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for facilitating the targeted
synthesis of silicoaluminophosphates†‡

Nana Yan,ab Lei Wang, a Xiaona Liu,ab Pengfei Wu,ab Tantan Sun,ab Shutao Xu, a

Jingfeng Han,a Peng Guo, *a Peng Tian*a and Zhongmin Liu*a

The targeted synthesis of crystalline microporous silicoaluminophosphate (SAPO) molecular sieves

(MSs) with desired topologies is challenging. Conventionally, the trial-and-error approach assisted by

computational methods is widely utilized for this exploration. The identification of predicted organic

structure-directing agents (OSDAs) by this method is usually based on a neutral aluminophosphate or

pure silica framework as the initial structural model, ignoring the host–guest interaction. To some

extent, this may affect the prediction result. Herein, we present a novel approach called RSS

(Refining, Summarizing, and Searching), which is used for identifying appropriate OSDAs for

synthesizing specific SAPO MSs. The RSS approach is mainly based on understanding the structural

roles of the alkyl groups of OSDAs and the host–guest interaction elucidated from refinement

analysis against experimental diffraction data. By adopting the RSS approach, the OSDAs of a small

pore SAPO MS DNL-6 (RHO topology) have been extended from two types reported by us to

fourteen additional commercialized ones. DNL-6 has shown promising CO2/N2 gas separation and

the unique intermediate heptamethylbenezenium cations have been identified in DNL-6 during the

methional-to-olefin (MTO) reaction in our previous work. The universality of this approach manifests

the targeted synthesis of another SAPO MS SAPO-42 (LTA topology) by employing cheap

commercialized OSDAs. Before our work, this material could only be synthesized using complex and

expensive OSDAs in a toxic F� medium.
Introduction

Silicoaluminophosphate (SAPO) molecular sieves (MSs), an
analogue of conventional zeolites, are a class of crystalline micro-
porous materials. Their basic building unit TO4 (T ¼ Al, Si, P, etc.)
connects with its neighbours through corner sharing, generating
a three-dimensional (3D) framework with well-dened cavities or
channels of molecular sizes. Although there are 239 framework
type codes (FTCs) approved by the International Zeolite Associa-
tion-Structure Committee (IZA-SC), only a few SAPO forms, which
can be used in acid catalysis, have been synthesized.1 Based on the
pore opening being delimited by the number of T atoms, they can
be categorized as small pore (8 T), medium pore (10 T), large pore
(12 T), and extra-large pore (>12 T) SAPOMSs, respectively. Among
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these SAPO materials, small pore SAPO MSs, especially SAPO-34
(FTC:CHA), have been extensively exploited in applications such as
the methanol to olen (MTO) process, the selective catalytic
reduction (SCR) of nitrogen oxide species, gas separation, etc.2,3

The commercialization of the MTO process in China has been
accomplished by using the DMTO technology developed in our
laboratory through the utilization of SAPO-34 based catalysts. Until
now, there have been 23 units licensed and 12 are in operation in
China, producing 6.46 million tons of olens per year.2

Beside engineering applications, we have also been focusing
on fundamental research such as the exploration of new catalysts
for industrial applications. A novel small pore SAPO MS with the
RHO topology (denoted as DNL-6, DNL stands for Dalian National
Lab) was reported by our laboratory.4–8 From the structural point
of view, one d8r connects with two lta cages, while one lta cage
links with six d8rs, creating a 3D channel system through 8-ring
pore openings. It is worth noting that the intermediate hepta-
methylbenezenium cations were identied in the lta cage of DNL-
6 under real MTO conversion conditions due to its strong
Brønsted acidity and unique topology.9 Moreover, it has also
shown promising CO2/N2 gas separation.6 Compared with the
synthesis of SAPO-34 by utilizing various organic structure-
directing agents (OSDAs),10 investigations on the synthesis of
DNL-6 are rare. Until now, only two types of OSDAs (diethylamine
This journal is © The Royal Society of Chemistry 2018
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and N,N0-dimethylethylenediamine) reported by us have been
utilized for synthesizing DNL-6.4–8,11 Therefore, this stimulated our
efforts to synthesize DNL-6 with tunable Si contents by employing
a variety of commercialized OSDAs.

Conventionally, the discovery of novel SAPOMSs (or zeolites)
and the synthesis of them with specically targeted known
topologies are achieved through the trial-and-error experimen-
tation. The targeted synthesis of them is the dream of zeolite
scientists. Although their crystallization processes are still
elusive, many endeavors have been devoted to this eld. For
instance, Lewis and co-workers put forward a methodology that
computationally grows chemically feasible OSDAs through
a “van der Waals overlap” function in a given zeolite frame-
work.12 Since the OSDAs grown by Lewis' approach may not be
synthetically feasible, researchers at Rice University utilized the
chemical molecules as starting fragments and then computa-
tionally grew them through well-established chemical reac-
tions.13 Appropriate OSDA candidates are identied through
a scoring function (the interaction between a putative OSDA and
the zeolite, termed the “stabilization energy”). Using OSDAs
predicted by this updated method, zeolites with AEI, RTH, SFW,
and STW FTCs have been successfully synthesized.14–17 More-
over, with the aid of the molecular modelling approach, Turrina
et al. have reported a series of novel small pore SAPO MSs
belonging to the ABC-6 zeolite family by employing a retro-
synthetic co-templating method.18,19 In most cases, the neutral
aluminophosphate or pure silica frameworks are selected as the
initial structural models when these computational methods
are utilized.16,20 Therefore, the host–guest interaction, to some
extent, is ignored. Moreover, assigning the locations of tetra-
hedral (T) heteroatoms (Si in the SAPO and Al in the conven-
tional aluminosilicate zeolite) is also challenging in the
computational process since it is closely associated with the
experimental conditions.21,22

Herein, we propose an alternative approach called RSS
(Rene, Summarize, and Search) to facilitate the targeted
synthesis of specied zeolites or SAPO MSs of known topolo-
gies. The RSS approach is mainly based on analyzing and
understanding the structural roles of alkyl groups in OSDAs
and the host–guest interaction revealed by renement analysis
against experimental diffraction data. The small pore SAPO
DNL-6 is chosen as an example to illustrate this method in
detail. The RSS approach is composed of three parts: (1) Rene
the known as-made samples against diffraction data,
including single crystal X-ray diffraction (SCXRD), powder
X-ray diffraction (PXRD), and electron diffraction (ED). In this
step, the locations of OSDAs and the host (framework)–guest
(OSDAs) interaction can be identied based on the renement
against the experimental diffraction data; (2) Summarize the
structural roles of OSDAs; (3) Search for suitable OSDA
candidates among commercialized organic amines with
similar structural features. In order to manifest the univer-
sality of this approach, another SAPO MS SAPO-42 (FTC:LTA),
which was obtained by employing expensive OSDAs of large
size in a toxic F� medium,23,24 can be synthesized by the
utilization of cheap commercialized OSDAs through the RSS
approach.
This journal is © The Royal Society of Chemistry 2018
Results and discussion
Rietveld renement of two known DNL-6s

As mentioned before, DNL-6 can be synthesized by employing
diethylamine (DEA) and N,N0-dimethylethylenediamine
(DMEDA) as OSDAs (denoted as DNL-6-DEA and DNL-6-
DMEDA). Following the RSS approach, rstly, both structural
models of the as-made samples are rened against PXRD data
since they crystallize with a size of a few micrometers, which is
too small to be investigated by conventional in-house SCXRD.
The aim of this step is to identify the locations of OSDAs and the
host–guest interaction between the framework and the OSDAs.

The as-made DNL-6-DEA synthesized based on our previous
recipe has a uniform crystal size of ca. 2 mm (Fig. S1‡).4 Its unit cell
composition deduced from XRF and TGA measurements is
|DEA8.1(H

+)7.5(H2O)3.3|[Al23.7Si8.1P16.2O96]. Only 7.5 (less than 8.1)
protonated OSDAs were required to balance the negatively
charged framework, which suggests that the OSDAs trapped in
DNL-6 are partially protonated. The presence of a broadband
around 3200–3300 cm�1 in the Raman spectra (Fig. S2‡), which is
assigned to the N–H stretching mode of neutral amines, proves
this result. Rietveld renement against PXRD data (collected on
a high-resolution STOE STADI P ESSENTIAL diffractometer in the
Debye–Scherrer mode) combined with the simulated annealing
algorithms is utilized to locate the atomic coordinates of OSDAs
and the host–guest interaction. We and other research groups
have used this combinedmethod not only to explore the locations
of OSDAs in SAPO-34/44,10 germanosilicates,25,26 and a series of
novel borosilicates,27 but also probe Brønsted acidic sites
conned in the 10-ring channels of the ferrierite (FER) zeolite.28

We note that the idealized RHO framework with the space group
of Im�3m (no. 229) has only one T atom and two O atoms in the
asymmetric unit. Due to the alternating distribution of Al and P,
the space group of DNL-6 is reduced to I432 (No. 211). The initial
atomic coordinates of Al, P, and two O atoms in the asymmetric
unit were deduced from the idealized RHO framework deposited
in the IZA database of the zeolite structure.1 The difference elec-
tron density map as shown in Fig. 1a, indicating the initial
locations of the OSDAs, was calculated from the experimental
PXRD data and simulated one of the SAPO-form RHO framework
(without OSDAs) (details in the ESI‡). Simulated annealing is then
employed for determining the positions of the DEA OSDAs. The
nal renement converged at Rp ¼ 0.0165 and Rwp ¼ 0.0240
(Fig. 1b and Table S1‡) and revealed that DEA stretches across the
d8rs and lta cage, simultaneously generating the classical
hydrogen bonding with the framework oxygen in the 8-rings (N1–
H6/O2: 3.265 (17) Å) (Fig. 1c and d). Using identical approaches,
the positions of DMEDA and the hydrogen bonding in the DNL-6-
DMEDA (unit cell composition: |DMEDA8.5(H

+)9.3 (H2O)10.6-
|[Al19.9Si17.5P10.6O96]) are determined, which are similar to the
ones observed in the DNL-6-DEA (Fig. 3a, S7‡).
Summarize the common structural roles of OSDAs in the
DNL-6s

It is of signicance to note three main structural features of the
OSDAs in the DNL-6s:
J. Mater. Chem. A, 2018, 6, 24186–24193 | 24187
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Fig. 1 (a) Plots for finding the DEA by applying the appropriate scale
factor to the whole pattern. The inset shows the difference electron
density map to locate positions of DEA through Rietveld refinement.
(b) Final Rietveld refinement plots of DNL-6-DEA. The observed,
calculated, and difference curves are in blue, red, and black, respec-
tively. The vertical bars indicate the positions of Bragg peaks (Cu Ka1, l
¼ 1.5406 Å). The inset shows the high angle part of the profiles. (c) and
(d) The location of DEA and the host–guest interaction in the as-made
DNL-6-DEA sample from two perspectives, respectively. For clarity,
the O atoms were omitted except for the one which makes the
hydrogen bonding interaction with the N atom of DEA. The highly
disordered water molecules have also been omitted for clarity.
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(1) Classical hydrogen bonding between the OSDA and
framework revealed by the nal Rietveld renement analysis is
the key structural feature. In our previous work, the hydrogen
bonding interactions have also been observed in SAPO-34/44
templated by n-butylamine and cyclohexylamine.10 In most
cases, these kinds of interactions are ignored in the computa-
tional modelling.
24188 | J. Mater. Chem. A, 2018, 6, 24186–24193
(2) One of the alkyl groups (ethyl group in DNL-6-DEA and
methyl group in DNL-6-DMEDA) stretches into the d8rs.

(3) The other alkyl groups (ethyl group in DNL-6-DEA and N-
methylethyleneamine in DNL-6-DMEDA) stabilize the lta cage.
This observation is distinct from the previous strategy of
stabilizing the lta cage, in which expensive OSDAs of large size
were utilized.23,24,29–32 This new nding can be extended to
synthesizing other SAPO molecular sieves with lta cages.

Search for additional OSDAs and targeted synthesis of DNL-6s

Themain task in this step is to search for new OSDAs among the
commercialized organic amines that exhibit similar structural
features to DEA and DMEDA. Thus, suitable organic amines
should (1) form hydrogen bonds with the DNL-6 framework,
preferably with oxygen in the 8-rings, and (2) have a longer alkyl
group to stabilize the lta cage and a shorter one to stretch into
d8rs (most likely the ethyl or methyl group). Taking the length of
DEA and DMEDA into account, the backbone of suitable OSDA
candidates might consist of ve or six carbon atoms approxi-
mately, if the nitrogen atom is simply considered as carbon.
Based on these predictions, several commercialized linear
chain amines are identied and listed in Group I of Fig. 2,
including N-methylethylamine (MEA), N-methylpropylamine
(MPA), N-methylbutylamine (MBA), N-methylpentylamine
(MPeA), N-ethylpropylamine (EPA), and N-ethylbutylamine
(EBA). For quick verications, our initial attempts are to
synthesize DNL-6 using these linear secondary amines in Group
I as OSDAs with a gel composition of 1.0 OSDA : 0.2 SiO2 : 0.4
P2O5 : 0.5 Al2O3 : 50H2O : 0.15 CTAB, which is the typical recipe
for DNL-6-DEA.4 In addition, a small amount (ca. 2–5 wt%
relative to aluminum oxide) of the calcined DNL-6 seed with
a crystal size of ca. 200 nm is added (details in the ESI‡). The
PXRD results (Fig. S3a‡) indicate that these linear OSDAs can
direct the synthesis of DNL-6, which is consistent with our
predictions through the RSS approach.

Besides the linear OSDAs, commercialized branched
secondary amines shown in Group II of Fig. 2 are also chosen
for the targeted synthesis of DNL-6 using the same recipe
mentioned above (details in the ESI‡). Preliminary PXRD results
in Fig. S3b‡ illustrate that branched secondary amines can also
be considered as effective OSDAs to direct the synthesis of
DNL-6. The successful synthesis of DNL-6 by the utilization of
linear and branched secondary amines stimulated our interest
in the selection of cyclo-secondary amines with larger steric
hindrance (Group III) and even primary amines (Group IV) as
OSDAs to synthesize DNL-6. The tentative synthesis with the
same recipe is conducted (details in the ESI‡). The PXRD results
in Fig. S3c‡ indicate, to a certain extent, that both cyclo-
secondary (Group III) amines and primary amines (Group IV)
can direct the synthesis of DNL-6 as well.

Optimize synthesis conditions of DNL-6s templated by new
OSDAs

Different amines (listed in Fig. 2) utilized as OSDAs in the
tentative experiments could direct the synthesis of DNL-6;
however, there are undesirable impurities such as SAPO-34,
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The schematic representations of organic amine candidates. For clarity, the H atoms bonded to C atoms were omitted.
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SAPO-42 (LTA) or amorphous phases. Therefore, a series of
trials were performed by means of optimizing the gel compo-
sition, the silicon source, the aluminum source, and the
amount of seed addition. Eventually, well-crystallized DNL-6s
without any impurities using nine types of OSDAs (highlighted
in green in Fig. 2) were obtained respectively. Representative
optimized experimental parameters and results are shown in
Table 1 and S2.‡ It is worth noting that by using optimized gel
compositions (listed in Table 1) without any seed addition,
DNL-6 can also be synthesized. However, some amorphous
phases are still present whenMPeA, EPA, and EBA are employed
as OSDAs, and some SAPO-34 or/and SAPO-42 can be found in
the products when MIBA, EIPA, and ECyA are used (Table S3‡).
Consequently, nine DNL-6s obtained by using recipes listed in
Table 1 are selected for further precise structural analysis.

SEM images (Fig. S4‡) of the as-made samples show that they
have typical rhombic dodecahedral morphologies. 13C MAS
NMR spectra (Fig. S5a‡) conrm that OSDAs remain intact in
the as-made DNL-6s. The unit cell compositions were also
deduced from XRF and TGA (listed in Table 1). The OSDAs
trapped in the nine DNL-6s are partially protonated since the
number of OSDAs within one unit cell (deduced from XRF and
TG) is more than the one of the protonated OSDAs of required.
The appearance of the N–H stretching mode of neutral amines
around 3200–3300 cm�1 in the Raman spectra (Fig. S2‡) also
Table 1 The gel compositions and unit cell compositions of DNL-6s tem

Sample OSDA (abbreviation)
Gel composit
P2O5 : Al2O3 :

DNL-6-MEA N-Methylethylamine (MEA) 2 : 0.3 : 0.4 : 0
DNL-6-MPA N-Methylpropylamine (MPA) 1.5 : 0.4 : 0.4
DNL-6-MBA N-Methylbutylamine (MBA) 2 : 0.3 : 0.4 : 0
DNL-6-MPeA N-Methylpentylamine (MPeA) 1.5 : 0.45 : 0.4
DNL-6-EPA N-Ethylpropylamine (EPA) 2 : 0.6 : 0.4 : 0
DNL-6-EBA N-Ethylbutylamine (EBA) 1 : 0.55 : 0.4 :
DNL-6-MIBA N-Methylisobutylamine (MIBA) 2.2 : 0.3 : 0.4
DNL-6-EIPA N-Ethylisopropylamine (EIPA) 2 : 0.45 : 0.4 :
DNL-6-ECyA N-Ethylcyclohexylamine (ECyA) 2 : 0.55 : 0.4 :

a The amount of seed addition is based on the weight of Al2O3 in the syn

This journal is © The Royal Society of Chemistry 2018
indicates that OSDAs in DNL-6 are partially protonated. Our
previous work manifests that the dosage range of silicon for
yielding pure DNL-6-DEA is small and the number of Si atoms
per unit cell is nonadjustable when the DEA is employed as an
OSDA in hydrothermal synthesis with CTAB as the surfactant.4

Besides, by means of changing synthetic approaches6,7 or
utilizing different surfactants,8 the Si content becomes
adjustable by employing DEA as the OSDA. And high Si content
DNL-6-DMEDA (about 11–17 per unit cell) can be obtained
when DMEDA is utilized.11 In this work, the Si content also
plays an indispensable role in yielding the pure DNL-6.
Moreover, the Si content can also be tuned from 7 to 12 per
unit cell when different types of OSDAs are used as shown in
Table 1. 29Si MAS NMR of three samples (DNL-6-MBA, DNL-6-
MPA, and DNL-6-EPA) with different Si contents has been
performed to investigate the local atomic environment as
shown in Fig. S5b, c, and d,‡ respectively. The strong peak at
�91 ppm in the DNL-6-MBA with a low Si content suggests the
presence of Si(OAl)4 species in the framework. For the case of
DNL-6-MPA with a medium Si content, a few Si(OSi) (OAl)3
species at �95 ppm and Si(OAl)4 species at �91 ppm are
present. For DNL-6-EPA with a higher Si content, the 29Si NMR
spectrum is complex, and consists of ve peaks (�91, �95,
�100,�104, and�109 ppm) corresponding to Si(OSi)n(OAl)4�n

(n ¼ 0–4) species, respectively.
plated by nine OSDAs highlighted in Fig. 2

iona OSDA : SiO2 :
H2O : CTAB (seed) Unit cell compositions

.5 : 50 : 0.15 (20%) |MEA9.2(H
+)6.4(H2O)9.4|[Al22.6Si9.2P16.2O96]

: 0.5 : 50 : 0.2 (20%) |MPA8.0(H
+)7.4(H2O)2.7|[Al22.6Si10.2P15.2O96]

.5 : 50 : 0.2 (20%) |MBA 7.1(H
+)4.9(H2O)6.1|[Al22.9Si7.1P18.0O96]

: 0.5 : 50 : 0.2 (40%) |MPeA7.4(H
+)6.3(H2O)5.0|[Al22.3Si9.7P16.0O96]

.5 : 50 : 0.2 (40%) |EPA7.3(H
+)7.1(H2O)5.0|[Al21.4Si12.3P14.3O96]

0.5 : 50 : 0.2 (10%) |EBA6.2(H
+)5.6(H2O)2.7|[Al22.2Si9.2P16.6O96]

: 0.5 : 50 : 0.2 (40%) |MIBA6.7(H
+)6.9(H2O)5.0|[Al23.1Si7.2P16.2O96]

0.5 : 50 : 0.2 (40%) |EIPA7.4(H
+)7.7(H2O)3.8|[Al22.4Si10.9P14.7O96]

0.5 : 50 : 0.2 (40%) |ECyA5.4(H
+)5.1(H2O)4.5|[Al21.1Si10.9P16.0O96]

thesis system.

J. Mater. Chem. A, 2018, 6, 24186–24193 | 24189
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Rietveld renement of DNL-6s templated by some OSDAs in
Fig. 2

To investigate the locations of OSDAs and the host–guest
interaction, these nine DNL-6s are analyzed by Rietveld rene-
ment combined with simulated annealing. It turns out that all
of the OSDAs as predicted stretch across d8rs and lta cages,
leaving the shorter alkyl group (methyl or ethyl) and longer ones
(linear, branched or cyclo-alkyl groups) in the d8rs and lta cages
(Fig. 3b–j), respectively. More importantly, the hydrogen bonds
between the OSDAs and framework are also identied (Fig. 3b–j)
from the Rietveld renement results (Table S1, Fig. S8–S16‡).

It is of interest to note that although there is no so-called
“shorter” alkyl group in the primary amine BA molecule, it can
still direct the synthesis of the DNL-6 with SAPO-34 as an
impurity (Fig. S17a‡). Since the structural model of SAPO-34
templated by BA (denoted as SAPO-34-BA) has been elucidated
in our previous work,10 the Rietveld renement of DNL-6-BA
could be feasible by adding SAPO-34-BA as the second phase. Its
difference electron density map (Fig. S17b‡) is different from
the one observed in the DNL-6-DEA case. Aer running the
simulated annealing algorithm, the isolated electron densities
in the d8rs are interpreted as guest water molecules and the
dangling ones are treated as BA molecules (Fig. S17c and d, and
Table S1‡). In this case, the guest water molecules play
a signicant role in stabilizing the d8r building units, which was
observed in our previous work regarding the aluminosilicate
RHO zeolite family.33 All these observations satisfy our criteria
proposed in the second step of the RSS approach.

To further verify our RSS approach and have a deeper
understanding of the structural roles of OSDAs, the secondary
amines without longer alkyl groups (dimethylamine, DMA), the
tertiary amine (triethylamine, TEA), and quaternary ammonium
(tetraethylammonium, TEAOH) are also tested for synthesizing
Fig. 3 (a–j) The locations of OSDAs and host–guest interactions in the

24190 | J. Mater. Chem. A, 2018, 6, 24186–24193
DNL-6 (details in the ESI‡). None of these OSDAs can be used for
synthesizing DNL-6 as shown in Fig. S18,‡ even if the largest
amount of seeds listed in Table 1 was added using the typical
recipe of DNL-6-DEA. It can be attributed to the facts that (1) the
longer alkyl group stabilizing the lta cage is absent in dime-
thylamine; (2) the protonated triethylamine molecule might be
too big to form the hydrogen bond; (3) the hydrogen bonds
between the TEA+ and framework cannot be generated.
Targeted synthesis of SAPO-42 by the RSS approach

Asmentioned above, the framework of DNL-6 is composed of lta
cages linked via d8rs. The requirement that different alkyl
groups of OSDAs stabilize distinct cages in size (lta cage and
d8r) leads to the asymmetry of most OSDAs except for DEA. This
inspires us to synthesize another small pore SAPO MS SAPO-42
(LTA topology), which is constructed using lta cages connected
by the face-to-face mode through single 8-rings. It is highly
possible that the symmetric OSDAs can direct the synthesis of
SAPO-42.

Thus, dipropylamine (DPA) was selected as an OSDA for the
tentative synthesis of SAPO-42. The initial trial (a gel composi-
tion of 1.7 DPA: 0.35 SiO2: 0.4 P2O5: 0.5 Al2O3: 50H2O: 0.15 CTAB
in Fig. S19‡) indicates the successful synthesis of SAPO-42 in
spite of some amorphous phases. Well-crystallized SAPO-42-
DPA without any impurities was obtained by introducing SAPO-
42 seeds (Table S6, S7, and Fig. S19‡). Then Rietveld renement
and simulated annealing are applied to analyze the location of
DPA and the host–guest interaction of SAPO-42-DPA (step 1 of
RSS). The symmetrical distribution of electron density on both
sides of 8-rings reveals the location of DPA (Fig. 4a). And the
nal renement manifests DPA stretches across the single 8-
rings stabilizing two lta cages and the N atom is stuck in the 8-
rings generates the classical hydrogen bonding with the
DNL-6s templated by ten types of OSDAs.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) The difference electron density map indicates the initial
locations of DPA and H2O. (b) Final Rietveld refinement plots of SAPO-
42-DPA. The observed, calculated, and difference curves are in blue,
red, and black, respectively. The vertical bars indicate the positions
of Bragg peaks (Cu Ka1, l ¼ 1.5406 Å). The inset shows the high angle
part of the profiles. The PXRD data were collected in a 0.2 mm
capillary. (c) The location of DPA and the host–guest interaction in
SAPO-42-DPA. The unit cell composition of SAPO-42-DPA is
|DPA32.1(H

+)17.9(H2O)24.3|[Al88.8Si32.3P70.9O384].
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framework oxygen (N1–H1/O1: 2.693 Å) (Fig. 4b, c, and Table
S8‡) (step 2 of RSS). Then, amines with similar symmetrical
structural features such as diethylamine (DEA) and dibutyl-
amine (DBA) were identied as OSDAs to synthesize SAPO-42
(step 3 of RSS). The synthesis trails and corresponding results
(Table S6 and Fig. S19‡) testify that, to some degree, both DEA
and DBA have abilities to direct the synthesis of SAPO-42. Before
our research, most SAPO-42 could only be synthesized by using
complex and expensive OSDAs in a toxic F� medium.23,24

Conclusions

In conclusion, a novel approach called RSS inspired by Rietveld
renement analysis is proposed to facilitate the targeted
synthesis of SAPO RHO-type DNL-6 and LTA-type SAPO-42. It is
anticipated that the RSS approach can be further employed to
achieve the rational synthesis of other MSs or zeolites with
designed structures and tailored properties.

Experimental
Materials synthesis

All synthesis experiments (details in the ESI‡) were carried out
by the conventional hydrothermal method. Phosphoric acid,
This journal is © The Royal Society of Chemistry 2018
amines, and deionized water were mixed and then vigorously
stirred. And then tetraethyl orthosilicate (TEOS) and aluminum
isopropoxide were added sequentially. Aer stirring overnight,
hexadecyl trimethyl ammonium bromide (CTAB) and a certain
amount of seeds were added to the homogeneous gel. Then the
thoroughly mixed gel was transported into a 35 ml Teon-lined
autoclave and crystallized at 200 �Cwith the rotation speed of 75
rpm. The nal products were recovered by centrifugation,
washed with distilled water repeatedly, and dried at 120 �C
overnight.

Characterization

The PXRD data for the phase identication were collected on
a PANalytical X'Pert PRO X-ray diffractometer with CuKa radi-
ation (l¼ 1.5418 Å) in Bragg–Brentano geometry. PXRD data for
Rietveld renement were collected on the STOE STADI P
ESSENTIAL X-ray diffractometer equipped with a Mythen II
detector in the Debye–Scherrer mode with pure Cu Ka1 radia-
tion (l ¼ 1.5406 Å) (capillary: 0.2 or 0.3 mm, angle range: 5–
120�, step size: 0.015�, total counting time: 16.5 h, room
temperature). Scanning electron microscopy (SEM) was per-
formed on a Hitachi SU8020 microscope with an accelerating
voltage of 2 kV and a working distance of 6 mm. The elemental
analysis for Si, Al, and P was conducted using a Philips Magix-
601 X-ray uorescence spectrometer (XRF). Thermogravimetric
analysis (TGA) was performed on a TA Q-600 analyzer or
a NETZSCH STA449F3 instrument at a heating rate of 10 �C
min�1. Raman spectra were obtained on a self-built system with
a spectral resolution of 4 cm�1. The laser line at 244 nm was
used as an excitation source. The power of the laser line used for
measuring at the samples was approximately 0.2 mW. The
spectra of all samples were recorded at room temperature. The
solid-state NMR experiments were recorded on a Bruker Avance
III 600 spectrometer equipped with a 14.1 T wide-bore magnet
using a 4 mm WVT double resonance MAS probe. The reso-
nance frequencies of 1H, 13C and 29Si are 600.13, 150.9 and
119.2 MHz, respectively. 13C MAS NMR spectra were recorded
using a cross polarization (CP, 1H / 13C) sequence with
a contact time of 4 ms and a recycle delay of 2 s at a spinning
rate of 12 kHz. 400 scans were accumulated to achieve a satis-
factory signal-to-noise ratio. The chemical shis were refer-
enced to adamantane with the upeld methine peak at 29.5
ppm. 29Si MAS NMR spectra were recorded with a spinning rate
of 8 kHz using high-power proton decoupling. 1000 scans were
accumulated with a 10 s recycle delay. Chemical shis were
referenced to 4,4-dimethyl-4-silapentane sulfonate sodium salt
at 0 ppm.

Rietveld renement and simulated annealing

The approach for nding the initial positions of organic struc-
ture directing agents (OSDAs) was based on the method devel-
oped by Smeets and McCusker by using the program TOPAS
5.0.27 Once the primary coordinates of Al and P and two O atoms
in the asymmetric unit and space group are deduced as stated in
the main text, the prole tting started with cubic unit cell
parameters of the RHO topology from the IZA database using
J. Mater. Chem. A, 2018, 6, 24186–24193 | 24191
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TOPAS 5.0. And then the optimized framework was obtained
through geometrical renement against the angle and distance
restraints by the “only _ penalty” command. Since guest species
such as structure-directing agents (SDAs) in the cavities have
negligible inuence on the high angle PXRD data, PXRD data at
2q: 60�–120� were chosen to nd the optimal scale factor
between experimental PXRD data and simulated PXRD data of
the optimized framework. Then the obtained scale factor was
applied to the whole pattern, and therefore, the calculated
electron difference density map can be generated, indicating
the initial locations of guest species in the cavities. Simulated
annealing was introduced to TOPAS 5.0 for determining
appropriate locations of OSDAs. Moreover, since alkyl chains of
amines are exible, dihedral angles of its backbone are also
optimized in the process of simulated annealing. Aer several
runs of the simulated annealing algorithm, the initial positions
could be located by xing the unit cell parameters, atomic
coordinates, peak shape parameters, and the scale factor. The
nal Rietveld renement can be done by rening the afore-
mentioned parameters. The nal Rietveld renement results
are summarized in Table S1.‡

An identical approach was applied to the SAPO-42 material
for nding the OSDA and the host–guest interaction. The nal
Rietveld renement results are summarized in Table S8.‡
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J. Pérez-Pariente, J. Catal., 2009, 263, 258–265.
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