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Abstract 

A retrosynthetic method to design the synthesis of target zeotypes whose frameworks belong 

to the ABC-6 structural family and which contain gme cages has been developed. This 

permits the preparation of silicoaluminophosphate versions of AFX (SAPO-56), SFW (STA-

18) and GME (STA-19) topology types. The method makes simultaneous use of two organic 

structure directing agents (SDAs) to promote the formation of structural features such as 

cages or channels of the target framework. Computational modelling was used to identify 

SDAs for gme and other cages or channels in the target structures. The trimethylammonium 
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cation was found to be the most favourable SDA for the gme cage while 

bisdiazabicyclooctane (DABCO) alkane cations and quaternary ammonium oligomers of 

DABCO with connecting polymethylene chain lengths of 4 to 8 methylene units acted as 

templates for the additional cages or channels, respectively. The incorporation and location of 

each of the co-SDAs in the as-prepared materials were confirmed by chemical analysis, 
13

C 

MAS NMR and Rietveld refinement combined with computational modeling. The structural 

chemistry of the microporous SAPOs of as-prepared and calcined materials have been 

determined by Rietveld refinement against Synchrotron PXRD data and solid state NMR. All 

materials crystallise in highly ordered form (including the SFW topology). While 

SAPO(AFX) and SAPO(SFW) retain topology type upon calcination, some of the 

SAPO(GME) materials convert topotactically to SAPO-5.  

 

Keywords: 

SAPO-56, SAPO STA-18, SAPO STA-19, co-templating, retrosynthetic method 

 

1. Introduction 

Aluminosilicate zeolites and their aluminophosphate zeotype analogues find increasing use in 

a range of adsorption and catalytic processes, including the conversion of methanol to 

olefins
1,2 

or the selective catalytic reduction of NOx.
3,4

 In each case the choice of material is 

limited to the 50 or so known synthetically-accessible structure types
5
 that can be prepared in 

stable and active forms. However, it has been established that there are millions of 

hypothetical zeolite structure types, many of which are as energetically feasible as those 

observed experimentally,
6-8

 which have not yet been synthesised. Many of these would be 
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expected to have outstanding properties in shape selective catalysis, and recent in silico 

assessment of their properties has suggested some of these, suitably modified, could be ideal 

for target applications.
8,9

  

There has therefore been a tremendous synthetic effort, which is ongoing, toward the direct 

synthesis of novel structures. The most successful approach to new structures, particularly for 

materials with relatively low framework charge densities, is to use organic structure directing 

agents, OSDAs, which are typically (but not exclusively) alkylammonium cations or 

amines.
10-17 

The short range non-bonding interaction energies of these with the oxygen atoms 

of the framework are found to be crucial in determining which phase crystallises.
18-21

 

In most cases, new zeolites have resulted from exploratory crystallisation in the presence of a 

wide range of OSDAs which are either available commercially or prepared by customised 

syntheses, with screening of conditions and inorganic gel composition for each OSDA tried. 

However, there have also been successful attempts to synthesise specified zeolite structures 

through targeted template design, making use of molecular modelling to design OSDAs that 

have highly favourable interaction energies with a part of the zeolite, usually a cage. The first 

of these methods used the ZEBEDDE code to predict templates for the chabazite zeotype,
22,23

 

whereas the most recent, that of Deem,
24

 introduces into the program elements that take into 

account the practicality of synthesis of the prospective template. The last method has 

successfully predicted templates for the RTH, AEI and STW silicate frameworks.
25-27

 

However, many zeolite structures have more than one type of cage, or intra framework void, 

and each must be filled by template or solvent upon crystallisation to stabilise the open 

structure. Where such structures have successfully been templated by a single OSDA (e.g. 

DAF-1
28

, TNU-9
29

) the organic fits very well to one (or more) cage type while the remainder 

take up water or poorly fitting organic species (or their fragments) via ‘void filling’. Such 
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inefficient filling of pores leaves these crystallising systems vulnerable to competing 

crystallisations, especially from phases in which the OSDA fills all available spaces. The 

approach of co-templating, in which more than one template is chosen to fit closely to the 

different cage or channel types, is therefore energetically attractive, with the proviso that both 

templates should be incorporated simultaneously, and so should have similar templating 

tendencies. Where such conditions are not met, competitive pathways involving only one of 

the OSDAs, or giving more than one phase with the different templates, might be expected to 

dominate.  

Nevertheless, we have shown that true co-templating, where each OSDA is a close fit to one 

of the two cage types in the target structure, can be used successfully to prepare silico-

aluminophosphate (SAPO) frameworks that had not been accessible via other routes. The 

SAV structure type, for example, is built from the stacking of D6Rs in such a way that there 

are two cage types, one considerably larger than the other. To prepare the SAPO form of this 

material, STA-7 (St Andrews microporous material-7), two different templates are required, 

tetraethylammonium cations (TEA
+
) and cyclam, which fit its smaller and larger cages, 

respectively.
29

 This synthesis has been developed further to include, as one of the SDAs, a 

copper cyclam complex, giving a direct route to a precursor for an active and selective 

catalyst for the selective catalytic reduction (SCR) of NO with NH3.
30

 Similarly, we have 

prepared the SAPO form of the KFI framework for the first time using a co-templating 

approach.
29

 Like STA-7 this structure is also built only from D6Rs but they have a different 

arrangement and give two different cage types, pau and lta. A combination of TEA
+
 and 

K222 were used as templates for the pau and lta cages that are present, where the TEA
+
 was 

selected by molecular modelling prior to synthesis as the most favourable template for the 

pau cage. 
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Building on these successful syntheses, we reasoned that it should be possible to identify 

families of structures containing more than one type of cage or channel and to prepare them 

by a form of retrosynthetic analysis. In this our aim was to examine the cages or channels 

present in the structure and to choose OSDAs for each of them, making use of molecular 

modelling to suggest candidate molecules. In this way, the most efficient filling of pore space 

might be achieved, improving the probability that the structure types could form. The SAPO 

ABC-6 structure family was chosen for investigation, because template control of 

crystallisation is known to give three-dimensionally connected small pore zeotypes of interest 

in methanol-to-olefin and SCR catalysis. Examples of SAPOs of this type, where the cages 

are connected via openings delimited by rings of eight tetrahedrally-coordinated cations and 

eight O atoms (8Rs), include SAPO-17 (ERI), SAPO-34 (CHA), SAPO-35 (LEV), SAPO-56 

(AFX) and SAPO STA-2 (SAT), each of which is prepared by use of a single organic 

template.  

The ABC-6 structural family is made up of members that are built from layers of 6Rs with 

different stacking arrangements, linked by 4Rs.
31

 The 6R units can be centred on three 

different x, y positions in the hexagonal ab-plane: A (0, 0), B (2/3, 1/3) and C (1/3, 2/3). Li et 

al have recently enumerated the 84,292 hypothetical structures in this family with repeat units 

up to 16 layers and identified by modelling the 1,127 of these that are most likely to be 

feasible.
8
 We chose to investigate a subset of ABC-6 structures that contain gme cages as one 

of two types of void (cages, channels) present, and limited our approach to targeting structure 

types comprising only D6R units (and not single 6Rs). This choice was made because the 

gme cage looked like a suitable target to template, and because our previous work on a 

separate family of materials built from D6Rs had been shown to be feasible.
29, 32 

Our first step in selecting D6R target structures in the ABC-6 system for synthesis as SAPOs 

was to see what frameworks that contained gme cages (sequence AABBAA) had already 
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been crystallised either as SAPOs or aluminosilicate zeolites. These included GME, SAPO-

56 (AFX), SSZ-52 (SFW) and AlPO-52 (AFT). Other known structure types do possess gme 

cages, but are either not in the ABC-6 system (i.e. EON, LTF and MAZ) or also include 

single 6Rs (i.e. AVL, EAB and OFF), and so were not chosen as targets (although they might 

crystallise if conditions were suitable). 

The first target was SAPO-56 (AFX), stacking sequence AABBAACC(A). This possesses 

gme cages and also long aft cages (Figure 1). Although its synthesis has been reported 

previously, this was using a single OSDA, N,N,N’,N’-tetra-methyl-hexane-1,6-diamine
33

 or 

α,ω-bis(N-methylpyrrolidinium)alkane,
34

 in the aft cages, with the gme cage thought to be 

filled with water molecules. It was therefore chosen as a model structure to understand co-

templating in this system. The second target was SFW, recently reported as an alumino-

silicate but not yet as a SAPO, with an idealised stacking sequence 

AABBAABBCCBBCCAACC(A), although the reported material shows a considerable 

concentration of stacking faults. As well as gme cages, the structure also contains a longer 

sfw cage (Figure 1) that appeared amenable to OSDA modelling studies. The third target was 

gmelinite itself (GME), with a stacking sequence BBCC(B) according to the above 

nomenclature, which is equivalent to AABB(A). This has been prepared as an aluminosilicate 

since 1978
35

 but not to our knowledge as an aluminophosphate-based material. The structure 

contains gme cages and also 12R channels (Figure 1), and so provided a different challenge 

for the retrosynthetic approach. Notably, unfaulted aluminosilicate gmelinite has previously 

been prepared by Rollman et al. by adding cationic polymers to the synthesis gel.
36

 

Following a co-templating synthetic approach, and combining modelling, synthesis and 

characterisation, we demonstrate here that we have successfully prepared three SAPOs that 

contain more than one intra-framework type of cage or channel, two for the first time as 

aluminophosphate-based zeotypes. 
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Figure 1. GME, AFX and SFW framework structures showing the different types of cages and 

channel (green: gme; blue: aft; violet: sfw; red: 12R channel). Oxygen atoms are omitted for clarity. 

The stacking sequences of the D6R layers are given on the left. 

 

2. Experimental details 

2.1. Synthesis and preparation 

The synthesis and characterisation of the organic compounds diDABCO-C5, diDABCO-C6, 

diDABCO-C7, diDABCO-C8 and the oligomers [DABCO-C5]3, and [DABCO-C6]3 (where 

the subscript 3 indicates the average number of repeating units) used as SDAs are reported in 

the Supporting Information. The diDABCO-C4 and [DABCO-C6]2, [DABCO-C6]5 and 

[DABCO-C6]7 oligomers were purchased from Valiant and Alfa Aesar, respectively. An 

example of each of the types of DABCO SDAs is shown in Scheme 1. 

The synthesis gels were prepared by mixing orthophosphoric acid (85 wt. % in H2O, BDH) 

with fumed silica (powder 0.007 μm Aldrich) and aluminium hydroxide (Aldrich) in water 

and stirred at room temperature. After 30 minutes the selected DABCO template and 
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trimethylamine (45 wt.% in H2O, Aldrich) were added. If necessary tetrabutylammonium 

hydroxide, TBAOH, (40 wt.% in H2O, Aldrich) was used to adjust the gel pH to 7. In order to 

favour the crystallisation of the desired phase, seeds of SAPO AFX, previously prepared 

(2.0–4.0 % wt. respect to SiO2 content) were added.  

After being stirred for at least 2 hours at room temperature, the final synthesis mixture was 

charged into a Teflon-lined 30-mL autoclave and heated at 160 or 190 °C for between 4 and 7 

days. The solid product was recovered by filtration, washed repeatedly with water, and then 

dried overnight in air at 80 °C for 12 hours. 

The overall gel compositions which gave the desired materials as pure phase are reported in 

Table 1.  

Table 1. Gel compositions used to prepare pure SAPO AFX, SFW and GME materials. 

gel composition
a 

Al : P : Si : R : TrMA : TBAOH : H2O 

R
b 

seed 

AFX 

(wt %) 

temp. 

(°C) 

time 

(d) 

product
d 

1.0 : 0.77 : 0.23 : 0.10 : 0.21 : 0.23 : 40 diDABCO-C4 4 190 4 SAPO-56  

1.0 : 0.71 : 0.29 : 0.10 : 0.21 : 0.23 : 40 diDABCO-C5 4 190 4 SAPO-56  

1.0 : 0.70 : 0.30 : 0.10 : 0.13 : 0.28 : 40 diDABCO-C6 2 190 7 STA-18 

1.0 : 0.70 : 0.30 : 0.10 : 0.13 : 0.28 : 40 diDABCO-C7 2 190 7 STA-18  

1.0 : 0.70 : 0.30 : 0.10 : 0.11 : 0.30 : 40 diDABCO-C8 2 190 7 STA-18  

1.0 : 0.70 : 0.30 : 0.15 : 0.42 : 0.12 : 40 [DABCO-C5]3
c 

4 160 7 STA-19  

1.0 : 0.70 : 0.30 : 0.15 : 0.21 : 0.24 : 40 [DABCO-C6]3
c 

4 160 7 STA-19  

1.0 : 0.70 : 0.30 : 0.15 : 0.21 : 0.24 : 40 [DABCO-C6]5
c 

4 160 7 STA-19 

1.0 : 0.70 : 0.30 : 0.15 : 0.21 : 0.24 : 40 [DABCO-C6]7
c 

4 160 7 STA-19 

(a) In the molar ratios Al, P, Si correspond to Al(OH)3, H3PO4, SiO2 respectively.  

(b) All DABCO SDAs were added as bromide. 

(c) The amount of [DABCO-C5]3 and [DABCO-C6]x was determined as repeated unit (C11N2H22Br2) 

and (C12N2H24Br2), respectively. 

(d) SAPO-56 (AFX), STA-18 (SFW) and STA-19 (GME). 

 



9 
 

 

Scheme 1. SDAs based on diquaternary salts of DABCO and quaternary ammonium oligomers of 

DABCO used for the synthesis of AFX, SFW and GME. x represents the number of repeating units. 

 

2.2. Molecular Modelling 

In order to find OSDAs suitable for gme, aft and sfw cages, molecular modelling studies were 

performed using the Forcite module within the program Materials Studio version 6.1.
37

 The 

Constant Valence Force Field (CVFF) was used and the negative charges were spread across 

all the atoms in the framework so that a neutral simulation box was maintained upon 

introduction of small quaternary ammonium cations (or protonated amines) or diDABCOs 

with a +1 and +2 charge, respectively. The small quaternary ammonium cations were energy-

minimised within an isolated gme cage rather than within the entire GME framework. The 

framework structures and gme cage were simulated using an aluminium phosphate model 

(Al:P of 1:1) and the atoms were held fixed throughout the simulations. The crystal symmetry 

was decreased to P1 in order to fit various kinds of organic molecules. Energy minimisation 

was performed following a simulated annealing protocol that ran for 100,000 steps at 

temperatures of 476.85 °C, 226 °C, 26.85 °C and -173.15 °C. The time step used was 1 x 10
-

15
 s. Once the simulation was complete, the overall interaction energy and the torsion energy 



10 
 

of the SDA were extracted. The latter is the energy difference between the configuration of 

the SDA in its minimum energy state outside the solid and its adopted configuration within 

the cages of the AlPO structures, when only its intramolecular interactions are considered. 

Furthermore, molecular modelling was used to get an initial estimate of the SDAs positions 

within the respective AlPO frameworks in order to have better starting models for the 

Rietveld refinement of the as-prepared materials. 

 

2.3. Characterisation 

For phase identification purposes, X-ray powder diffractograms in the 2θ range 5–50° (step 

size 0.01°, time step
-1

 160 s, 0.04 rad soller, 45 kV, 35 mA) were recorded on a Panalytical 

Empyrean automated diffractometer equipped with a X’Celerator detector. The data were 

collected in Bragg-Brentano geometry, using Cu Kα1 (λ = 1.54056 Å) X-radiation via a 

primary monochromator. For refinement purposes, samples were loaded in a 0.7 or 1.0 mm 

quartz-glass capillaries and dehydrated at a temperature ranging between 170–250 °C under a 

vacuum of 10
-5

 mbar for 10 hours before being sealed and mounted on the diffractometer. X-

ray powder diffractograms in the 2θ range 3–80° (step size 0.1°, time step
-1

 80 s, 40 kV, 35 

mA) were measured in Debye-Scherrer mode on a Stoe STADI/P diffractometer with a 

primary monochromator, using Cu Kα1 X-radiation (λ = 1.54056 Å) and equipped with a 

linear PSD detector. Scanning electron microscopy on samples was carried out with a JEOL 

JSM 6700F SEM with an Oxford INCA Energy 200 EDX analyser to determine the Si, Al 

and P content. Thermogravimetric analysis of as-prepared samples was performed on a 

NETZSCH TG1000M in a dry air flow with a heating range of 5 °C min
-1

. Elemental analysis 

was carried out by Elemental Analysis Service, London Metropolitan University, United 

Kingdom. Solid-state NMR spectra were collected at room temperature using a Varian 

VNMRS 400 spectrometer, equipped with a widebore 14.1 T magnet, yielding Larmor 
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frequencies of 104.2 MHz for 
27

Al, 161.9 MHz for 
31

P, 79.4 MHz for 
29

Si, 100.6 MHz for 
13

C 

and 40.5 MHz for 
15

N. As-prepared and calcined samples were dehydrated overnight at 150 

°C or 200 °C, respectively, before being packed in 4 mm ZrO2 rotors and rotated at a rate of 

12.8 or 13.5 KHz for 
27

Al, 6.8 KHz for 
31

P, 
29

Si, 
15

N and 6.0 KHz for 
13

C. Chemical shifts 

were recorded in ppm relative to 1 M Al(NO3)3 (aq) for 
27

Al, 85% H3PO4 for 
31

P, TMS for 

29
Si, 

13
C and CH3NO2 for 

15
N. 

27
Al, 

31
P and 

29
Si MAS NMR spectra were recorded with a 

one-pulse sequence (direct extinction) at repeat intervals of 10 ms for 
27

Al, 15 or 20 ms for 

31
P, 30 ms for 

29
Si and in a spectral width of 416.7 kHz for 

27
Al, 100.0 kHz for 

31
P and 40.3 

kHz for 
29

Si. 
13

C and 
15

N MAS NMR spectra were recorded with standard cross-polarisation 

(CP) pulses at repeat interval of 30 ms and in a spectral width of 40.3 KHz for 
13

C and 62.5 

KHz for 
15

N. Solid-state NMR spectra were obtained at the EPSRC National Solid-state 

NMR Service at Durham, United Kingdom. Detemplation of selected samples was performed 

in a tube furnace at a temperature ranging between 500–600 °C (reached via a heating ramp 

of 20 °C min
-1

), for 12 hours in a stream of dry oxygen. To establish the porosity of the 

calcined solids, adsorption isotherms for N2 at -196.15 °C have been measured using a 

Micromeritics Tristar II 3020 apparatus. The samples were activated at 150–180 °C in order 

to remove the physisorbed water. Transmission electron microscopy and selected-area 

electron diffraction (SAED) patterns were attained using a JEOL JEM-2011 electron 

microscope operating at an accelerating voltage of 200 kV. The images were recorded using a 

Gatan 794 CCD camera.  

 

2.4. Crystallography: Rietveld refinement 

Rietveld refinement of the structures of selected dehydrated as-prepared and calcined 

materials was carried out using the GSAS suite of programs and the EXPGUI graphical 
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interface.
38

 The energy-minimised structural models of SAPO-56 and SAPO STA-18 (SFW) 

were used as starting models for the relevant refinements. The silicate structure reported in 

the IZA website
5
 was used as a starting model for the refinement of calcined SAPO STA-19 

(GME). The space groups were changed from P1 to P-31c, P1 to R-3 and P63/mmc to P-31c 

for SAPO-56, SAPO STA-18 and SAPO STA-19, respectively, to take symmetry and Al/P 

ordering into account. The instrumental background was fitted either automatically by using a 

Chebyschev function or edited manually by choosing the points over the pattern and further 

interpolated using a Chebyschev function. The peak profiles were modelled using a Pseudo-

Voigtian function (type 4).
39

 The framework Al-O, P/Si-O, O-O(Al), and O-O(P/Si) distances 

were soft constrained to 1.72 Å (σ = 0.025 Å), 1.51 Å (σ = 0.025 Å), 2.82 Å (σ = 0.025 Å), 

and 2.50 Å (σ = 0.025 Å), respectively, for calcined (framework only) samples. In the case of 

as-prepared SDA-containing samples, the σ values were fixed to 0.01 Å and 0.02 Å for T-O 

and O-O distances, respectively. The isotropic atomic displacement parameters of the atoms 

were constrained to be the same in groups for the tetrahedral sites (Al, P, Si) and O atoms 

respectively. For the as-prepared samples the atomic coordinates of the SDA atoms obtained 

by energy minimisation calculations were not refined. An overall isotropic atomic 

displacement parameter was set to 0.005 Å
2
 for all C, N, H atoms, while the fractional 

occupancy were constrained in groups for the diDABCO and trimethylamine atoms. During 

the cycles of refinement only the occupancy of the SDAs atoms was allowed to refine, 

together. Convergence was achieved by refining simultaneously all profile parameters, scale 

factor, lattice constants, 2θ zero-point, and atomic positional and atomic displacement 

parameters for the framework atoms and, for the as-prepared sample, the occupancies of the 

SDAs atoms. 
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3. Results and Discussion 

3.1. Templating the gme cage 

Having chosen AFX, SFW and GME as targets, the first step was to perform modelling of the 

OSDAs most likely to favour the crystallisation of the gme cage, and to investigate their 

action in an aluminophosphate-based synthesis. A series of protonated tertiary amine and 

quaternary alkyl ammonium compounds was modelled as potential structure-directing agents 

for the gme cage: trimethylammonium (HTrMA
+
), tetramethylammonium (TMA

+
) 

ethyldimethylammonium (HEDMA
+
), diethylmethyl-ammonium (HDEMA

+
), 

diethyldimethylammonium (DEDMA
+
), triethylammonium (HTrEA

+
) and 

triethylmethylammonium (TrEMA
+
). The molecules, together with their acronyms, are 

shown in Scheme 2. The amines were examined in their protonated form because at the 

neutral pH (6–7) used during hydrothermal synthesis the protonated form is stable.
40

 

 

Scheme 2. Protonated tertiary amine and quaternary alkyl ammonium compounds modelled within 

the gme cage. 

As shown by the binding energies in Table 2, the three-fold (HTrMA
+
) or pseudo-three-fold 

molecules (HEDMA
+
 and HDEMA

+
) are those with the most favourable energies for the gme 

cage. In this regard, the tetrahedral TMA
+
 shows a binding energy of -116 kcal mol

-1
 which is 

20 kcal mol
-1

 less favourable than that of HTrMA
+
. Moreover as the number of ethyl groups 
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coordinated to central N increases, the binding energies become less favourable because the 

molecules are too big to fit in the gme cage. Figure 2 shows the optimised configuration of 

each molecule in the gme cage. 

Table 2. Binding energies for HTrMA
+
, TMA

+
, HEDMA

+
, HDEMA

+
, DEDMA

+
, HTrEA

+
 and 

TrEMA
+
 templates within gme cage determined by molecular dynamics and energy minimisation 

calculations. 

SDA binding energy (kcal mol
-1

) 

HTrMA
+
 -136 

TMA
+
 -116 

HEDMA
+
 -133 

HDEMA
+
 -128 

DEDMA
+
 -74 

HTrEA
+
 -117 

TrEMA
+
 -63 

 

Figure 2. Energy-minimised configurations of quaternary ammonium cations in the gme cage. (light 

blue: Al; grey: P; red: O; black: C; green: N; pink: H). 

On account of its most favourable calculated energy, HTrMA
+
 was chosen as a candidate 

SDA for the gme cage. Furthermore, in order to investigate possible competition with the 

formation of other structures containing small cages, HTrMA
+
 and TrMA were also modelled 

within gis and sod cages. The binding energies in Table 3 suggest that in both protonated and 

non-protonated forms, TrMA has a better chance of influencing the formation of GME 
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compared to SOD and GIS. However, when protonated, TrMA assumed a more tetrahedral 

conformation which fits into the sod cage better with respect to the non-protonated form. The 

optimised configurations for each cage are shown in Figure 3. 

Table 3. Binding energies for TrMA and HTrMA
+
, within gme, gis, and sod cages determined by 

molecular dynamics and energy minimisation calculations. 

SDA binding energy (kcal mol
-1

) 

 gme gis sod 

TrMA -17.6 -9.1 -15.1 

HTrMA
+
 -136.2 -126.3 -135.0 

 

Figure 3. Energy-minimised configurations of HTrMA
+
 within gme, gis and sod cages. (light blue: 

Al; grey: P; red: O; black: C; green: N; pink: H). 

The structure-directing effect of adding trimethylamine to a SAPO preparation was 

investigated. An excess of TrMA was added to the silicoaluminophosphate gel in order to 

achieve an overall pH of 7. The final gel composition was Al(OH)3 : 0.8 H3PO4 : 0.2 SiO2 : 

0.42 TrMA : 40 H2O. The PXRD pattern of the product (Figure S1, ESI) shows a mixture of 

gismondine (GIS), sodalite (SOD) and an unidentified aluminophosphate phase (composition 

detected by SEM/EDX) resulted from the hydrothermal synthesis conducted at 190 °C for 7 

days. No evidence of gmelinite was detected. SOD and GIS frameworks are built only from 

sod and gis cages, respectively. By contrast, the GME framework contains both gme cages 
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and 12R channels as regions of high energy, requiring stabilisation by SDA incorporation. 

Therefore, the presence of a second open space in addition to the gme cage (and for which the 

interaction energy with HTrMA
+
 is less favourable) may contribute to an increase in the 

energy of the gmelinite structure in comparison to those of sodalite and gismondine. 

As the SEM images in Figure S2 show, the sample consists of aggregate cubic crystals 

belonging to GIS and SOD phases with an average side length of 1 μm or smaller and plates 

ca. 2 μm thick typical of a dense/layer phase.  

The 
13

C MAS NMR spectrum of the SAPO (GIS/SOD) mixture shows (Figure 4) a dominant 

signal at 47 ppm characteristic of trimethylammonium, (CH3)3NH
+
,
40

 with signals at 37 and 

39 ppm belonging to dimethylamine, (CH3)2NH, and protonated dimethylamine, 

(CH3)2NH2
+
.
41

 A resonance at 58 ppm is assigned to tetramethylammonium, (CH3)4N
+
.
42

 The 

formation of dimethylamine and tetramethylammonium via trans-methylation might be 

associated with the synthetic conditions (high temperature and pressure) and/or to the 

catalytic activity of the crystallised SAPOs (SOD and GIS). 
15

N MAS NMR was performed 

to investigate the protonation state of the N atom of trimethylamine within the as-prepared 

material. Potentially, five different signals belonging to trimethylamine, protonated 

trimethylamine, dimethylamine, protonated dimethylamine and tetramethylammonium may 

be present in the spectrum. However, the spectrum in Figure 4 shows only two resonances: 

the most intense at -348 ppm was assigned to protonated trimethylamine, (CH3)3NH
+
, while 

that at -356 ppm was assigned to protonated dimethylamine, (CH3)2NH2
+
. The attribution of 

the two signals is based on the computational and experimental data reported by Castro et al. 

for diDABCO-C4 within AlPO STA-2.
43

 Their results suggest the following chemical shifts: 

-332 ppm for NR4
+
, -350 ppm for NR3H

+
 and -375 ppm for :NR3 , in line with other studies.

44
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Figure 4. 
13

C and 
15

N MAS NMR spectra for as-prepared SAPO sample synthesised employing 

TrMA as SDA. 

 

3.2. Co-templating SAPO-56 (AFX) 

The combination of trimethylamine and diDABCO-C4 SDAs was used to target the AFX 

structure, which contained gme and aft cages: aft cages in the aluminosilicate SSZ-16 are 

known to be templated by diDABCO-C4.
45

 The combination was found to be successful for 

the preparation of SAPO-56. When the Si/Al ratio in the starting gel was increased above 0.2 

the synthesis yielded pure SAPO-56, otherwise impurities of AlPO-5 and an unidentified 

aluminophosphate phase (composition detected by SEM/EDX) were present (Figure S3). The 

requirement for overall charge balance between the framework and OSDAs may help explain 

the need for an elevated Si concentration. At pH 7 (pH of the starting gel) trimethylamine is 

likely to be present in its protonated form, trimethylammonium, while diDABCO-C4 is in its 

dicationic form.
44

 Considering P
5+

 substitution by Si
4+

 as the mechanism for the incorporation 

of silicon atoms within the framework, a Si/Al ratio of 0.2 is insufficient to balance the six 

positive charges of OSDAs per unit cell (considering one TrMA and one diDABCO-C4 for 

each of the 2 gme and 2 aft cages). An idealised unit cell composition for SAPO-56 would 

then be [diDABCO-C4
2+

]2[HTrMA
+
]2Al24P18Si6O96. 
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In order to understand the involvement of TrMA during the synthesis of SAPO-56, its 

concentration was varied within the starting gels, composition: 1.0 Al(OH)3 : 0.71 H3PO4 : 

0.29 SiO2 : 0.1 diDABCO-C4 : x TrMA : y TBAOH : 40 H2O (x = 0.21, y = 0.23, pure 

SAPO-56). The starting pH was adjusted to 7 by the addition of TBAOH. Nearly pure SAPO-

5 crystallised in the absence of TrMA while a SAPO-56/SAPO-5 mixture resulted with a 

TrMA/Al ratio of 0.1. Pure SAPO-56 was prepared when TrMA/Al ratio = 0.2, while a minor 

impurity of SAPO-43 (GIS) has been identified when the ratio was increased further to 0.3 

(Figure S4). The formation of AlPO-5 might be attributed to diDABCO-C4 or to TBAOH 

which could act as space filling molecules within the 12-ring channels of the AFI structure. 

The crystallisation of SAPO-43 is a result of the favourable binding energy of TrMA in the 

gis cage. These results prove the crucial structure-directing role played by TrMA for the 

formation of SAPO-56 under these conditions. Moreover careful adjustment of the amount of 

TrMA added to the gel is very important in order to prevent the co-crystallisation of 

additional phases. 

As mentioned above, TBAOH was chosen as a co-base because its shape and dimensions are 

not suitable to drive the formation of secondary phases. However, some articles report the 

hydrothermal synthesis of AlPO-5 and MeAPO-5 (AFI),
47, 48

 MeAPO-11 (AEL), MeAPO-41 

(AFO) and MeAPO-42 (LTA) in the presence of TBAOH as SDA.
47

 To determine whether 

TBAOH acts only as a pH modifier or if it is directly involved in the formation of AFX, new 

syntheses were performed replacing TBAOH with tetrapropylammonium hydroxide 

(TPAOH) or tetrapentylammonium hydroxide (TPeAOH). Pure SAPO-56 resulted in the 

presence of TPAOH while AlPO-5 crystallised as an additional phase with TPeAOH (Figure 

S5). The formation of AlPO-5 could be attributed to the templating action of fragments of 

TPeAOH formed as a consequence of partial degradation of the co-base during the 

hydrothermal synthesis.
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As reported previously by Castro et al.,
44

 diDABCO-C3 and diDABCO-C5 show non-

bonding energies of interaction within AlPO AFX comparable to that of diDABCO-C4. Both 

diquaternary molecules were tested together with trimethylamine for the synthesis of SAPO-

56. SAPO-17 (ERI) and SAPO-34 (CHA) resulted with diDABCO-C3 while SAPO-56 

(AFX) crystallised together with an unidentified aluminophosphate phase in the presence of 

diDABCO-C5 (Figure S6). The formation of SAPO-17 can be associated with the length of 

the carbon chain: the aft cage contains an additional set of four-rings with respect to the eri 

cage (about 3 Å longer). Further optimisation of the Si content of the gel containing 

diDABCO-C5 enabled pure SAPO-56 to be obtained (Si/Al=0.29 Figure S7). Elemental 

analyses suggest that TrMA and diDABCO-C4 or diDABCO-C5 were both incorporated 

intact within SAPO-56 (AFX) which contains 2 gme and 2 aft cages per unit cell. The crystal 

morphologies of SAPO-56 synthesised with diDABCO-C4 and diDABCO-C5 are reported in 

Figure S8. In both samples the crystals have an uneven hexagonal morphology with an 

average side of length 40 μm. Increasing the magnification on a single crystal it was possible 

to distinguish hexagonal sheets stacked one above the other. The calculated chemical 

compositions are reported in Table 4. Silica species within the pores or on the surface of the 

crystals may affect the measured atomic % of Si. 

Table 4. Approximate unit cell composition of SAPO AFX samples based on EDX, CHN and TGA 

analysis. 

SDA C/N
a 

(calc) 

C/N 

(exp) 
unit cell composition 

(by EDX, TGA) 

diDABCO-C4 3.26 3.23 [diDABCO-C4]1.9[TrMA]1.9Al24P17.2Si6.8O96 4H2O 

diDABCO-C5 3.43 3.40 [diDABCO-C5]1.5[TrMA]1.5Al24P15.6Si8.4O96 2H2O
 

(a) The C/N composition was calculated assuming 1 to 1 ratio of TrMA and diDABCO templates. 

 

The SAPO-56 samples were calcined at 600 °C in a dry oxygen flow in order to remove the 

organic SDAs, without significant decrease in the measured crystallinity (Figure S9). The 
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porosity of the calcined solids was established by the measurement of adsorption isotherms 

for N2 at -196.15 °C (Figure S10). The N2 uptakes at p/p0 = 0.2 corresponds to 4.9 mmol g
-1

 

for both SAPO-56 samples, indicating internal pore volumes of 0.17 cm
3
 g

-1
, comparable to 

those reported in the literature.
49

 BET surface areas of 336 and 333 m
2
 g

-1
 were calculated for 

the samples synthesised with diDABCO-C4 and diDABCO-C5, respectively. 

Solid-state MAS NMR spectra were recorded on dehydrated as-synthesised and calcined 

samples (Figure 5). The 
13

C MAS-NMR spectra show that in both cases the diDABCO 

template and the TrMA are incorporated intact within the AFX framework. The assignments 

of the signals are shown in Figure 5. These results prove that both SDAs are involved in the 

formation of SAPO-56. The 
27

Al MAS NMR spectra of as-prepared samples show two peaks, 

a major one at 38.7 to 37.6 ppm and a minor one at 8.2 to 7.4 ppm, assigned to tetrahedral 

and five-fold coordinated Al atoms, respectively. Due to the absence of water in the 

dehydrated samples, the additional coordination is likely to be from charge-balancing 

hydroxyl groups. This is supported by the disappearance of the corresponding resonance after 

calcination. The 
31

P MAS NMR spectra of as-prepared samples show a resonance at -28.3 

ppm typical of tetrahedral P(OAl)4. However a weak shoulder at about -22.6 ppm is present 

in both spectra. This resonance has been observed previously in SAPO-56 and assigned to 

local geometry changes due to the silicon substitution, 
-
OH attached to neighbouring Al or 

minor amorphous components.
34

 Template removal results in a small upfield shift. 
29

Si MAS 

NMR spectra of as-prepared samples have a single sharp peak at about -90.5 ppm, 

corresponding to Si(OAl)4, which indicates that the Si mainly substitutes for P in the lattice. 

The signals in the 
29

Si spectra of the calcined materials are slightly broadened, suggesting 

some loss of short range order. 
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Figure 5. Solid-state MAS NMR spectra for dehydrated as-prepared (solid line) and calcined (dashed 

line) SAPO-56 samples synthesised using trimethylamine and diDABCO-C4 (a) or diDABCO-C5 (b) 

as SDAs. 

SAPO-56 containing TrMA and diDABCO-C4 in their energy-minimised positions within 

the two gme and two aft cages, was used as a starting model for the Rietveld refinement 

against XRD data. The sample was fully dehydrated before data was collected. The 

refinement with geometric restraints imposed on the bond distances of the atoms in the 
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framework, proceeded smoothly and converged with RF
2
 = 0.122 and Rwp = 0.058 (Rp = 

0.043). Towards the end of the refinement, the O-O bond restraints were fully removed. The 

positions of both templates were kept constant and only their occupancy was allowed to 

refine. The final occupancies suggest 1.9 TrMA and 1.95 diDABCO-C4 per unit cell. This 

result is in agreement with the estimated chemical composition. Hydroxyl groups coordinated 

to the Al have not been taken into account during the Rietveld refinement because there was 

no evidence that they were ordered. The framework structure showing the location of the two 

SDAs within the respective cages is presented in Figure 6.  

 

Figure 6. Structure of as-prepared SAPO-56 , viewed down a- and c-axes, with ball-and-stick (top) 

and space filling (bottom) representations of trimethylamine and diDABCO-C4 in the gme and aft 

cages. (light blue: Al; grey: P; red: O; black: C; green: N; pink). In the ball-and-stick representation 

the H atoms are omitted for clarity. 

Furthermore the structure of calcined and then fully dehydrated SAPO-56 was refined using 

XRD data from the material synthesised using TrMA and diDABCO-C4. The close fit to the 
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data achieved in the refinement is strong evidence that by combining trimethylamine with 

diDABCO-C4 it is possible to synthesise pure SAPO-56. It is worth noting that the unit cell 

of as-prepared SAPO-56 changes from a = b = 13.61328(11) Å, c = 20.2490(4) Å to a = b = 

13.75940(31) Å, c = 19.7610(10) Å upon loss of the OSDAs (diDABCO-C4 and TrMA). 

Moreover the detemplation has a second effect as shown by the 
27

Al MAS NMR spectra: 

charge-balancing hydroxyl groups are removed from the as-prepared sample. Therefore, the 

five-fold Al coordination present in the as-prepared dehydrated material disappeared upon 

calcination. Only tetrahedral Al is present in the calcined dehydrated sample. This behaviour 

might contribute to the variation of the unit cell dimension. Crystallographic data are listed in 

Table 5 while the two refinement plots are shown in Figure 7. The final atomic coordinates 

and thermal parameters for as-prepared and calcined SAPO-56 are listed in Table S1 

(Appendix) and Table S3, respectively. Their selected interatomic lengths and angles are 

summarised in Table S2 and Table S4, respectively. 
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Table 5. Crystallographic data for as-prepared and calcined dehydrated SAPO-56 synthesised using 

trimethylamine and diDABCO-C4 as SDAs. 

 SAPO-56 (diDABCO-C4) 

as-prepared, dehydrated
 

SAPO-56 (diDABCO-C4) 

calcined, dehydrated
 

Chemical composition
 

[diDABCO-C4]1.9[TrMA]1.9 

Al24P17.2Si6.89O96  

Al24P17.2Si6.8O96  

Data collection   

    Wavelength / Å 1.54056 1.54056 

    Diffractometer geometry Debye-Scherrer Debye-Scherrer 

    Sample Rotating 0.7 mm capillary Rotating 1.0 mm capillary 

    Scanned region / 2θ° 3.0–80.0 3.0–80.0 

    Step size / 2θ° 0.01 0.01 

Unit cell   

    Chemical formula [N0.95C2.9H8.7]2[N3.9C15.5H31]2

Al24Si6P18O96 

Al24Si6P18O96 

    Crystal system trigonal trigonal 

    Space group P -3 1 c P -3 1 c 

    a / Å 13.61328(11) 13.75940(31) 

    b / Å 13.61328(11) 13.75940(31) 

    c / Å 20.2490(4) 19.7610(10) 

    Volume / Å
3
 3249.82(13) 3239.95(17) 

Rietveld refinement   

    Refined region / 2θ° 4.1–78.5 3.5–80.0 

    Background Graphically 32 terms Chebyschev 32 terms 

    Rwp 0.058 0.060 

    Rp 0.043 0.047 

    RF
2
 0.122 0.156 

    Χ
2 

1.85 2.41 

 

 

Figure 7. Rietveld plots for as-prepared (a) and calcined (b) dehydrated SAPO-56 synthesised using 

trimethylamine and diDABCO-C4 as SDAs. Observed data (red crosses), calculated fit (green line), 

and difference plot (purple line). Peak positions are marked in black.  

 

3.3. Co-templating SAPO SFW (STA-18) 
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As mentioned above, the SFW framework has recently been discovered and synthesised as an 

aluminosilicate (SSZ-52) using a polycyclic quaternary ammonium cation (N,N-diethyl-5,8-

dimethyl-2-azonium bicyclo[3.2.2]nonane) as a structure-directing agent.
50

 However, 

HRTEM and XRD simulations have shown the existence of about 5−10% stacking faults 

within the structure. The template is too small to fill entirely the large sfw cage; in fact two 

quaternary ammonium cations per sfw cage were located via molecular modelling and 

Rietveld refinement. According to the crystal growth mechanism proposed, the way in which 

the SDAs are arranged is crucial to obtain a stacking un-faulted SFW structure. Pairs of the 

organic cations act as a structure-directing agent for the sfw cage while a single molecule or a 

pile of three ammonium cations can respectively template a cha or a longer cavity, with 

consequent formation of stacking faults.  

Following the positive results obtained with SAPO-56, the double-template approach has 

been used to prepare the SAPO version of SFW. In order to find a suitable SDA for the sfw 

cage (ca. 5 Å longer than an aft cage), the binding energies of diDABCO cations with 

different carbon chain lengths have been determined by molecular dynamics calculations. 

The torsion energy was also calculated, giving information about the ease of fit of the organic 

molecules within the structure. The diDABCO SDAs were also modeled within the aft cage 

of the AFX framework, so that the predicted selectivity of synthesis of the longer sfw cages 

could be examined (Table 6). 
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Table 6. Binding and torsion energies for diDABCO templates within the larger cages of SFW and 

AFX frameworks determined by molecular dynamics and energy minimisation calculations. 

SDA binding energy (kcal mol
-1

) torsion energy (kcal mol
-1

) 

 SFW AFX SFW AFX 

diDABCO-C3 -120 -204 0.1 0.1 

diDABCO-C4 -135 -189 0.0 0.2 

diDABCO-C5 -140 -170 0.0 0.1 

diDABCO-C6 -155 -138 0.1 4.3 

diDABCO-C7 -134 – 0.2 – 

diDABCO-C8 -139 – 1.9 – 

DiDABCO-C6 gives a binding energy of -155 kcal mol
-1

 within the sfw cage which is more 

favourable than the -138 kcal mol
-1

 calculated within the aft cage where the diquaternary 

dications appear to be slightly too big. Furthermore the torsion energy of 4.3 kcal mol
-1

 

suggests that diDABCO-C6 needs to twist significantly to fit into the aft cage. Although 

diDABCO-C5 shows a favourable binding energy for the sfw cage (-140 kcal mol
-1

), the -170 

kcal mol
-1

 shown for the aft cage makes it less attractive as a possible candidate SDA for the 

synthesis of SAPO SFW. Figure 8 shows the minimised configurations of the DABCO-based 

SDAs within AlPO AFX and AlPO SFW cages.  
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Figure 8. Energy-minimised configurations of diDABCO-based SDAs with different polymethylene 

chain length in AlPO AFX and AlPO SFW. (light blue: Al; grey: P; red: O; black: C; green: N; pink: 

H). 

Attempts to prepare SAPO SFW were performed using diDABCO-C6 and TrMA as SDAs, 

TBAOH as co-base and by varying the Si/Al ratio of the starting gel. The overall gel 

composition was 1.0 Al(OH)3 : 1-x H3PO4 : x SiO2 : 0.1 diDABCO-C6 : 0.13 TrMA : 0.28 

TBAOH : 40 H2O, with x = 0.1, 0.2 and 0.3. The comparison between the PXRD patterns of 

the three samples and the simulated diffractogram of as-prepared SSZ-52, shows that pure 

SFW (which has been denoted STA-18) was obtained with a Si/Al ratio of 0.3 (Figure S11). 
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When the Si/Al ratio was reduced, additional unknown phases crystallised together with 

SFW. 

The success of this synthesis confirms the potential of our method of design and synthesis of 

target structures using two different SDAs. Furthermore, the absence of broad peaks in the 

PXRD diffractogram suggests that the SAPO SFW obtained is free of stacking faults, as is to 

be expected from the presence of the longer diDABCO-C6 template. 

 

As in the synthesis of SAPO-56, the role played by trimethylamine during the synthesis of 

SAPO STA-18 was investigated by changing its concentration within the starting gels of 

composition: 1.0 Al(OH)3 : 0.7 H3PO4 : 0.3 SiO2 : 0.1 diDABCO-C6 : x TrMA : y TBAOH : 

40 H2O (x = 0.13, y = 0.28, pure SAPO STA-18). The concentration of TBAOH was varied 

in order to maintain the pH constant to 7. As the PXRD patterns in Figure S12 show, pure 

SAPO-5 crystallises in the absence of TrMA while at TrMA/Al ratio of 0.13 pure SAPO 

STA-18 is formed. Further increase in the concentration of TrMA has two consequences: first 

it leads to the crystallisation of SAPO-43 (GIS) and it seems to favor the formation of the 

unknown phase previously mentioned. The crucial role of TrMA to act as templating agent 

for gme cages favouring the formation of structures belonging to the ABC-6 family is clear, 

and the retrosynthetic method validated. 

Furthermore, a ‘structure-directing’ role played by the large tetrabutylammonium added has 

been investigated. The replacement of TBAOH with TPAOH or TPeAOH resulted in the 

formation of SAPO-5 as impurity phase, higher with TPeAOH (Figure S13). These results 

suggest a possible involvement of TBAOH in the formation of SAPO SFW. However, as will 

shown by the 
13

C MAS-NMR spectrum (Figure 9), TBAOH is not incorporated within the 
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SFW framework. We speculate it may lie on the crystals’ surface, inhibiting the formation of 

SAPO-5. 

The molecular dynamics calculations showed that diDABCO-C7 and diDABCO-C8 have a 

reasonable fit within the sfw cage, although their binding energies are ca. 15-20 kcal mol
-1

 

higher than that of diDABCO-C6 (diDABCO-C8 also shows a higher torsion energy, of 1.9 

kcal mol
-1

). Both diquaternary dications were therefore used, together with TrMA, in the 

attempt to prepare SAPO SFW using the follow gel composition: 1.0 Al(OH)3 : 0.7 H3PO4 : 

0.3 SiO2 : 0.1 diDABCO-C7/C8 : 0.13 TrMA : 0.28 TBAOH : 40 H2O. Pure SFW crystallises 

with both diDABCO-C7 and diDABCO-C8 (Figure S14). Moreover the diffraction patterns 

suggest that in these cases the SFW structures obtained are also fault-free. 

The template content determined by CHN and TGA shows that in all three SAPO STA-18 

samples the 6 gme and 3 sfw cages of SFW unit cell are almost fully occupied by 

trimethylamine and diDABCO-C(6, 7, 8), respectively. The overall chemical composition 

determined for the three as-prepared materials is reported in Table 7. As is the case for 

SAPO-56, silicon species on the surface of the crystals may result in over-estimation of the 

atomic % of Si measured by EDX. 

Table 7. Approximate unit cell composition of SAPO STA-18 samples based on EDX, CHN and 

TGA analysis. 

SDA C/N
a 

(calc) 

C/N 

(exp) 
unit cell composition 

(by EDX, TGA) 

diDABCO-C6 3.43 3.40 [diDABCO-C6]2.8[TrMA]5.7Al54P35.9Si18.1O216 18H2O 

diDABCO-C7 3.57 3.54 [diDABCO-C7]2.9[TrMA]5.8Al54P36.6Si17.4O216 13H2O
 

diDABCO-C8 3.72 3.68 [diDABCO-C8]2.8[TrMA]5.6Al54P24.7Si29.3O216 13H2O
 

(a) The C/N composition was calculated assuming 2 to 1 ratio of TrMA and diDABCO templates. 

The crystal morphologies of SAPO STA-18 synthesised with trimethylamine and the three 

diDABCO SDAs is reported in Figure S15. In all samples the crystals have an hexagonal 

prismatic morphology with side of length between 1–10 μm. However, amorphous particles 

surrounding the crystals of SAPO STA-18 obtained using diDABCO-C8, are present even 
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after sonication treatment. The cause might lie in the imperfect fit of diDABCO-C8 within 

the sfw cage.  

The crystallinity of the samples was not strongly affected by the template removal performed 

at 600 °C in a dry oxygen flow (Figure S16). However, a slightly larger hump in the 

background between 25° and 35° 2θ, characteristic of amorphous material, was present in the 

PXRD pattern of SAPO STA-18 synthesised using diDABCO-C8. Nitrogen adsorption was 

conducted volumetrically on the three calcined samples of SAPO STA-18. The N2 uptakes at 

p/p0 = 0.2 corresponds to 5.0 mmol g
-1

 for the sample prepared with diDABCO-C6, 4.9 mmol 

g
-1

 with diDABCO-C7, and 2.9 mmol g
-1

 with diDABCO-C8, indicating internal pore 

volumes of 0.17, 0.17 and 0.10 cm
3
 g

-1
,
 
respectively (Figure S17). The relative BET surface 

areas calculated are 347, 336, 169 m
2
 g

-1
. The lower value obtained in the case of diDABCO-

C8 is to be attributed to the presence of amorphous material within the sample. 

Solid-state MAS NMR spectra were recorded on dehydrated as-synthesised and calcined 

samples (Figure 9). The resonances present in 
13

C MAS-NMR spectra are consistent with the 

incorporation of both TrMA and the diDABCO template within cages in the SFW structure. 

The full assignment of the signals is shown in Figure 9. The 
27

Al MAS NMR spectra of as-

prepared samples show two resonances: one between 6.4–7.8 ppm assigned to five-fold Al 

and one at 38.1 ppm assigned to tetrahedrally coordinated Al atoms. Due to the disappearance 

of the five-fold peak after calcination, the additional coordination is likely to be from charge-

balancing hydroxyl groups. The strong signal at -28.5 ppm in the 
31

P MAS NMR spectra of 

as-prepared samples is consistent with tetrahedral P. However, as in the case of SAPO-56, a 

weaker signal around -18.9 ppm is present in all three spectra. The P(OAl)4 resonances are 

shifted ca. 2 ppm upfield upon calcination. All the 
29

Si MAS NMR spectra present a very low 

signal to noise ratio. The as-made samples show a main resonance at -91 ppm attributable to 

Si(OAl)4 and a broad hump centred at -110 ppm. While the signals at -91 shifted to -94 ppm 
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upon calcination, the broad humps flatten out, in particular in the case of diDABCO-C6 and 

C7. This broad peak could be associated with the presence of silica species in the pores or 

more likely on the external surface of the crystals. 

 

Figure 9. Solid-state MAS NMR spectra for dehydrated as-prepared (solid line) and calcined (dashed 

line) SAPO STA-18 samples synthesised using trimethylamine and diDABCO-C6 (a) or diDABCO-

C7 (b) or diDABCO-C8 (c) as SDAs. 
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The positions of TrMA and diDABCO-C6 within the six gme and three sfw cages per SFW 

unit cell, respectively, have been determined by molecular modelling (Figure 10). This model 

was used as a starting point for the Rietveld refinement of the structures of dehydrated as-

prepared SAPO SFW. The refinement was performed using the same strategy described for 

as-prepared SAPO-56. The final agreement factors were RF
2
 = 0.121 and Rwp = 0.085 (Rp = 

0.065) (Figure 11a). The refined occupancies of the two SDAs suggest 5.5 TrMA and 2.85 

diDABCO-C6 per unit cell, in agreement with those estimated from chemical composition. 

As was the case for SAPO-56, hydroxyl groups coordinated to the Al have not been taken 

into account during the Rietveld refinement because there was no evidence that they were 

ordered.  

 

Figure 10. Structure of as-prepared SAPO STA-18, viewed down a- and c-axes, with ball-and-stick 

(top) and space filling (bottom) representations of trimethylamine and diDABCO-C6 in the gme and 

sfw cages. (light blue: Al; grey: P; red: O; black: C; green: N). In the ball-and-stick representation the 

H atoms are omitted for clarity. 

Furthermore the X-ray powder diffraction data measured for calcined and dehydrated SAPO 

SFW (for all three materials obtained with diDABCO-C6, -C7 and -C8) were used to confirm 
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the framework structure and to refine the tetrahedral framework positions. A good fit to the 

data was obtained for all three samples. Moreover, as in the case of SAPO-56 the unit cell of 

as-prepared SAPO STA-18 changed from a = b = 13.64093(15) Å, c = 45.5006(12) Å to a = 

b = 13.79540(18) Å, c = 44.6461(15) Å upon loss of the OSDAs (diDABCO-C6 and TrMA) 

and charge-balancing hydroxyl groups. The crystallographic data and refinement plots for as-

prepared and calcined SAPO STA-18 prepared with TrMA and diDABCO-C6 are given in 

Table 8 and Figure 11, respectively. Those for the calcined SAPO STA-18 samples prepared 

with TrMA and diDABCO-C7 or C8 are reported in Table S5 and Figure S18. The final 

atomic coordinates and thermal parameters for as-prepared and calcined SAPO STA-18 are 

listed in Table S6, Table S8, Table S10 and Table S12, respectively. Their selected 

interatomic lengths and angles are summarised in Table S7, Table S9, Table S11 and Table 

S13, respectively. 

Table 8. Crystallographic data for as-prepared and calcined dehydrated SAPO STA-18 synthesised 

using trimethylamine and diDABCO-C6 as SDAs. 

 SAPO STA-18 (diDABCO-C6) 
as-prepared, dehydrated 

SAPO STA-18 (diDABCO-C6) 
calcined, dehydrated

 

Chemical composition
 

[diDABCO-C6]2.8[TrMA]5.7 

Al54P35.9Si18.1O216  
Al54P35.9Si18.1O216  

Data collection   
    Wavelength / Å 1.54056 1.54056 
    Diffractometer geometry Debye-Scherrer Debye-Scherrer 
    Sample Rotating 1.0 mm capillary Rotating 0.7 mm capillary 
    Scanned region / 2θ° 3.0–80.0 3.0–80.0 
    Step size / 2θ° 0.01 0.01 
Unit cell   
    Chemical formula [N0.92C2.5H7.5]6[N3.8C17.3H34.5]3 

Al54P40.5Si13.5O216 
Al54P40.5Si13.5O216 

    Crystal system trigonal trigonal 
    Space group R -3 R -3 
    a / Å 13.64093(15) 13.79540(18) 
    b / Å 13.64093(15) 13.79540(18) 
    c / Å 45.5006(12) 44.6461(15) 
    Volume / Å

3
 7332.2(4) 7358.40(24) 

Rietveld refinement   
    Refined region / 2θ° 4.0–79.3 4.0–80.0 
    Background   
    Rwp Graphically 36 terms Chebyschev 30 terms 
    Rp 0.085 0.574 
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    RF
2
 0.065 0.045 

    Χ
2 

0.121 0.049 

 

 

Figure 11. Rietveld plot for as-prepared (a) and calcined (b) dehydrated SAPO STA-18 synthesised 

using trimethylamine and diDABCO-C6 as SDAs Observed data (red crosses), calculated fit (green 

line), and difference plot (purple line). Peak positions are marked in black. 

 

3.4. Co-templating SAPO GME (STA-19) 

In contrast with AFX and SFW structures, whose frameworks contain gme and aft or sfw 

cages, respectively, the stacking sequence of D6Rs in GME framework generates rows of 

gme cages and a 12-membered ring channel, both parallel to the c-axis. Previously, the 

zeolitic version of gmelinite has been obtained using quaternary ammonium oligomers of 

DABCO as structure-directing agents.
36

 Here, the double-template approach was used in an 

attempt to prepare, for the first time, the SAPO version of GME. 

Trimethylamine and quaternary ammonium oligomers of DABCO with connecting 

polymethylene chains of different lengths and numbers of repeating units were identified as 

likely SDAs for gme cages and 12R channels, respectively. Subsequently, DABCO oligomers 

with –C5H10- and –C6H12- connecting chains (i.e. [DABCO-C5]3 and [DABCO-C6]3) or with 
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differnt numbers of repeating units (i.e. [DABCO-C6]3, [DABCO-C6]5 and [DABCO-C6]7, 

(where the subscript represents the average number of repeating units) were used together 

with TrMA in a series of syntheses. TBAOH was employed to raise the pH to 7 and seeds of 

AFX, 4% by weight of the added SiO2, were added to promote the nucleation of GME.  

Comparing the PXRD patterns of the four resulting samples and the simulated diffractogram 

of aluminosilicate GME
51

 indicates that with all four oligomers GME resulted as the main 

phase (Figure S19). However, minor impurities of ATO and of an unknown phase were 

detected in the samples prepared with [DABCO-6]5 and [DABCO-6]7, respectively. The 

crystals of as-prepared SAPO STA-19 are rods 7–8 μm long and ca. 2 μm wide (Figure S20). 

The approximate unit cell composition of SAPO STA-19 prepared with [DABCO-C6]7 determined by 

combined EDX, CHN and TGA corresponds to [[DABCO-C6]7]0.9[TrMA]1.8Al12Si3.4P8.6O48 · 5H2O. 

To the best of our knowledge, this is the first time that the GME topology has been prepared 

as a silicoaluminophosphate.  

To gain insight into the role played by TrMA and AFX seeds, the synthesis of GME using 

[DABCO-C6]3 was repeated in their absence. The lack of one or the other component 

resulted in the formation of SAPO-31 (ATO) either as an impurity or as the only crystalline 

phase to form (Figure S21). ATO is a medium pore material, with 12-membered ring 

channels (5.4 Å diameter, narrower than those of GME) running parallel to c-axis, which has 

previously been shown to crystallise in the presence of DABCO-polymethylene 

polymers.[41] ATO does not belong to the ABC-6 family and does not contain gme cages. 

Both TrMA and AFX seeds therefore play an important role during the synthesis of SAPO 

STA-19, by accelerating its nucleation and growth compared to that of SAPO-31. AFX seeds 

accelerate nucleation of the GME structure type because it has similar structural layers and 

the presence of TrMA accelerates the nucleation of gme cages and, together with the 
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oligomers, the growth of the GME topology. In the absence of either, ATO crystallises, 

because its narrower channels are a closer fit for the oligomers. 

These results shows that the retrosynthetic method is effective not only for structures 

containing two different cage types but also for structures containing cages and channels, 

thereby increasing the number and type of possible target. They also indicate the importance 

of the additional synthetic variable of seeding to improve phase selectivity, which effect is 

itself attracting increasing attention.
[41]

  

The four SAPO STA-19 samples were calcined at 550 °C in dry oxygen to remove the 

organic SDAs. As Figure S22 shows, SAPO STA-19 prepared with the longer oligomer 

[DABCO-C6]7 is the only material that showed stability upon template removal, while the 

other three materials transform in large part into an AFI-type structure (some SAPO GME is 

still present in the sample synthesised with [DABCO-C6]3 and [DABCO-C6]5).  

Selected-area electron diffraction (SAED) patterns were collected on SAPO STA-19 crystals prepared 

with [DABCO-C6]3/TrMA before and after template removal. TEM images reveal that the rod-shape 

crystal morphology is preserved after calcination (Figure S23). The approximate c-axes derived 

correspond to 9.85 Å and 8.58 Å for the as-prepared (GME) and calcined (AFI) materials, 

respectively. The c-axes run parallel to the length of the crystals, and in both as-prepared and calcined 

samples the observed ‘crystals’ are single crystals. This confirms the transformation is topotactic, 

single crystal-to-single crystal. Alberti et al. have reported a similar GME → AFI 

transformation for a natural Na-gmelinite zeolite,
52

 and shown that the GME transition occurs 

via a topotactic ‘face-sharing tetrahedra’ mechanism.
53

 

The pore volumes of SAPO STA-19 prepared with [DABCO-C6]7 and SAPO-5 obtained from the 

topotactic conversion upon calcination of SAPO GME prepared with [DABCO-C6]3, were 

determined (Figure S24). N2 uptakes at p/p0 = 0.2 corresponds to 2.3 mmol g
-1

, indicating an internal 

pore volume of 0.08 cm
3
 g

-1
 for SAPO STA-19 while the N2 uptakes for SAPO-5 is negligible, 
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indicating pore blocking of its one-dimensional channels as a result of the transformation. The BET 

surface areas are 165 and 45 m
2
 g

-1
.  

Solid-state MAS NMR spectra were recorded on dehydrated as-synthesised and calcined samples 

(Figure 12). The 
13

C MAS-NMR spectrum of SAPO STA-19 was compared with that collected in 

D2O on the pure template [DABCO-C6]7. The variation in intensity of the resonances at 54 and 52 

ppm and the appearance of two new signals at about 14.5 ppm (not assigned yet) may suggest that the 

template undergoes partial fragmentation during the hydrothermal synthesis. The mechanism by 

which this fragmentation occurs and whether this plays a role in preventing the conversion of GME to 

AFI will be investigated in future work. The resonance at 47.8 ppm confirms the incorporation of 

TrMA within the material. The three resonances recorded in 
27

Al MAS NMR spectrum of as-prepared 

sample are suggestive of tetrahedral (37.5 ppm), five-fold (7.0 ppm) and six-fold (-9.1 ppm) Al atoms. 

The spectrum of the calcined material only shows the resonance of tetrahedral Al (36.5 ppm). The 
31

P 

MAS NMR spectrum of as-made sample contains the characteristic resonance of tetrahedral P(OAl)4 

at -27.8 ppm. In comparison to the previous materials the signal at -18.6 ppm is much more intense. 

This can be associated with the presence of amorphous materials containing some six-fold 

coordinated Al neighbours (in the other materials the 6-fold coordination was not present) or to the 

formation of silica islands. After calcination only one broad resonance at -28.8 ppm was observed. 

The most abundant signal at -90.5 ppm in the 
29

Si MAS NMR spectrum of the as-prepared sample can 

be associated with Si(OAl)4. Three much less intense signals, at -94.4, -99.7 and -108.1 ppm, suggest 

the presence of silica islands.
54

 The four signals are replaced by one broad resonance centered at -96.9 

ppm in the calcined sample.  
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Figure 12. Solid-state MAS NMR spectra of SAPO STA-19. Top, (a) 
13

C of as-prepared SAPO STA-

19 synthesised using trimethylamine and [DABCO-C6]7 , compared with (b) [DABCO-C6]7 in D2O). 

Centre left, 
27

Al, centre right, 
31

P and bottom, 
29

Si MASNMR for dehydrated as-prepared (full line) 

and calcined (dotted line) SAPO STA-19.  

The structure of SAPO GME was refined against X-ray powder diffraction data collected on 

the calcined and dehydrated sample. The space group was changed from P63/mmc (for the 

silicate) to P-31c to accommodate Al and P alternation within the framework. The refinement 
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with geometric restraints imposed on the bond distances of the atoms in the framework, 

converged with RF
2
 = 0.062 and Rwp = 0.053 (Rp = 0.041), although the relatively low quality 

of the data resulted in slightly distorted T site geometries. Attempts to increase the weight of 

the restraints or the standard deviations of the T-O and O-O distances were not successful. 

The refined lattice parameters are a = b = 13.8077(5) Å, c = 9.9138(5) Å. The refined 

framework structure of SAPO STA-19 is shown in Figure 13. 

 

Figure 13. Structure of calcined SAPO STA-19, viewed down a- and c-axes, with a ball-and-stick 

representation. (light blue: Al, dark gray: P, red: O). 

Crystallographic data are listed in Table 9 while the refinement plot is shown in Figure 14. 

The final atomic coordinates and thermal parameters are listed in Table S14 while the 

selected interatomic lengths and angles are summarised in Table S15.  

Table 9. Crystallographic data for calcined dehydrated SAPO SAT-19 synthesise using 

trimethylamine and [DABCO-C6]7 oligomer as SDAs. 

 SAPO STA-19 calcined, 

dehydrated
 

Chemical composition
 

Al12Si3.4P8.6O48 

Data collection  

    Wavelength / Å 1.54056 

    Diffractometer geometry Debye-Scherrer 

    Sample Rotating 0.7 mm capillary 

    Scanned region / 2θ° 3.0–80.0 
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    Step size / 2θ° 0.01 

Unit cell  

    Chemical formula Al12Si3.6P8.4O48 

    Crystal system trigonal 

    Space group P -3 1 c 

    a / Å 13.8077(5) 

    b / Å 13.8077(5) 

    c / Å 9.9138(5) 

    Volume / Å
3
 1636.86(15) 

Rietveld refinement  

    Refined region / 2θ° 4.5–80 

    Excluded regions / 2θ° 13.17–13.55 

    Background Chebyschev 26 terms 

    Rwp 0.053 

    Rp 0.041 

    RF
2
 0.062 

    Χ
2 

1.99 

 

Figure 14. Rietveld plot of calcined SAPO STA-19 synthesised using trimethylamine and [DABCO-

C6]7 oligomerr. Observed data (red crosses), calculated fit (green line), and difference plot (purple 

line). Peak positions are marked in black.  

 

3.5. Discussion 

The successful preparation of two ‘double-cage’ structures, SAPO-56 and SAPO STA-18 

(SFW), employing the ‘double template’ method is very promising and it might open the 

possibility to synthesise other structures, already existing or hypothetical, possessing two 

different cages. The way in which trimethylamine and diDABCO act cooperatively is not yet 
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fully understood and further studies on the nucleation and growth of the crystals are required. 

The modelling approach developed is in agreement with the experimental results: the change 

in crystallisation selectivity from AFX → SFW occurs between C4, C5 and C6, C7, C8 

(Table 8). The lower activity of diDABCO-C8 for SFW (expressed by the high torsion 

energy) is confirmed by the presence of amorphous material within the sample in addition to 

SAPO SFW. Moreover, for SFW, the templates suggested here are much more synthetically 

accessible than that for SSZ-52 and they give a fault-free SAPO SFW. In this regard, 

diDABCO-C6 is a potential SDA for the preparation of unfaulted aluminosilicate SFW. 

The specificity of the SDAs is rarely total for only one type of cage or channel, therefore 

some additional variation of synthetic conditions has to be made to direct the formation of a 

desired structure. For example, the use of TBAOH as a pH modifier allows the concentration 

of trimethylamine in the gel to be decreased, thus reducing the probability of crystallisation 

of additional phases with cages similar in size and shape to that of gme (i.e. SAPO-20 and 

SAPO-43). Another 'trick' is based on the use of seeds of pre-prepared SAPO AFX or more 

generally of seeds whose structure belongs to the ABC-6 family.
55

 The seeds accelerate the 

crystallisation of SAPO-56 and SAPO SFW at the expense of other phases not belonging to 

the ABC-6 family, such as SAPO-5. 

 

4. Conclusion 

A retrosynthetic method has been developed to design the synthesis of target 

silicoaluminophosphates (SAPOs) whose framework belongs to the ABC-6 family and has at 

least one gme cage per unit cell. This strategy allowed the preparation of SAPO versions of 

AFX (SAPO-56), SFW (STA-18) and GME (STA-19) types of framework. For the best of 

our knowledge, the last two SAPOs have been prepared for the first time. The novelty of the 
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method lies in the use of two structure-directing agents (SDAs) simultaneously, to promote 

the formation of structure features such as cages or channels of the target framework type. In 

this regard the molecular modelling is a powerful tool to discriminate between different 

SDAs and so identify those with the most favourable energies for a selected cage. Moreover, 

in this way, SDAs can be selected with a reduced tendency to template cages with size and 

shape similar to those of the target cage.  

The SAPOs described above were synthesised using trimethylamine (or more likely its 

protonated form) as an SDA for the gme cage and bisDABCO cations or quaternary 

ammonium oligomers of DABCO with connecting polymethylene chains containing 4–8 

methylene units as SDAs for the second type of cage (i.e. aft and sfw) or the 12R channel, 

respectively. The ratio between TrMA and the second SDA, the Si/Al ratio, the use of 

TBAOH as a pH modifier and the addition of seeds belonging to the ABC-6 family are 

important available synthetic variables to enable improvement in the purity of the target 

frameworks.  

The new materials prepared here have been fully characterised in their as-prepared and 

calcined forms. The incorporation and location of the SDAs were achieved by combining 
13

C 

MAS NMR, molecular modelling and Rietveld refinement on PXRD data and trimethylamine 

species were in all cases located within the gme cages. 
27

Al, 
31

P and 
29

Si MAS NMR spectra 

of the as-prepared and calcined SAPO-56, STA-18 and STA-19 samples indicate that Si 

mainly replaces P in the as-prepared frameworks, resulting in negatively-charged 

frameworks. 

We think the ‘double template’ method opens up the possibility of synthesising other new 

materials possessing two different cage types, whether of a known topology type but with a 

different composition or with topology types as yet only predicted hypothetically. On a more 
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fundamental level, the cooperative way in which the two SDAs act during nucleation and 

crystal growth should be studied in depth to enable the full potential of the method to be 

realised. 
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