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Abstract 

 
A hypothetical zeolite framework was selected from a database of hypothetical structures and adapted 

based on structural features relevant for deNOx and MTO catalysis. To attempt the realization of this structure 

a computational energy-based approach was applied to select relevant OSDAs (organic structure directing 

agents) molecules with large OSDA-zeolite stabilization energies, leading to the selection of three OSDAs 

(OSDA1, OSDA2, OSDA3) as potential candidates for the synthesis of the hypothetical zeolite (Hypo#1). Instead 

of Hypo#1, ERI was found to dominate the experimental product outcome when potassium was used as a 

mineralizing agent. In the case of OSDA3 a novel high-silica ERI was found. The different ERI products were 

characterized, intergrowth structures ruled out, and special attention was paid to the compositional and 

morphological features arising from the use of the different OSDAs. In the specific high-Si product obtained using 

OSDA3 a distinct tubular to prismatic crystal morphology could be seen. Theoretical stabilization energies  

calculated for potentially competing phases (Hypo#1, ERI, OFF, CHA among others) could be used to rationalize 

the experimental outcome to a certain extent, but our results show that considering the zeolite-OSDA interaction 

is probably not sufficient to realize hypothetical frameworks alone, especially for Al-containing zeolites where 

alkali ions play an important role during crystallization. 
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1. Introduction 

Zeolites are crystalline microporous aluminosilicate materials composed of tetrahedrally coordinated T-

atoms (typically Si and Al), linked together by oxygen bridges. For each tetrahedron with a trivalent element,  

such as [AlO4/2]-, a negative charge is introduced into the framework that is counterbalanced by a cation. The 

different ways in which corner connected SiO4/2 and AlO4/2 tetrahedra are joined together, gives rise to channels,  

cavities and interconnected voids. The combination of the uniform pore dimensions, ion exchange properties  

and/or internal acidity combined with thermal stability gives rise to a large number of catalytic applications (1),  

(2). The development of zeolites as catalyst has historically followed two main tracks namely by: i) exploring 

known topologies with different compositions, such as Si/Al ratios, heteroatom substitution, and presence of non-

framework cations; and ii) discovery of novel topologies with new pore systems, cavity sizes and local 

coordination environments. 

Compositionally, the Si/Al ratio is one of the most important parameters that influence zeolite stability 

and have a direct impact on the catalytic activity. Typically, Si-rich zeolites show improved stability compared to 

their Al-rich analogs. Contrarily, the amount of aluminum is typically related to the catalytic activity of the zeolite 

materials and a tradeoff between activity and structural stability is commonly encountered. For many catalytic 

applications, intermediate (Si/Al = ca. 4-10) to high-silica (Si/Al > 10) zeolites are preferred. For this reason, the 

impact of preparing or discovering novel zeolites becomes much higher when the compositional range can be 

extended into the intermediate and high-silica range.   

Most novel zeolite framework types are discovered through a trial-and-error approach using various 

families of OSDAs (organic structure directing agents) and chemical intuition. Recently, new rational methods 

have been proposed for enlarging the list of catalytically relevant zeolite frameworks, by either employing 

computational methods or by using different synthesis procedures (3), (4), (5), (6), (7). An ab initio zeolite 

synthesis methodology for targeted applications has also recently been proposed where the OSDAs is chosen 

to mimic the transition state of a specific reaction following a molecular-recognition pattern (8), (9). Although 

several databases of hypothetical frameworks have been proposed (10), (11), (12), (13) their practical 

preparation remains an open question due to the poor understanding of nucleation and crystallization 

mechanisms. Even if considerable advancement has been made in finding novel OSDAs by computer modeling 

for already made zeolites (14), (15) this approach seems to be less successful when hypothetical frameworks 

are targeted. 

In this study we explore a rational approach for the preparation of novel zeolite materials, and in this 

case, targeted towards small-pore zeolite applications such as deNOx or MTO reactions. First, we search for 

hypothetical frameworks, by imposing certain framework descriptors on a hypothetical zeolite database, followed 

by finding suitable OSDAs for the selected framework. By experimentally using the computationally predicted 

OSDAs under hydrothermal conditions, we noticed that another zeolite emerged, namely a novel high-silica 

version of the ERI framework that competes favorably with the desired hypothetical structure. Results herein are 
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rationalized by considering theoretical stabilization energies between different OSDAs, where the synthesis of 

other possible competing zeolite frameworks are studied for comparison. 

2. Experimental 

2.1.  Computational models and methods 

A framework selection was made from the hypothetical silver database developed by Foster and 

Treacy (10), (11) containing frameworks with maximum 6 different T-atoms giving a total of 933611 structures, 

although a large number can be initially discarded by having too high energy (>30 kJ/SiO2) leading to 16317 

structures from which approximately 50% contain 3-rings and can thus also be discarded. The selection was 

made using the zeoTsites code (16) imposing various criteria believed to be particularly relevant for small-pore 

catalytic applications (as described in the Results), this leading to the choice of a hypothetical zeolite that we 

named Hypo#1 herein. To find suited OSDAs for this hypothetical zeolite, we initially considered OSDAs for 

cages similar in size and configuration as the hypo#1 cage. Two overall OSDA families were selected. One 

family was based on a central flexible alkyl chain and another family was based on a rigid aromatic or aliphatic  

ring. A number of manual permutations were then considered by introducing substituents and/or functional 

groups to the primitive structures. The stabilization energy was calculated by applying a molecular docking 

approach using the COMPASS2 and UFF forcefields available in Materials Studio 8.0 (17). Finally three OSDAs 

were selected for experimental screening.  

A detailed analysis of the stabilization of selected OSDAs together with selected frameworks was later 

carried out in a similar manner as earlier studies (18), (19). In general, only the zeolite-OSDA van der Waals 

interaction was taken into account for addressing feasibility. Atomic charges were assigned in the OSDA 

molecules with the restraint of giving an overall neutral charge. This leads to the simplification of considering 

only the pure silica framework composition and hence the location of Al and its preferential interaction with the 

positive charge of the OSDAs is neglected. We reckon this is a simplification given the important role of the Al 

location, as recently demonstrated in computational studies (20), (21). Our computational approach relates better 

to systems without Al (pure silica zeolites), but has allowed us to neglect the presence of the counteranion of 

the OSDA. In fluoride media the counteranion (F-) can be modelled accurately, but in OH- media defects are 

often difficult to introduce in a computational model since they are not easy to characterize. In spite of 

simplifications, models can be very successful if they capture the main interactions at play. This is the case of 

recent work in cage based zeolites, where the zeolite-OSDA van der Waals interactions play a dominant role 

and the synthesis is driven towards the zeolite corresponding to larger zeolite-OSDA van der Waals interactions  

(22), (23). For instance, tetramethylammonium was shown to favor the gme cage while bisdiazabicyclooctane 

derivatives favored aft and t-sfw cages, present in zeolites with AFX and SFW topologies.  

For the calculation of the energies, four force fields were considered, dealing with the zeolite, OSDA, 

zeolite-OSDA and OSDA-OSDA interactions. As said above, the simplification of not considering the Al location 

leads us to simulate neutralised OSDA molecules (with zero total charge but atomic charges different from zero) 

and, as a consequence the usual cation-cation OSDA-OSDA repulsion is not properly accounted for in our 
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simplified description. Our approach, although including both electrostatic and van der Waals OSDA-OSDA 

interactions, underestimate the electrostatic OSDA-OSDA repulsion. Because of this, the resulting OSDA-OSDA 

term is not relevant, and therefore is not included in the discussion. For the zeolite, the recently parameterized 

rigid-ion force field for silico-alumino-phosphate zeotypes was employed (24), which for the pure silica case is 

equivalent to a former, less general, parameterization (25). For the zeolite-OSDA, the force field by Catlow et al. 

(26) was employed, for the OSDA-OSDA interaction, the all-atom OPLS force field (27) was used, and for the 

internal OSDA the forcefield by Oie et al. (28) was used. One unit cell of zeolite was considered in each case. 

In a first set of calculations (set A in Table 2), one molecule of OSDA was introduced and geometry  

optimized taking into account all the coordinates and cell parameters, as well as all the energetic terms including 

the electrostatic part through the Ewald summation. The cutoff chosen for the van der Waals interactions was 

12 Å. From the optimized geometry, it was possible to find the micropores where the OSDA molecules remain 

occluded in their lowest energy configuration (Table S1). Then, with the optimized geometry, a single point  

energy calculation was performed to extract the contribution of the van der Waals zeolite-OSDA energy 

corresponding to one cavity (A values in Table 2). ‘A’ values are important since they reflect the contribution of 

a single zeolite-OSDA interaction and allow you to compare the fit of a single OSDA molecule between various  

frameworks and could also be related to the early stages of nucleation.  

A second set of calculations (set B in Table 2) was performed by filling all cavities and channels with 

OSDA molecules until the micropore system is fully packed with OSDA molecules, which is typically the situation 

experimentally found in the synthesis of zeolites. The full van der Waals zeolite-OSDA energy is then divided by 

the number of SiO2 units in the unit cell (B values in Table 2), which allows to extract conclusions about the final 

system. The B-values are considerable smaller than the A-values by being divided by the number of SiO2 units 

in the cell, which allows comparisons between different OSDAs for a given zeolite (vertical comparison in Table 

2) and also for a given OSDA with different zeolites (horizontal comparison in Table 2). 

In summary, both ‘set A’ and ‘set B’ calculations represent zeo-OSDA van der Waals interaction 

energies. The difference is that ‘set A’ correspond to only one OSDA molecule per unit cell and the value given 

is the energy per OSDA molecule, while in the case of ‘set B’ the unit cell has been saturated with OSDA 

molecules, and the value given is the zeo-OSDA van der Waals energy of all OSDA molecules divided by the 

number of SiO2 in the unit cell. All energy minimizations have been carried out allowing the full relaxation of all 

the atoms in the system as well as the cell parameters using the BFGS (Broyden-Fletcher-Goldfarb-Shanno) 

(29), (30), (31), (32) within the GULP software (33), (34). 

 

2.2. Hydrothermal synthesis 

For the attempt to synthesize the Hypo#1 zeolite, three different approaches were followed. Each 

OSDA (OSDA1-3) was explored in alkaline conditions with KOH (set 1) and NaOH (set 2) by using either a FAU 

zeolite or co-precipitated amorphous-silica-alumina (ASA) as the T-atom source. Additionally, fluoride conditions 

were also applied  with TEOS and Aluminum isopropoxide as the source of T-atom (set 3). In a typical synthesis 
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using FAU as the T-atom source and OSDA 3, a mixture of 1.99 g cyclohexane-1,4-bis(trimethylammoni um) 

dihydroxide (12.7 wt. % aqueous solution), 1.81 g KOH (10 wt. % aqueous solution), 0.45 g distilled water and 

0.74 g FAU zeolite (Si/Al = 15) was prepared. The gel was mixed 1 h at room temperature and was transferred 

to a Teflon lined autoclave and heated at 135 °C for 7 days and the solid product separated by filtration and 

washing with deionized water. Crystallization was carried out at 135 °C for seven days unless otherwise stated.. 

The raw materials used were: butane-1,4-bis(trimethylammonium) dihydroxide (OSDA1), pentane-1,4-

bis(trimethylammonium) dihydroxide (OSDA2), cyclohexane-1,4-bis(trimethylammonium) dihydroxide (OSDA3),  

KOH (reagent grade ≥ 98 %, Sigma Aldrich), Y-zeolite (CBV712, CBV720, CBV760 obtained from Zeolyst  

International), ASA (amorphous-silica-alumina) (Si/Al = 6, Si/Al = 15 and Si/Al = 30) prepared in-house. Detailed 

synthesis procedures for OSDAs can be found in the Supporting Information.  

 

2.3. Characterization 

The resulting zeolite materials were analyzed in the as-synthesized form by X-ray diffraction using a 

Phillips PW1800 instrument system in θ–2θ geometry working in reflectance mode using CuKα radiation (λ = 

1.541 Å). SEM images were recorded using an XL30-SEM instrument operated at 10 kV. The samples were 

sprinkled over carbon tape and attached on Al-stubs and then coated with a ca. 30 nm layer of carbon to prevent  

charging. TGA-DSC analysis were performed using a Mettler TGA-DSC instrument with a heating rate of 5 °C / 

min and the temperature limit at 550 °C.  Product composition was determined using inductively coupled plasma 

optical emission spectroscopy (ICPOES) on acid digested samples using a Perkin Elmer Optima 7300 DV 

instrument. The 27Al MAS NMR spectra were recorded using a Bruker Avance II HD 400 Mhz instrument at 

spinning rate of 20 kHz in a Bruker 3.2 mm probe, using a flip angle of π/12 and a recycle delay of 1 s. The 29Si 

MAS NMR spectra were recorded at spinning rate of 5 kHz in Bruker 4 mm probe, using a flip angle of 60º and 

a recycle delay of 60 s. 

 

3. Results and Discussion 

A first selection of small-pore frameworks was carried out by imposing an energy requirement that 

refines only structures with energies lower than (or equal to) 0.15 eV in combination with an 8-ring window 

requirement. The selection was further limited to 3-dimensional channel systems, only having 4, 5, 6 and 8-rings 

present in the structure, as well as minimum 80 % of the 8–rings to be circular. Furthermore, the selected 

structures were also limited to satisfy feasibility criteria reported elsewhere (35), (36). One framework was 

selected (entry 139_4_48475) containing 4 T-atoms and 128 SiO2 per unit cell. The structure was then modified 

manually to a simpler structure with less cage diversity. The outcome, named Hypo#1 herein, contain two 

different T-atoms (with a multiplicity of 32 and 16) and a total of 48 T-atoms (SiO2 units) per unit cell (see file 

generated by zeoTsites in the SI). Figure 1 shows the framework structure of Hypo#1, seen along the a, b and 

c directions. 
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Figure 1 Framework structure of Hypo#1 zeolite seen along a, b and c direction (blue ribbons represent Si-Si connections. 

O atoms are omitted for simplicity) 

 

As a starting point OSDA candidates were selected based on molecules known to stabilize similar 

sized cages in zeolites where-after an iterative process of manual permutations of substituents was applied. A 

final selection of three OSDAs (see Figure 2 and Table 2) was afterwards made by taking into account the 

feasibility of the organic synthesis procedure.  

 

N
N

 
OSDA1 

N
N

 
OSDA2 

NN
 

OSDA3 
 

Figure 2 OSDA candidates selected for exploration in hydrothermal synthesis. 

To evaluate the potential of the selected OSDAs an extensive experimental evaluation under various 

conditions and using various raw materials was undertaken. Hydrothermal synthesis was explored using OSDA1-

3 under alkali conditions using either NaOH or KOH as the mineralizing agent in combination with either 

amorphous silica-alumina (ASA) or using a FAU zeolite as the T-atom source. The overall synthesis composition 

was varied through the Si/Al ratios. Furthermore, crystallization in fluoride media using OSDA1-3 was also 

investigated as this approach often leads to products strongly dictated by the OSDA-zeolite interaction, especially  

under Si-rich conditions. 
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Crystallization in fluoride media revealed amorphous products together with the presence of an 

unknown phase (not Hypo#1 target framework) for OSDA1, independently of the reaction time. For OSDA2 and 

3 a mixture of amorphous, LEV, SOD and pure silica AST was obtained as well as an unknown phase (not  

Hypo#1 target). The results of the synthesis are reported in the supporting information (Tables S4-S7). The 

combination of the three OSDAs and NaOH in general leads to products like *BEA, amorphous or small amounts  

of an unknown phase (again, not the Hypo#1 target zeolite); indicating a low specificity of the OSDA-zeolite 

interaction in this system. 

 Interestingly, when the mineralizing agent is switched to KOH, we observe either amorphous products  

or ERI for all three OSDAs. This observation points to a strong influence of potassium on the product selectivity  

in combination with the stabilizing effect of the various OSDA molecules. Table 1 summarizes the products  

obtained from the synthesis with ASA and FAU as sole Si and Al source for the KOH system. 

Erionite (ERI) is a well-known small-pore zeolite, that can be found in nature with a Si/Al ratio around 3 

(37). It is typically seen as an intergrowth with Offretite (OFF) (38). Pure-phase ERI with higher Si/Al ratios was 

first reported by Hong et al. by combination of tetraethylammonium, linear diquaternary alkylammonium ions as 

OSDAs and a charge density mismatch (CDM) approach (39), (40). The UZM-12 material crystallizes mainly in 

the presence of K+ or Rb+ ions and the highest Si/Al ratio achieved has been 6.5. Recently, and yet only reported 

in the patent literature, is the preparation of SSZ-98, a high-silica ERI molecular sieve with either rod-like or disc-

shaped crystal morphologies. Using N,N’-dimethyl-1,4-diazobicyclo[2.2.2]octane as the OSDA (OSDA4, Table 

2), Si/Al ratios as high as 13.5 were reported for SSZ-98 (41).  

Table 1 Products and chemical composition of selected synthesis using OSDA1, OSDA2 and OSDA3 from synthesis 
composition 1.0 SiO2 : x Al : 0.1 OSDA : 0.3 KOH : 20 H2O crystallized for 7 days at 135°C. (x = 0.167, 0.066 and 0.033) 

Sample 
Number OSDA Si and Al-source Product Si/Al K/Si 

1 1 ASA (Si/Al=6) ERI 4.4 0.11 
2 1 ASA (Si/Al=15) amorphous - - 
3 1 FAU (Si/Al=6) ERI 4.9 0.11 
4 1 FAU (Si/Al=15) amorphous -  

5 2 ASA (Si/Al=6) ERI - - 
6 2 ASA (Si/Al=15) amorphous -  
7 2 FAU (Si/Al=6) ERI 5.1 0.10 
8 2 FAU (Si/Al=15) amorphous -  
9 3 ASA (Si/Al=6) ERI - - 
10 3 ASA (Si/Al=15) ERI - - 
11 3 FAU (Si/Al=6) ERIa 4.9 0.17 
12 3 FAU (Si/Al=15) ERI 11.0 0.11 

a) a minor impurity of a dense phase was detected 
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For all OSDAs ERI is observed at a Si/Al ratio of 6 in the synthesis gel when KOH is used. However,  

at higher Si/Al ratios ERI is only obtained using OSDA3. The Si/Al measured in this product is 11, which is the 

highest Si/Al ratio reported for ERI in the scientific literature so far. The observation that ERI is obtained even at 

higher Si/Al ratios using OSDA3 indicates that it does indeed provide a suitable structure directing effect for this 

particular framework topology. 

 

 

Figure 3 XRPD patterns of ERI. A) Simulated patterns for ERI (100 % ERI and 0 % OFF, red curve) and for ERI-OFF 
intergrowth (1 % OFF up to 10 % OFF, blue curves). B) Observed pattern of sample 12 (blue curve) and a model curve (Red) 
obtained using a LeBail model including peak shape parameters related to particle average size and shape. The grey curve 
is the difference between the model and the observed data.   

 

It is well-known that ERI typically crystalizes with intergrowths of OFF. Figure 3A shows simulated 

PXRD patterns for the 100 % ERI-type zeolite and for the ERI/OFF intergrowths, with various percentages of 

OFF (1 – 10 %). Already at low amounts of intergrowths anisotropic broadening is seen for some of the peaks 

with increasing amounts of intergrowth. The observed PXRD pattern of sample 12 does not show additional 

broadening of the peak at 9 degrees 2 theta, and therefore no indication of stacking disorder in the sample. The 

difference in relative peak intensities in figure 3A and 3B respectively, is mainly a result of collecting the observed 

data using variable divergence slits. X-ray diffraction patterns for all obtained ERI products are shown in Figure 

4. Only small differences are seen within the synthesized samples, and XRD peak broadening features related 

to intergrowth with OFF are not observed in any of the observed data.  
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Figure 4 XRPD patterns of as-synthesized ERI-type zeolite products using OSDA1 (samples 1 and 3), OSDA2 (sample 5 
and 7) and OSDA3 (samples 9, 10, 11, 12). The bottom red pattern shows the calculated pattern for ERI. 

 

ERI is obtained from both amorphous starting materials and the crystalline FAU. Indicating that the 

reactivity or dissolution rate of the starting material may not be critical for the achievement of ERI as it was 

observed e.g. for AEI and AFX (42). Synthesis of intermediate-silica (Si/Al = 6.5, UZM-12) ERI using OSDA1 

has so far only been reported using the CDM-approach. Whether the use of co-precipitated silica-alumina 

provides an analogous starting point as the initial precipitation of CDM-gels is unclear, but some similarity in 

reactivity could exist. 

In all cases potassium is seen in the final product. A molar K/Si ratio of 0.11 and Si/Al ratios between 

4.4 and 11 corresponds to approximately 3.2-3.6 K per unit cell that contains 2 can cages, so it is reasonable to 

assume that most of the can cages are occupied by K+ ions and perhaps some K+ is also located in the larger 

eri cages or double-six ring structures also contained in the ERI framework. By comparison of 13C CP-MAS NMR 

of the solid product with 13C-NMR of the OSDA in solution before use (see Figure S2) we find that the OSDAs 

remain intact throughout the crystallization and are indeed successfully occluded within the cavities of the ERI 

materials. From TGA analysis of OSDA3 combustion, a weight loss of 21.2% was measured (see Figure S1), 

which correspond to 3.1 molecules per unit cell or 1.0 OSDA molecules per eri cage, whereas this number is 

lower for OSDA1 and 2. Altogether this points towards the efficient use of the OSDA molecules with 

approximately one OSDA molecule per eri cage and K located both in the can and eri cages, especially for 

OSDA3. 

The 29Si MAS NMR measurements for sample 12 (Figure 5a) reveal 3 distinctive peaks that have been 

assigned to Si(0Al), Si(1Al), Si(2Al) and a broad signal which was assigned to Si(3Al). Deconvolution and 

calculation of the Si/Al ratio (10) is in good agreement with that measured from ICP (11). The 27Al MAS NMR 

spectrum for ERI-type zeolites corresponding to sample 12 (Figure 5b) shows that all the aluminum is located in 

framework positions with tetrahedral coordination (AlIV) (peak at approx. 60 ppm). 
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Figure 5  29Si (a) and 27Al MAS NMR (b) spectra of ERI-type zeolites corresponding to sample 12. 
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Figure 6 SEM images of ERI materials corresponding to samples 3, 7, 11 and 12 respectively, synthesized using FAU as 
the Si- and Al-source. Scale bars in the images correspond to 1 µm. 

 

SEM images of the ERI products show various crystal morphologies. For OSDA1 needles or rods are 

obtained, whereas for OSDA2 shorter and grouped parallel fibers are seen. OSDA3 gives slightly irregular, in 

this case smaller, crystallites, with tabular to prismatic crystal morphologies.  
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Recently, the influence of the particle morphologies on the performance of the zeolite catalysts has led 

to important findings. For example Teketel et. al. (43) observed that for the MFS (ZSM-57) particles with a platelet  

morphology a resistance towards deactivation for the (methanol-to-hydrocarbons) MTH reaction is seen, 

compared with the SZR (SUZ-4) needle-like crystals, where a rapid deactivation is noticed. Another example is 

the study made by Lukaszuk et. al. which correlated the product shape selectivity for the MTH reaction with four 

distinct particle morphologies for OFF–type zeolites (44). As the SEM images in Figure 6 show, control of the 

morphology can be achieved for ERI by selection of the OSDA, which besides the Si/Al ratio will allow one to 

modify the catalytic behavior. 

 
3.1. General considerations in the preparation of Hypo#1 and ERI zeolites 

To rationalize the experimental results obtained, a thorough investigation of the calculated 

stabilization energies of the OSDAs with the Hypo#1, ERI and various known impurity phases was carried out. 

The OSDAs considered for the synthesis of Hypo#1 are summarized in  

Table 2. As described earlier, the main experimental phase observed from the various OSDAs was 

ERI with no evidence of Hypo#1. CHA and LTL frameworks are also well known impurities during synthesis of 

ERI zeolites (45) and dense phases such as e.g. PHI, SOD, GIS can also appear. For comparison we have also 

included the reported OSDA (OSDA4) for SSZ-98, which also experimentally gives the high-Si ERI. 

The A values in Table 2 correspond to energies that can be compared across different zeolites for the 

same OSDA (horizontal comparison in Table 2), but they should not be taken as giving the most stable zeolite 

system since only one cavity in the unit cell (and not the full micropore system) is considered. B values on the 

other hand take into account an optimum full loading and thus provides a more realistic prediction of synthesis 

feasibility. One should be cautious in comparing B-values only as OSDA-OSDA interactions will also be reflected 

in this number, which is the case when more than one OSDA occupies each cavity. Each set of values is 

complementary and both should be considered when addressing the stabilization of a framework. 

From the theoretical stabilization energies reported in Table 2 (A values) the selected OSDAs should 

favor Hypo#1 and ERI. This indicates that there is a good fit between the OSDAs and the cages in ERI and 

Hypo#1, respectively. Interestingly, the A value for OSDA4 in ERI is not as high as OSDA1-3 suggesting that a 

single OSDA4 is not sufficient to stabilize the cage in ERI. When full loadings are considered (Table 2, B values) 

the picture changes. Now CHA and ERI are favored phases instead of Hypo#1, and this could indeed be one of 

the reasons why Hypo#1 is not achieved. On the other hand, CHA was never achieved either, again pointing 

toward a specific behavior of the potassium, which is not captured in the theoretical description.  

To elaborate further on the achievement of ERI, and the expansion of the Si/Al ratio especially from 

OSDA3, it is useful to consider the flexibility of the various OSDAs, as different confirmations typically provides 

less specificity. OSDA1 was previously reported for the synthesis of UZM-12 (ERI framework) and has a high 

degree of flexibility due to the hydrocarbon chain linking the two trimethylammonium ends. This allows a large 
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number of stabilized conformational configurations. The length of this molecule shows a good fit with the eri cage 

since it adopts an all-trans configuration when located inside the cage, whereas when the molecule is extended 

e.g. by increasing the hydrocarbon chain length or by substituting end-methyl groups with ethyl groups a gauche 

conformation is adopted (39). 

For OSDA2, the flexibility is lower due to the presence of the methyl group attached to the hydrocarbon 

chain, which introduces a higher barrier for rotation around the tertiary sp3 hybridized carbon atom. The number 

of conformations are therefore limited, and it is less likely to curl together and adopt too many conformations.  

In OSDA3, the hydrocarbon backbone is replaced with a cyclohexane ring. The ring-structure 

introduces more rigidity into the molecule. Nevertheless, conformations such as a boat, chair or a twist form are 

still possible. Furthermore, the length of OSDA3 is comparable to OSDA1 and OSDA2 (see Table 2). Common 

for OSDA1-3 is that one molecule occupies each eri cage.  

In comparison SSZ-98, which also has the ERI structure, and has recently been reported in the patent  

literature uses N,N’-dimethyl-1,4-diazobicyclo[2.2.2]octane (OSDA4) (41). This molecule shows an even higher 

degree of rigidity, but does not have the same length.  

 
Table 2 Characteristics of OSDAs and their stabilization energies (energies are expressed in kJ for A values and kJ/SiO2 for 
B values) for Hypo#1, ERI, CHA and OFF. OSDAs 1-3 were prepared in this work, while OSDA4 has recently been used to 
synthesize SSZ-98 (ERI) reported in the patent literature (41). 

OSDA 
N-N 

distance 
[Å] 

C/N+ 3CNa 4CNa 
 

Hypo#1 
 

ERI 
 

CHA 
 

 
OFF 

 

 
Energiesb 

 

N
N

 
OSDA1(C10H28N2O2) 

6.4 5 0 2 

 
-153.4 
-6.37 

 

-123.5 
-6.85 

-90.7 
-7.53 

-104.2 
-5.79 

 
A 
B 

N
N

 
OSDA2(C11H30N2O2) 

6.5 5.5 1 2 

 
-158.2 
-6.56 

 

-138.0 
-7.62 

-53.1 
-4.44 

-122.5 
-6.75 

 
A 
B 

 

NN
 

OSDA3(C12H30N2O2) 
6.0 6 2 2 -155.3 

-6.46 
-130.3 
-7.24 

-89.7 
-7.53 

-78.2 
-4.34 

A 
B 

NN
 

OSDA4(C8H20N2O2) 
3.3 4 0 2 -107.1 

-4.44 
-89.7 
-7.04 

-87.8 
-7.33 

-92.6 
-5.11 

A 
B 

a Number of tertiary (3CN) and quaternary (4CN) carbon and nitrogen atoms in the OSDA as defined in (47). 
b zeolite-OSDA van der Waals energy corresponding to: single occupation (A), full occupation divided by #SiO2 (B). For each 
framework the unit cells contain the following number of SiO2 units: 48 (Hypo#1), 36 (ERI), 36 (CHA), 36 (OFF). Data for set 
B: in Hypo#1 and OFF, all OSDAs are in a loading of 2 OSDAs per unit cell. In ERI, OSDA1, OSDA2, OSDA3  are in a 
loading of 2 OSDAs per unit cell, while OSDA4 is in a loading of 4 OSDAs per unit cell. In CHA all OSDAs are in a loading 
of 3 OSDAs per unit cell. 
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A quantitative way of expressing the rigidity of an OSDA is by considering the number of tertiary and 

quaternary carbons and nitrogen (47). These values are reported in Table 2 and are in good agreement with the 

qualitative description of rigidity given above. The observation of a higher rigidity of OSDA3 and OSDA4 seems 

to be in good agreement with the fact that these two molecules leads to higher Si/Al products. 

Besides rigidity and length, the hydrophobicity of the OSDA is important for the OSDA-framework  

interaction especially during crystallization. Kubota et al. report that the C/N+ ratio is a good estimate, and that 

OSDAs with values between 10 and 16 are particularly useful for obtaining high-silica zeolites (47). All the 

OSDAs used in this work fall outside this range due to the dicationic nature and OSDA3 gives the highest  

number; perhaps indicating that even more Si-rich materials are achievable with this OSDA.  

The theoretical stabilization energy for OSDA4 in ERI is comparable to the numbers we find for 

OSDA1-3 despite the shorter molecular length. This is in good agreement with the observation that for all other 

B-values calculated a full loading is achieved with one OSDA per cage, whereas for OSDA4 a full loading in ERI 

is achieved with two OSDA molecules per cage. Specifically for this OSDA the favorable stabilization energy is 

achieved with two of the OSDA4 molecules located perpendicular to each other in the eri cage. The most stable 

conformations of the OSDA1-4 inside the eri cage are shown in Figure 7.  

 

  

Figure 7 Location and configuration of the OSDAs inside the eri cage (highlighted). Neighbor (2×1×2) unit cells are shown 
for the sake of clarity. The view shown is perpendicular to the b axis. 

 

4. Conclusions 
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In this work we have investigated the peculiar problem of synthesizing hypothetical zeolite frameworks 

that have been computationally predicted, but never practically prepared. We have followed a rational approach 

by screening a database of 933611 structures (www.hypotheticalzeolites.net) and selecting a hypothetical 

framework. The selected framework was subsequently modified to obtain a more simplified structure, which was 

designated Hypo#1. Three different OSDAs were selected based on zeolite-OSDA vdW stabilization energies  

to attempt the experimental realization of Hypo#1. When screening the experimental outcome under fluoride and 

alkali (NaOH and KOH) hydrothermal conditions the target zeolite was never obtained. Instead we noticed that 

in the presence of potassium, the synthesis product was ERI, and for OSDA3 a high-Si version could be 

achieved. In spite of not obtaining a new framework, the morphological features and high Si composition of the 

obtained ERI-zeolites show promising features for improving various catalytic applications.  

Stabilization energies of OSDAs in Hypo#1, ERI, as well as other zeolite frameworks were calculated to 

rationalize the results. All tested OSDAs (1-3) provides a good fit for the cage in Hypo#1 when one OSDA is 

considered (A-values, Table 2). However, when an optimum loading is considered ERI and CHA are favored 

phases (B-values, Table 2). This can partly explain why ERI is achieved instead of Hypo#1, but also highlights  

the limitations of the approach as CHA is not achieved. ERI is known to crystallize with potassium as the 

mineralizing agent and thus play a role during crystallization, which is not captured by only considering the 

zeolite-OSDA vdW stabilization energies. The high Si version of ERI achieved with OSDA3 as well as OSDA4 

reported for SSZ-98 is similarly not only explained by the stabilization energies, but seem to relate to the rigidity 

of the molecule as well. 

As this study illustrates, it still remains a challenge to synthesize hypothetical frameworks predicted by 

in silico modeling. One of the barriers is due to the kinetic control that drives zeolite crystallization along with 

other factors such as the stabilization of the intermediates and the reaction conditions, which are not typically 

considered in the computational screening. However, the computational modeling of the zeolite-OSDA 

interaction still provides a viable starting point for the rational design and synthesis of novel zeolites. It especially 

provides a method for improving and extending the composition of already existing materials, by providing novel 

OSDAs and by limiting explorative trial-and-error methods. 
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