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Abstract 

FeAPO-34 with chabazite (CHA) topology structure was successfully synthesized under 

ionothermal conditions using 1-ethyl-3-methylimidazoliumchloride (EMIMCl) ionic liquid in the 

presence of ethylenediamine (EDA).  The material was characterised using powder Xray 

Diffraction (XRD), thermogravimetric analysis (TGA), elemental analyses and solid-state NMR 

spectroscopy.  Incorporation of iron within the covalent framework of the material was confirmed 

by the presence of broad signals between 1000 and 14000 ppm in the 31P NMR spectrum, 

corresponding to P(OFe)x(OAl)4–x species. 

 

Introduction  

Zeolite and zeotype molecular sieves are widely used as catalysts, gas adsorbents, and ion 

exchangers in many industrial applications.1-3 Aluminophosphates (AlPOs) are family of zeotype 

that have similar microporous framework structures to zeolite, but cannot be used directly as 
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catalysts since their frameworks comprise strictly alternating AlO4 and PO4 tetrahedra, forming a 

neutral framework charge resulting in a lack of acid sites.  This feature can be improved by 

aliovalent substitution of Al3+ or P5+ with other heteroatoms such as Si4+, Mg2+, Co2+, Mn2+, Zn2+, 

etc. to produce silicoaluminophosphates (SAPOs) or metalloaluminophosphates (MAPOs), 

respectively. Inserting heteroatoms into the AlPO framework generates a negative charge, 

compensated by H+ to form strong acid sites, thereby creating potential solid-acid catalysts.2 

Conventionally, AlPOs are synthesized using hydrothermal or solvothermal methods under high 

autogenous pressure where a molecular liquid is used as the solvent and organic cations 

(structure directing agents, SDAs) occupy the pore space in the as-prepared framework 

materials. In 2004, Morris et al. introduced the ionothermal route as an alternative method for 

preparing zeolitic and other porous materials.4-5 Ionothermal synthesis uses ionic liquids (ILs) as 

both the solvent and the SDA in crystallization reaction, avoiding competition between the 

template-framework and solvent-framework interactions that is normally present in hydrothermal 

or solvothermal synthesis. Another important characteristic of ionic liquids is their low vapor 

pressure, which leads to a much safer procedure.4 Cooperative structure-directing agents (co-

SDAs) such as organic amines or quaternary ammonium ions can be used in the ionothermal 

approach in a synthetic strategy offering different chemistry as a new avenue to prepare 

structural variety and new porous materials. Several zeolitic phosphate frameworks have been 

synthesized using this technique.6-13 Amazingly, the first 20-ring extra-large-pore 

aluminophosphate zeotype DNL-1 with -CLO topology14 and cobalt-substituted 

aluminophosphates with -CLO structure (CoDNL-1) were prepared by this method.15 

Iron aluminophosphates (FeAPOs) are extensively studied mainly due to their potential as 

catalysts for hydrocarbon conversion and oxidation combustion reactions, as well as their ability 

to act as selective absorbents.16-35 Chabazite (CHA) type FeAPO-34 is an interesting material 

because it is one of the selective catalysts used in the methanol-to-olefin (MTO) process.36,37 

FeAPO-34 is traditionally prepared under hydrothermal conditions using fluoride medium and 
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piperidine as the SDA, as reported by Ristic et al. in 2002. 38  Recently, Yang et al. in 202135 

reported the solvent-free synthesis of CHA-type FeAPO-44 containing cyclohexylamine as the 

SDA. However, the pores of the mechanochemical material also contained ammonium citrate 

from the ammonium ferric citrate used as the iron source. To date there have been no published 

reports of the ionothermal synthesis of FeAPO-34, despite the fact that ionothermal synthesis 

offers a safer alternative route with low vapour pressure (compared to the high vapour pressure 

of hydrothermal and solvothermal syntheses). In this present work, we report the ionothermal 

synthesis of FeAPO-34 using 1-ethyl-3-methylimidazoliumchloride (EMIMCl) (Figure 1a) and 

show the need for ethylenediamine (EDA) (Figure 1b) as a co-SDA in order to allow Fe to be 

incorporated into the phosphate framework. 

 

 

 

 

Figure 1. Structures of (a) 1-ethyl-3-methylimidazoliumchloride (EMIMCl) and (b) 

ethylenediamine 

 

Materials and Methodology 

Ionothermal synthesis of FeAPO-34  

A Teflon-lined autoclave (23 ml) was charged with Al[OCH(CH3)2]3 (0.1899 g,  Alfa Aesar, 98%), 

H3PO4 (0.474 g, Sigma Aldrich, 99%), HF (70 μl, 3.4 mmol, Alfa Aesar. 98%), EMIMCl (4g, 27.2 

mmol, Sigma Aldrich, 98%), Fe(C2H3O2)2 (0.122 g, 0.7 mmol, Sigma Aldrich, 95%) and 

ethylenediamine (0.1 g, 1.6 mmol, Sigma Aldrich, 99%). Subsequently the autoclave was 

heated at 210 o C for 3 days in the oven and then cooled to room temperature. The brown 
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product was filtered, washed thoroughly with distilled water and methanol, and finally dried at 

room temperature. The sample was calcined at 550 °C in a closed line system connected to 

vacuum pumping until reaching 10−4 mbar internal pressure with heating and cooling rates of 1 

K min−1. 

Characterization  

Powder X-ray diffraction (PXRD) patterns were collected using a STOE STADI-P diffractometer 

operated with monochromated Cu Kα1 radiation (λ= 1.5406 Å). Scanning electron microscopy 

(SEM), using a JEOL JSM 5600 was used to characterise the morphology of the crystallites.  

The integrated energy-dispersive X-ray (EDX) spectrometer of the same electron microscope 

was used to carry out elemental analysis. Thermogravimetric analysis (TGA) was carried out 

under air using a Netzsch STA 449C thermogravimetric analyser.  

Solid-state magic angle spinning (MAS) NMR spectra were recorded using a Bruker Avance III 

spectrometer equipped with a 14.1 T wide-bore superconducting magnet (1H Larmor frequency 

of 600.1 MHz). Samples were packed into 2.5, 3.2 or 4mm zirconia rotors and rotated at the 

magic angle at rates of 12.5-20 kHz. Solid-state 13C NMR spectra were acquired at 14.1 T. 

Spectra were acquired using cross polarization (CP) from 1H using a short contact pulse 

duration of 0.25 ms (ramped for 1H). Two-pulse phase modulation (TPPM) 1H decoupling with 1 

≈ 100 kHz was applied during acquisition. Signal averaging was carried out for 5120 transients 

with recycle intervals of 3 s. For 27Al, signal averaging was carried out for 128 transients with a 

recycle interval of 5 s. For 31P signal averaging was carried out for 1024 transients with a recycle 

interval of 10 s. 

 Static wideline 31P NMR spectra were carried out to confirm isomorphic substitution of Fe in the 

phosphate framework. Spectra were recorded using a Bruker Avance III spectrometer equipped 

with a 9.4 T wide-bore superconducting magnet (1H Larmor frequency of 400.1 MHz).  A 
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radiofrequency nutation rate of 1 ≈180 kHz (/2 pulse of 1.4 s) was used, with an the echo 

delay of 10 s. Frequency stepping was carried out in steps of 600 ppm (97.186 kHz), with 

signal averaging  for 10240 transients with a recycle interval of 0.1 s for each step. Each 

individual step was Fourier transformed and phase corrected, then all processed spectra were 

coadded to provide the final spectra shown. 

 

Result and Discussion  

Powder X-ray Diffraction (PXRD) pattern as-synthesized of FeAPO-34  

Figure 2 illustrates the PXRD pattern of as-synthesized triclinic CHA structure of FeAPO-34. 

The experimental pattern is in excellent agreement with the simulated pattern, demonstrating 

that FeAPO-34 is analogous to the triclinic CHA structure of AlPO-34 (Figure 2, the inset). After 

calcination, the template-free FeAPO-34 changes to the rhombohedral CHA structure, which 

can rapidly absorb atmospheric moisture. As shown in Figure 3, the PXRD pattern of the 

calcined, dehydrated FeAPO-34 prepared here matches very well with the pattern simulated for 

rhombohedral CHA-type AlPO-34 and, upon rehydration, the diffraction pattern changed 

markedly (consistent with the work of Tuel and co-workers,39,40 who identified two different 

hydrated phases of AlPO-34, although we note that FeAPO-34 has different framework Lewis 

acidity so the locations of the water molecules within the pores is unlikely to be identical to the 

pure AlPOs.  
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Figure 2. PXRD pattern of as-synthesized FeAPO-34 with triclinic CHA structure. The inset 

illustrates the CHA structure of AlPO-34 (SDA molecules are omitted).  

 

 

Figure 3. PXRD pattern of (i) rehydrated FeAPO-34 (ii) dehydrated calcined FeAPO-34. The 

inset shows the rhombohedral CHA structure. 

 

Simulated 

As - synthesized 

Simulated 

As-synthesiszed 
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Morphology of FeAPO-34 

Figure 4 shows scanning electron micrographs of the as-synthesised and calcined FeAPO-34, 

which show that there is no significant difference between these two samples. Both samples are 

formed of agglomerates of small particles with no consistent shape or size. The particles appear 

to be smaller than those reported for mechanochemical or hydrothermal synthesis 

procedures.35,38 

 

Figure 4. Scanning electron micrographs showing the particle morphology of ionothermal 

FeAPO-34; (a and b) as-synthesised (a) 200× and (b) 600×; (c and d) calcined (c) 200× and (d) 

600× magnification. 

 

13C CP/MAS NMR of FeAPO-34 

Figure 5 (a) shows the 13C NMR spectra of EMIMCl and EDA in D2O and Figure 5(b) shows the 

13C CP MAS NMR spectrum of the as-made FeAPO-34. The 13C CP MAS NMR spectrum of 

FeAPO-34 contains three signals, which can be assigned to the 1, 3-dimethylimidazolium cation 
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(DMIM+, inset in Figure 5(b)), which is formed in situ by transalkylation reactions within the IL. 5 

This is identical to the case of the pure AlPO4 analogue, SIZ-4, prepared in 1-butyl-3-

methylimidazolium chloride: the butyl groups are too large to be incorporated into the pores and, 

instead, the DMIM+ cations are observed in the crystal structure. The 13C CP MAS NMR 

spectrum of SIZ-441 is shown in red in Figure 5(b) (note that the molecule is chemically 

symmetric but in a crystallographically asymmetric location, such that the two methyl groups 

give rise to distinct resonances). In the 13C CP MAS NMR spectrum of FeAPO-34, all 

resonances are significantly broader than for SIZ-4, which is consistent with both the more 

compositionally disordered FeAPO-34 framework and the enhanced transverse relaxation 

expected for a paramagnetic material. The signal at 37 ppm is assigned to the N-methyl groups, 

C3, the resonance at 126 ppm is assigned to C2 and the remaining signal at 134 ppm arises 

from C1. From Figure 5(a), it can be seen that the 13C signal for EDA would fall almost exactly 

under the signal for C3 of DMIM, such that it cannot be determined from the spectrum in Figure 

5(b) whether EDA is present within the pores of the material. Bidentate amine ligands have 

recently been used in the preparation of FeAPOs, leading to the formation of octahedral FeO4N2 

environments.34 In such a situation, the paramagnetic relaxation enhancement for the 13C 

signals of the amine ligand would likely render them invisible in the CP MAS experiment used 

here. 

The general formula of the as-made FeAPO-34 can be written as [FexAl1–xPO4]6F2R2, where R is 

the SDA.42 EDX analysis of the ionothermal FeAPO-34 indicated an iron content of ~2.7 mol% 

(x = 0.08). As mentioned above, it is unclear from 13C NMR analysis whether any EDA is 

present in the final product. This can be investigated by CHN analysis, which revealed the 

material is 11.36% C, 1.56% H and 5.62% N, which corresponds to a maximum of 10% of the 

SDA being EDA rather than DMIM. We therefore write the idealised formula for the ionothermal 

FeAPO-34 as [Fe
0.08

Al
0.92

PO4]6F2.
 [C

5
H

9
N

2
]2. This formula suggests that the DMIM+ plays an 
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important role in directing the structure of the CHA-type framework and filling the pore space in 

the as-made material, whereas the EDA plays a more important role in the solution phase, 

facilitating the solubility and subsequent incorporation of Fe2+ into the FeAPO-34 framework. As 

evidence of this role, when EDA was omitted from the reaction mixture, white crystals of AlPO-

34 were preferentially obtained as the product. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) 13C (7.05 T, D2O, DEPTQ) NMR spectra of EMIMCl (black) and EDA (red). 

Molecular structures are inset and show the atomic numbering scheme for EMIM+. (b)13C (14.1 

T, 12.5 kHz CP MAS) NMR spectrum of as-made FeAPO-34 (black), overlaid with (in red) a 

comparable 13C CP MAS NMR spectrum of the CHA-type AlPO, SIZ-4,41 which contains 

dimethylimidazolium (DMIM+, shown in the inset along with the corresponding atomic numbering 

scheme).  
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Thermogravimetric Analysis (TGA) of FeAPO-34 

 

Thermogravimetric analysis (TGA) of as-synthesized FeAPO-34 material was carried out from 

room temperature to 650 °C. Figure 6 shows that the mass loss can be roughly separated into 

two steps. The first step,  of 6.2% between 25 to 250 °C is due to the removal of water: below 

100 °C, this water is likely physisorbed on the particle surface, but as-made phosphate-based 

CHA frameworks have been shown to contain water within the pores, which may be lost at 

higher temperatures.43 Approximately 20.0% of the mass loss appears between 250-550 °C and 

this can be attributed to the loss of 1,3-dimethylimidazolium fluoride (DMIMF). A loss of one 

mole of DMIMF per [Fe
0.08

Al
0.92

PO4]6 would give a mass loss of 19.7%.38  

 

Figure 6. The TG curve of as-synthesised of FeAPO-34 
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27Al MAS NMR of FeAPO-34 

Figure 7(a) shows the 27Al MAS NMR of as-synthesised FeAPO-34, which contains the 

expected signals for tetrahedral Al(OP)4 (ca. 45 ppm) and octahedral Al(OP)4F2 (ca. –6 ppm) 

coordination environments.42,44 The fluoride ions present in the material framework  balance the 

charge of cationic SDA, which is located in the CHA cage of the material.39 Upon calcination 

(Fig. 7(b)) the resonance from the octahedral Al disappears indicating that the bond between 

aluminium and two fluorines has been destroyed.4  Only a single signal is observed with 

isotropic chemical shift, iso = 39.5(2) ppm, quadrupolar coupling constant, CQ = 2.8(1) MHz and 

quadrupolar asymmetry, Q = 0.9(1), corresponding to the single tetrahedral Al(OP)4 site 

expected for the rhombohedral CHA structure of dehydrated FeAPO-34. As shown in Figure 8, 

the EDX spectrum of the calcined FeAPO-34 confirms that there is no Fluorine present. 

 

 

 

 

 

 

 

 

 

Figure 7. 27Al (14.1 T) MAS NMR of (a) as-synthesized FeAPO-34 (14 kHz MAS) and (b) 

dehydrated FeAPO-34 (20 kHz MAS). 
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Figure 8. EDX spectra of calcined FeAPO-34. 

 31P NMR spectroscopy of FeAPO-34  

The 31P MAS NMR spectrum of as-made FeAPO-34, shown in Figure 9(a), contains three 

resonances at –7.6, –22.7 and –28.8 ppm, corresponding to the three crystallographic P sites in 

tetrahedral P(OAl)4 of triclinic AlPO-34 (P1, P3 and P2, respectively in the numbering scheme of 

Dawson et al.43 The very low field resonance at -7.6 ppm is attributed to the phosphorus nearest 

the fluoride bridges in the structure (P1).4,44 The 31P chemical shifts in AlPO-34 also have been 

shown to be sensitive to the presence of different guest molecules within the framework, with 

P1, P2 and P3 having ranges of at least 1.2, 3.5 and 2.6 ppm, respectively, in work by Dawson 

et al., who characterised the framework containing DMIM+, EMIM+, pyridine, piperidine, 

morpholine and cyclam. The 31P chemical shifts for as-made FeAPO-34 are remarkably close to 

those of AlPO-34 containing DMIM+ (–7.6, –22.4 and –28.6 ppm) and in significantly poorer 

agreement with those of AlPO-34 containing EMIM+ (–7.7, –23.5 and –29.0 ppm), serving as 

further evidence that the as-made ionothermal FeAPO-34 contains DMIM+ rather than EMIM+ 

within the pores. The 31P spectrum of the as-made FeAPO-34 also contains a broader signal 

that can be approximated by a single Gaussian lineshape at ca. –11 ppm, corresponding to 

amorphous phosphates that are often observed as impurities in as-made phosphate materials. It 
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should be noted that the broad signal displayed a spinning sideband manifold spanning ~700 

ppm (not shown), which indicates the presence of iron within the amorphous phase. After 

calcination, the amorphous phosphate and fluorine is removed, therefore, the 31P MAS NMR 

spectrum of the calcined, dehydrated FeAPO, shown in Figure 9(b) contains only a single sharp 

resonance at –30.2 ppm, attributed to the one type of P(OAl)4 tetrahedral environment expected 

for calcined AlPO-34.41, 45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. 31P (14.1 T, 14 kHz MAS) NMR spectra of (a) as-synthesized and (b) calcined, 

dehydrated FeAPO-34. 

 

 

 



14 
 

Given the presence of paramagnetic Fe within the framework (confirmed by EDX spectroscopy), 

it is remarkable that the MAS NMR spectra reported above are so consistent with diamagnetic 

as-made AlPO-34 containing DMIM+, and calcined, dehydrated AlPO-34. However, as 

previously noted by Mali et al.46 and in our earlier work on the analogous ionothermal CoAPO-

34,10 the effect of the presence of M-O-P linkages (M is a paramagnetic metal ion; Ni, Co, Fe, 

Fe, Mn), is to broaden and shift the 31P signal to the extent that it is invisible in conventional 

MAS NMR spectra. The signal for P(OFe)x(OAl)4–x (1 ≤ x ≤ 4) can be observed using static spin 

echo mapping, in which the spectrum is recorded in a series of sub-spectra with evenly spaced 

frequency offsets. The subspectra are then summed to reconstruct the full spectrum (although, 

as described in further detail by Mali et al., these spectra cannot be considered to be 

quantitative for a variety of reasons.46 Figures 10(a) and 10(b) show the static 31P spin echo 

mapped NMR spectra of the as-made and calcined FeAPO-34, in which a broad signal can be 

observed extending from around 0 ppm up to around 1.4 × 104 ppm in both cases. The shift of 

broadline 31P NMR signal of FeAPO-34 is proportional to the electronic density of Fe atoms on 

the P nucleus, where the signal will shifted towards downfield in the order of 

P(OAl)(OFe)3>P(OAl)2(OFe)2>P(OAl)3(OFe).46 

Assuming a random distribution of Fe and Al, it can be calculated that in an Al0.92Fe0.08PO4 

framework, one would expect 71.64% of the P atoms to have no P-O-Fe linkages. Of the 

remaining 28.36% of the P atoms (i.e., the ones contributing to the broad signal), 24.92% would 

be expected to have one P-O-Fe linkage and 3.25% would have two P-O-Fe linkages, and 

0.19% would have three such linkages (P(OFe)4 would be present at negligible concentration). 

As such, for the FeAPO-34 prepared here, one would expect to observe P(OFe)(OAl)3 and 

P(OFe)2(OAl)2 in a 7.7 : 1 intensity ratio in a truly quantitative spectrum. In the spectra shown in 

Figure 10, one would expect the lineshapes to be dominated by the contribution from 

P(OFe)(OAl)3. Furthermore, we note that, unlike in the case of aluminosilicate zeolites, where 
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the 29Si NMR signals for Si(OSi)4–x(OAl)x vary in position almost linearly with the value of n, the 

31P NMR signals for P(OAl)4–x(OFe)x will have a more complicated distribution. For example, for 

x = 1, the 31P will be coupled to either a S = 2 spin system (FeII) or S = 5/2 (FeIII), whereas for x 

= 2, the 31P will be coupled to S = 4 (FeII+FeII), S = 9/2 (FeII+FeIII) or S = 5 (FeIII+FeIII) spin 

systems, leading to isotropic paramagnetic shifts of many tens or hundreds of thousands of ppm 

and linewidths on a similar order of magnitude. 

While the paramagnetic interaction differs from the chemical shift interaction in its fundamental 

mechanism, its effect on the NMR spectrum can be modelled as a very large chemical shift-like 

interaction, with the peak described by its isotropic shift, iso, width (or span, ), and shape (or 

skew, ). Using some justifiable assumptions about typical FeAPOs, Mali et al. predicted “rule of 

thumb” paramagnetic shift parameters for P(OFe)(OAl)3 with iron in the Fe2+ (S = 2) and Fe3+ (S 

= 5/2) oxidation states. Figure 10(c) shows the simulated chemical shift-like lineshapes for 

P(OFe2+)(OAl)3 and P(OFe3+)(OAl)3 using the parameters predicted by Mali et al. (note that for 

an interaction with a single Fe ion, the interaction should be axial, with  = ± 1, but when more 

than one spin centre contributes to the interaction, the lineshape may vary).46 The width of the 

simulated lines is in surprisingly good agreement with the experimental spectra, with 

P(OFe2+)(OAl)3 linkages leading to 31P signal up to around 8900 ppm, and P(OFe3+)(OAl)3 

linkages leading to signal up to around 12400 ppm. It is interesting to note that, using the 

parameters suggested by Mali et al., the lower shift ends of the signals for P(OFe2+)(OAl)3 and 

P(OFe3+)(OAl)3 are almost coincident at around 1500 ppm. Using the widths of these simulated 

lineshapes as a guide, the static 31P NMR spectrum of the as-made FeAPO-34 has 

contributions from both P(OFe2+)(OAl)3 and P(OFe3+)(OAl)3, whereas the calcined FeAPO-34 

appears to contain significantly more P(OFe3+)(OAl)3, suggesting that the charge balancing 

mechanism is predominantly oxidation of the iron to Fe3+ (i.e., isovalent substitution for Al3+) 

rather than the formation of Brønsted acid sites (i.e. aliovalent substitution of Fe2+ + H+ for Al3+). 
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This observation is consistent with the work of Kaučič and co-workers, 46,47 who used wideline 

31P NMR and X-ray absorption spectroscopy to identify approximately equimolar Fe2+ and Fe3+ 

in as-made (hydrothermal) FeAPO-34, but only Fe3+ in the calcined material. Earlier work by 

Bruckner et al. used electron paramagnetic resonance (EPR) and Mössbauer spectroscopies to 

identify a similar oxidation of Fe2+ to Fe3+ upon calcination in the AFI-type FeAPO-5.48 This 

behaviour is in contrast to FeAPOs with the ACO and LAU structure types, which were 

observed to contain only Fe2+ in the as-made forms. 21,24  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Static (9.4 T) 31P NMR spectra of (a) as-made and (b) calcined FeAPO-34. Eight-fold 

vertical expansions are shown in red to highlight the presence of the broader P(OFe)x(OAl)4–x 

signals. (c) Spectra simulated for P(OFe2+)(OAl)3 and P(OFe3+)(OAl)3 using the parameters 

predicted by Mali et al.46: P(OFe2+)(OAl)3 iso = 3980 ppm,  = 4970 ppm,  = –1.0; 

P(OFe3+)(OAl)3 iso = 5800 ppm,  = 7250 ppm,  = –1.0. 
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Conclusions 

FeAPO-34 with CHA topology has been successfully prepared using an ionothermal synthesis 

route, with 1-ethyl,3-methylimidazolium (EMIM+) chloride as the ionic liquid and with 1,2-

diaminoethane (EDA) added as a co-template. 13C NMR spectroscopy confirmed that the EMIM+ 

cations undergo transalkylation to 1,3-dimethylimidazolium (DMIM+), which occupies the pore 

volume of the as-made FeAPO-34. The role of the EDA is predominantly to facilitate the 

incorporation of Fe2+ within the framework, as evidenced by the fact that Fe incorporation did 

not occur in the absence of EDA. Wide-line 31P NMR spectroscopy confirmed the incorporation 

of Fe into the framework, with the large paramagnetic shifts indicative of the presence of P-O-Fe 

linkages. From the positions and widths of the broad 31P signals, it appears that the Fe is 

present as a mix of Fe2+ and Fe3+ in the as-made material, but is almost fully oxidised to Fe3+ 

upon calcination. 
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