an ATS-type
framework structure (i.e., 1-dimensional micropores with a 12-membered oxygen ring pore aperture) [22]. No other crystalline phases were
detected in the XRD pattern, and there were no broad background
peaks to indicate amorphous phases. In good agreement with the XRD
pattern, the SEM and TEM images of the AlPO sample showed a singlephase product with a bundled nanorod-like morphology (Fig. 2 and Fig.
S2). As shown by the high-resolution TEM image (Fig. 2C), the nanorods were about 10–30 nm in thick. The nanorods showed lattice
fringes corresponding to (110) planes of the ATS-type framework
(d = 1.1 nm).
Porous texture of the ATS-type AlPO product was investigated by Ar
77
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Fig. 2. Characterization of the ATS-type crystalline microporous aluminophosphate after 2 d at 453 K from the molar gel composition of 1.0 Al2O3/1.0 P2O5/1.0
triphenylsulfonium hydroxide SDA/50 H2O: (A) XRD pattern, (B) SEM image, (C) TEM image, (D) Ar adsorption-desorption isotherm (D), and (E) pore size distribution derived by NLDFT method. Miller indices of ATS-type structure are shown as a set of three integers in the XRD pattern in (A).

Fig. 3. TGA and NMR analyses of as-synthesized ATS-type AlPO. (A) TGA
proﬁle and (B, upper) solid-state 13C CP/MAS NMR spectrum of AlPO product
synthesized with triphenylsulfonium hydroxide. (B, lower) 13C CP/MAS NMR
spectrum of triphenylsulfonium bromide for comparison. Asterisks correspond
to spinning sidebands in (B).

Fig. 4. Diagram showing product phases of AlPOs synthesized using triphenylsulfonium hydroxide at 453 K for 2 d. Numbers in parentheses indicate the
initial pH of the synthesis gel.

micropores, similar to the case of the pore-occluded tetrapropylammonium cations in MFI zeolite synthesis [24]. In this manner,
we conﬁrmed that the TPS cations were indeed an SDA of the ATS-type
microporous crystalline AlPO.
We tested the hydrothermal synthesis of AlPO with various gel
compositions. As shown in Fig. 4, our synthesis tests gave a phase-pure
ATS-type AlPO product over a wide range of gel compositions. The
phase purity is a notable point in the sulfonium-directed AlPO

synthesis. When an organic amine is used as an SDA, the formation of
ATS-type AlPO often competes with AFI formation [25]. This makes it
diﬃcult to synthesize ATS-type AlPO of high purity. In contrast,
TPSOH-directed synthesis generates a pure ATS-type AlPO very easily,
particularly in a pH range of 4–5. It seems that the TPS+ ion acted as a
speciﬁc SDA for the ATS-type AlPO. No other zeolite-type AlPOs were
obtained for any of the compositions presented in Fig. 4.
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Fig. 5. Characterization of ATS-type crystalline microporous silicoaluminophosphate after 2 d at 453 K from the molar gel composition of 1.0 Al2O3/1.0 P2O5/0.025
SiO2/1.0 SDA/50 H2O: (A) XRD pattern, (B) SEM image, (C) TEM image, (D) Ar adsorption isotherm, and (E) pore size distribution derived by NLDFT method. Miller
indices of ATS-type structure are indexed in (A).

organic sulﬁde would be protonated to its conjugate acid (i.e., sulfonium) during the synthesis of AlPO. However, our experimental results
were opposite to this hypothesis. We tested diphenyl sulﬁde, phenyl ptolyl sulﬁde, dibenzyl sulﬁde, ethyl phenyl sulﬁde, and di-n-butyl sulﬁde (molecular structures shown in Fig. 6) with various gel compositions in a pH range of 1–4. Among the various synthesis attempts, all
three diaryl sulﬁdes, which had similar molecular sizes and electron
densities, gave AFI-type microporous crystalline AlPO products (Fig.
S5). However, the AlPO products were obtained as very minor components mixed into the majority of amorphous solid. Ethyl phenyl
sulﬁde and di-n-butyl sulﬁde failed to give any zeolite-type AlPOs
(Table S1). Even in the case of the diphenyl sulﬁde-directed synthesis,
synthesis conditions with pH > 2 gave no zeolite-type AlPO products
at all. Tridymite was the only product. This is interpreted as a result of
protonation diﬃculty of the sulﬁde molecule, which has very low basicity [27,28].
Fig. 7 shows the XRD pattern of the AlPO product synthesized using
diphenyl sulﬁde. Hydrothermal synthesis was performed at 453 K for
2 d from a gel composition of 1.0 Al2O3/1.0 P2O5/1.0 SDA/50 H2O. The
XRD pattern for the calcined product showed Bragg reﬂections corresponding to the AFI-type AlPO structure. However, the XRD intensities
were very low. As judged from the intensities, the AFI-type AlPO product was overwhelmed in amount by a tridymite phase. The XRD pattern also showed a broad background of low intensity in the region of
2θ = 15–25°, which implied the presence of amorphous materials.
Compared with the synthesis of phase-pure AFI-AlPO using tripropylamine SDA, the diphenyl sulﬁde-directed AlPO synthesis exhibited
very low XRD peaks corresponding to AFI-type AlPO phase. In good
agreement with the XRD data, the mixed-phase product from diphenyl
sulﬁde exhibited only a small amount of N2 adsorption at pressures
below P/P0 = 0.05 and, consequently, a very low BET surface area of
10 m2 g−1 (Fig. S6). Evidently, the AFI-type microporous AlPO phase

3.1.2. Synthesis of ATS-type SAPO using triphenylsulfonium
In an attempt to extend the ATS-type AlPO synthesis to SAPO, colloidal silica was added as a silica source to the initial gel composition of
AlPO. A typical gel composition for SAPO synthesis is 1.0 Al2O3/1.0
P2O5/0.05 SiO2/1.0 TPSOH/50 H2O. The resultant SAPO product from
this gel composition was characterized by XRD, SEM, and argon adsorption. The SAPO product had a crystalline structure and textural
property identical to those of the TPSOH-directed AlPO sample described in Section 3.1.1 (Fig. 5). The XRD pattern of the SAPO product
exhibited characteristic XRD peaks indicating ATS-type structure. The
SEM image of the SAPO sample showed nanorod-like morphologies,
similar to the case of the TPSOH-directed AlPO sample. The SAPO
sample exhibited exactly the same microporous texture as that of the
ATS-type AlPO. According to the ICP-AES elemental analysis, the SAPO
sample had almost the same Si/Al/P ratios as those in the initial gel
composition (i.e., 1/34/33 in molar ratio). No amorphous phases were
detected in the SAPO product by SEM, TEM, and XRD. This result indicated that the Si atoms were incorporated into the ATS-type microporous framework. The Si incorporation gave an enhanced Brønsted
acidic property to the SAPO framework, which was conﬁrmed in the
TPD proﬁle by NH3-TPD showing two distinct peaks appearing at 463
and 523 K (Fig. S4) [26]. Comparatively, the AlPO framework did not
have strong acid sites, and exhibited only the 463 K peak in NH3-TPD.
3.2. Unsuccessful result from organic sulﬁdes
Various organic amines and ammoniums are commonly used as
SDAs to synthesize zeolite-type AlPO materials. When organic amines
are used, the molecules are protonated to their conjugate acid species
(i.e., ammoniums) in an initial gel mixture at pH 2–6. The protonated
ammoniums act as SDAs [10]. Analogous to the AlPO structure-directing chemistry of organic ammoniums, it might be assumed that an
79
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Fig. 6. Organic sulﬁdes tested as SDA for AlPO synthesis. Diaryl sulﬁdes gave AFI-type AlPOs, but the phase-purity was very low.

we obtained an AFI-type zeolite-like AlPO product; however, even in
this case, the phase-purity was very poor. The sulﬁdes had to be arylated or alkylated in advance by organic halides into a form of sulfonium. The sulfonium, pre-synthesized in this manner, could act as an
eﬃcient SDA for ATS-type microporous crystalline AlPO or SAPO.
Based on these results, we believe that it is important to have proper
electrostatic interaction between the positively charged sulfonium and
negatively charged aluminophosphate framework in AlPO synthesis.
This is analogous to the synthesis of aluminosilicate zeolites using
ammonium SDA.
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Fig. 7. XRD patterns of AlPO synthesis products from gel compositions of 1.0
Al2O3/1.0 P2O5/1.0 diphenyl sulﬁde/50 H2O (upper) and 1.0 Al2O3/1.0 P2O5/
1.0 tripropylamine/50 H2O (lower). The Bragg reﬂections corresponding to
AFI-type AlPO were Miller-indexed. Non-porous tridymite phase is marked with
asterisks.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.micromeso.2019.01.048.

was a very tiny fraction in the precipitated product.
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