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Abstract. In this work we report a comparative study about the structure-directing 

effect of two chiral diastereoisomers, (1R,2S)-dimethyl-ephedrinium and (1S,2S)-

dimethyl-pseudoephedrinium, for the synthesis of nanoporous aluminophosphates. Both 

isomers direct the crystallization of the one-dimensional channels composing the AFI 

framework in the presence of divalent dopants when the crystallization temperature is 

moderate (140 ºC). An increase of the crystallization temperature (to 180 ºC) severely 

limits the structure-directing ability towards the AFI framework because of a poor 
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hydrothermal stability of the organic cations, especially of the (1S,2S)-isomer. 
13

C 

NMR and molecular simulations studies of these organic cations in solution and 

confined within nanoporous zeolitic materials allow us to clearly identify 
13

C resonance 

signals of particular methyl groups which vary as a function of the conformational 

space, and enable us to monitor the occurrence of the different conformers in diverse 

environments. In vacuo and in solution, both organic cations display a conformation 

with an open-configuration, in which the bulky phenyl and trimethylammonium groups 

site in ‘anti’ configuration. Such conformational space is altered when the cations are 

confined within the limited space of the one-dimensional channels of the AFI structure. 

In this case, despite folded-conformations being intrinsically less stable, lateral packing 

interactions within the channels drive an incorporation of the cations as a mixture of 

conformers (with open- and folded-configurations) for the (1R,2S)-isomer or as folded 

conformers for the (1S,2S)-isomer, showing the importance of the conformational space 

of organic cations during the structure-directing phenomenon. 

 

Introduction  

Nanoporous materials, and in particular zeolite and zeolite-related materials, have found 

many different applications in the chemical industry due to their particular properties, 

which include cationic-exchange, molecular sieving and catalytic capacities.
1-3

 All these 

capacities are a consequence of the particular framework structure of zeolites, which 

exploit the molecular dimensions of the nanoporous frameworks to discriminate 

between guest species (sorbates, reactants, transition states or products) with even small 

steric differences.
4
 Indeed, zeolites have had a profound impact on the chemical 

industry sector, especially in the petrochemical sector, because of their use as acid 

heterogeneous catalysts, greatly improving the sustainability of the associated chemical 
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processes.
5,6

 A related family of zeolite materials is provided by nanoporous 

aluminophosphates (AlPO4), where SiO4 tetrahedra are substituted by alternated AlO4 

and PO4 tetrahedra, giving particular chemical properties to these networks different 

from those of silica-based zeolites.
7
 For instance, the particular chemistry of the AlPO4 

network enables a versatile incorporation of different catalytic active sites by 

replacement of either Al, P or both, leading to efficient catalysts in different types of 

reactions.
8
 

In this context, the control of the zeolite porous architecture is crucial for the adequate 

functioning of a zeolite material in a particular chemical process which would benefit 

from the shape-selectivity properties of its particular framework structure. Hence, it is 

essential to control the crystallization of particular zeolite architectures during the 

synthesis of these materials. Such control has been mostly achieved through the use of 

organic structure-directing agents (SDA), which are organic (generally cationic) species 

which are added to the zeolite synthesis gels in order to direct the crystallization 

pathway towards a particular framework type.
9-13

 These organic species organize the 

inorganic tetrahedral units around themselves in a particular geometry, giving place to 

precursors from which nucleation and crystal growth will take place. There is usually 

(but not always) a geometrical relationship between the SDA and the porous 

architecture of the resulting zeolite, and for this reason SDAs are also said to act as 

templates of zeolite frameworks.
14

 By carefully-designing the molecular size and shape 

of the organic species to be used as SDAs, one can at least partially control the porous 

framework to be obtained.
15

 

One of the most challenging uses of organic SDAs in zeolite science is to promote the 

crystallization of chiral frameworks.
16,17

 Chiral zeolites are one of the most highly-

desired targets in materials science, since their confinement effect in nanoporous spaces 
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could potentially enhance their enantioselective properties, and hence they could 

provide with environmentally-friendly heterogeneous enantioselective catalysts, which 

would have a great impact in the chemical industry, especially in the pharmaceutical 

sector.
18-22

 Indeed, several chiral zeolite frameworks do actually exist,
21,23-27

 although 

they usually crystallize as racemic mixtures (either racemic conglomerates like STW or 

racemic compounds like *BEA). Due to the usual geometrical and spatial relationship 

between organic SDAs and the porous system of the zeolite materials that crystallize in 

their presence, the straightforward strategy to promote the crystallization of chiral 

zeolite frameworks is through the use of chiral organic species as SDAs, in an attempt 

to transfer the chirality from the molecular component to the porous architecture 

following the concept of ‘template’ effect.
28

 However, despite the wide use of chiral 

SDAs, there has been very scarce achievement in producing chiral zeolites. 

Nonetheless, there is a recent example of enantio-enrichment of a chiral zeolite (STW) 

through the use of rationally-designed chiral organic structure-directing agents,
29

 

demonstrating the viability of this strategy.  

In our group, we have been working for some time with derivatives of chiral alkaloids 

(1R,2S)-ephedrine and (1S,2S)-pseudoephedrine to promote the crystallization of 

zeolitic nanoporous materials, especially in AlPO4 composition.
30-33

 Our rationale 

behind this choice is that these chiral (easily-available) species can promote the 

development of supramolecular helicoidal arrangements that can be transferred to the 

nascent zeolite framework, either to the overall nanoporous architecture (giving a chiral 

framework) or to the spatial distribution of dopants embedded in achiral networks.
34

 On 

the course of our investigations, we found that (1R,2S)-dimethylephedrinium (DMEP) 

direct the crystallization of the AFI framework in the presence of Mg;
35

 the AFI 

structure is composed of one-dimensional 12-ring cylindrical channels with a diameter 
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of 7.3 Å.
36

 On the other hand, we have recently also studied the structure-directing 

effect of (1R,2S)-dimethyl-ephedrinium and (1S,2S)-dimethyl-pseudoephedrinium for 

the synthesis of silica-based zeolite materials.
37

 Interestingly, we found notable 

differences in the structure-directing behavior of the two closely-related 

diastereoisomers: the (1R,2S)-isomer was able to direct the crystallization of a layered 

crystalline precursor with ferrierite layers, while the (1S,2S)-isomer did not produce any 

crystalline material under the same conditions, despite their very similar molecular 

structure. These chiral cations combine a strong molecular asymmetry (due to the 

presence of 2 stereogenic centers) and a number of freely-rotating single bonds which 

provide a rich conformational space. Indeed, it has been shown by us
37,38

 and others
39-41

 

that the conformational behavior of organic SDAs can be crucial during the structure-

directing phenomenon of zeolite materials. Furthermore, diastereoisomerism can also 

have a strong influence on the crystallization path.
42-44

 This has motivated us to perform 

a comparative systematic study of the structure-directing effect of the two chiral 

diastereomeric quaternary cations, (1R,2S)-dimethyl-ephedrinium (DMEP) and (1S,2S)-

dimethyl-pseudoephedrinium (DMPS) (see Figure 1-top for the molecular structure), 

during the synthesis of nanoporous aluminophosphate materials. Moreover, we perform 

a combined study by 
13

C NMR and quantum mechanics simulations in order to unravel 

the conformational space of these diastereoisomeric chiral cations, both in solution and 

when confined within the nanoporous space of a zeolite framework. 

 

Experimental and Computational Details 

A) Synthesis of SDAs 

Synthesis of the quaternary cation (1R,2S)-dimethyl-ephedrinium hydroxide (DMEP) 

has been described in our previous work.
35

 Synthesis of (1S,2S)-dimethyl-
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pseudoephedrinium (DMPS) was carried out similarly; details are given in the 

Supporting Information.  

B) Synthesis of nanoporous materials  

Nanoporous aluminophosphate materials (AFI framework type) were prepared by 

hydrothermal methods using DMEP and DMPS as SDAs from gels with composition: 1 

SDA : 0.22 MO : 0.89 Al2O3 : 1 P2O5 : 50 H2O, where M was Mg, Zn, Co or Si. 

Pseudoboehmite (Pural SB-1 77.5% Al2O3, Sasol), phosphoric acid (Sigma-Aldrich, 

85%), magnesium acetate Mg(CH3COO)2∙4H2O (Sigma-Aldrich, 99%), zinc acetate 

Zn(CH3COO)2∙2H2O (Sigma-Aldrich, 98%), cobalt acetate Co(CH3COO)2∙4H2O 

(Sigma-Aldrich, 98%) and tetraethylorthosilicate TEOS (Si(CH3CH2O)4, Merck 99%) 

were used as sources of Al, P, Mg, Zn, Co and Si, respectively. The gels were 

transferred into Teflon-lined stainless steel autoclaves with a capacity of 14 mL, which 

where heated statically at temperatures of 140 and 180 ºC under autogenous pressure for 

24 hours. The resulting solids were collected by filtration, washed thoroughly with 

ethanol and water and dried at room temperature.  

C) Characterization of nanoporous materials 

The obtained solids were characterized by powder X-Ray Diffraction (XRD), using a 

Philips X´PERT diffractometer with CuKα radiation with a Ni filter, with a step size of 

0.04º and 20s time step, 0.04 rad soller slit, 45 kV voltage and 40 mA current. 

Thermogravimetric analyses (TGA) were registered using a Perkin-Elmer TGA7 

instrument (heating rate = 20 ºC/min) under air flow. UV–Visible diffuse reflectance 

spectroscopy was recorded with a UV-Vis Cary 5000 Varian spectrophotometer 

equipped with an integrating sphere, using the synthetic polymer Spectralen as 

reference. MAS-NMR spectra were recorded with a Bruker AV 400 WB spectrometer; 

details are given in the Supporting Information. 
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The aggregation state of the organic cations within the AFI solid samples was studied 

by fluorescence spectroscopy. Solid state UV-Visible fluorescence emission spectra 

were recorded in a RF-5300 Shimadzu fluorimeter. The fluorescence spectra were 

registered in the front-face configuration by a solid sample holder in which the samples 

were oriented 30 and 60º with respect to the excitation and emission beams, 

respectively. Fluorescecence spectra of the solid samples were recorded by means of 

thin films supported on glass slides ellaborated by solvent evaporation from a CH2Cl2 

suspension of the solid samples. 

D) Computational Details 

The conformational space of DMEP and DMPS was scanned by means of the 

Conformers Calculation Module in Materials Studio,
45

 optimising the molecular 

structures for each set of dihedral angles. Calculation of the stability of these 

conformers in vacuum was then performed at ab-initio level with the Gaussian09 

code,
46

 using DFT and the hybrid B3LYP functional (including the D3 Grimme 

dispersion term); a 6-311G++(d,p) basis set was employed. The stability of these 

conformers was also calculated using plane-waves as basis set, and the PBE generalized 

gradient approximation as functional,
47

 as implemented in the CASTEP module
48

 in 

Materials Studio. Besides, the stability of such conformers was also determined by 

molecular mechanics using different combinations of force-fields and atomic charge-

distributions. Results showed that molecular mechanics models using the pcff force-

field
49,50

 and atomic charge-distributions obtained from DFT+D calculations (using the 

B3LYP hybrid functional and the ESP charge calculation method), reproduced well the 

energy results of the conformational space calculated at the B3LYP level, and hence this 

combination was selected for force-field calculations.  
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The conformational behaviour of the two cations in water was studied by NVT 

Molecular Dynamics simulations, in the same way as reported in our previous 

works.
38,51

 16 organic cations, 16 Cl
-
 anions (for charge-compensation) and 800 water 

molecules were included in the simulation cell (in the same ratio as in the gels used for 

the synthesis of MgAPO-5), and 250 ps of MD simulations in the NVT ensemble were 

run at 298 K. The conformational behaviour of the cations was studied by analysing the 

Radial Distribution Functions (RDF) of selected sets of atoms. 

The most stable location of the different conformers of the chiral organic cations within 

the Mg-containing AFI framework has been studied by a combination of molecular 

mechanics and DFT calculations. The molecules were initially loaded in the 

corresponding AFI system using the pcff force-field. The framework charges were fixed 

to -1.2 for O, 3.4 for P, 1.4 for Al and 0.4 for Mg. The AFI structure was initially 

optimised with the GULP code,
52

 using the potential developed by Catlow,
53

 and Galen 

and Henson.
54

 This optimised AFI framework was then used for studies of docking and 

packing of the DMEP cations using the Forcite module, as implemented in Materials 

Studio;
49 

these calculations were performed keeping the coordinates of the framework 

atoms fixed. In order to determine the most stable packing of the cations within the one-

dimensional channels, 1x1x6 AFI supercells were used, which allowed to study 

different rotations between consecutive cations (following the hexagonal symmetry of 

the AFI framework). The organic cations were manually docked in the required 

orientation; one Mg cation per organic cation was introduced (by replacement of Al) in 

the closest position to the molecular hydroxyl group of the organic cations in each case, 

and the systems were geometry optimised. This allowed us to study rather big systems 

which enabled the analysis of very different packing arrangements between the several 

conformers of the SDA cations.  
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Once determined the most stable packing arrangements of the conformers of DMEP and 

DMPS in the AFI channels, these systems were finally geometry-optimized at the 

DFT+D level, using the CASTEP module; no constraints were included in these 

calculations. The final interaction energies were obtained by subtracting the energy of 

the isolated framework and organic cations to the total energy of the system; all energies 

are reported in kcal/mol per AFI unit cell.  

Calculation of the NMR chemical shielding of the different conformers were performed 

with the gauge-including projector augmented-wave method (GIPAW) developed by 

Pickard and Mauri.
55

 The chemical shift for a nucleus in a given position (δ(r)) is 

defined as:  

                     δ(r) = σref – σ(r)        

 where σ(r) is the isotropic shielding obtained in the calculations. In order to compare 

with the experimental 
13

C chemical shifts, we chose a σref of 176 ppm as in our previous 

work,
39

 so that the theoretical and experimental chemical shifts of the most shielded 

nuclei roughly coincide. In this way, we calculated the 
13

C NMR chemical shifts of the 

different DMEP and DMPS conformers, both in vacuo and confined within the AFI 

systems, and compared with the experimental values. Averaged values for 
13

C 

calculated chemical shifts with several equivalent atoms are reported. 

Results  

Synthesis and Characterization of Aluminophosphates 

A) MgAPO solids 

The different crystalline products identified in the solids are reported in Table 1. In the 

case of Mg as dopant, at the low crystallization temperature of 140 ºC, both cations, 

DMEP and DMPS, produce pure MgAPO-5 materials (see Figure S1 for the XRD 

patterns). However, when the crystallization temperature is increased to 180 ºC, 
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MgAPO-5 materials are still obtained, although some differences caused by the SDA 

used are raised. MgAPO-5 obtained with DMPS is more crystalline, although there is a 

minor amount of small-pore SOD phase accompanying the solid. In the case of DMEP, 

the amount of MgAPO-5 is lower, while the amount of the SOD phase is slightly 

higher, and there is also a minor presence of the small-pore AWO phase; the 

crystallization of both SOD and AWO might be a consequence of small degradation 

products of the chiral cations.  

The incorporation of the organic cations within the framework was studied by 
13

C CP 

MAS NMR (Figure 1); liquid 
13

C NMR of the corresponding ammonium iodides in 

CD3OD are also shown for comparison (in black). We observe that all the resonances of 

the salts in solution are present in the MgAPO-5 solids in both cases, though some of 

the bands are slightly shifted due to confinement effects. If we take a close inspection to 

the resonance corresponding to C1of DMEP confined within the AFI framework (as 

labelled in Figure 1), we observe two clearly distinguishable bands at 7.7 and 14.7 ppm, 

one of them close to the resonance of this C atom in solution (at 6.0 ppm). As we 

previously reported,
35

 the two bands show up in all the MgAPO-5 materials prepared 

under very different synthesis conditions (Figure S2), with a similar intensity. When the 

crystallization temperature was increased, some degradation products start to show up, 

giving resonances at 45-49 ppm and 58 ppm (Figure 1), which are not present at 140 

ºC. Hence, it seems that at 140 ºC the DMEP cations are intact, and as a consequence 

the additional band at 14.7 ppm has to be assigned to DMEP cations, possibly in 

different configurations due to the confinement within the one-dimensional channels of 

the AFI framework. Interestingly, the situation is different for DMPS: in this case, we 

observe one main band at 15.5 ppm when confined within the AFI structure, which is 

shifted with respect to the band in solution at 12.5 ppm (the same occurs when MgAPO-
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5 is obtained at 180 ºC); in addition, we observe a small shoulder at 10-14 ppm, though 

with a lower intensity. This particular NMR behavior might be related to the high 

conformational flexibility of these molecules, and will be the subject of a computational 

DFT study below.  

Thermogravimetric analyses of MgAPO-5 materials obtained at 140 ºC (not shown) 

suggest an organic content of 1.0-1.1 SDAs/u.c. (note that this number must be slightly 

overestimated because of the overlapping of dehydroxylation processes). The presence 

of an aromatic ring in the SDA cations involves that they can be incorporated within the 

AFI channels as monomers or dimers.
31

 UV-Vis fluorescence spectroscopy was applied 

in order to study the supramolecular aggregation of these cations when occluded within 

the AFI solids (Figure 2). Both MgAPO-5 materials obtained at 140 ºC with DMEP and 

DMPS show a main band with a vibronic structure centered at 284 nm (top-left), which 

is assigned to the incorporation of the SDA cations as monomers, without π-π stacking. 

The incorporation of dimers, revealed by the broad band between 350-380 nm, is very 

minor in these materials.  

The incorporation of Mg into the AFI framework in the MgAPO-5 materials was 

verified by 
31

P MAS NMR (Figure S3), which showed a band at -30 ppm assigned to 

P(4Al), and another band at -24 ppm assigned to P(1Mg,3Al), evidencing the 

incorporation of Mg into the AFI tetrahedral network.  

B) CoAPO solids 

The introduction of Co in the synthesis gels also lead to the crystallization of pure 

CoAPO-5 materials in the presence of both cations at 140 ºC (see Table 1 and Figure 

S4). Instead, when the crystallization temperature is increased to 180 ºC, CoAPO-5 

crystallized in the presence of DMEP together with the GIS phase (CoAPO-43).
56,57

 The 

GIS framework has small 8-ring channels, which points to be the result of the 
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degradation of the DMEP cations at high temperature. Indeed, the CoAPO-43 phase has 

been previously obtained after in-situ degradation of large amines.
56

 In the case of the 

sample obtained with DMPS at 180 ºC, crystallization of CoAPO-5 is very poor, and is 

accompanied by CoAPO-GIS and -SOD phases, again as a consequence of degradation 

of the DMPS cations.  

Fluorescence spectroscopy (Figure 2-top-right) shows the predominance of SDAs 

occluded as monomers (band at 282 nm), although in this case the presence of SDA 

dimers is somewhat higher than in MgAPO-5 materials. The incorporation of Co within 

the AFI tetrahedral network was verified by UV-Visible diffuse reflectance 

spectroscopy (Figure S5), showing three bands at 540, 580 and 624 nm characteristic of 

tetrahedral Co
2+

.
58

  

C)  ZnAPO solids 

In the presence of Zn in the synthesis gels, XRD results (Figure S6) show similar trends 

as before (Table 1): ZnAPO-5 materials are obtained at low temperature. In addition, 

the material obtained with DMEP showed an additional peak at 4.7º 2θ, which probably 

comes from the presence of a low-dimensional material (possibly also displaying a peak 

at 20.5º 2θ), and that with DMPS showed a very minor presence of GIS. Again an 

increase of the crystallization temperature results in a complex mixture of phases, with 

ATN (ZnAPO-39),
59

 SOD (ZnAPO-20) and GIS (ZnAPO-43) (probably as a result of 

the structure-directing effect of degradation products) acompanying the AFI phase when 

the sample is obtained in the presence of DMEP, and AFI, SOD and to a minor extent 

GIS and AWO when the SDA used is DMPS (Table 1). Fluorescence spectroscopy of 

the ZnAPO-5 materials obtained at 140 ºC (Figure 2-bottom-left) again shows a major 

incorporation of the SDA cations as monomers.  
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D)  SAPO solids 

The incorporation of Si in the synthesis gels makes more difficult the crystallization of 

the AFI phase (see Figure S7). SAPO-5 materials crystallize at 140 ºC with both 

cations, although their crystallinity is relatively low. In the case of using DMEP as 

SDA, SAPO-5 crystallizes together with a minor amount of AlPO-trydimite, while with 

DMPS a low-dimensional phase (XRD peak at 4.5º 2θ) accompanies the AFI material 

(Table 1). In contrast, SAPO-5 crystallization occurs only to a minor extent when the 

crystallization temperature is increased to 180 ºC, and only when DMEP is the SDA. 

The main crystalline product in both cases is SAPO-20, with the SOD framework 

(Figure S7-right); indeed, this is the main crystalline phase observed from the gel 

prepared with DMPS (though with an impurity of AWO). Of course the SOD 

framework, which is composed of fused sodalite cages, is not able to host the large SDA 

cations, and hence it must be a consequence of the degradation of the cations.  

In order to analyze the organic species that directed the crystallization of the SOD 

phase, we registered the 
13

C CP MAS NMR spectra of the two SAPO materials obtained 

at 180 ºC (Figure 3). The SAPO-SOD material obtained with DMPS (right) gave only 

two resonance signals at 58.2 and 46.8 ppm. The former is typical of 

tetramethylammonium (TetraMA) cations confined within AlPO sodalite cages,
60

 while 

the latter is in the range typical of trimethylamine (TriMA); no other signals that could 

be assigned to the original DMPS cation are observed. In the case of the SAPO material 

obtained with DMEP, the same two 
13

C resonances at 58.2 and 46.8 ppm are observed, 

indicative of the presence of the same two species. In addition, in this material some 

bands (at around 130 and 54 ppm) with minor intensity are still observed, which can be 

assigned to the presence of some DMEP remnant species in the minor amount of 

SAPO-5 phase (Figure S7). Indeed, the relative ratio of the two bands is different in the 
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two materials. UV-Vis fluorescence spectra of SAPO-5 materials obtained at 140 ºC 

(Figure 3, bottom-right) shows again the major incorporation of monomers within the 

AFI framework.  

E)  AlPO solids 

In the absence of dopants, AlPO-5 crystallizes with the two SDA cations, but together 

with some unknown low-dimensional phases and AlPO-trydimite (Figure S8). In 

contrast, when the crystallization temperature is increased to 180 ºC, a crystalline 

material related to AlPO-12-TAMU (ATT) crystallizes with both SDAs (Figure S8-

right). 
13

C MAS NMR spectra of these samples (Figure S9) displayed two signals at 

46.2 and 47.8 ppm, in the typical region of trimethylamine, and another two at 56.8 and 

56.4 ppm, in the typical region of tetramethylammonium, suggesting the occlusion of 

both species within the ATT framework. Indeed, AlPO-12-TAMU (ATT) was 

originally obtained with tetramethylammonium.
61

 

Study of the degradation of DMEP and DMPS 

Our results so far suggest a lower hydrothermal stability of DMPS, especially during the 

synthesis of SAPO materials. In order to study this difference between the two 

diastereomeric cations, we prepared aqueous solutions of the two SDA cations (as 

hydroxides), neutralized with equimolar amounts of HCl, in a molar ratio of 

1SDA
+
(OH

–
):1HCl:40H2O. These solutions were then subjected to hydrothermal 

treatments (in autoclaves) at 100 and 150 ºC for several periods of time (1, 3 or 10 

days); liquid 
13

C NMR spectra of the resulting solutions (after the heating treatment) 

were then recorded. The 
13

C NMR spectra of solutions subjected to the thermal 

treatment at 100 ºC (Figure S10) showed no degradation of DMEP, even after 10 days. 

In the case of DMPS, some new NMR peaks start to appear after 3 days, at 44.8, 23.8 

and 19.3 ppm. After 10 days, the intensity of these peaks increases, and new peaks 
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appear at 49.2 ppm. This result provides a clear indication that DMPS displays a lower 

thermal stability than DMEP. Of all these peaks, we could only identify the one at 44.8 

ppm as tentatively assigned to trimethylamine (in fact, protonated trimethylammonium 

since neutral trimethylamine would appear at higher shifts, at 46.7 ppm). However, at 

this temperature we did not observe peaks at 55 ppm which would correspond to 

tetramethylammonium cations.  

At 150 ºC, differences in the stability of the two diastereoisomers are more apparent 

(Figure S11). Degradation of DMPS at this higher treatment is much more evident, 

especially after 10 days, where lots of new resonance peaks show up, while DMEP 

remains still pretty much unaltered. Hence we focus on the thermal degradation of 

DMPS. Even after just 1 day, a prominent peak starts to appear at 44.8 ppm; at the same 

time, some other peaks show up at 78.4, 71.2, 18.2 and 10.3 ppm (among others with 

lower intensity). Worth is noting a peak at 55.2 ppm, which can be tentatively assigned 

to tetramethylammonium. These new signals increase their intensity with time, and 

besides some other new signals appear, evidencing the progress of the degradation 

process. Indeed, if we plot the relative area (normalized to the number of C) of the 

signals assigned to trimethylamine (TriMA, blue) and tetramethylammonium 

(TetraMA, red) (Figure S12), we can clearly observe that TriMA is first formed, and its 

production increases with time; TetraMA is only produced at 150 ºC, and after an 

induction period (once TriMA has been produced), and then after three days its 

formation is notably increased. These results suggest that the evolution of DMPS 

involves first the formation of TriMA (upon degradation of DMPS through Hofmann 

elimination), and this is then transformed (via transfer of methyl groups from remnant 

DMPS) to TetraMA. Villaescusa et al. have recently reported the same degradation 

mechanism for N,N,N-trimethyl-tert-butylammonium, which is first degraded to 
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trimethylamine (through Hofmann elimination), and then this reacts with further N,N,N-

trimethyl-tert-butylammonium through a transmethylation reaction to finally yield 

tetramethylammonium, promoting the segregation of two closely similar AST phases 

with slightly different unit cell parameters (the first hosting N,N,N-trimethyl-tert-

butylammonium and the second hosting tetramethylammonium).
62

  

Surprisingly, despite the closely similar molecular structure of the two diastereoisomers, 

we have found a notably lower stability of the (1S,2S)-isomer (DMPS) than that of 

(1R,2S)-DMEP. This could be tentatively explained by the different stereochemical 

configuration of the hydroxyl group, which facilitates the attack of a base (required for 

the Hofmann elimination) in the case of DMPS and/or prevent it in the case of DMEP 

(see Figure S13).  

Computational Results 

As mentioned previously, the characterization of MgAPO-5 materials showed a 

particular NMR behavior of the bands corresponding to C1 for the two isomers 

occluded within the AFI framework (Figure 1), which might be related to the high 

conformational flexibility of these molecules. For this reason, we performed a 

subsequent computational study in order to unravel the confinement of these chiral 

species within the channels of the AFI framework. 

A) Conformational Analysis 

First of all we looked at the conformational space of the two cations (in vacuo) as a 

function of their stereochemical configuration (Figure 4). The relative energies of the 

different conformers in vacuo have been calculated with different levels of theory, and 

results are in very good agreement (Table 2). For both cations, the most stable 

conformer in vacuo is A, with an open configuration of the alkyl chain in which the 

bulky groups (trimethylammonium and phenyl) are opposite to each other (in ‘anti’ 
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configuration), giving an elongated molecular shape (see Figure 4-top). In conformers B 

and C, the ammonium and phenyl bulky groups are close to each other (‘syn’ 

configuration), giving place to a steric hindrance which results in a lower stability (by 

more than 2 kcal/mol). In the case of DMEP, conformer B, where H and the phenyl ring 

are in ‘anti’ configuration, the hydroxyl and ammonium groups are in ‘syn’ 

configuration, giving a higher stability, while for DMPS, conformer C, where the 

methyl (bonded to the asymmetric C) is ‘anti’ to the phenyl ring, is more stable (than B) 

because it is in this conformation where the hydroxyl and ammonium groups are in 

‘syn’ configuration (see Table 2 and Figure 4).  

We calculated the NMR chemical shieldings of these isomers in vacuo (at DFT+D/PBE 

level) (Table 3). We clearly observe that C1 (corresponding to the methyl group 

attached to the asymmetric C atom, see Figure 1) is the C atom whose chemical shift is 

mostly influenced by the conformation adopted. In the case of DMEP, conformers A, B 

and C give C1 chemical shifts of 6.3, 13.3 and 11.2 ppm, respectively. Indeed, if we 

compare with the 
13

C chemical shift of DMEP
+
 iodide dissolved in CD3OD (or in 

aqueous solution, see Figure S14), we realize that the experimental value is very similar 

to that calculated for conformer A, suggesting that conformer A is the one occurring in 

solution. This is in good agreement with the higher stability observed for this conformer 

in vacuo (Table 2). Therefore, our results suggest that the C1 chemical shift can be used 

to monitor the occurrence of the different DMEP conformations. 

In the case of DMPS, again the chemical shift of C1 is the most strongly influenced by 

the conformation adopted, although in this case the different stereochemical 

configuration involves distinct chemical shifts (Table 3). Conformers A, B and C give 

theoretical C1 chemical shifts of 11.7, 5.3 and 15.3 ppm, respectively. The experimental 

13
C chemical shift for C1 in solution is 12.3 ppm, which again is very similar to the one 
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calculated for conformer A, suggesting also the preferential occurrence of conformer A 

in solution. Once again this is in very good agreement with the higher stability 

calculated for DMPS conformer A in vacuo (Table 2). The reason for the different 

calculated chemical shifts of conformer A observed for the two diastereoisomers, 

DMEP (6.3 ppm) and DMPS (11.7 ppm) (Table 3), is the different stereochemical 

relative configuration of C1 with respect to the hydroxyl group, which is in ‘syn’ 

configuration in DMEP and ‘anti’ in DMPS (see Figure 4-top), giving place to different 

chemical environments and hence distinct chemical shieldings. 

B) MD simulations in water 

We next studied through molecular dynamics simulations the conformational behavior 

of the two cations in water (using the pcff force-field model). Systems with the same 

SDA/H2O ratio (1:50) as in the synthesis gels were built, and the occurrence of the 

different conformations was monitored by calculating RDFs of selected distances (see 

Table S1 for the interatomic distances which define the different conformers). 

Conformers A (of both DMEP and DMPS) display a C1···N distance of 4.1 Å, while 

this distance is reduced to 3.3-3.4 Å for conformers in folded configuration (B and C). 

Intramolecular RDF between C1 and N atoms during the MD simulations (Figure S15, 

left) shows a main peak at 4.1 Å for both diastereoisomers, evidencing that conformer 

A is the one that mostly occur in aqueous solution; a minor peak at 3.3 Å is also 

observed, which reveals a minor presence of a folded conformer. 
13

C NMR of aqueous 

solutions of DMEP
+
 and DMPS

+
 iodide salts (Figure S14) show C1 resonances which 

nicely fit those theoretically calculated for conformer A of both diastereoisomers, in 

good agreement with the major presence of this conformer in aqueous solution. On the 

other hand, intermolecular RDFs between aromatic C (cp) atoms (Figure S15-right) do 

not display a peak at 4 Å, clearly showing a low supramolecular aggregation (through 
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π-π type interactions) trend of these cations, which can also explain the low 

incorporation of dimers within the AFI channels (as observed by fluorescence 

spectroscopy). 

C) Confinement within AFI 

We then studied the confinement of the different conformers of both diastereoisomers 

within the one-dimensional channels of the AFI framework in the presence of Mg. UV-

Vis fluorescence spectroscopy results had shown that both cations incorporate within 

the AFI structure as monomers (without interaction between the aromatic rings of 

adjacent SDA cations) (Figure 2, top-left).
35

 Hence, we modelled the packing of both 

DMEP and DMPS cations within the AFI channels as monomers in a head-to-tail 

configuration under a packing value of 1.0 SDA per u.c. (as revealed by TGA). 

First of all, we studied if there is any influence of the SDA hydrophilic groups (OH and 

NMe3
+
) on the location of Mg dopants embedded in the AFI framework (note that 

doping through replacement of Al
3+

 by Mg
2+

 involves the generation of a negative 

charge on the network which is compensated by the organic SDA cation). With this 

purpose, we loaded 1 DMEP cation per AFI u.c. with 1 Mg (replacing Al), and rotated 

the SDA cation around the channel axis so that to get different distances between the 

hydrophilic groups (OH and NMe3
+
) and Mg; we expect these hydrophilic groups to 

interact more strongly with the negative charge associated to Mg in the framework. The 

relative energies were obtained by DFT+D (PBE) geometry-optimization of the 

systems. We did this for conformers A and B of DMEP. Relative energy results (in 

kcal/mol per AFI u.c.) are reported in Figure 5, expressed as a function of the 

H(O)···Mg (left) or N
+
···Mg (middle) distance for conformer A (top) and B (bottom). If 

we look at the H(O)···Mg distance (left), we appreciate a clear relationship with the 

energy, where lower distances give higher stabilities, and an increase in this distance 
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comprises a notable reduction of the stability. This occurs both for conformers A and B, 

although it is more prominent for conformer A. In contrast, no such clear relationship is 

observed between the stability and the N
+
···Mg distance (middle). This is due to the 

bulky nature of the NMe3
+
 group, where the positive charge of N is rather shielded by 

the three methyl groups, preventing a strong interaction with the negative charge 

associated to Mg. Therefore, it becomes clear that Mg will prefer to site close to the 

molecular hydroxyl group, establishing strong H-bonds between organic H(O) groups 

and framework O(Mg) atoms in order to maximize electrostatic interactions (as is the 

case in the most stable situation, highlighted with dashed circles in Figure 5-left, and 

shown at right for both conformers). 

We next studied the packing of the SDA cations within the AFI channels. In order to 

find the best packing orientation between consecutive SDA cations while preventing 

artifacts imposed by the periodicity of the model, and considering the hexagonal 

symmetry of the AFI channels, we built 1x1x6 supercells, in which adjacent cations 

were consecutively rotated (around the channel axis) by the same angle of ±n·60º (for n 

= 0, 1, 2, 3; i.e. giving angles between consecutive cations of -120º, -60º, 0º, +60º, 

+120º and +180º). In addition, two possible orientations of the cations along the channel 

axis (related by 180º-turn perpendicular to the channel axis) were studied (referred as 

‘+c’ and ‘–c’) (Figure S16). Following our previous observation, Mg atoms were 

always located in the Al position closest to the molecular OH group, thus following the 

packing pattern of the organic SDA. The very large number of systems (6 rotation 

angles and 2 orientations for each of the three conformers, giving a total of 36 system 

for DMEP and 36 for DMPS) and the very large size of the models (with 636 atoms) 

forced us to use forcefield (pcff) calculations in this part of the study. Figure S17 shows 

the relative energy (for each SDA cation) in the different conformations and orientations 
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as a function of the packing angle between consecutive cations. In general, conformers 

A and B of DMEP pack more efficiently with no-rotation (angle 0º) or –60º-rotation 

between consecutive cations, while conformer C prefers to pack with a rotation of 

+120º. Something similar occurred with the packing of DMPS cations within the AFI 

channels (Figure S17-bottom, in blue). Both conformers A and B pack more efficiently 

with no rotation or –60º-rotation between consecutive cations, while the most stable 

packing of conformer C involves –60 and 180º for (+c) and (–c) orientations, 

respectively. The most stable orientations for each conformer were then geometry-

optimized at DFT+D/PBE level (using supercells adequate to the symmetry of each 

system, see Tables 4 and 5). 

DFT+D energies for DMEP cations confined within the AFI channels in different 

conformations and orientations are reported in Table 4 (Figure 6 shows the location of 

the most stable configuration for each conformer). Packing of conformer A is more 

stable in (–c) orientation; in this case, the most stable packing involves the cations 

rotated consecutively by –60º (with an interaction energy of -181.8 kcal/mol), thus 

developing a helicoidal supramolecular organic arrangement that is indeed transferred 

into a helicoidal distribution of Mg through the OH···Mg coupled incorporation (Figure 

6-top, DMEP-A-(–c)-–60º). DMEP conformers (A) confined within the AFI channels 

give a theoretical δ (C1) of 7-8 ppm (Table 4). The most stable packing of conformer B 

involves no rotation between consecutive cations (and hence with Mg always in the 

same position, Figure 6), being slightly more stable in (–c) orientation, with an 

interaction energy of -179.3 kcal/mol, notably lower than that of DMEP-A-(–c)-–60º. 

Conformers B confined in the AFI channels give theoretical δ (C1) around 14 ppm 

(Table 4). Finally, the most stable packing of C conformers (this was the least stable in 

vacuo) involves a rotation between consecutive cations of +120º, and resulting in an 



22 
 

equivalent arrangement of the Mg ions within the AFI framework (Figure 6). The (+c) 

orientation is more stable, giving an interaction energy of -179.7 kcal/mol, which is 

again smaller than that of conformers A. The organic arrangement with DMEP in 

conformation C gives theoretical δ (C1) values of 16-17 ppm (Table 3). In sum, these 

DFT energy results would predict a preferential incorporation of DMEP as conformer A 

in an helicoidal ordered fashion where consecutive cations would be rotated by -60º.  

However, if we take δ (C1) as an indication of the occurrence of the different DMEP 

conformers, we observe that the previous prediction does not match the experimental 

observations since the experimental 
13

C NMR spectra of MgAPO-5 materials obtained 

with DMEP displayed always two distinct signals with similar intensity assigned to C1 

at 7 ppm and 14 ppm (Figure 1), which should be indicative of a simultaneous 

occurrence of conformers A and B. Indeed, we note that, regardless of the synthesis 

conditions of the material, the intensity of the two resonances is always very similar 

(see Figure S2), suggesting a paired occurrence of both conformers in the MgAPO-5 

materials. Following this observation, we also studied theoretically Mg-AFI systems 

that were loaded with both conformers A and B (in a 1:1 ratio) in an alternate fashion 

(A···B···A···B), again with Mg located in the closest positions to the hydroxyl groups 

of both conformers (systems A+B in Table 4). Pcff calculations showed that the most 

stable packing arrangement in this hybrid system involved also no rotation between 

consecutive DMEP cations (Figure S17), though due to the presence of the two distinct 

conformers, Mg now sites in consecutive unit cells in positions related by 60º rotation 

(Figure 6-bottom). DFT+D geometry-optimization of this Mg-AFI-DMEP system with 

the two conformers (A+B) gave the highest interaction energy of all systems (-182.3 

kcal/mol for (+c) orientation), being even more stable than conformer A in (–c) 

orientation. This clearly indicates that this paired occurrence of conformers A and B of 
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DMEP in a 1:1 alternate fashion provides the best packing efficiency of this cation 

within the AFI channels. Calculation of the δ (C1) of this system would predict the 

occurrence of two resonances with the same intensity at 5.2 and 12.9 ppm, in excellent 

agreement with the experimental observations. For the sake of completeness, we also 

studied the simultaneous incorporation of conformers A+C, but in this case the systems 

were less stable (Table 4). 

We next studied the incorporation of the DMPS diastereoisomer; Table 5 reports energy 

results for the different systems studied, and the most stable ones are shown in Figure 7. 

The most stable packing arrangements of conformers A and B are the same as those of 

DMEP, with conformer A being more efficiently packed in (–c) orientation with a 

consecutive rotation between cations of –60º (with an interaction energy of -177.9 

kcal/mol and a theoretical δ (C1) of 13 ppm), and conformer B in (+c) orientation with 

no rotation between cations (giving an interaction energy of -179.8 kcal/mol and a 

theoretical δ (C1) of 9 ppm) (Table 5). However, in contrast to DMEP, in this case the 

most stable packing arrangement of DMPS (without considering combination of 

conformers) involves conformers C in (–c) orientation, where consecutive cations are 

rotated by 180º (Figure 7), giving an interaction energy of -180.7 kcal/mol and a δ (C1) 

of 17.6 ppm. These results would predict a preferential incorporation of DMPS as 

conformer C. Indeed, if we look at the experimental 
13

C NMR, we observe a high 

intensity of the signal at 16 ppm (Figure 1), suggesting the preferential occurrence of 

DMPS as conformer C, in good agreement with this theoretical prediction. As in the 

previous case for DMEP, we also studied the simultaneous incorporation of 

combinations of conformers (A+B and A+C). As for DMEP, the packing of A+B 

conformers in an alternate fashion gives the highest stability (with interaction energies 

of -181.2 and -181.6 kcal/mol for (+c) and (–c) orientations, see Table 5) (Figure 7-
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bottom), being slightly more stable than conformer C (by less than 1 kcal/mol). If this 

was the case, DFT calculations would predict the occurrence of two 
13

C NMR signals at 

around 10 and 14 ppm (for (+c) orientation) or 7 and 11 ppm (for (–c) orientation), with 

similar intensities (Table 5). However, experimental 
13

C NMR shows a much better 

comparison with the sole occurrence of conformer C (with a predicted single signal at 

around 17 ppm) than a combination of A and B, and hence we propose the former case 

to be responsible for the 
13

C NMR spectrum. Nonetheless, we can appreciate also a 

broad band between 10-14 ppm (though with a lower intensity) that could indicate some 

presence of (A+B) conformers in this configuration. 

Discussion 

Our combined experimental 
13

C NMR and computational simulations study has 

revealed that the conformational space of (1R,2S)-dimethyl-ephedrinium and (1S,2S)-

dimethyl-pseudoephedrinium can be monitored by the NMR resonance of one particular 

C atom in these cations (C1); related conformation-dependences of the 
13

C NMR 

signals have also been reported for other zeolitic systems.
39

 Our results show that the 

conformational space of these chiral cationic species is altered by confinement within 

nanoporous spaces. In vacuo and in aqueous solution, both cations display a unique 

conformation with an open configuration of the alkyl chain (conformer A). However, 

confinement within the one-dimensional channels of the AFI framework provides a 

higher stability to the folded conformations, probably due to a higher interaction and 

better packing efficiency under such conformations. In the case of DMEP, the most 

stable packing efficiency occurs with a 1:1 mixture of conformers A and B. We have 

recently reported the crystallization of a ferrierite-related layered material using the 

same DMEP cation as SDA (ICP-1 and PREFER).
37

 Molecular simulations showed that 

in these materials, DMEP cations prefer to site in conformation A (see Figure S18). 
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Interestingly, this material gives a unique C1 resonance at 6 ppm (Figure S19), in very 

good agreement with our assignment of this band to conformer A of DMEP. Therefore, 

it becomes clear that confinement of the SDA cations within different nanoporous 

spaces can definitely alter the conformational space, providing stability to conformers 

that are not stable in open spaces (in vacuo or in solution).  

Confinement of the other diastereoisomer, DMPS, also influences the conformational 

space of the cation. As for DMEP, the most stable packing arrangement of this isomer 

involves a simultaneous incorporation of conformers A and B. However, the 

experimental NMR spectrum seems to indicate a favored incorporation of the next (in 

term of interaction energy) stable system, with single conformers C, in contrast with the 

observations for DMEP. The lower occurrence of (A+B)-configuration for DMPS could 

be explained by the very low stability of conformer B of DMPS in vacuo (being 4 

kcal/mol less stable than conformer A, as determined by B3LYP, see Table 2), which 

would prevent (from kinetics considerations) the occurrence of conformer B prior to 

confinement during crystallization, and as a consequence this would impede such 

combined (A+B) packing arrangement. In contrast, conformer B is less unfavored for 

DMEP (being only 2.5 kcal/mol less stable in vacuo, Table 2), which explains the 

occurrence of this (A+B) combination for this isomer. We note also here that 

calculations of the MgAFI-DMPS systems are performed with PBE functional, which 

tends to overestimate the stability of conformer B in DMPS (see Table 2, which 

overestimates the stability of B by 1.5 kcal/mol with respect to B3LYP), and hence the 

real stability of (A+B)-DMPS (Table 5) might be overestimated. 

Finally, we briefly discuss the implications of our work on the production of chiral 

materials through helicoidal arrangements of dopants. We have seen that the presence of 

hydroxyl groups in the SDA cations seems to favor a coupled incorporation of the 
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dopants, which tend to locate close to the OH molecular group because of the 

establishment of H-bond interactions enhanced by the negative charge associated to the 

isomorphic substitution of the dopant. At the same time, we have observed that under 

certain configurations, supramolecular helicoidal arrangements of the cations represent 

the most efficient packing configurations, especially for conformers A (in (–c) 

orientations). Combined with the coupled incorporation of dopants, this could give 

place to the occurrence of helicoidal distributions of dopants embedded in the AFI 

network. However, theoretical energy results combined with NMR data indicate that 

these helicoidal organic configurations of conformer A do not actually occur, but other 

non-chiral configurations are more stable.  

Conclusions 

In this work we have performed a comparative study of the structure-directing effect of 

two chiral diastereoisomers, (1R,2S)-dimethylephedrinium and (1S,2S)-

dimethylpseudoephedrinium, in the synthesis of nanoporous aluminophosphates. At low 

temperature, both chiral isomers promote the crystallization of the AFI framework 

doped with different metals, with the organic cations confined within the channels 

mainly as monomer species. However, an increase of the crystallization temperature to 

180 ºC triggers a partial degradation of the organic cations through Hofmann 

elimination to give first trimethylamine, which is then further transformed by 

transmethylation reactions to tetramethylammonium, resulting in the formation of 

small-pore/cavity-based frameworks. Because of the different stereochemical 

configuration, such degradation occurs to a larger extent in the (1S,2S)-dimethyl-

pseudoephedrinium cation.  

Molecular simulations show a different conformational space of the two isomers as a 

function of their stereochemical configuration. The combination of theoretical DFT 
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calculations and 
13

C NMR spectroscopy has allowed us to assign the resonances of a 

particular C atom with the occurrence of the different conformations of the two 

diastereoisomers. As a consequence, we have been able to monitor the occurrence of the 

different conformations in aqueous solution and within the Mg-AFI systems. We have 

observed that one particular conformer (A), with the alkyl chain in an open-

configuration, is clearly the most favored one in aqueous solution, while this is not the 

case when the organic cations are confined within the one-dimensional nanopores of the 

AFI framework. In this case, a different situation is found for the two isomers as a 

function of their stereochemical configuration: packing of the (1R,2S)-isomer involves a 

simultaneous occurrence of conformers A and B in an alternated fashion, giving place to 

two 
13

C NMR signals with similar intensities, while packing of (1S,2S)-isomers 

involves the sole incorporation of a different conformer (C). Finally, we remark the 

relevance of combining molecular simulation methods with experimental NMR 

characterization of the solids in order to gain deep insights on the host-guest chemistry 

of nanoporous materials. Our study and the findings achieved here could be also very 

helpful to understand and predict molecular recognition events in drug-receptor systems 

related with conformational chemistry, which could potentially be monitored by 
13

C 

NMR, as we have shown in this work. 
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Tables 

 

Table 1. Crystalline phases obtained in the different solids, as determined by XRD. 

(↓) and (↓↓) indicates a minor and very minor presence, respectively. ‘LD’ refers to 

low-dimensional materials, ‘Try’ to AlPO-trydimite, and ‘U’ to unidentified phases. 

 

M Mg Co Zn Si --- 

SDA 140 180 140 180 140 180 140 180 140 180 

DMEP AFI 

AFI 

SOD(↓↓) 

AWO(↓↓) 

AFI 
AFI 

GIS(↓) 

AFI 

LD(↓) 

AFI(↓) 

ATN(↓) 

SOD(↓) 

GIS(↓) 

AFI(↓) 

Try(↓) 

AFI(↓) 

SOD 

AFI 

LD(↓) 

Try(↓) 

AFI(↓) 

ATT 

DMPS AFI 
AFI 

SOD(↓↓) 
AFI 

AFI(↓) 

GIS(↓) 

SOD(↓) 

AFI 

GIS(↓↓) 

AFI 

SOD 

GIS(↓) 

AWO(↓↓) 

AFI(↓) 

LD(↓) 

SOD 

AWO(↓↓) 

AFI 

LD(↓) 

ATT 

U 

 

 

 

Table 2. Relative energies of the different conformers of DMEP and DMPS, calculated 

at different levels of theory (DFT+D at B3LYP and PBE levels, and molecular 

mechanics with pcff force-field). 

 

 

Table 3. Calculated chemical shifts (in ppm) for the different conformers of DMEP and 

DMPS in vacuo, calculated at DFT+D/PBE level (A, B and C), and experimental liquid 
13

C chemical shifts of DMEP
+
 and DMPS

+
 iodides in CD3OD (Experim.). Labels are 

the same as in Figure 1. 

 

 

 

 

 

 

Conformer Configuration 

Relative Energy (kcal/mol) 

DMEP DMPS 

B3LYP PBE pcff B3LYP PBE pcff 

A Open 0.0 0.0 0.0 0.0 0.0 0.0 

B Folded 2.5 2.1 2.0 4.0 2.5 4.5 

C Folded 4.1 3.2 3.2 1.9 1.3 2.2 

Cation Conformer C1 C3 C4 C2 C6 C7 C8 C5 

DMEP 

A 6.3 53.8 81.2 84.9 128.4 136.0 137.7 141.1 

B 13.3 54.5 84.9 82.5 129.2 136.2 137.9 138.6 

C 11.2 54.5 81.9 84.3 131.3 136.8 138.9 143.2 

Experim. 6.0 51.7 69.4 74.7 125.5 127.5 128.2 141.2 

DMPS 

A 11.7 54.4 85.8 84.3 130.6 136.6 139.0 142.2 

B 5.3 53.6 78.1 81.7 132.0 136.0 138.5 139.4 

C 15.3 56.2 84.8 82.0 126.2 135.9 135.9 144.4 

Experim. 12.3 52.6 73.9 74.9 127.3 128.4 128.6 141.9 
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Table 4. MgAFI-DMEP systems studied at DFT+D level; interaction energies (I. E.), 

and relative energies (R. E., with respect to the most stable case) are expressed in 

kcal/mol per u.c. Theoretical chemical shifts of C1 (δ C1, in ppm) are also reported. 

Note: * indicates that δ C1 has been calculated with smaller systems (with no 

intermolecular rotation in 1x1x1 u.c. AFI systems). 

 

Conformer Orientation Rotation Space group Supercell I.E./u.c. R.E./u.c. δ C1 (ppm) 

A (+c) 0 P1 1x1x1 -179.0 3.2 6.6 

A (–c) -60 P65 1x1x6 -181.8 0.4 7.8* 

B (+c) 0 P1 1x1x1 -178.7 3.5 14.3 

B (–c) 0 P1 1x1x1 -179.3 3.0 13.6 

C (+c) 120 P31 1x1x3 -179.7 2.6 17.2* 

C (–c) 120 P31 1x1x3 -176.0 6.2 16.1* 

0.5A+0.5B (+c) 0 P1 1x1x2 -182.3 0.0 12.9/5.2 

0.5A+0.5B (–c) 0 P1 1x1x2 -179.9 2.3 --- 

0.5A+0.5C (+c) 60 P1 1x1x6 -178.3 4.0 --- 

0.5A+0.5C (–c) 60 P1 1x1x6 -177.6 4.7 --- 

 

 

 

Table 5. MgAFI-DMPS systems studied at DFT+D level; interaction energies (I. E.), 

and relative energies (R. E., with respect to the most stable case) are expressed in 

kcal/mol per u.c. Theoretical chemical shifts of C1 (δ C1, in ppm) are also reported. 

Note: * indicates that δ C1 has been calculated with smaller systems (with no 

intermolecular rotation in 1x1x1 u.c. AFI systems). 

 

Conformer Orientation Rotation Space group Supercell I.E./u.c. R.E./u.c. δ C1 (ppm) 

A (+c) 0 P1 1x1x1 -176.7 4.9 12.2 

A (–c) -60 P65 1x1x6 -177.9 3.7 13.1* 

B (+c) 0 P1 1x1x1 -179.8 1.8 9.1 

B (–c) 0 P1 1x1x1 -175.8 5.8 11.3 

C (+c) -60 P65 1x1x6 -178.5 3.1 19.3* 

C (–c) 180 P21 1x1x2 -180.7 0.9 17.6 

0.5A+0.5B (+c) 0 P1 1x1x2 -181.2 0.3 14.0/9.9 

0.5A+0.5B (–c) 0 P1 1x1x2 -181.6 0.0 11.3/7.0 

0.5A+0.5C (+c) -60 P65 1x1x6 -176.8 4.8 --- 

0.5A+0.5C (–c) 60 P61 1x1x6 -176.6 5.0 --- 
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Figures 
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Figure 1. 
13

C CP MAS NMR spectra of MgAPO-5 materials obtained with 

DMEP (red) or DMPS (blue) at 140 ºC (top) or 180 ºC (bottom). 

Degradation products are indicated by arrows. 
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Figure 2. UV-Vis Fluorescence spectra of MAPO-5 materials obtained with 

DMEP (red) or DMPS (blue) as SDAs, in the presence of Mg (top-left), Zn (top-

right), Co (bottom-left) or Si (bottom-right) at 140 ºC. 
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Figure 3. 
13

C CP MAS NMR spectra of SAPO materials obtained with 

DMEP (left) or DMPS (right) at 180 ºC. 
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Figure 4. Molecular structure and relative energies (at DFT/B3LYP level, in kcal/mol) 

of different conformers of DMEP (left) and DMPsEP (right). 
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DMEP-A DMEP-A 

DMEP-B DMEP-B 

Figure 5. Relative energy (DFT+D/PBE, in kcal/mol per u.c.) of DMEP conformer A (top) or B 

(bottom) as a function of the distance between H(O) and Mg (left) or between N
+
 and Mg 

(middle) (each system is shown in a different color); right: images of the most stable 

configurations for each DMEP conformer (corresponding to dashed circles to the right). 
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δ = 5.2 ppm δ = 12.9 ppm 

DMEP-A-(–c)- –60º DMEP-A-(–c)- –60º 

δ = 7.8 ppm 

DMEP-B-(–c)-0º DMEP-B-(–c)-0º 

δ = 13.6 ppm 

R.E. = 0.4 

R.E. = 3.0 

DMEP-C-(+c)-120º DMEP-C-(+c)-120º 

δ = 17.2 ppm R.E. = 2.6 

Figure 6. Location of DMEP cations in the different conformations and orientations. Relative 

energies (in kcal/mol per u.c.) and δ (C1) are also reported. 

R.E. = 0.0 
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Figure 7. Location of DMPS cations in the different conformations and orientations. Relative 

energies (in kcal/mol per u.c.) and δ (C1) are also reported. 
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