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ABSTRACT 

In this doctoral thesis the structure-directing agent 2-ethyl-1,3,4-trimethylimidazolium was 

studied in the context of zeolite and zeotype synthesis in hydrofluoric media. Initially, it was 

deepened into the study of the pure silica zeolite HPM-1 to understand the role of the cation in 

the nucleation and growth, explaining the helical channels and the order of secondary building 

units formation. Subsequently, an alternative methodology of heteroatom introduction, never 

reported for the present material, was also presented to give HPM-1 catalytic properties. As a 

result of it, three different Al-HPM-1 samples were obtained, characterized and tested in 

ethanol dehydration reaction. Finally, an exploratory study of the organic cation in zeotype 

synthesis (with Si, Al and P) was performed, giving two main SAPO phases: CHA and LTA 

zeotypes. It was proven that the SAPO-CHA structure was directed not only by the use of the 

organic cation and the hydrofluoric media, but also its obtention was influenced by the 

temperature and a combination of dilution and time. In the case of the SAPO-LTA, the 

directing effect was mainly due to the organic cation. 

Keywords: zeolite, 2-ethyl-1,3,4-trimethylimidazolium, structure-direction, synthesis, ethanol 

dehydration. 

 



RESUMO 

Nesta tese de doutorado estudou-se o agente direcionador de estrutura 2-etil-1,3,4-

trimetilimidazólio no contexto da síntese de zeólitas e zeótipos em meio fluoreto. 

Inicialmente, foi realizado um estudo aprofundado da zeólita pura silica HPM-1 para o 

entendimento do papel do cátion na nucleação e crescimento zeolítico, conseguindo explicar a 

formação dos canais helicoidais e a ordem de aparição das unidades secundárias de 

construção. Subsequentemente, foi empregada uma metodologia de introdução de 

heteroátomos em HPM-1 para proporcionar propriedades catalíticas a esta, nunca tendo sido 

empregada o presente método nesta topologia zeolítica anteriormente. Como resultado, 

obtiveram-se três materiais Al-HPM-1 diferentes, que foram caracterizados e testados na 

reação de dehidratação de etanol. Finalmente, foi realizado um estudo exploratório do cátion 

orgânico em síntese de zeótipos (com Si, Al e P), resultando em duas fases SAPO: os zeótipos 

CHA e LTA. Foi comprovado que a estrutura SAPO-CHA foi direcionada não somente pelo 

emprego do composto orgânico e do meio fluoreto, mas sua obtenção foi devida à temperatura 

e a uma combinação de diluição e tempo. No caso do SAPO-LTA, o efeito direcionador foi 

consequência majoritariamente pelo emprego do cátion orgânico. 

Palavras-chave: zeólita, 2-etil-1,3,4-trimetilimidazólio, direcionador de estrutura, síntese, 

dehidratação de etanol. 



RESUMEN 

En esta tesis de doctorado se estudió el efecto del agente direccionador de estructura orgánico 

2-etil-1,3,4-trimetilimidazolio en síntesis de zeolitas y zeotipos en medio fluorhídrico. 

Inicialmente, se aprofundó en el estudio de la zeolita pura sílica HPM-1 para entender el papel 

del catión en la nucleación y crecimiento de esta, consiguiendo explicar la formación de los 

canales helicoidales y el orden de aparición de las unidades secundarias de construcción. 

Seguidamente, se describe una metodología alternativa de introducción de heteroátomos en 

HPM-1, nunca antes empleada en esta estructura, para proporcionarle propiedades catalíticas. 

Como resultado, se obtuvieron tres muestras diferentes de Al-HPM-1, que fueron 

caracterizadas y probadas en la reacción de deshidratación de etanol. Finalmente, se realizó un 

estudio exploratorio con el catión orgánico en síntesis de zeotipos (con Si, Al y P), obteniendo 

dos fases SAPO mayoritarias: los zeotipos CHA y LTA. Se probó que la estructura SAPO-

CHA se originó no sólo por causa del agente direccionador de estructura y del medio 

fluorhídrico, si no que la temperatura y una combinación de dilución y tiempo también 

influenciaron. En el caso de SAPO-LTA, la dirección fue debida principalmente al uso del 

catión orgánico. 

Palabras clave: zeolita, 2-etil-1,3,4-trimetilimidazolio, dirección de estructura, síntesis, 

deshidratación de etanol. 
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The art and science of asking questions is the source of all knowledge. 

Thomas Berger (1924-2014) 

 

CHAPTER 1. INTRODUCTION 

In a world of continuous development the material scientist and engineer need to be 

focused in the search of new materials that fulfil the needs and requirements of the society, 

and in the improvement of the old ones to learn from them and make them as multifunctional 

as the new ones. 

Some of the well-known materials already have a lot to offer and are cleaner and with 

a wide range of possibilities. Such is the case of zeolites, which are crystalline tectosilicates 

formed by tetrahedra where the oxygen atoms of their vertices are shared, and present 

structural cavities in which are found cations and water molecules (Camblor and Bong Hong, 

2010). The properties of these materials have a strong dependence with the composition and 

the variability of applications is also in relation with this fact. 

Zeolites can be found in nature, but also synthesized which has been the focus of 

research in this area for years, due to the big quantity of factors affecting the resulting 

products (Mintova and Barrier, 2016). Among the parameters that influence the synthesis are 

temperature, time and reagents used. Organic structure-directing agents (OSDAs) are organic 

molecules that have shown to influence in the type of zeolitic structure obtained. There are 

232 different accepted structural codes assigned by the International Zeolite Association, and 

little knowledge that drove to a general rule that allows predicting with exactitude a list of 

OSDA that will give each of these zeolites. So, it is important to continue studying each 

OSDA in different situations to increase the understanding of each particular case. 

In this doctoral thesis the organic cation 2-ethyl-1,3,4-trimethylimidazolium 

(2E134TMI) has been chosen as a promising OSDA, as it was already proven in pure silica 

and hydrofluoric media giving two new zeolites: HPM-1 and HPM-2 (Rojas et al., 2013; 

Rojas and Camblor, 2014). The first one is a chiral structure with helical pores, being very 

promising for future applications in pharmaceutical industry. The second is a lamellar 

material that might be applied in catalysis once its structure is optimized with the introduction 

of other heteroatoms. 
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To sum up, the objective of this doctoral thesis is the study of this cation, 2E134TMI, 

to deepen the understanding of its role in synthesis. For this, several objectives will be defined 

and organized as chapters. After the brief introduction presented in this chapter (Chapter 1), 

the objectives and a review of the imidazolium-based cations as OSDAs will be presented in 

Chapter 2 and Chapter 3. Chapter 4 and Chapter 5 are the first chapters addressing this 

problematic, describing the study performed of the chosen cation in the context of the 

synthesis of pure silica HPM-1. Afterwards, the introduction of one heteroatom, aluminium 

will be evaluated in Chapter 6. Then, Chapter 7 will be the study of this cation in zeotype 

synthesis, also in hydrofluoric acid, to maintain the comparison and possibly obtain the 

zeotype version of HPM-1, and if this would not be the case, to try to understand the role of 

this cation in the synthesized products. Finally, the final considerations will be addressed in 

Chapter 8. 
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CHAPTER 2. OBJECTIVES 

The general objective of this doctoral thesis is to contribute with a better 

understanding of zeolite synthesis focusing on 2-ethyl-1,3,4-trimethylimidazolium 

(2E134TMI) as organic structure directing agent (OSDA) in hydrofluoric media. 

To attain the general objective, several specific objectives were listed: 

o Evaluate the role of 2E134TMI in the synthesis of the pure silica STW zeolite. 

o Study the insertion of aluminium in the pure silica STW zeolite by an alternative 

methodology. 

o Study the role of 2E134TMI in the synthesis of silicoaluminophosphates (SAPOs), 
evaluating simultaneously the influence of the parameters: time, temperature and 
dilution. 
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CHAPTER 3. AN INTRODUCTION TO ZEOLITE SYNTHESIS USING 

IMIDAZOLIUM-BASED CATIONS AS ORGANIC STRUCTURE-DIRECTING 

AGENTS. 

This review was published on August 6th 2017: VINACHES, P.; BERNARDO-

GUSMAO, K.; PERGHER, S. B. C. An introduction to zeolite synthesis using imidazolium-

based cations as organic structure-directing agents. Molecules, v.22, 1307, 2017. 

 

ARTICLE: AN INTRODUCTION TO ZEOLITE SYNTHESIS USING IMIDAZOLIUM-

BASED CATIONS AS ORGANIC STRUCTURE-DIRECTING AGENTS. 

Paloma Vinaches1, Katia Bernardo-Gusmão2 and Sibele B. C. Pergher1 

 

1 LABPEMOL, Institute of Chemistry, Universidade Federal do Rio Grande do Norte 

(UFRN), Av. Senador Salgado Filho, 3000, Lagoa Nova, 59078-970 Natal/RN, Brazil. 

2 LRC, Institute of Chemistry, Universidade Federal do Rio Grande do Sul (UFRGS), Av. 

Bento Gonçalves, 9500. P.O. BOX 15003, 91501-970 Porto Alegre/RS, Brazil. 

 

ABSTRACT 

Zeolite synthesis is a wide area of study with increasing popularity. Several general 

reviews have already been published, but they did not summarize the study of imidazolium 

species in zeolite synthesis. Imidazolium derivatives are promising compounds in the search 

for new zeolites and can be used to help understand the structure-directing role. Nearly 50 

different imidazolium cations have already been used, resulting in a variety of zeolitic types, 

but there are still many derivatives to be studied. In this context, the purpose of this short 

review is to help researchers starting in this area by summarizing the most important concepts 

related to imidazolium-based zeolite studies and by presenting a table of recent imidazolium 

derivatives that have been recently studied to facilitate filling in the knowledge gaps. 

KEYWORDS: imidazolium-based cations; zeolite synthesis; structure-directing agents 
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Introduction 

The term zeolite (from the Greek word “boiling stone”) was first coined by 

A. F. Crönstedt in 1756 (Cronsted, 1756). These materials are widely used and still have 

much to offer (Davis, 2014). New synthetic methodologies and new types of zeolites are 

published and patented each year (Kang et al., 2016; Chen et al., 2016, Rojas and Camblor, 

2014). Zeolites can be found in nature, but they are also synthesized, which has been the focus 

of research in this area for years due to the large quantity of factors that affect the resulting 

products (Mintova and Barrier, 2016). Among the parameters that influence the synthesis are 

organic structure-directing agents (OSDAs), which are organic molecules that have been 

shown to influence the type of zeolitic structure obtained. In particular, imidazolium-based 

cations are widely used and are still being studied to understand their effects as structure 

directors (Tang et al., 2017; Lopes et al., 2017). The focus of the present review is on 

imidazolium-based cations and the structures obtained when they are employed as OSDAs. 

The review is divided into two parts: a brief overview of zeolite and zeotype synthesis and a 

discussion on the structures obtained with imidazolium-based cations. Finally, some remarks 

and conclusions are presented. 

Zeolites 

Zeolitic materials are crystalline tectosilicates composed of TO4 tetrahedra linked 

together by the O atoms that are on the vertices (Cundy and Cox, 2003; Camblor and Hong, 

2010). Atoms represented by T can be tri- or tetravalent cations and create a wide range of 

possible zeolite compositions, from those made purely of silica to those with multiple 

combinations of Si and Al, passing through all possible isomorphic replacements with P, B, 

Ga, and Ge, and so on. Due to this fact and because zeolites are microporous and contain 

channels and cavities, cations are usually found in these cavities to compensate for the excess 

structural charge. Additionally, as indicated by the etymology of the term zeolite, there may 

be water molecules occluded in their pores. Then, the overall composition of zeolites can be 

described as follows: 

Mx/n[(T
IIIO2)x(T

IVO2)y]•zH2O 

where n, x, y, and z are dependent on the synthetic method and the zeolite structure. 

Zeolites can be found in nature or synthesized in a laboratory. An important factor 

when studying the composition of zeolites, particularly the ones containing aluminum, is the 
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avoidance of the formation of Al-O-Al bonds due to the energy cost of the resulting 

repulsions between two contiguous [AlO4] tetrahedra. This principle is known as the 

Loewenstein rule (Lowenstein, 1954). 

Currently, a criterion based on the framework density (FD, the number of T atoms per 

1000 Å3) is used to distinguish zeolite and zeolite-like materials from denser tectosilicates 

(Baerlocher and McCusker, 2007). The maximum FD for zeolites is 21 T atoms/ 1000 Å3; as 

an example, sodalite (SOD) has an FD of 16.7 T atoms/ 1000 Å3. 

Nomenclature and Classification 

There are different ways of describing zeolites. The nomenclature accepted by the 

International Union of Pure and Applied Chemistry (IUPAC) is different from the formula 

introduced above and is as follows (McCusker et al., 2001; McCusker et al., 2003): 

ǀguest compositionǀ [host composition] h {host structure} p {pore structure} (Sym)–IZA 

The term “IZA” is a three-letter code referring to the structural topology of the zeolite 

defined by the International Zeolite Association (IZA). Currently, there are 232 structural 

codes accepted (accessed on 07/22/2017) (Baerlocher and McCusker, 2007). An example of 

this nomenclature is as follows: 

ǀNa12 (H2O)27| [Al12Si12 O48] h{3 [46]} p{0 [4668]/ 3 [4126886] <100> (8-ring)}–LTA 

Zeolites are mainly classified according to their microporosity (Camblor and Hong, 

2010) and channel system (Martinez-Sánchez and Perez-Pariente, 2011). They can be divided 

into small pore zeolites, medium pore zeolites, large pore zeolites and extra-large pore 

zeolites (Table 1). 

Table 1. Classification of zeolites according to their pore size. 

Pore Size Number of Tetrahedra (MR1) Pore Diameter (Å) Example 
Small 8 4 PST-1 (NAT) 

Medium 10 5.5 ZSM-5 (MFI) 
Large 12 7.5 ZSM-12 (MTW) 

Extra-large >12 >7.5 CIT-5 (CFI) 
1MR: Members of the ring. 

Zeolites can also be classified according to their channel system as 1-dimensional 

(e.g., AFI type), 2-dimensional (e.g., MOR) or 3-dimensional (e.g., MFI). 



Construction 

All zeolites are based on the TO

Unit (BBU) (Li and Yu, 2014)

16 T atoms gives rise to the so

designed from the assumption tha

Composite Building Units (CBUs) are formed from a finite number of SBUs and reflect the 

characteristics of the zeolitic framework. Different types of CBUs can be found in a zeolitic 

framework, and their use helps to identify the relationship between zeolite types. The 

combination of SBUs and the CBUs usually describes the zeolitic framework. Figure 1 shows 

an example of the construction process for a better understanding; the union of BBUs forms 

SBUs (e.g., 5-1) and CBUs (e.g., mor, mel, cas and mfi), and their combination describes the 

zeolite (e.g., MFI). 

Figure 1. Construction of an MFI zeolite (adapted from the IZA Database website 

with permission from ref. 

Commission of the International Zeol

This arrangement has some ambiguities, which are solved with a new concept of 

natural tilings (Anurova et al

channel formations and are obtained by observing several rules described by Blatov 

(2007), such as: the tilings must maintain the symmetry of the framework, the faces of the 

tiles must be of similar sizes, and every face must be connected to others in the tiling (no face 

is by itself). Continuing with the example of the MFI zeolite, its natural tilings are found in 

All zeolites are based on the TO4 tetrahedron, which is designated the Basic Building 

(Li and Yu, 2014). The proper union of a small number of these groups up to 

T atoms gives rise to the so-called Secondary Building Units (SBUs). Each SBU is 

designed from the assumption that the entire framework is composed of just one type of SBU. 

Composite Building Units (CBUs) are formed from a finite number of SBUs and reflect the 

characteristics of the zeolitic framework. Different types of CBUs can be found in a zeolitic 

their use helps to identify the relationship between zeolite types. The 

combination of SBUs and the CBUs usually describes the zeolitic framework. Figure 1 shows 

an example of the construction process for a better understanding; the union of BBUs forms 

1) and CBUs (e.g., mor, mel, cas and mfi), and their combination describes the 

Construction of an MFI zeolite (adapted from the IZA Database website 

with permission from ref. Baerlocher and McCusker (2007), copyright © 2017 Structure 

Commission of the International Zeolite Association (IZA

This arrangement has some ambiguities, which are solved with a new concept of 

et al., 2010). The tilings correspond to the cavities and cages or to the 

channel formations and are obtained by observing several rules described by Blatov 

, such as: the tilings must maintain the symmetry of the framework, the faces of the 

of similar sizes, and every face must be connected to others in the tiling (no face 

is by itself). Continuing with the example of the MFI zeolite, its natural tilings are found in 
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This arrangement has some ambiguities, which are solved with a new concept of 

. The tilings correspond to the cavities and cages or to the 

channel formations and are obtained by observing several rules described by Blatov et al. 

, such as: the tilings must maintain the symmetry of the framework, the faces of the 

of similar sizes, and every face must be connected to others in the tiling (no face 

is by itself). Continuing with the example of the MFI zeolite, its natural tilings are found in 



Figure 2. Compared with the previous construction, some of the tilings are s

CBUs; for example, the CBU

equivalent to the natural tiling 

Figure 2. Construction of an MFI zeolite with natural tilings (adapted from the IZA 

Database website with permission from ref. 

2017 Structure Commission of the International Zeolite Association (IZA

from ref. Anurova et al

Zeotypes 

The classical definition of zeolites included only the silicates and aluminosilicates 

(Cundy and Cox, 2003). Therefore, the introduction of phosphorous in the zeolitic framework 

was disruptive in chemical terms, as it opened a new field full of different m

be new or analogous to the aluminosilicates 

materials were known as zeotypes, and some of them possessed interrupted open frameworks. 

The first substitution performed in the synthesis

aluminophosphate or AlPO, which refers to the composition 

introduction of silica into these materials gave the silicoaluminophosphates, or SAPOs. In the 

same way, it was possible to add other 

SAPOs, resulting in MeAPOs/ElAPOs or MeAPSOs/ElAPSOs.

As mentioned in the introduction, there are several forbidden bonds in zeolitic 
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property to deepen the knowledge of this type of material. For this reason, Flanigen et al. 

observed that several bonds seemed to be repeated and gave neutral or negatively charged 

frameworks, and other bonds were never observed, as they would have created positively 

charged frameworks (Flanigen et al., 1986). These data are collected in Table 2. 

Table 2. Bonds observed in zeotypes and bonds not possible in zeotypes1. 

Observed Bonds Impossible Bonds 
Al-O-P P-O-P 
Si-O-Si P-O-Si 
Si-O-Al Al-O-Al 
M-O-P M-O-Al 

M-O-P-O-M M-O-M 
1M stands for other elements. 

As in aluminosilicates, Si-O-Si and Si-O-Al bonds were observed, but following the 

Loewenstein rule, Al-O-Al bonds were forbidden in zeotypes. Phosphorous acted similarly to 

aluminum in the sense that P-O-P bonds were also forbidden. In the case of 

aluminophosphates, Si atoms substituted for P atoms in the same way that Al substituted for 

Si in the pure silica frameworks, requiring one positively charged ion to compensate for the 

charge and imparting acidity on the resulting material. This substitution was the origin of the 

“silica islands” that will be explained later. 

The differences between aluminophosphate and the typical aluminosilicate can be 

classified according to three main aspects: aluminum can coordinate 4, 5 or 6 oxygen atoms 

(5-coordination is related to interaction with fluoride anions), the strict alternation of the Al 

polyhedra and P tetrahedra gives an even number of T atoms (i.e., 8, 10, 12, 14,...), and the 

zeotype framework and the organic structure-directing agents interact through van der Waals 

forces and hydrogen bonds (Yu and Xu, 2003). The second aspect was already explained, and 

the third is going to be treated subsequently in this text. Focusing on the coordination of 

aluminum, in aluminosilicates, this element is mostly found in the tetrahedra in the framework 

and in an octahedral state when not incorporated (Lombard et al., 2010). However, there exist 

some exceptions, such as in the case of zeolite beta, which is synthesized in hydrofluoric 

media (Abraham et al., 2004). The aluminum was found to interact through oxygen with the 

fluoride anions. However, this octahedral state returned to tetrahedral by calcination of the 

sample, and sometimes, the tetrahedral state was also created by partial hydrolysis of the Al-

O-Si bonds during the hydration process after calcination. In the case of AlPOs, 5- or 6-
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coordination was maintained but was not necessarily related to fluoride, but the interaction 

with fluoride also appeared in these cases (Pastore et al., 2005; Lee et al., 2016). 

Barthomeuf proposed a topological model by which the introduction of silicon in the 

framework was defined, that is, if Si was isolated (Figure 3I) or directly bound to other Si 

tetrahedra, giving what was called “silica islands” (Barthomeuf, 1994). This distribution is 

shown in Figure 3, omitting the oxygen bridges to facilitate its comprehension. There were 

three types of islands proposed at that time: 5-Si tetrahedra islands (Figure 3.IIA), 11-Si 

tetrahedra islands (Figure 3IIB) and 11-Si tetrahedra islands where one tetrahedron was 

replaced by an Al tetrahedron (Figure 3IIC). The importance of this distribution was reflected 

in the explanation of the different acidities of the SAPOs; for example, the acidity in presence 

of the “silica islands” was located on their edges. Several studies with respect to the presence 

of silicon islands in certain compositions of the samples were performed (Barthomeuf, 1993), 

resulting in the establishment of some compositional limits for certain zeotypes or in the 

recommendation of techniques that may help in the identification, such as 29Si MAS NMR 

(Vomscheid et al., 1994). 

Figure 3. Distribution of Si in SAPOs: (I) isolated Si; (II) “silica islands” with 5 (IIA), 

11 (IIB) and 10 (IIC) Si atoms (reprinted minimally modified from ref. Barthomeuf (1994) 

copyright © 1994 with permission from Elsevier). 
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Martens and Jacobs developed the isomorphic substitution mechanism (SM) by which 

they defined how the different atoms were incorporated in the framework (Yu and Xu, 2006). 

The structures are classified as: 

Martens and Jacobs developed the isomorphic substitution mechanism (SM) by which 

they defined how the different atoms were incorporated in the framework (Yu and Xu, 2006). 

The structures are classified as: 

 SM I: substitution of the aluminum bound to phosphorous tetrahedra by 

monovalent (SM Ia), divalent (SM Ib) or trivalent (SM Ic) elements, resulting 

in M-O-P bonds. 

 SM II: substitution of the phosphorous bound to aluminum tetrahedra by 

tetravalent (SM IIa) or pentavalent (SM IIb) elements, resulting in M-O-Al 

bonds. 

 SM III: substitution of adjacent aluminum and phosphorous tetrahedra for two 

silicon tetrahedra. 

Some concepts on the synthesis of zeolites and zeotypes 

Some very interesting reviews summarize the history of zeolite and zeotype synthesis, 

such as the one by Masters and Maschmeyer (2011) or the one published by Cundy and Cox 

(2003). In the present article, some concepts will be noted due to their importance and relation 

to imidazolium cations. 

The first proven synthetic zeolite was a chabazite obtained by Barrer in 1948. To 

synthesize this zeolite, he mimicked the conditions under which these materials appeared in 

Nature, resulting in the well-known hydrothermal synthetic method. This method required 

high temperatures and autogenous pressure to obtain the desired materials. A higher pH and 

lower crystallization temperature were selected by Milton at the Linde laboratories in 1949 to 

solubilize the reagents. 

In 1897, Ostwald observed that solids first crystallized in a less-stable crystal structure 

and then converted over time to a more-stable polymorph, which was called “Ostwald’s rule 

of stages” (Noorduin et al., 2009). As a result of further observation, Ostwald combined this 

rule with the “Gibbs-Thomson effect”, resulting in what was known as “Ostwald ripening”, 

which stated that small crystals dissolved as larger crystals continued to grow. In the 



25 

development of zeolite syntheses, these materials were also found to follow these rules, and 

they also included a series of intermediates that were less-stable than the final dense non-

zeolitic phase (Rojas et al., 2013). These rules were essential for understanding the result of 

the scientists who started in zeolite synthesis. Currently, these rules are still important in the 

search for materials with chiral enantiopurity, such as those applied in the pharmaceutical 

industry (Davis, 2014). 

In 1961, Barrer and Denny used tetraalkylammoniumion to obtain high-silica zeolites 

(Masters and Maschmeyer, 2011). This was the moment when the concepts of templates and 

organic structure-directing agents began to be discussed. This discussion posed the question 

of the role of these compounds. Davis and Lobo proposed a classification system in which 

these compounds were divided into three groups: true templates, where the obtained zeolites 

adopted the geometric and electronic configuration of the “templating” molecule even after 

calcination; structure-directing agents, whose effect was to direct the formation of a specific 

type of zeolite; and space-filling compounds, which increased the thermodynamic stability of 

the organic framework composite (Davis and Lobo, 1992). 

In another review by Lobo, Zones and Davis, structure direction was discussed and 

inorganic cations and heteroatoms were also discussed as having an influence on the synthesis 

(Lobo et al., 1995). For example, certain zeolites could only be obtained in the presence of 

Na+ or K+. The authors summarized the important aspects of an organic structure-directing 

agent in comparison to what had been reported previously. Several of the directing agents 

were stable under the synthetic conditions, had certain rigidity, a moderate hydrophobicity 

and the ability to interact via van der Waals forces or hydrogen bonds. It was also discussed 

that the shape and radius of gyration influenced the type of zeolite synthesized and that it was 

important not to forget the distribution of charges. 

From the high-silica zeolites, the next step was the search for pure silica zeolites, and 

in 1978, researchers from Union Carbide led by Flanigen published the synthesis of the first 

pure silica MFI zeolite, silicalite-1 (Flanigen et al., 1978). The novelty of this synthesis was 

the start of the fluoride revolution, which had the same role as the hydroxide media (a 

mineralizer agent that helped to dissolve the reagents, including the silica) and was also 

involved in the subsequent concentration of the synthetic gels (Zones et al., 2005). Since then, 

the use of HF became common in synthesis, being studied as frequently as the synthesis in 

basic media, not only to obtain pure silica zeolites but also zeolites with other heteroatoms 
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incorporated in them, such as aluminum or germanium (Vidal-Moya et al., 2003; Moteki and 

Lobo, 2016; Moliner et al., 2013). Some interesting aspects were the low number of defects, 

the location of the fluoride anions inside the D4R cages and the formation pentacoordinated 

Si, where one of the bonds was to the fluoride anion (Koller et al., 1999). 

Flanigen and co-workers at Union Carbide were interested in the incorporation of new 

elements (Masters and Maschmeyer, 2011). Therefore, in 1982, Wilson et al. published the 

first known study on aluminophosphates (Wilson et al., 1982). Since then, zeotypes have been 

studied under multiple conditions, such as in basic or hydrofluoric media (Lee et al., 2016; 

Tian et al., 2011). 

As was mentioned, the use of fluoride media allowed for a decrease in the amount of 

water employed in the synthesis. In addition, from this point, several researchers started to 

think about solventless synthetic methods. One attempt to examine the possibility of not using 

water as the solvent in the synthesis was published by Althoff et al. in 1994, where the 

authors dried several reagents (including ammonium fluoride) at 650°C and the precursors at 

100°C to ensure that there was no water in the initial mixture (Althoff et al., 1994). After 

different lengths of time in an autoclave at 180°C, the authors found that an MFI phase was 

formed. Therefore, it was proposed that the silica reacted with ammonium fluoride through 

the following reaction: 

SiO + 4 NH F → SiF + 4NH + 2H O 

The authors argued that the amount of water created was not enough to reach the 

saturation pressure needed in this reaction, but they could not exclude the formation of a thin 

film of water on the surface or the presence of a small liquid phase constituted by capillary 

condensation. Nevertheless, a hypothesis based on vapor mass transfer with SiF4 as the 

mobile species was proposed. Some other factors had to be taken into account because the 

synthesis in these conditions was not and still is not simple or currently understand. Recently, 

Morris and James published a short article about this question (Morris and James, 2013). The 

presence of very small amounts of water in what had been called water-free synthetic methods 

was identified, except in the case of solid-state reactions that were performed at extremely 

high temperatures. 

Another trend in zeolite synthesis these last years has been the use of non-aqueous 

solvents, which meant that the main solvent was not water, as opposed to the solventless 
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method established in the last paragraph. A review by Morris and Weigel in 1997 classified 

the organic solvents based on the strength of their interaction with silica through hydrogen 

bonding (high-medium, low-medium or non-hydrogen bonding), as these solvents could also 

act as templates, structure directors or space-filling compounds in the synthesis (Morris and 

Weigel, 1997). 

Imidazolium ions in synthesis of zeolites and zeotypes 

Imidazolium-derivative cations are heterocyclic compounds without exocyclic 

conjugation that are obtained from the quaternization of the N in the corresponding imidazole 

derivative (Katritzky et al., 2010a, b, c). The resulting compounds are generally soluble in 

water, in contrast to the low solubility of the initial reagent, and have low melting and 

relatively high boiling points. These last characteristics and the fact that their vapor pressure 

is low are the reasons for considering the use of some of these organic salts as ionic liquids. 

Different mechanisms for the synthesis of the cations have been proposed, which 

usually involve deprotonation of the imidazole derivative (Dong et al., 2009; Joule and Mills, 

2012). In Figure 4, one of the possible mechanisms for obtaining 1,3-dimethylimidazolium is 

shown: 

Figure 4. Synthetic path to 1,3-dimethylimidazolium (designed using the program Marvin 

Sketch (Chemaxon, 2013)). 

 

The most stable tautomeric form resulting from the first methylation can be influenced 

by the type of substituent that the initial imidazole has at the C positions, which will decide 

the final product in the case of more complex imidazolium derivatives. As an example, the 

volume occupied by the substituents may indicate the preferred insertion position by 

enforcing substitution at the less hindered N. 

A question that can arise is the importance of studying imidazolium derivatives and 

not limiting the studies to the quaternary ammoniums that have already been effective. First, it 

is important to note that the chemistry of the two types of compounds is different; 

imidazolium derivatives are heteroaromatic compounds that include the N atom in the 

aromatic ring (Joule and Mills, 2012; Katritzky, 2010). The aromatic characteristic of the 
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imidazolium derivatives helps to stabilize the positive charge. This aromatic ring also gives 

certain rigidity to the structure, as the ring is planar, allowing control of the flexibility through 

the substituents chosen for the study; meanwhile, quaternary ammonium derivatives are more 

flexible unless they are designed with planar substituents. Another characteristic of the 

imidazolium derivatives is the possibility of their use as solvents and structure-directing 

agents and their ability to be recycled (Morris and James, 2013; Morris, 2008). Both 

characteristics will be addressed later. One last difference is that imidazolium derivatives and 

quaternary ammonium derivatives lead to different geometries and volumes, so both can 

enforce the synthesis of a wide variety of possible structures, which may be different between 

the two groups. Imidazolium cations and quaternary cations are not in competition; together 

their characteristics and possibilities may be used to better understand zeolites and to obtain 

different functional materials. 

The first time that an ionic liquid (IL) was used in the synthesis of zeotypes was in 

2004, and it was reported by Cooper et al. in the journal Nature (Cooper et al., 2004). The IL 

used, 1-ethyl-3-methylimidazolium bromide, led to the formation of the materials SIZ-1,   

SIZ-2, SIZ-3, SIZ-4, SIZ-5, SIZ-8 and SIZ-9. ILs are defined as compounds that melt at 

temperatures above 100°C with low vapor pressure. However, when applied to the synthesis 

of zeolites, this temperature could be raised slightly to approximately 150–200°C. This fact 

justifies their use as solvents. In that article, imidazolium derivatives were used as both 

solvents and templates, and the main characteristic was that they were fundamentally based 

on ions, despite the presence of very small quantities of water. At this point, the use of ionic 

liquids defined a new class of synthesis called “ionothermal synthesis” (Morris, 2009). Since 

these compounds act as solvents and templates, the competition between the solvent-

framework and template-framework interactions, which is a characteristic of the hydrothermal 

synthesis, is eliminated. It is important to remark that using a separate solvent from our 

OSDA could influence the structure obtained. Using the same molecule to fill a double role 

may help to study and better control the effects of directing groups; however, the other 

interactions could also result in products of interest. Therefore, neither type of synthesis is 

better to study, and both are needed. 

ILs have also been used in hydrothermal syntheses where low quantities of water were 

added as a solvent and a form of hydroxide, and they have also been used in microwave 

syntheses. In the first case, ILs have facilitated the formation of new zeolites, such as HPM-1, 

or already-known zeolites with new morphologies, such as spherical ZSM-5 (Rojas et al., 
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2013; Mignoni et al., 2010). In the second case, these compounds were considered excellent 

microwave absorbents due to their high ionic conductivity and polarizability, and reviews 

have already been published on this topic (Morris, 2008; Morris, 2009). In general, ILs have 

been used from room temperature to 200°C with different compositions (e.g., pure silica, 

Si/Al, Si/Ge, AlPOs, and MeAPOs) and in a variety of time periods (from hours to months). 

Imidazolium derivatives are also related to a particular type of Metal-Organic 

Frameworks (MOFs) known as Zeolitic Imidazolate Frameworks (ZIFs) (Chen et al., 2014; 

Pimentel et al., 2014). These materials are composed of imidazolate linkers and metal ions, 

and their structures resemble zeolites. These materials are not a subject of this review, but it is 

interesting to mention that ZIFs make up a whole new complete area, and several reviews 

have already been published for those who want to learn more about them (Cui et al., 2016; 

Wang et al., 2017). 

Table 3 was constructed by reviewing the articles published using ILs in hydrothermal 

or ionothermal syntheses. Due to the complexity and enormous variability in the synthetic 

conditions, the imidazolium-based cation name, the types of frameworks that were obtained 

(pure phases, such as pure silica, aluminosilicate, or other zeotypes), and some recent 

references for each are presented, which may help researchers with their projects. The new 

types of zeolites and the materials whose structures are still not classified into the three-letter 

zeolite types have been marked with a symbol. 

As was explained at the beginning of this section, ionic liquids are characterized by 

having a low melting point and relatively high boiling point (Morris, 2009; Rojas et al., 2013; 

Mignoni et al., 2010). Therefore, it can be assumed that their decomposition temperatures will 

also be high. However, it is still necessary to confirm that the OSDAs do not decompose 

during synthesis. For this reason, it is recommended to use techniques such as CHN elemental 

analysis, 1H- and 13C-MAS NMR (magic angle spinning nuclear magnetic resonance) 

spectroscopy, and/or infrared spectroscopy to help identify the imidazolium ring and its 

substituents and other possible contaminants (Katritzky et al., 2010; Pavia et al., 2008; 

Silverstein et al., 2004). The table below contains examples where the imidazolium derivative 

was not decomposed as far as we know. 

 



30 

Table 3. Imidazolium-based cations used in zeolite and zeotype syntheses (the cations 

were designed with the program Marvin Sketch (Chemaxon, 2013)). 

Cation Type 

Neutral compound 

Imidazole 

 

[ImidH]AlP2O8H2·2H2O 
and [ImidH]Al3P4O16H 

(Yu and Williams, 1998) 

Bi-substituted imidazolium 

1-Benzyl-3-
methylimidazolium 

 

AFI, LTA 
(Fayad et al., 
2010), MFI, 

MTW (Rojas, 
Gomez-

Hortiguela, et al., 
2013) 

3-Methyl-1-[(2-methylphenyl) 
methyl]-1H-imidazol-3-ium 

 

NUD-2¥ (Gao et 
al., 2016) 

3-Methyl-1-[(3-methylphenyl) 
methyl]-1H-imidazol-3-ium 

 

CIT-13¥, MFI 
(Kang et al., 

2016), NUD-2¥ 
(Gao et al., 

2016). 

1-[(3,5-
Dimethylphenyl)methyl]-3-
methyl-1H-imidazol-3-ium 

 

CIT-13¥ (Kang et 
al., 2016). 

1,3-Bis(1-adamantyl) 
imidazolium 

 

AFX, CFI, FAU, 
MOR, STF 

(Archer et al., 
2010) 

1,3-Bis(bicyclo[2.2.1]heptan-
2- yl)imidazolium 

 

BEA*, SSZ-70¥ 
(Archer et al., 

2010) 

1,3-Bis(cycloheptyl) 
imidazolium 

 

BEA*, MOR, 
SSZ-70¥ (Archer 

et al., 2010) 
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Cation Type 

1,3-
Bis(cyclohexyl)imidazolium 

 

BEA*, EUO, 
FAU, MOR, 

SSZ-70¥ (Archer 
et al., 2010) 

1,3-Bis(cyclohexylmethyl) 
imidazolium 

 

BEA*, FAU, 
MOR, MTW, 

SSZ-70¥ (Archer 
et al., 2010) 

1,3-Bis(cyclopentyl) 
imidazolium 

 

BEA*, SSZ-70¥ 
(Archer et al., 

2010) 

1,3-
Bis(cyclooctyl)imidazolium 

 

BEA*, FAU, 
MOR (Archer et 

al., 2010) 

1,3-Bis(pentan-3-
yl)imidazolium 

 

FAU, MTW, 
MOR, SSZ-70¥ 
(Archer et al., 

2010) 

1,3-Bis(tert-
butyl)imidazolium 

 

FAU, MOR 
(Archer et al., 

2010) 

1,3-Bis(2,4,4-trimethylpentan-
2-yl)imidazolium 

 

FAU (Archer et 
al., 2010) 

1-Butyl-3-methylimidazolium 

 

AEL (Xu et al., 
2007), AFI 

(Fayad et al., 
2010), ANA, 
BEA*, MFI 

(Mignoni et al., 
2010; Martínez-

Blanes et al., 
2013; Lopes et 
al., 2017), FAU 

(Yuan et al., 
2015), LTA (Ma 

et al., 2009), 
TON (Parodia et 
al., 2014; Lopes 

et al., 2017), 
UWY$ (Dodin et 

al., 2010) 
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Cation Type 

1,3-Dimethylimidazolium 

 

ITW$ (Rojas et 
al., 2012), FER 

(Schmidt, 
Deimund, et al., 

2015), TON 
(Archer et al., 

2010) 

1,3-Diethylimidazolium 

 

MFI, TON 
(Archer et al., 

2010) 

1,3-Diisopropylimidazolium 

 

MTT, MTW, 
SSZ-70¥ (Archer 

et al., 2010) 

1,3-Diisobutylimidazolium 

 

BEA*, FAU, 
MOR, MTW, 

SSZ-70¥ (Archer 
et al., 2010) 

1-Ethyl-3-methylimidazolium 

 

AEI, SIV$, SOD 
(Parnham and 
Morris, 2006), 

AEL, CHA, LTA 
(Fayad et al., 

2010), CLO (Ma 
et al., 2009), 

TON (Lu et al., 
2016), UOS$ 

(Lorgouilloux et 
al., 2009),  

1-Hexyl-3-methylimidazolium 

 

LTA (Ma et al., 
2009) 

1-Isopropyl-3-methyl 
imidazolium 

 

MRE*, MTT 
(Zones and 

Burton, 2005) 

1-Methyl-3-
pentylimidazolium 

 

LTA (Ma et al., 
2009) 

1-Methyl-3-
propylimidazolium 

 

LTA (Ma et al., 
2009) 
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Cation Type 

1-(Propan-2-yl)-3-(4-[1-
(propan-2-yl)-1H-imidazol-3-
ium-3-yl]butyl)-1H-imidazol-

3-ium  

MTW, TON 
(Zones e Burton, 

2005) 

1-(Propan-2-yl)-3-(5-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] pentyl)-1H-
imidazol-3-ium  

EUO, MFI, 
MRE* (Zones 
and Burton, 

2005) 

1-(Propan-2-yl)-3-(6-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] hexyl)-1H-
imidazol-3-ium  

EUO, MFI, 
MRE*, MTW, 

TON (Zones and 
Burton, 2005) 

1-(Propan-2-yl)-3-(7-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] heptyl)-1H-
imidazol-3-ium  

MTT (Zones and 
Burton, 2005) 

1-(Propan-2-yl)-3-(8-[1-
(propan-2-yl)-1H-imidazol-3-
ium-3-yl] octyl)-1H-imidazol-

3-ium  

MRE*, MTT, 
MTW (Zones 
and Burton, 

2005) 

1-(Propan-2-yl)-3-(9-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] nonyl)-1H-
imidazol-3-ium  

MFI, MRE*, 
MTW (Zones 
and Burton, 

2005) 
1-(Propan-2-yl)-3-(10-[1-

(propan-2-yl)-1H-imidazol-3-
ium-3-yl] decyl)-1H-

imidazol-3-ium  

MFI, MRE*, 
MTW, NES, 

TON (Zones and 
Burton, 2005) 

1-(Propan-2-yl)-3-(11-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] undecyl)-1H-
imidazol-3-ium  

MTT (Zones and 
Burton, 2005) 

1-(Propan-2-yl)-3-(12-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] dodecyl)-1H-
imidazol-3-ium 

 

MRE*, MTT 
(Zones and 

Burton, 2005) 

1-(Propan-2-yl)-3-(14-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] tetradecyl)-1H-
imidazol-3-ium  

FER, MTW 
(Zones and 

Burton, 2005) 

1-(Propan-2-yl)-3-(16-[1-
(propan-2-yl)-1H-imidazol-3-

ium-3-yl] hexadecyl)-1H-
imidazol-3-ium  

FER (Zones and 
Burton, 2005) 
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Cation Type 

1-(Triethoxysilyl propyl)-3-
dodecylimidazolium 

 

MFI (Kore and 
Srivastava, 2012) 

1-(Triethoxysilyl propyl)-3-
methylimidazolium 

 

MFI (Kore and 
Srivastava, 2012) 

Tri-substituted imidazolium 

1-Benzyl-2,3-dimethyl 
imidazolium 

 

ITW$, MTW 
(Rojas, Gomez-

Hortiguela, et al., 
2013) 

2,3-Dimethyl-1-[(2-methyl 
phenyl)methyl]-1H-

imidazol-3-ium 

 

CIT-13¥, IWS$, 
LTA (Boal et al., 

2016). 

2,3-Dimethyl-1-[(3-methyl 
phenyl)methyl]-1H-

imidazol-3-ium 

 

CIT-13¥ (Kang et 
al., 2016). 

2,3-Dimethyl-1-[(4-methyl 
phenyl)methyl]-1H-

imidazol-3-ium 

 

BEC, LTA (Boal 
et al., 2016) 
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Cation Type 

1-[(3,5-Dimethylphenyl) 
methyl]-2,3-dimethyl-1H- 

imidazol-3-ium 

 

CIT-13¥ (Kang et 
al., 2016). 

1-((2-[(1,2-Dimethyl-1H- 
imidazol-3-ium-3-

yl)methyl]phenyl)methyl)-
2,3-dimethyl-1H-imidazol-

3-ium 

 

BEA* (Boal et 
al., 2016) 

1-((3-[(1,2-Dimethyl-1H- 
imidazol-3-ium-3-

yl)methyl]phenyl)methyl)-
2,3-dimethyl-1H-imidazol-

3-ium 

 

BEA*, IWS$ 
(Boal et al., 

2016) 

1-((4-[(1,2-Dimethyl-1H- 
imidazol-3-ium-3-

yl)methyl]phenyl)methyl)-
2,3-dimethyl-1H-imidazol-

3-ium 

 

BEA*, BEC 
(Boal et al., 

2016) 

1-(2,3-Dihydroxipropyl)-
2,3-dimethylimidazolium 

 

AFI (Khoo et al., 
2014) 
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Cation Type 

2-Ethyl-1,3-dimethyl 
imidazolium 

 

CSV$, ITW$, 
MTW, RTH, 
STF, STW$ 
(Schmidt, 

Deimund, et al., 
2015) 

1-Ethyl-2,3-dimethyl 
Imidazolium 

 

AFI (Ng et al., 
2009), ITW$, 
MTW (Rojas, 
San-Roman, et 

al., 2013) 

2-Isopropyl-1,3-dimethyl 
Imidazolium 

 

MOR, STF 
(Schmidt, 

Deimund, et al., 
2015) 

1,1’,1’’-(2,4,6-Trimethyl 
benzene-1,3,5-triyl)tris 

(methylene)tris-(3-methyl-
1H-imidazol-3-ium) 

 

-ITV$ (Chen et 
al., 2016) 

1,2,3-
Trimethylimidazolium 

 

AFI, CHA, 
HPM-3¥ (Lee et 
al., 2016), ITW$ 
(Lorgouilloux et 
al., 2009), RTH 

(Schmidt, 
Deimund, et al., 
2015), MFI, STF 
(Variani et al., 

2016) 

1,3,4-
Trimethylimidazolium 

 

ITW$, TON 
(Rojas et al., 
2012), MOR, 

RTH (Schmidt, 
Deimund, et al., 

2015) 
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Cation Type 

1,3,5-Tris(1,2-dimethyl 
imidazolium)benzene 

N
+

N +N
+N

N

NH3C

H3C CH3

CH3

CH3

CH3

 

IWR$, LTA 
(Pinar et al., 

2015) 

Tetra-substituted imidazolium 

2-Ethyl-1,3,4-trimethyl 
imidazolium 

 

ITW$, MTF, 
STW$ (Rojas, 
Arteaga, et al., 

2013; Rojas and 
Camblor, 2014), 

MOR, MTW, 
RTH (Schmidt, 
Deimund, et al., 

2015) 

1,2,3,4-Tetramethyl 
imidazolium 

 

MOR, RTH, 
STW$ (Schmidt, 
Deimund, et al., 

2015) 

1,2,3-Triethyl-4-methyl 
Imidazolium 

 

STF (Variani et 
al., 2016) 

Penta-substituted imidazolium 

1,2,4,5-Tetramethyl-3-[3-
(tetramethyl-1H-imidazol-3-

ium-3-yl)propyl]-1H-
imidazol-3-ium 

 

CSV$, IWV$, 
STW$ (Schmidt, 
Xie, et al., 2015) 

1,2,3,4,5-Pentamethyl 
imidazolium 

 

RTH, STW$ 
(Schmidt, 

Deimund, et al., 
2015) 

$New zeolitic framework type. ¥Materials in study. 
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By observing the zeolite type obtained in each case, it was possible to identify several 

relationships with the role of the OSDA. First, the imidazolium derivatives act as space-

fillers, which means that the volume and geometry of the compounds define the obtained 

zeolites. Generally, larger imidazolium derivatives should lead to the synthesis of zeolites 

with larger cavities. Several examples of this property can be seen in the table. The MFI-type 

zeolite seemed to be associated with imidazolium derivatives that have terminal alkylchains 

of more than two atoms, such as 1-butyl-3-methylimidazolium, or bridging alkylchains, such 

as 1-(propan-2-yl)-3-(10-[1-(propan-2-yl)-1H-imidazol-3-ium-3-yl]decyl)-1H-imidazol-3-

ium. TON zeolites were often synthesized from the same imidazolium derivatives as the MFI 

zeolite, such as with 1,3-diethylimidazolium or 1-(propan-2-yl)-3-(6-[1-(propan-2-yl)-1H-

imidazol-3-ium-3-yl]hexyl)-1H-imidazol-3-ium. Therefore, it may be possible to obtain the 

MFI type in cases where the TON zeolite was already achieved and vice versa. The length of 

the terminal alkylchains has also been an object of study, such as in the article by Wen et al. 

(Wen et al., 2014). The authors studied alkylchains with lengths from two to 14 carbon atoms 

and concluded that the lower numbers of carbon atoms (two and four) formed pure TON 

phases, an intermediate number of carbon atoms (six) gave mixtures of MFI and TON 

zeolites, and longer alkylchains (>eight) resulted in magadiite and/or amorphous phases. 

Therefore, it was concluded that there are lower and upper limits to the number of carbons in 

the terminal alkylchains that can direct the formation of MFI or TON zeolites. 

Another two types of zeolites seemed to follow a similar rule: BEA* and FAU. Both 

have been synthesized using imidazolium derivatives with voluminous lateral groups, such as 

1,3-diisobutyl-imidazolium or 1,3-bis(cyclohexyl)imidazolium. Comparing the cell 

parameters or framework densities, the two zeolite types appear to be very different at first 

sight (Baerlocher and McCusker, 2007). However, the volume of the molecules that can 

diffuse through them (5.95 Å for BEA* and 7.35 Å for FAU) are similar; therefore, this may 

be the key to the same imidazolium derivatives forming these two types of zeolites. In the 

case of the RTH and STW types, which also share imidazolium derivatives, such as 2-ethyl-

1,3,4-trimethylimidazolium, their framework densities are similar (16.1 T/ 1000 Å3 for RTH 

and 16.4 T/ 1000 Å3 for STW), as are the molecules that can diffuse through them (from 1.67 

to 4.14 Å for RTH and from 3.38 to 4.88 Å for STW) (Baerlocher and McCusker, 2007). In 

addition, a final example of these relationships is the MTW type zeolite, which has been 

obtained on several occasions from imidazolium derivatives with bridging alkylchains, such 
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as 1-(propan-2-yl)-3-(14-[1-(propan-2-yl)-1H-imidazol-3-ium-3-yl]tetradecyl)-1H-imidazol-

3-ium. 

It is also important to note that imidazolium derivatives have certain control of the 

flexibility around the imidazolium ring; that is, the substituent can be chosen based on their 

conformational possibilities. An example of this fact is the work published by Variani et al. 

(2016). The cations 1,2,3-triethylimidazolium (123TEI) and 1,2,3-triethyl-4-

methylimidazolium (123TE4MI) contain several rotatable bonds, leading to the formation of 

three and four most-stable non-equivalent conformers, respectively. Based on the 

corresponding computational study, it was explained that 123TEI fits nicely inside the MFI 

zeolite and that, initially, this zeolitic structure was not expected with 123TE4MI. Therefore, 

to a certain extent, it is possible to predict and control the zeolitic structures that will be 

obtained by designing the substituents and performing conformational analysis of the OSDAs. 

Second, the imidazolium derivatives can also exhibit a templating effect in which their 

directing influence is not only established by their geometry but also by their electronic 

configuration. Imidazolium cations are able to form π-π interactions with each other through 

their imidazolium rings (Tang et al., 2017), which may help to organize the BBUs and 

influence the final product of a synthetic method. Even though this property has not yet been 

studied with these cations, some interesting studies along this line have already been 

published, such as the self-assembly of ephedrine and pseudoephedrine reported by Bernardo-

Maestro et al. (2015). The computational analysis of the resulting zeolites has been successful 

in explaining the zeolite types in thermodynamic terms by calculating the energies of the most 

stable conformations and the locations of the imidazolium derivatives in the framework 

(Rojas et al., 2013; Variani et al., 2016). The host-guest relationships are mainly due to the 

electronic terms, and studies such as those of Rojas et al. and Variani et al. demonstrated how 

the cation-framework was organized in the cases of the MFI, MTW and STW zeolites. 

The last role of OSDAs that was described in section 4 is the role of pure structure-

directing in which a molecule forms only one type of zeolite. However, this role should be 

adapted to each condition; it is not the same to synthesize a pure silica zeolite than a 

silicoaluminophosphate. Not taking this into account may just lead to an imidazolium that 

fulfils this pre-requisite, namely, 1,1′,1′′-(2,4,6-trimethylbenzene-1,3,5-

triyl)tris(methylene)tris-(3-methyl-1H-imidazol-3-ium), but further studies and tests of 

different conditions would probably lead to other zeolite types. Therefore, in this sense, it is 
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interesting to continue studying different conditions with different imidazolium derivatives 

because to date, there is not enough proof to state that any imidazolium derivative is a pure 

structure-directing agent for only one zeolite type in the presence of different heteroatoms. In 

this sense, studying the hydrophobicity of the OSDAs can help explaining their role. Kubota 

et al. (1996) already studied this parameter in ammonium derivatives by partitioning the 

organic cations between water and chloroform. The host/guest thermodynamic stability of the 

material is enhanced by the increased stability of the components in the initial mixture. The 

authors concluded that the best ammonium derivatives for pure silica zeolite synthesis were 

the rigid, moderately hydrophobic, bulky molecules with the longest axis below 10 Å. The 

influence of hydrophobicity has begun to be studied in the case of imidazolium derivatives, as 

reported by Rojas et al. (2013). The derivative 1-benzyl-3-methylimidazolium (1B3MI) 

showed a slightly greater hydrophobicity character than 1-benzyl-2,3-dimethylimidazolium 

(1B23DMI), and for this reason, it was predicted to perform better as an OSDA. 

Finally, the continued study of imidazolium derivatives in zeolite synthesis is 

important, as they proved to be interesting in their ability to form new types of zeolites (Kang 

et al., 2016; Lee et al., 2016; Gao et al., 2016) for new applications and revealed a new 

synthetic methodology (Cooper et al., 2004), as discussed earlier. The use of imidazolium 

derivatives is also considered a green chemistry process because it is possible to recover and 

reuse them (Gao et al., 2016). As observed in the table of derivatives, there are still many 

imidazoliums and possible conditions remaining to be researched. Determining the 

relationships between imidazolium derivatives and the zeolite types will lead to a better 

understanding of the synthesis and the ability to control the final products. 

Conclusions 

In this article, the state of the art techniques relevant to the synthesis of zeolites with 

imidazolium derivatives were summarized, and a brief introduction on zeolites and zeotypes 

was presented. Several questions related to the synthesis and structure of these materials were 

addressed based on analysis of the literature. It was shown that imidazolium derivatives can 

act as space-fillers, templates and structure-directing agents. Finally, a list of ionic liquids 

employed in zeolite and zeotype syntheses was presented in relation to the obtained zeolitic 

framework in an attempt to help researchers with experimental planning and with the 

discussion of results in an area that it is important for zeolitic research and is difficult to keep 

up to date. 
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CHAPTER 4. SPECTROSCOPIC INTERACTIONS STUDY OF THE ORGANIC 

CATION 2-ETHYL-1,3,4-TRIMETHYLIMIDAZOLIUM IN THE PREPARATION OF 

HPM-1 ZEOLITE. 
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ABSTRACT 

The chiral zeolite HPM-1 is obtained in presence of the cation 2-ethyl-1,3,4-

trimethylimidazolium, among others, but its formation mechanism is not understood yet. In 

this article, the interactions cation-silica are demonstrated by solution nuclear magnetic 

resonance, probing the formation of the first cation-silica structures in the first stage of the 

nucleation. The infrared spectrum of the cation in its iodide form is also presented as a fast 

routine characterization. 

KEYWORDS: imidazolium-based cation; 2-ethyl-1,3,4-trimethylimidazolium; zeolite 

synthesis; HPM-1; solution nuclear magnetic resonance. 
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Introduction 

Organic molecules are usually used as structure-directors in synthesis of zeolites, 

naming them organic structure-directing agents (OSDAs) (Mintova and Barrier, 2016). These 

compounds sometimes drove to the synthesis of new zeolites, which were not possible to be 

obtained in their absence (Flanigen et al., 1978; Bibby et al., 1979; Kang et al., 2016). Barrer 

was the first who employed the cation tetramethylammonium (TMA) in zeolite synthesis (Lok 

et al., 1983). Since that moment, a wide variety of organic compounds have been used, such 

as amines and imidazolium derivatives (Lobo et al., 1995; Vinaches et al., 2017). The use of 

these compounds is important because they may lead to the discovery of new zeolites (Davis, 

2014; Li and Yu, 2014). 

The organic cation 2-ethyl-1,3,4-trimethylimidazolium (2E134TMI) was used by 

Rojas et al. (Rojas et al., 2013) to obtain the pure silica zeolite HPM-1 (Figure 1). This STW-

type zeolite was the first chiral pure silica zeolite synthesized with helical pores and has been 

obtained only in hydrofluoric media. Its synthesis procedure is divided in three stages: the 

initial mixture of the OSDA with the silica source (tetraethylorthosilicate, TEOS) in water 

media, which is left hydrolyzing until the desired SiO2/H2O ratio is achieved; the addition of 

the hydrofluoric acid; and the aging of the sample in a rotatory oven. It is well known that the 

fluoride anions directed to the D4R cages the structure, but it has not been studied yet how the 

different OSDAs interact with the silica before and after the heated crystallization (2E134TMI 

among others already used for the STW synthesis). 

Figure 1. Structure of HPM-1 designed with the program Mercury (Macrae et al., 

2006). 

 



49 

The importance of the synthesis of chiral zeolites in homochiral form is that they could 

perform enantioselective catalysis. This kind of products might be used in industries as 

important as the pharmaceutical (Davis, 2014). Moreover, researchers study this cation and 

others of this kind and try the diverse possibilities in zeolite synthesis (Schmidt et al., 2015; 

Brand et al., 2017), which is why is so important to understand their role, as they may have 

different effects that drive to the obtention of this particular structure. So, the objective of this 

research is to characterize the organic cation 2E134TMI by itself and as part of the               

in-preparation zeolitic synthesis gel, before the addition of the hydrofluoric acid to isolate the 

initial OSDA-silica interactions, to relate their results in order to deepen the understanding of 

its role in the preparation of HPM-1. 

Experimental section 

The iodide form of the OSDA 2E134TMI was synthesized by double methylation with 

methyl iodide (99.5%, Sigma Aldrich) from its imidazole precursor, 2-ethyl-4-

methylimidazole (95%, Sigma Aldrich), as described by Rojas et al. (Rojas et al., 2013). The 

synthesis yield calculated by acid-base titration (with a 0.1 mol·L-1 HCl solution) was         

95-98%. Then, the resulting product was exchanged to its hydroxide form employing Dowex 

Monosphere 550A (OH) anion exchange resin (Sigma Aldrich). The solution was 

concentrated up to 1 g/L, also calculated by acid-base titration, and used directly to form the 

synthesis gel, by addition of tetraethylorthosilicate (TEOS, 98%, Sigma Aldrich). The 

aqueous mixture was left to hydrolyze by evaporating both ethanol and water until the desired 

water/silica molar ratio was reached. As this process is performed at room temperature, 

usually 2-3 days are needed to complete this step. The final gel composition for HPM-1 

synthesis is SiO2: 0.5 SDAOH: 0.5 HF: 4.5 H2O; but in this case, the hydrofluoric acid was 

not added to facilitate the study of the silica/OSDA interactions (isolating them), as the 

nucleation started with the addition of each reagent. For its characterization, the resulting gel, 

without HF, was lyophilized. This process froze the synthesis, sublimating the water 

molecules though the easier and weaker interaction path (then, maintaining any possible 

silica-OSDA stronger interactions). 

The characterization techniques used were infrared spectroscopy, IV-FTIR/ATR 

Spectrum 65 from Perkin Elmer, and uni and bidimensional 1H and 13C solution nuclear 

magnetic resonance spectroscopy (sNMR), obtained in a Bruker Avance DPX-300 

spectrometer, equipped with a 5 mm inverse detection probe with a 7.0 T magnet and 
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operated at 300.13 MHz (1H frequency) or 75.47 MHz (13C frequency), or a Bruker DPX-500 

spectrometer, operated at 500.13 MHz (1H frequency) and 125.75 MHz (13C frequency) under 

a 11.7 T magnetic field and equipped with a 5 mm direct detection probe (unidimensional 

experiments) or 5 mm inverse detection probe (bidimensional experiments), from 

CENAUREMN-UFC. The Fourier transform NMR spectrometer was also equipped with a 

XW4100 HP Workstation. sNMR data were acquired at room temperature dissolving 12 mg 

of the samples in DMSO-d6 (which do not affect the possible pre-existing interactions) and, 

then, inserted into 5 mm NMR tubes. The 1H and 13C chemical shifts were expressed in a δ 

scale in ppm (saturated C-H appear at lower ppm values and unsaturated C, also possible N 

and O bonds appear at higher ppm values) and referenced to residual CH3OH at 3.31 ppm for 
1H and at 49.1 ppm for 13C and the scalar coupling constants (nJ) are reported in Hz. The 

conditions in which the spectra were obtained were reported by Araujo et al. (Araújo et al., 

2008). The one-dimensional 1H and 13C NMR spectra were acquired under standard 

conditions (5 mm DUAL – 1H/13C direct detection) using the following pulse conditions. For 

the 1H sNMR spectra, the acquisition time (AQ) was 2.72 s; the number of transients (NT), 8; 

the receiver gain (RG), 287.4; the dwell time (DW), 416 µs; the per scan delay (DE), 6.0 µs; 

the dummy scans (DS), 0; F1, 4025.56 Hz; and F2, 34.78 Hz. For the 13C sNMR spectra, AQ 

was 0.50 s, NS = 8192, RG = 8192, DW = 15.3 µs, DE = 6.00 µs, DS = 4, F1 = 22 654.65 Hz, 

and F2 = 89.38 Hz. The pulse widths for 1H and 13C sNMR were 9.2 and 14.2 µs, 

respectively, and the spectral widths were 12019.23 Hz for 1H sNMR (digital resolution: 

0.18 Hz per point) and 32679.73 Hz for 13C sNMR (digital resolution: 1.0 Hz per point). 

Bruker’s standard pulse sequences were used for the bidimensional spectra: 1H-1H COSY 

(Homonuclear correlation spectroscopy, used to identify H coupled to H nearby, 90º, SW 

5000 Hz, SF = 499.9 MHz, NS = 4, RG = 512, DW = 100.0 µs, DE = 6.00 µs, 2K×256 

acquisition and 1K × 1K processed), 1H-13C HSQC (Heteronuclear single-quantum 

correlation spectroscopy, detects correlations between two nuclei of two different types 

separated by one bond, 1JCH = 145 Hz, f2 5000 Hz and f1 23 750 Hz, relaxation delay 1.0 s, SF 

= 499.9 MHz, AQ = 0.20 s, NS = 16, DS = 16, DE = 6.00 µs, DW = 100.00 µs, RG = 14 

596.5) and 1H-13C HMBC (Heteronuclear multiple-bond correlation spectroscopy, detects 

heteronuclear correlations over longer ranges of about 2–4 bonds, nJCH = 7 Hz, f2 5000 Hz 

and f1 32 500 Hz, relaxation delay 1.0 s, SF = 499.9 MHz, AQ = 0.40 s, RG = 16 384, NS = 

32, DW = 100.00 µs, DS = 16, DE = 6.00 µs). 
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Results and Discussions 

The iodide form of the organic cation was characterized by infrared spectroscopy and 

uni and bidimensional 1H and 13C nuclear magnetic resonance spectroscopy. The infrared 

spectrum provides a fast result also being the digital print of the compound, which could be 

used as a routine characterization methodology (Silverstein et al., 2004; Katritzky et al., 

2010). The bands assigned are shown in Figure 2. Despite of the sample being kept in a 

desiccator, the compound demonstrated to be very hygroscopic, appearing the O-H stretch at 

3460 cm-1. The imidazolium ring is described by the characteristics bands of Csp2 = Csp2 and 

Csp2 = N stretch at 1625, 1538, 1464, 1416 and 1388 cm-1. Meanwhile, the bands of Csp2-H 

stretch at 3069 cm-1, Csp3-H at 2981 cm-1 and angular deformations at 1236 and 1128 cm-1 are 

related to its substituents. In addition, the band at 815 cm-1 is clearly the trisubstituted double 

bond of the imidazolium ring. 

Figure 2. Infrared spectrum of the iodide form. 

 

The 1H and 13C NMR spectra (Table 1, Figures 3 and 4) of this organic cation were 

already published using D2O as solvent (Rojas et al., 2013); but, due to the characteristics of 

this compound, it was thought that a chemical exchange with the solvent could happen, 

possibly giving slight changes on chemical shifts (Pavia et al., 2008). So, to avoid this 

possible problem, all the spectra were recorded employing DMSO-d6 as solvent. Another 

consideration made was that with the published data it was not possible to distinguish 
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correctly between both methyls bonded to the nitrogens of the imidazolium ring. This 

problem is solved in this communication by a bidimensional NMR spectra analysis. 

As a result of the 13C NMR spectrum analysis, 8 different chemical shifts (δ) were 

obtained, coinciding with the number of C of the iodide compound. The C that were less 

shielded appeared at higher δ (Silverstein et al., 2004; Pavia et al., 2008; Katritzky et al., 

2010). The least shielded C was the one placed between the Ns, because a partial positive 

charge (δ+) could be placed on it due to the aromaticity of the imidazolium ring. In this 

molecule a mesomeric protector effect could be found in one of the less shielded C, resulting 

from the imidazolium ring C directly bonded to the –CH3, as, in this case, the aromaticity 

allowed that a partial negative charge (δ-) got positioned on it. In a similar way, the third less 

shielded C had a protector effect called allylic coupling (Silverstein et al., 2004; Pavia et al., 

2008) related to the –H/-CH3 coupling due to the existence of the double bond.  

Figure 3. 1H sNMR spectrum of the iodide form. 
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Figure 4. 13C sNMR spectrum of the iodide form. 
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Table 1. Assignments of the 1H and 13C NMR data in ppm for the iodide compound. 

Carbon δ 13C δ 1H (multiplicity, J=Hz) 

N
+

N
CH3

CH3

CH3

CH3

1

2

3

45

1'

2'

3'

4'

5'  

2 147.21  
4 129.61  
5 119.03 7.37 (singlet) 
1’ 34.29 3.78 (singlet) 
2’ 16.35 3.02 (quartet, 9.0 Hz) 
3’ 10.54 1.15 (triplet, 6.0 Hz) 
4’ 31.53 3.67 (singlet) 
5’ 8.89 2.24 (singlet) 

 

The coupling of the protons 5 and 5’ in the 1H-1H COSY sNMR spectrum (Table 2, 

Figure 5) reinforced the idea of the allylic coupling. Again, the next 2 C at δ 31.53 ppm and 

34.29 ppm were difficult to distinguish between them just with the 1D spectrum, it was just 

know that they were C bonded to the Ns. They were assigned analysing the 1H-13C HMBC 

sNMR spectrum (Table 3, Figure 6) (Silverstein et al., 2004; Pavia et al., 2008; Katritzky et 

al., 2010). One of the –CH3 was coupled to the C-H of the imidazolium ring at 119.03 ppm, 

and the other was coupled to the C-CH3 of the imidazolium ring at 129.61 ppm. The last 3 C 

were the ethyl and methyl bonded to the 2 least shielded C: 16.35 ppm is 2’; 10.54 ppm, 3’; 

and 8.89 ppm, 5’. Finally, the –CH3 bonded to the C at 129.61 ppm. 
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Table 2. Assignments of the 1H-1H COSY sNMR data in ppm for the iodide compound. 

F2 δ (ppm) F1 δ (ppm) Correspondence 
7.37 2.24 5-5’ 
1.15 3.02 3’-2’ 

N
+

N
CH3

CH3

CH3

CH3
H

H
H

2'
3'

5'5
 

 

Figure 5. 1H-1H COSY sNMR spectrum of the iodide form. 
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Table 3. Assignments of the 1H-13C HMBC data in ppm for the iodide compound. 

F2 δ (ppm) F1 δ (ppm) Correspondence nJ=Hz 

N
+

N
CH3

CH3

CH3

CH3

H
H

H

 

1.15 16.35 3’-2’ 2J 
1.15 147.21 3’-2 3J 
2.24 119.03 5’-5 3J 
2.24 129.61 5’-4 2J 
3.02 10.54 2’-3’ 2J 
3.02 147.21 2’-2 2J 
3.67 129.61 4’-4 3J 
3.67 147.21 4’-2 3J 
3.78 119.03 1’-5 3J 
3.78 147.21 1’-2 3J 
7.37 147.21 5-2 3J 

 

 

 



55 

Figure 6. 1H-13C HMBC sNMR spectrum of the iodide form. 
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In the same way, the lyophilized synthesis gel was studied by solution NMR, so 

DMSO-d6 was chosen again and the uni and bidimensional spectra were recorded. The 

selection of the solvent was mainly to avoid the chemical exchange. As in the case of solution 

NMR of nanoparticles attached to organic compounds (Du et al., 2009), the DMSO-d6 

surrounded the molecules and the possible clusters not influencing the possible OSDA-silica 

interactions. The assignments of the 1H sNMR data (Table 4, Figure 7) were based on the 

assignments of the iodide form spectra (Silverstein et al., 2004; Pavia et al., 2008; Katritzky 

et al., 2010). A displacement of the δ was observed and attributed to the different anions of 

the compounds, as in the former spectrum it was discussed the iodide form of the OSDA, or to 

the possible interactions with silica. Another change in the data compared with the former 

spectrum, was the 3J of the triplet, which increased to 9 Hz. For vicinal protons the 3J values 

are around 3-10 Hz, and for geminal protons the 2J values are around 10-12 Hz (Silverstein et 

al., 2004; Pavia et al., 2008; Katritzky et al., 2010). The 13C sNMR spectrum of the gel 

showed similar behaviour than the 1H sNMR (Table 4, Figure 8). 

Table 4. Assignments of the 1H and 13C sNMR data in ppm for the gel. 

Carbon δ 13C δ 1H (multiplicity, J=Hz) 

N
+

N
CH3

CH3

CH3

CH3

1

2

3

45

1'

2'

3'

4'

5'  

2 147.50  
4 130.27  
5 119.08 7.02 (singlet) 
1’ 34.28 3.60 (singlet) 
2’ 16.68 2.85 (quartet, 9.0 Hz) 
3’ 10.39 1.08 (triplet, 9.0 Hz) 
4’ 31.37 3.51 (singlet) 
5’ 8.85 2.13 (singlet) 
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Figure 7. 1H sNMR spectrum of the gel. 
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Figure 8. 13C sNMR spectrum of the gel. 
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The most interesting results were obtained by 1H-13C HSQC sNMR spectrum 

(Figure 9) (Silverstein et al., 2004; Pavia et al., 2008; Katritzky et al., 2010). The only 

correlations between carbons and their directly bonded hydrogens were localized on one half 

of the molecule, instead of being correlated to the whole structure as expected. This could 

imply that the other H and C were hindered by the (SiO4)
4- groups present in the gel, so the 

interactions between the OSDA and the silica were initially happening in one side of the 

organic cation. This might mean that the ethyl group did not interact initially leaving it to 

rotate freely (as it has a Csp3), favouring their organization in one direction (or in the 

opposite) as the synthesis continued. In the case of this particular OSDA, this fact might have 

permitted that the channels grew helical in some extent and until certain point of the 

synthesis. Even though, this hypothesis needs to be confirmed by computational, in situ or 

operando studies. 

Figure 9. 1H-13C HSQC NMR spectrum of the gel: (a) Complete; (b) Expansion. 
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Conclusions 

In this article, the OSDA 2E134TMI was fully and unequivocally characterized, 

providing a fast characterization result to be able to prove the reproducibility of the synthesis 

in routine laboratory equipment, as the infrared spectroscopy. The initial cation-silica 

interactions were observed by 1H-13C HSQC NMR spectrum of the gel, probing the formation 

of silica-cation clusters by one side of the imidazolium derivative. A hypothesis for the 

appearance of a zeolite with helical channels was proposed as a result of the observations 

made, which relates the Csp3 of the ethyl and its free-rotation with a possible orientation with 

the synthesis time. However, further research of this particular hypothesis needs to be 

performed. 
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CHAPTER 5. EX-SITU NUCLEATION AND GROWTH STUDY OF THE PURE 

SILICA HPM-1 ZEOLITE. 

This article will be submitted to the Journal of the American Chemical Society (JACS): 

VINACHES, P.; MENEAU, F. E. P.; PERGHER, S. B. C. Ex-situ nucleation and growth 

study of the pure silica HPM-1 zeolite. 
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ABSTRACT 

The nucleation and growth of the chiral pure silica HPM-1 zeolite was discussed in 

this research. Four ex-situ samples were obtained after 4, 12, 20 and 28 hours aging at 175oC. 

It was taken as the reference the last sample, which already had Bragg reflections appearing in 

its diffractogram. The appearance of the different short-range interactions was observed by 

the infrared spectra, highlighting the D4R cages appearing in every sample. The sizes of the 

different nanoparticles populations were measured by scanning electron microscopy and 

small-angle X-ray scattering. The results of the characterizations drove to the construction of 

HPM-1 formation mechanism, starting by the formation of one population of amorphous 

spherical nanoparticles. The aggregative growth was reflected initially in the porous 

continuous material, where the spherical particles grew at the pore edges. At this stage, two 

particle populations were found. Then, when the whole material was transformed in these 

nanoparticles, the growth was directional until the rice-like morphology, typical of HPM-1, 

was achieved. 
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Introduction 

Nucleation of zeolites has been studied since these materials started to be synthesized. 

The first mechanism of nucleation and growth was proposed by Barrer et al., and SBU 

structures were defined as formed by tetrahedra and polyhedral (Cundy and Cox, 2005). 

Afterwards, Flanigen et al. designed the first S-shaped curve of crystallization, represented in 

the article written by Grand et al. with the following stages: gel diffusion, nucleation process 

and crystal growth (Grand et al., 2016). Although, there are several differences and variations 

depending on the zeolites studied (Cundy and Cox, 2005; Grand et al., 2016). For example, 

the existence of pre-nucleation building units (PNBUs) was proposed by Férey et al. (Cundy 

and Cox, 2005), and several different particles were found at the nucleation stage: colloidal 

particles, spherical particles and several worm-like materials (composed by several 

amorphous poligomers) (Kumar et al., 2016). LTA, FAU, AFI, CHA and MFI types are 

examples of what has been studied (Fan et al., 2007; Panzarella et al., 2007; Sankar et al., 

2007; Eilertsen et al., 2012; Kumar et al., 2016). Several aspects affected the formation of 

zeolites at different stages. In the new edition of “Verified synthesis of zeolitic materials” they 

appeared summarized and divided between the different steps of the process (Mintova and 

Barrier, 2016). For example, the sequence of mixing the reagents may influence in the 

reproducibility, the chosen template would drive to one or another zeolitic type and the 

cooling might help on the crystallization of one particular zeolite. 

The pure silica zeolite HPM-1 was obtained in hydrofluoric media in presence of the 

organic structure-directing cation (OSDA) 2-ethyl-1,3,4-trimethylimidazolium (2E134TMI) 

(Rojas et al., 2013). It is the first chiral pure silica zeolite synthesized with helical pores. Its 

synthesis procedure can be divided among three main stages: the mixture of the OSDA with 

the silica source (tetraethylorthosilicate, TEOS) in water media; the addition of the 

hydrofluoric acid; and the aging of the gel in a rotatory oven. In the work of Rojas et al., it 

was described the position of the OSDA inside the cages, calculated by Rietveld analysis, and 

the location of the fluorides inside the D4R cages. Recently, this STW-type zeolite was 

synthesized enantiomerically enriched (Brand et al., 2017), being an advance towards its use 

in asymmetric synthesis and catalysis (Davis, 2014). Our group also studied the first step of 
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the zeolitic formation, observing the first cation-silica interactions and also enunciating a 

hypothesis about the helical channels formation in the presence of this particular cation 

(Vinaches et al., in preparation). So, it is important to continue the nucleation and growth 

study to fully control its synthesis. 

Then, the objective of this research is to characterize ex-situ the nucleation of HPM-1, 

identified as the third step of the synthesis, to understand its mechanism of formation. 

Experimental section 

OSDA synthesis: The cation 2E134TMI was synthesized according to the procedure 

described by Rojas et al. (Rojas et al., 2013). The reagents used were the following: 2-ethyl-

4-methylimidazole (2E4MI, 95%, Sigma Aldrich), methyl iodide (MeI, 99.5%, Sigma 

Aldrich), potassium carbonate sesquihydrate (K2CO3•1.5 H2O, Sigma Aldrich), chloroform 

(99.8%, Alphatec) and distilled water. The iodide form of the cation was obtained by 

methylation from 2E4MI in chloroform using MeI and potassium carbonate sesquihydrate. 

MeI was added in excess drop by drop twice: firstly in the beginning of the synthesis, and 

after 2 days of stirring at room temperature. After the second addition, the mixture was also 

left 4 days stirring at room temperature. Then, the mixture was filtered by gravity and the 

solid washed with chloroform. The final product was obtained by rotary evaporation from the 

organic solution under vacuum. The synthesis yield calculated by titration with 0.1 mol/L 

hydrochloric acid (HCl, 37%, Proquimios) is 95-98%. 

Zeolite synthesis: The reagents used in the synthesis were the organic cation 2-ethyl-

1,3,4-methylimidazolium in hydroxide form (exchanged from its iodide form with Dowex 

Monosphere 550A (OH) anion exchange resin), tetraethylorthosilicate (TEOS, 98%, Sigma-

Aldrich), hydrofluoric acid (HF, 40%, Sigma-Aldrich), hydrochloric acid and distilled water. 

The synthesis started with the cation 2E134TMI concentrated up to 1 g/L, value 

calculated by acid-base titration with HCl. The next step was the addition of TEOS and then, 

the mixture was left to hydrolyze, evaporating ethanol and water until the desired H2O/SiO2 

molar ratio was reached. At that time the HF was weighted and manually mixed for up to 15 

min. The final gel composition was SiO2: 0.5 SDAOH: 0.5 HF: 4.5 H2O. The synthesis gel 

was divided between several teflon autoclaves, which were put inside their respective steel 

autoclave. Finally, the autoclaves were placed inside a rotatory oven at 175°C for up to 28 h. 

Four samples were collected, filtered and washed with distilled water until pH 6-7 was 
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reached: S4h, S12h, S20h and S28h (samples obtained after 4, 12, 20 and 28h inside the 

rotatory oven). 

Characterization techniques: 

X-ray diffractograms were obtained in a Bruker D2-Phaser equipped with a Lynxeye 

detector and Cu radiation, using a divergent slit of 0.6 mm and a central slit of 1 mm. The 

measuring step was 0.02o for fast measurements or 0.004o for the indexing data, and an 

acquisition time of 0.1 s for fast measurements and 0.6 s for the indexing data. The infrared 

spectra of the solid samples were obtained using a FTIR-Affinity-1 (Shimadzu). The samples 

were mixed with KBr (1% dilution) and the powder pressed into a pellet. The micrographs 

were obtained by scanning electron microscopy, MIRA3 FEG-SEM (Tescan). 

The Small-Angle X-ray scattering (SAXS) data were measured in transmission mode 

in the SAXS-1 beamline at LNLS-CNPEM (Brazil), operating at fix energy of 8 keV within 

an energy resolution (∆E/E) of 0.1, with a beamsize at sample of 1 mm2 and a Pilatus 300K 

detector. The SAXS profiles were represented by log(Intensity) versus q (Schnablegger and 

Singh, 2013), being the resolution limit determined by the lowest q-value (0.04 nm-1). The    

q-parameter is the length of the scattering vector calculated as represented in equation 1, 

where λ is the wavelength used, 0.15418nm, and 2θ is the scattering angle). The scattering 

intensity (I) corresponded to equation 2, being ф the density number of the individual scatters 

of the sample, P(q), the form factor, and S(q), the structure factor. 

(1) q (nm-1) = (4π / λ) sin θ 

(2) I(q) = ф • P(q)• S(q) 

P(q) is used to describe the relation between the geometry of the material analyzed and 

their scattering and has certain similarity to a Gaussian curve (Schnablegger and Singh, 2013). 

According to Guinier, this curvature is related to the global size of the particles, as 

represented in equation (3). Rg is the size parameter named radius of gyration and can be 

calculated from this expression applying logarithms both sides and relating to the scattering 

intensity, as in equation (4). The parameter 𝑎  is the extrapolated zero-angle intensity. Rg and 

𝑎  are calculated by straight-line fitting from the slope of the Guinier zone. 

(3) 𝑃(𝑞) ≈  𝑎  ∙  𝑒

∙ 
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(4) ln[∆𝐼(𝑞)] =  ln𝑎  

S(q) indicates the correlation of the materials analyzed and in the case of periodic 

structures, certain Bragg reflections may be found, providing information about, for example, 

symmetry, crystallinity and orientation. 

Results and Discussions 

X-ray diffractograms of the solids (Figure 1) were studied to follow the synthesis until 

the Bragg reflections appeared, which happened in the sample S28h. 

Figure 1. X-ray diffractograms of the samples. 

 

* To improve the visibility, the difractograms were slightly dislocated in the intensity axis 

from the 0 value. 

The sample S28h corresponded to the zeolitic material HPM-1. To prove so, its 

diffractogram was indexed by two different methods (for comparative reasons): Pawley and 

LeBail (Pawley, 1981; Le Bail et al., 1988). They were included between the full profile 

fitting methods and incorporated in the TOPAS program (Coelho, 2000; 2003; Kern and 

Coelho, 2003-2009). The Pawley method fitted full pattern generating the positions 

employing the unit cell data, and the intensities are fitted by the least-squares methodology 

(Pawley, 1981). Meanwhile, the Le Bail’s formula was adapted from the one proposed by 

Rietveld describing the profile employing Fourier coefficients (Le Bail et al., 1988). This last 

method was similar to the first one, but it did not use the intensities. The obtained unit cell 
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parameters are shown in Table 1 and were compared with the original data of HPM-1 (Rojas 

et al., 2013). The goodness-of-fit (GOF) (Toby, 2006) was also calculated to compare the 

parameters obtained by TOPAS with the published data of HPM-1, resulting in similar values. 

Unit cell parameters were very similar in all the cases. As these methodologies were used to 

prove that it was obtained the same material, the results obtained were considered good 

enough for this purpose. 

Table 1. Unit cell parameters of the calcined pure silica HPM-1 calculated by the 

methodologies of Pawley (1), Le Bail (2) or as reported in literature (3) 
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1 P6122 11.9372 29.7862 90 120 3675.81 1.53 
2 P6122 11.9277 29.7600 90 120 3666.74 1.75 
3 P6122 11.9356 29.7500 90 120 3670.33 1.13 

*GOF: goodness-of-fit. 

The morphology of the solid products was also studied by SEM and their micrographs 

are presented in Figure 2. The sample S4h (magnification: 20.5 kx) was amorphous silica with 

spheroidal morphology measuring around 50 nm approximately. Interestingly, the sample 

S12h (magnification: 29.9 kx) seemed a porous continuous material. This change was also 

observed by Valtchev and Bozhilov in another zeolitic type, the LTA zeolite (Valtchev and 

Bozhilov, 2005). They reported that LTA zeolite nucleated in the interfaces of the gel cavities. 

So, S12h was observed at higher magnifications (407 kx), and two nanoparticle germs of 

about 60 nm were located. The sample S20h (magnifications: 31.5 and 73.4 kx) resulted in 

nanoparticles of approximately 150 nm having a similar morphology than the final zeolitic 

product. This behaviour was comparable to the observations of Machoke et al. (Machoke et 

al., 2017), who synthesized globular nano-MFI using silica spheres. Finally, the fully grown 

HPM-1 zeolite was identified in S28h (magnification: 30.3 kx) and the main population of 

crystals had sizes of around 3-4 µm. Their growth from the previous samples was directional, 

resulting in longer crystals in the “x-axis”. It was also found a second population of smaller 

nanoparticles (about 100 nm), which was probably the result of Ostwald ripening. 
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Figure 2. SEM micrographs of the products. 
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The infrared spectra of the samples were represented in Figure 3. The external and 

internal asymmetric stretches at 1203 and 1095 cm-1 appeared for all the samples with an 

increasing area, as a result of the material growth (Flanigen et al., 1974; Król et al., 2012). 

The external symmetric stretch at around 803 cm-1 was also shared by all the samples, being 

more defined in S28h spectrum. It was interesting to notice that the bands at approximately 

470 and 597 cm-1 (soft curve at the initial stages) due to υ(Si-O) internal bending and to the 

double rings respectively appeared from the S4h spectrum. This fact implied that the sample 

had silica clusters and some D4R cages already formed from early stages. Lastly, the        

υ(O-Si-O) internal symmetric stretch were initially noticed from sample S12h, probably 

showing a more complex organization of the material. 

Figure 3. Infrared spectra of the samples. 

 

* To improve the visibility, the spectra were slightly dislocated in the intensity axis from the 

0 value. 

The four samples were studied by small angle X-ray scattering (SAXS) and the results 

are represented in Figure 4. One population of particles was identified in the samples S4h, 

S20h and S28h; whereas S12h was composed by two different populations of nanoparticles. 

The slope -4 marked in every sample referred to the morphology of the nanoparticles, 

corresponding to well-defined spherical objects (Schnablegger and Singh, 2013). This fact 

agrees with the analysis performed of the SEM micrographs obtained. 

 



68 

Figure 4. SAXS results of the samples. 

 

Using the Guinier approximation described before (Schnablegger and Singh, 2013), 

the Rg of the samples S4h and S12h were calculated corresponding to 41.24 nm and 14.96 nm 

respectively. As it was explained, these nanoparticles had spherical morphology. So, it was 

calculated their average radius applying equation (5), resulting in 53.24 nm for S4h and 

19.31 nm for S12h. The first results was similar to the obtained by SEM measurements, and 

the second was not observed by SEM. 

 (5) 𝑅 =  R  

The SASfit program (Bressler et al., 2015) was used to model the SAXS profiles. The 

modelling of the samples was performed using a normal distribution (equation 6) and the 

sphere modelling (equations 7 and 8) included on the package. 

(6) 𝐿𝑜𝑔𝑁𝑜𝑟𝑚(𝑋, 𝜇, 𝜎, 𝑝) =
√ ( )

exp (−
( )

) 

(7) 𝐼 (𝑄, 𝑅) =  K (Q, R, ∆η) 
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(8) 𝐾(𝑄, 𝑅, 𝜂) =  πR ∆η3
( )

 

Where N is the normalization constant; µ, the location parameter; σ, the width 

parameter; p, the shape parameter; and η, the scattering length density difference between the 

particle and the matrix ∆η. 

Table 2. Modelling parameters obtained with SASfit. 

Sample q-range (nm-1) N σ p µ η Χ2 * 

S4h 0.035 – 0.5 7.40 0.39 1 28.43 1 14303 
S12h 0.1-0.5 21.72 0.62 1 5.73 1 126788 
S20h 0.035 – 0.5 1.19 0.57 1 32.28 1 50598 
S28h 0.035 – 0.2 0.02 0.80 1 93.74 1 20635 

* Χ2 is the goodness-of-fit test performed by the SASfit program. 

S4h had a maximum average radius of about 40 nm (Figure 5), again similar to the 

previous SEM results. And the population of smallest nanoparticles in S12h had a maximum 

average radius around 10 nm (Figure 6). In this case, it was not possible to observe these 

nanoparticles by SEM due to its small size. 

Even though in the cases of S20h and S28h it was not observed the Guinier zone, it 

was still possible to model the nanoparticles observed in the range covered by the technique. 

In Figure 7 the fitting and the size distribution of S20h were represented, resulting in an 

average radius of around 60 nm. This result is lower than the observed by SEM as not all the 

nanoparticles were considered, as explained previously. In the case of S28h, it was found a 

small feature around 0.2 nm-1. So,, it was performed a modeling in a smaller q-range. As 

remarked in the SEM analysis, the results obtained were related to the nanoparticles resulting 

from the Ostwald ripening. 

The results obtained from this article combined with the NMR results obtained 

previously (Vinaches et al., in preparation) drove to the nucleation and growth mechanism 

summarized in the Scheme 1. Initially, the reagents were mixed and the organic cation started 

to interact near the CH= C(CH3) of the imidazolium with the silica present in the aqueous 

media. Then, after the addition of the hydrofluoric acid and once the heating started, the silica 

cages were formed directed by their interactions with the fluoride anions and the OSDA. After 

4 h in the rotatory oven, the D4R cages appeared and the structure continued the 

polymerization process by aggregation, forming the helical channels probably directed by the 

rotation of the ethyl group. Even though, the nanoparticles maintained short-range order until 
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nearly the end of the nucleation, as the Bragg reflections were not found until the sample 

S28h. Finally, as the growth was mainly directional, the product resulted in the rice-like 

HPM-1 zeolite. 

Figure 5. Fitting and size distribution of S4h. 

 

Figure 6. Fitting and size distribution of S12h. 
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Figure 7. Fitting and size distribution of S20h. 

 

Figure 8. Fitting and size distribution of S28h. 
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Scheme 1. The nucleation process of HPM-1 zeolite designed with the program 

Mercury (Macrae et al., 2006). The colours represented each atom: dark blue (Si), red (O), 

light blue (C), light red (N), white (H) and dark green (F). 
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Conclusions 

In this research it was studied ex-situ the nucleation and growth of the pure silica 

zeolite HPM-1. Initially, four samples were chosen from the aging stage at 175oC, resulting 

three of them amorphous. The last one showed Bragg reflections and it was proved to be 

HPM-1 by indexation. Their SEM micrographs illustrated the formation process: from 

amorphous silica, to a porous continuous material with zeolite precursors growing in its pore 

edges, and finishing with the rice-like zeolite of 3-4 µm size. The infrared spectra indicated 

the aggregation process by the sequential apparition of the bands, finding the D4R cages 

already appearing in S4h. And, finally, the SAXS results indicated that the nanoparticles 

populations in every sample were spherical. The first sample was composed by one 

population with an average radius of 40 nm. The second sample was composed by two 

nanoparticles populations, having the population of smaller nanoparticles an average radius of 

10 nm. The third sample was composed again by one nanoparticles population of around 

60 nm. And in the last sample it was also identified a nanoparticles population due to Ostwald 

ripening. 

This research work provides the first nucleation and growth study of an STW zeolite 

obtained in hydrofluoric media. It aims to encourage further in-depth research to complete 

these results that will help in rationalizing the synthesis of chiral zeolitic materials. 
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ABSTRACT 

An alternative methodology of aluminium introduction in the STW zeolitic framework 

is presented. HPM-1, a quiral STW zeolite with helical pores, was synthesized in pure silica 

form and adding an aluminium source by in-situ generated seeds. It was possible to find in the 

X-ray diffractograms and in the infrared spectra a displacement of the peak positions in the 

Al-samples, indicating the possible incorporation of the heteroatom. By an analysis of the 29Si 
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and 27Al MAS NMR spectra we concluded that the aluminium was effectively introduced in 

the framework. The (AlTETRAHEDRAL/AlOCTAHEDRAL) and the textural properties were studied to 

explain the catalytic ethanol conversion results at medium temperatures. The sample with 

lower Si/Al ratio had the best results due to its higher superficial area and pore volume 

compared to the highest Si/Al ratio sample, and the higher bulk tetrahedral aluminium than 

the intermediate Si/Al ratio sample. All catalysts were selective to ethylene and diethyl ether, 

confirming the presence of acidic sites. 

KEYWORDS: HPM-1, STW zeolite, Al introduction, seeds methodology, ethanol 

dehydration. 

 

Introduction 

Historically, zeolites were defined as crystalline porous aluminosilicates consisting of 

tetrahedrons in which Si4+ or Al3+ cations are found inside and O2- anions are placed in their 

vertices (Flanigen, 1991). Due to the deepening in the knowledge of the zeolitic structure, 

nowadays the definition has evolved to crystalline porous materials whose structures are 

formed by tetrahedrons enclosing a variety of cations inside and with O2- anions in their 

vertices (Camblor and Bong Hong, 2010). 

HPM-1 is a pure Si chiral STW zeolite with helical pores (Rojas et al., 2013). Its 

tridimensional channel system could be decomposed in D4R units and [465882102] cavities, 

forming 10-ring helical channels connected by straight 8-ring pores (Jo et al., 2015; Jo et al., 

2016). This structure is represented in Figure 1. This zeolite was obtained from the organic 

structure directing agent 2E134TMI (2-ethyl-1,3,4-trimethylimidazolium). These chiral 

zeolites are focus of study since these last few years (Davis, 2014). The importance of 

synthesizing these structures goes from its application in the petroleum industry to its 

application in obtaining chiral pure drugs. 
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Figure 1. Representation of HPM-1 using the program Mercury (Macrae et al., 2006). 

 

Recently the incorporation of a small amount of aluminium (Si/Al = 107) in its non-

calcined structure was reported, naming the obtained structure high Si HPM-1 (Jo et al., 2015; 

Jo et al., 2016). This material already shows catalytic properties in the isobutene 

isomerisation, demonstrating its high selectivity. It was also synthesized by Brand et al. 

(Brand et al., 2017) the germanoaluminosilicate, achieving enanthiomerical enrichment. So, 

as a result of the bibliographical research, no calcined aluminosilicate was studied before. 

On the other hand, ethanol dehydration is used as a model reaction to prove the 

existence of acid sites (Pace, 2000). At low reaction temperature, the main products are 

ethylene and diethyl ether (Xin et al., 2014). The obtention of the former product follows an 

endothermic reaction, (1), favoured thermodynamically at moderate temperatures (Phung and 

Busca, 2015a; b). 

(1) C2H5OH → C2H4 + H2O ∆H(298K)= +44.9 kJ/mol 

Meanwhile the second, (2), is an exothermic reaction resulting in a competition of 

both products. 

(2) 2C2H5OH → C2H5OC2H5 + H2O ∆H(298K)= -25.1 kJ/mol 

As previously mentioned, HPM-1 was obtained as pure aluminosilicate by the 

traditional methodology of heteroatom introduction, incorporation a low quantity of 

aluminium before calcination. Therefore, there is a necessity of further study to understand 

the behaviour of this structure in the incorporation of different heteroatoms in order to 
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optimize the synthesis process. For this purpose, the present research work aims to study an 

alternative strategy of Al incorporation, based on the work published by Moura et al. on the 

addition of Al into the magaadite framework (Moura et al., 2011). 

Experimental section 

Synthetic procedures: Reagents used in the synthesis were: tetraethylorthosilicate 

(TEOS, 98%, Sigma-Aldrich), aluminium hydroxide (62.23%, Synth), 2-ethyl-1,3,4-

methylmidazolium (synthesized), hydrofluoric acid (40%, Sigma-Aldrich) and distilled water. 

The cation 2E134TMI was synthesized according to the procedure described by Rojas 

et al. (Rojas et al., 2013). The synthesis of HPM-1 incorporating aluminium was a variation 

of the pure silica procedure, adapting it with the process reported by Moura et al. (Moura et 

al., 2011) for the incorporation of Al into the lamellar silicate magaadite. This procedure 

consists in the aging of synthesis gel, preparing the synthesis gel with the original 

composition (without aluminium) and placing into the oven at 175ºC. The autoclave is left the 

time needed to have the semi-crystalline material. At that moment, the autoclave is removed 

from the oven, opened and the desired amount of aluminium hydroxide is placed and mixed to 

dissolve it on the aged synthesis gel. The autoclave is closed again and is placed back on the 

oven. 

In this way, the cation 2E134TMI was concentrated up to 1g/L. Subsequently, it was 

added TEOS and left to hydrolyse, evaporating ethanol and water until the desired water/silica 

molar ratio was reached. At that time, HF was weighted and was mixed manually for about 

10-15 minutes. The gel composition at this point of synthesis was SiO2: x Al2O3: 

0.5 SDAOH: 0.5 HF: 4.7 H2O, where x= 0. The synthesis gel was divided among several 

teflon autoclaves that were replaced within their respective steel autoclave. They were put 

into two different rotatory ovens at 175°C for three days. At that time, some of these 

autoclaves were cooled and the amount of SiO2 (according to the amount of synthesis gel 

weighted) was calculated individually. This previous step allowed to calculate the amount of 

Al(OH)3 needed to attain the desired composition (x= 0.015, 0.02, and 0.035). Then, the 

autoclaves were placed in rotation again for 1 more day. Finally, the products were filtered 

under vacuum and were washed with abundant distilled water. The pH of the initial gel and in 

the moment of the aluminium introduction was 7, and when the synthesis ended was 8, but 

decreased again to 7 when the product was washed. Finally, the analyzed samples were 

calcined at 550° C for 6 hours. 
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Characterization: The samples were analyzed by X-ray diffraction (XRD, Bruker D2-

Phaser with Lynxeye detector and Cu radiation, using a divergent slit of 0.6 mm and a central 

slit of 1 mm, a measuring step of 0.004o and an acquisition time of 0.5 s) to identify the 

compounds and their crystalline structure, and by X-ray fluorescence (XRF, EDX-720/800 

HS, Shimadzu) to calculate the total Si/Al ratio. Infrared spectroscopy (FTIR IRAffinity-1 

from Shimadzu, HATR MIRacle module with a ZnSe prism from PIKE technologies, samples 

prepared in KBr) was used as another indication proof of the possible introduction of 

aluminium in the framework. Magic-angle spinning solid-state nuclear magnetic spectroscopy 

(MAS SSNMR) was used to calculate the real Si/Al ratio of the framework and the 

AlTETRA/AlOCTA ratio of the samples. 29Si and 27Al MAS NMR spectra were recorded on a 

Bruker AVIII HD 600 NMR spectrometer (field strength of 14.1 T) at 156.4 MHz with a 

2.5 mm triple-resonance DVT probe using zirconia rotors at 15 kHz (29Si) and 20 kHz (27Al) 

spinning rates. The 29Si experiments were performed with proton decoupling (cw sequence) 

by applying a single pulse (π/2), an excitation pulse of 5 µs, 60 s relaxation delay and 

10800 scans. The 27Al experiments were also performed with proton decoupling (cw 

sequence) by applying a single pulse (π/12), an excitation pulse of 1 µs and 5 s relaxation 

delay and 200 scans. The chemical shifts were referenced to an external solution of 

tetramethylsilane (TMS) and to an external solutions of 1 M of Al(NO3)3 for 29Si and 27Al 

respectively. A FEG-SEM (MIRA3 FEG-SEM, Tescan) was used to study the morphology of 

the sample synthesized with aluminium. The samples were studied by X-ray photoelectron 

spectroscopy (XPS, Physical Electronics PHI-750 spectrometer) with X-ray radiation source 

of Mg Kα (1253.6 eV) and referenced to C 1s (284.8 eV) to characterize the Si/Al ratio and 

Al state at the surface. Finally, to study the textural properties of the samples, the calcined 

samples were pre-treated at 200oC under vacuum overnight in a Micromeritics Asap 2020 and 

were measured using nitrogen as a probe molecule. 

Ethanol dehydration: The ethanol used in this reaction was from Sigma-Aldrich. 

0.1 g of each catalyst was activated at 350oC and atmospheric pressure for an hour in 

N2 atmosphere. The catalytic tests were performed in a fixed-bed flow reactor at atmospheric 

pressure and 250oC. A mixture containing N2 and ethanol vapour (25 mL/min) was stabilized 

using the drag gas (N2) through a steam saturator system containing ethanol at 25oC. The 

outlet gases were analyzed by gas chromatography (GC, Clarus 680, Perkin Elmer) equipped 

with a flame ionization chamber (FIC) and a capillary column. 



81 

Ethanol conversion (Pace, 2000; Phung et al., 2015) is defined by the equation (3): 

(3) %𝑋(𝐸𝑡𝑂𝐻) =  
( ) ( ) 

( )
· 100 

Each product selectivity (Pace, 2000) can be calculated employing the equation (4): 

(4) %𝑆(𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖) =  
(  )

∑ (  )
· 100 

Results and Discussions 

As a result of the synthesis described before, samples obtained are specified in 

Table 1. The total Si/Al ratio of the products was initially measured by XRF technique and 

results were similar to the Si/Al ratio of the synthesis gel. 

Table 1. Resulting products. 

Sample Si/Al synthesis gel (calculated) Si/Al products (XRF) 
SiAl15 15 19.4 
SiAl25 25 25.4 
SiAl35 35 38.0 

Pure_Silica ∞ ∞ 
 

X ray diffraction experiments of the calcined samples were performed in order to 

prove that HPM-1 was obtained (Figure 2 and 3). To improve the visibility, the 

diffractograms were slightly dislocated in the intensity axis from the 0 cps value. Sample 

Pure_Silica demonstrated the reproducibility of the original synthesis (Rojas et al., 2013) and 

it will be used as a reference to compare the other samples obtained. 

It is possible to compare their peaks’ positions as an indication of the incorporation of 

a heteroatom in the framework (Vinaches et al., 2015). When an atom is substituted by a 

different one in the unit cell, it will provoke a distortion of its cell parameters, due to its 

different characteristics (ex. volume, charge). As the x-ray diffractogram is the digital of the 

different planes and atomic positions, a slight change in them reflects in a displacement of the 

peaks 2-theta values. So, in this case that we are studying the incorporation of aluminium, if 

the 2-theta values are lower than in the pure silica samples, we could start thinking that the 

aluminium was effectively on the framework. So, Figure 3 represents an amplification of the 

region between 8o and 13o 2theta, confirming that this displacement did occur in the three 

samples with Al added, which could suggest that the aluminium entered in the zeolitic 
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framework. And, as expected the sample SiAl15, with the higher quantity of Al added, was 

the most shifted diffractogram. Still, there is a need to confirm this fact with other techniques, 

as the Si/Al ratio is difficult to quantify just with the x-ray diffractograms. 

Figure 2. X-ray diffractograms of the products. 

 

Figure 3. Amplifications of the X-ray diffractograms of the calcined samples. 

 

Another interesting fact perceived in the X-ray diffractograms was the differences in 

the intensity of the same peaks position between the samples. These intensity values were 

normalized to create the average relative crystallinity index, being 1 assigned to the highest 

intensity of the four peaks at the same 2theta range. As an average, it was measure the 

intensity of the peaks in the following 2theta ranges: 10.3o-10.5o, 12.3o-13.5o, 16.6o-16.3o and 
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24.1o-24.8o, and the results are shown in Table 2. Comparing the aluminosilicate samples, it 

seemed that the lower quantity of aluminium present in the synthesis helped to obtain higher 

average crystallinity index. Surprisingly, the sample Pure_Silica had the opposite behaviour. 

Table 2. Relative crystallinity index. 

Sample Average relative crystallinity index 
SiAl15 0.62 
SiAl25 0.97 
SiAl35 1.00 

Pure_Silica 0.34 
 

The infrared spectra of the samples are represented in Figure 4. The transmittance 

values were normalized by the mass weighted to perform the measurements, so the data can 

be comparative. The incorporation of aluminium cannot be verified by this technique, since 

the wavenumber of Si-O-Si coincide with the ν(Al-O-Si) (Pace, 2000). However, in the 

spectra of the calcined samples with aluminium it was possible to notice a slight displacement 

of these bands, measured at the point of lower transmittance, being 1092, 1086, 1080 and 

1080 cm-1 for samples Pure-Silica, SiAl15, SiAl25 and SiAl35, respectively. As in x-ray 

diffraction, the substitution of atoms by different ones, generating changes in the atomic 

positions, modifies the vibrational response of the materials. So, these slight differences may 

be another indication of the presence of framework aluminium. Even though, as it was stated 

before, this technique is not able to differentiate which sample has higher aluminium content, 

it is just an indication of its presence. 

Figure 4. Infrared spectra of the calcined samples. 
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Studying the MAS NMR spectra of the calcined solids gave a more precise knowledge 

of the Si and Al state. Therefore, the samples synthesized with aluminium were analyzed with 

this technique. Thus, in the 29Si MAS NMR spectra of the calcined samples (Figure 5a, 

Table 3, Appendix) it appeared two different regions: the chemical environment Q4, around    

-105 ppm to -120 ppm, in which all the Si atoms surrounded by O atoms were bonded to four 

more Si atoms, and the chemical environment Q3, centralised around -102 ppm, in which it 

was possible to find one connectivity defect or one Al atom replacing one of the Si atoms in 

the second coordination sphere (Pace, 2000). The bands Q4 were assigned to Si[OSi]4 out of 

D4R cages (around -115.5 ppm) and to Si[OSi]4 in D4R cages (around -109 ppm) (Rojas and 

Camblor, 2012). Comparing these chemical shifts with the reported for the pure silica, it is 

appreciable a slight displacement typical of the heteroatom introduction in a pure silica 

zeolite. But, the introduction of aluminium was proved by the chemical environment Q3, as it 

was reported that the pure silica HPM-1 synthesized employing HF had not got connectivity 

defects after calcination (Villaescusa et al., 2002; Rojas and Camblor, 2012). The sample with 

the higher Si/Al ratio resulted the sample synthesized with higher (Si/Al)GEL ratio. 

The 27Al MAS NMR spectra (Figure 5b, Table 3, Appendix) of the calcined samples 

also confirmed the existence of framework aluminium, which corresponded to the tetrahedral 

aluminium represented by the band around 60 ppm. It also appeared a band at around 7 ppm 

related to octahedral aluminium, varying their intensity between samples. These results 

pointed out that the higher is the aluminium concentration on the synthesis gel, the lower the 

bulk octahedral aluminium is obtained. 

Figure 5. 29Si (a) and 27Al (b) MAS NMR spectra of the calcined samples. 

 

* To improve the visibility, the spectra were slightly dislocated in the intensity axis from the 

0 value. 
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Table 3. Al quantification by MAS NMR and XPS of the calcined. 

Sample 
Si/Al ratio AlTETRA/AlOCTA 

MAS NMR XPS MAS NMR XPS 

SiAl15 185.0 7.7 1.6 0.6 

SiAl25 192.6 11.1 1.3 1.1 

SiAl35 192.3 11.9 0.9 1.1 
 

The three [Al] HPM-1 samples were also studied by X-ray photoelectron spectroscopy 

(XPS), since it is fundamental to know the chemical surface for catalytic reactions (Bare et 

al., 2016). Several interesting differences were found between the samples. In Figure 6 it is 

represented the Al 2p signals from each sample, showing little differences in binding energy 

(BE, eV) among the samples. From these spectra and the Si 2p, the different (Si/Al)SURFACE 

ratio were calculated (Table 3). The results followed the same tendency as in 29Si MAS NMR, 

and they showed that the surface is richer in Al than the bulk, resulting in a higher quantity of 

Al incorporated in the surface (Collignon et al., 2001). It was also thought that it could be also 

taking into account the octahedral aluminium. Therefore, the AlTETRA/AlOCTA ratio was 

calculated. So, the modified Auger parameter of Al (α’) (Gómez-Cazalilla et al., 2007) from 

the different samples was calculated with the following equation (5): 

(5) α’ = 1253.6 + KE(AlKLL) – KE(Al 2p) 

Being KE(AlKLL) the kinetic energy of the Auger electron at AlKLL (Figure 7) and KE(Al 2p) 

the kinetic energy of the photoelectron Al 2p. Comparing these results with the obtained with 
27Al MAS NMR, they were similar for SiAl25 and SiAl35 indicating that the tetrahedral 

aluminium would be easily accessible as acid sites. In the case of SiAl15, the quantity of 

octahedral aluminium might interfere in the accessibility of the tetrahedral aluminium in 

future reactions. Despite of the increasing ratio from SiAl15 to SiAl35, the results were again 

as expected, as the octahedral aluminium was extraframework, that is, placed on the surface. 

The data obtained from the XPS analysis were summarized in Table 3 and Table 4. 

Table 4. XPS results of the calcined samples. 

Sample 
Binding Energy Si 

2p (eV) 
Binding Energy 

Al 2p (eV) 
α’ AlTetra 

(eV) 
α’ AlOcta (eV) 

SiAl15 102.6 74.5 1458.4 1460.8 
SiAl25 103.7 75.0 1457.2 1460.2 
SiAl35 102.7 74.0 1458.4 1459.8 
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Figure 6. Al 2p signals of the calcined samples XPS spectra. 

 

* To improve the visibility, the spectra were slightly dislocated in the intensity axis from the 

0 value. 

Figure 7. AlKLL signals of the calcined samples XPS spectra. 

 

* To improve the visibility, the spectra were slightly dislocated in the intensity axis from the 

0 value. 
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Sample SiAl25 was observed using a microscope FEG-SEM and the resulting 

micrograph is shown in Figure 8. The morphology resulted similar to a rice grain, which 

coincided with the morphology of pure silica HPM-1 (Rojas et al., 2013). 

Figure 8. Micrograph of calcined sample SiAl25. 

 

Finally, to determine the acid or basic character of the zeolite, the ethanol dehydration 

model reaction was used (Pace, 2000). Figure 9 and Table 5 show the catalytic performance 

of the [Al] HPM-1 samples. In fact, the greater ethanol conversion value was observed for 

sample SiAl25 and a lesser activity for samples SiAl15 and SiAl35. This conversion order 

was explained by several factors. The first one is the BET area (SBET, Table 5, Appendix), 

being directly related to higher conversion values, as the highest SBET allowed a higher 

quantity of accessible acid sites (Pace, 2000). So, SiAl25 and SiAl35 were expected to have 

higher conversion values than SiAl15. The second factor influencing the ethanol conversion 

was the quantity of octahedral aluminium. Despite SiAl15 having the highest Si/Al ratio, the 

(AlTETRA/AlOCTA)XPS was low, implying that the Total Pore Volume (TPV, Table 5, Appendix) 

was lower than in the other cases, not allowing the interaction between the ethanol and the 

active sites and making the diffusion of the molecules in the pores more difficult. Finally, the 

difference of conversion between SiAl25 and SiAl35 was due to the bulk tetrahedral 

aluminium, as SiAl25 had more AlTETRA than SiAl35. The sample A, pure silica, was also 



88 

tested in dehydration of ethanol and obtained a very low activity (ca. 2-12%), practically 

inactive, due to the minimal amount of Si-OH sites reported in fluoride medium (Rojas et al., 

2013). 

It is well known that the product selectivity in ethanol conversion is directly related to 

the acid strength of the material (Martins et al., 2011). In relation to the samples selectivity at 

250°C, ethanol was catalyzed via the intramolecular and intermolecular dehydration reactions 

(Santos et al., 2015) producing ethylene and diethylether (DEE) as products, respectively 

(Table 5, Figure 9), which are only formed in acid sites. This fact demonstrated the higher 

acid character of the samples, being sample SiAl25 the most acid sample. At moderate 

temperature and conversion, DEE is produced with high selectivity in the three cases as 

expected due to the exothermic nature of the reaction (Phung and Busca, 2015a; b). The 

differences in the observed selectivity observed were small and probably related to the 

quantity of available acid sites, as the selectivity results seemed to follow the same pattern. 

Table 5. Textural and catalysis results of the calcined samples SiAl15, SiAl25 and SiAl35. 

Sample Conversion 
(media, %) 

Selectivity – 
ethylene (%) 

Selectivity – 
DEE (%) SBET (m2g-1) TPV (cm3g-1) 

SiAl15 20 33.6 66.4 332 0.19 
SiAl25 38 26.3 73.7 631 0.26 
SiAl35 20 33.4 66.6 623 0.26 
 

Figure 9. Ethanol conversion (a) and product selectivity (b) in function of time at 250°C of 

the calcined [Al] HPM-1 samples. 

 

To show that the tetrahedral aluminium was also responsible for the ethanol 

conversion, the calcined product SiAl25 was subject of two different acid treatments to 
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extract the octahedral aluminium (Appendix). The processes were based on the article of Fan 

et al., (Fan et al., 2007) and the acids chosen were hydrochloric and citric. The diffractograms 

of each material, SiAl25_HCl and SiAl25_Citric, were compared with the original sample and 

the reflections were maintained after the acid treatments, even though there was a reduction in 

the intensity of the peaks (Appendix). The 29Si MAS NMR spectra were obtained (Figure 10, 

Table 6, Appendix) and calculated the corresponding (Si/Al)NMR ratio of the treated samples. 

Comparing with the untreated sample ratio, the hydrochloric acid lixiviated both types of 

aluminium, meanwhile the citric acid mostly lixiviated octahedral aluminium. So, the most 

effective treatment for our purpose was the performed with citric acid. 

Figure 10. 29Si (a) and 27Al (b) MAS NMR spectra of the acid-treated samples. 

 

* To improve the visibility, the spectra were slightly dislocated in the intensity axis from the 

0 value. 

Both samples were tested in reaction, and the results are shown in Figure 11a and 

Table 6. The conversion of the sample SiAl25_Citric was similar to the conversion of the 

original sample, SiAl25. It was expected that the conversion of this sample would have been 

lower, as the (Si/Al)NMR ratio was even lower than in the original samples. But, the 

(AlTETRA/AlOCTA)NMR ratio doubled, indicating that even more AlTETRA was more accessible as 

there were less quantity of AlOCTA hindering the pores. In the case of the sample treated with 

hydrochloric acid, its conversion was lower; being another proof that this acid treatment was 

not adequate for this material, as it partially destroyed the structure. Its (Si/Al)NMR ratio was 

even higher than in the former sample and its (AlTETRA/AlOCTA)NMR ratio was similar, meaning 

that the hindering effect of the AlTETRA was even higher compromising the ethanol conversion 

by decreasing the number of accessible active sites.  
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Even though this reaction did not differentiate among Lewis or Bronsted acid sites 

(Pace, 2000), the selectivity (Figure 11b, Table 6) was clearly influenced by the lixiviation 

performed. When the hydrochloric acid treatment was chosen, the selectivity to ethylene 

decreased its value by a half as both aluminium types, octahedral and tetrahedral, were 

lixiviated. Meanwhile, the use of citric acid did not decrease so much its selectivity, what was 

related to the lixiviation of manly octahedral sites. So, it is demonstrated the existence of a 

relation between the ethanol dehydration reaction and the tetrahedral aluminium. 

Table 6. Results of the [Al] HPM-1 samples after acid treatment in comparison with the 

untreated SiAl25. 

Sample Conversion 
(media, %) 

Selectivity 
– ethylene 

(%) 

Selectivity 
– DEE (%) Si/Al AlTETRA/AlOCTA 

SiAl25 38 26.3 73.7 192.6 1.1 

SiAl25_Citric 38 18.2 81.8 205.0 2.4 

SiAl35_HCl 25 14.6 85.4 213.2 1.1 

 

Figure 11. Ethanol conversion (a) and product selectivity (b) in function of time at 250°C of 

[Al] HPM-1 samples after acid treatment in comparison with the untreated SiAl25. 

 

Conclusions 

In this article, it was studied a different methodology for introducing Al in HPM-1 

framework using in-situ generated seeds. Three samples of [Al] HPM-1 were studied after 

calcination: SiAl15, SiAl25 and SiAl35. In every case, SiAl15 resulted the product with lower 

Si/Al ratio, but it had the lowest average crystallinity index and the lowest 
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(AlTETRA/AlOCTA)XPS of the samples with aluminium. SiAl25 and SiAl35 had similar Si/Al 

ratios, even though SiAl35 had more bulk octahedral aluminium. All the samples were active 

to ethanol dehydration being the most active SiAl25, as it was the product with highest SBET 

and Total Pore Volume, and higher bulk tetrahedral aluminium than SiAl35. The three 

catalysts were selective for diethyl ether and ethylene and, in consequence, they presented 

acid sites. SiAl25 was treated with two different acids to relate the AlTETRA presence with the 

ethanol conversion, having the best conversion the sample treated with citric acid. The 

selectivity results demonstrated that the ethylene production allowed to show demonstrate the 

AlTETRA acid sites influence. 
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ABSTRACT 

Structure-directing is a key topic in zeolite synthesis. In this article the organic cation 

2-ethyl-1,3,4-trimethylimidazolium has been studied for the first time in the context of SAPO 

synthesis. The chosen conditions were concentrated gels and fluoride media. To understand 

the main products, CHA and LTA zeotypes, several statistical calculi were performed and 

showed that the structure-direction of the LTA zeotype was mainly due to the organic cation. 

In the case of the SAPO-CHA, temperature and a combination of dilution and time of 

synthesis also influenced the apparition of this phase. CHA zeotype was deeply studied by 

other techniques, such as thermogravimetry, HPDEC MAS NMR or nitrogen sorption. It was 

calculated that this zeotype contained one cation per unit cell and observed that the fluoride 

also directed the structure. Silicon in SAPO-CHA was in three states (SiO(4X), SiO(3X) and 

SiO(1X)), aluminium was found in tetrahedral and octahedral coordination, and phosphorous 

was also tetrahedral. The textural analysis confirmed the obtention of a microporous material 

with 510 m2g-1 BET area and 110 m2g-1 external surface. 
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Introduction 

The search for new zeolites and the complete study of the synthesis parameters are 

highlight topics nowadays (Davis, 2014; Mintova and Barrier, 2016). Several aspects may 

influence in the different stages of zeolite synthesis, like the type of initial sources, the 

solvents or the crystallization time and temperature. Among them, the use of organic structure 

directing agents (OSDAs) has been studied and treated as a strategy to look for new zeolitic 

structures (Li et al., 2015). 2-ethyl-1,3,4-trimethylimidazolium (2E134TMI) is an OSDA 

employed in pure silica zeolite synthesis (Rojas et al., 2013). This cation has already been 

used to synthesize a new quiral STW zeolite, named HPM-1. The space group of this zeolite 

is P6122 and has a 3-dimensional helical channel system (Baerlocher and Mccusker, 2007). 

Another parameter that influence in zeolite synthesis is the selection of the 

mineralizing agent (Mintova and Barrier, 2016). Basic and fluoride media are widely used, 

where the pH of the synthesis gel varies from high basicity to neutrality. The main advantages 

of using fluoride are that it lowers the number of crystal defects after calcination, allows 

reducing the quantity of solvent on the synthesis gel, and increases the SAR of the resultant 

products (Martinez-Sanchez and Perez-Pariente, 2011). Fluoride media also made possible the 

introduction of germanium in the zeolitic framework, for example in the synthesis of ITQ-24 

(Pinar et al., 2015) or ITQ-37 (Chen et al., 2016). To introduce a variety of heteroatoms in 

zeolites is important to tailor properties as acidity and basicity (van Bokhoven and Lamberti, 

2014; Ouyang et al., 2015), so they can be use in catalysis, as an example, giving these 

zeolites an increasing importance in industry (Dragomirova and Wohlrab, 2015; Ennaert et 

al., 2016). 

The introduction of phosphorous was also studied in fluoride media. Some examples 

of zeolites obtained are AlPO-16 and AlPO-5 (Schott-Darie et al., 1994; Rakoczy et al., 

1999). When other elements are introduced in these AlPOs, materials with important catalytic 

properties are obtained. An example is the SAPO’s family. These materials can be applied to 

industrial reactions, as CO2/CH4 separation or MTO process (Ahmad et al., 2016; Nazari et 

al., 2016). 



95 

When studying the structure-directing factors, computational studies are usually 

employed to understand the role of the OSDAs (Gómez-Hortigüela et al., 2009; Xu et al., 

2009; Martínez Blanes et al., 2013). Some studies also performed a priori statistical calculi to 

find the best synthesis conditions to have the most crystalline zeolite (Silva Filho et al., 2017), 

but what if these calculi were used to understand what drives to the obtention of a certain 

zeolitic phase? This type of study performed a posteriori when studying the effect of new 

OSDAs may help understanding the importance of each parameter in the obtention of each 

phase. This fact will drive to a better evaluation of what is really happening in the synthesis. 

So, the objective of this study is to evaluate the influence of the structure-directing 

factors in the synthesis of SAPOs in presence of the organic cation 2-ethyl-1,3,4-

trimethylimidazolium and using fluoride media and concentrated gels, which has not been 

studied before as far as we know. To evaluate these effects, some statistical calculi and 

several characterizations will be used. 

Experimental section 

Reagents used in the synthesis were hydrofluoric acid (40%, Sigma-Aldrich), 

tetraethylorthosilicate (TEOS, 98%, Sigma-Aldrich), 2-ethyl-1,3,4-methyilmidazolium 

hydroxide (synthesized), orthophosphoric acid (85%, Vetec), aluminium hydroxide (62.23%, 

Synth) and distilled water. 

The cation 2E134TMI was synthesized as described previously (Rojas et al., 2013). 

The synthesis of the SAPOs was made with the following synthesis gel formula: 

0.2 SiO2: 0.2 Al2O3: 0.25 P2O5: 0.5 HF: 0.5 SDAOH: x H2O 

Initially, all the reagents except the hydrofluoric acid were weighted and, then, the 

mixture was left stirring for the time needed to hydrolyse the TEOS and to obtain the quantity 

of water desired (x= 5.5, 8.2 or 13.2). After this time passed, the hydrofluoric acid was added 

and mixed mechanically. The resulting gel was divided between Teflon autoclaves and, 

afterwards, these were placed into steel autoclaves. Then, they were put into a rotatory oven at 

135 or 150°C varying the timing. Products were filtered under vacuum and washed with 

distilled water several times. Afterwards, a test with seeds addition of LTA aluminosilicate to 

the synthesis gel was done choosing the composition of x= 13.2 and 135°C. The proportion of 

seeds added was 1% gel weight. 
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Products were characterized by X-ray diffraction (Bruker D2-Phaser with Lynxeye 

detector and Cu radiation, using a divergent slit of 0.6 mm and a central slit of 1 mm, a 

measuring step of 0.02o and an acquisition time of 0.1 s, for the indexing analysis the 

measuring step was 0.004o and the acquisition time of 0.5 s), infrared spectroscopy (IV-

FTIR/ATR Spectrum 65, Perkin Elmer, samples prepared in KBr- Merck), scanning electron  

microscopy (MIRA3 FEG-SEM, Tescan) coupled to an EDS detector (Oxford instruments), 
29Si, 31P and 27Al HPDEC MAS NMR (Bruker Avance II+ 400 MHz, high power decoupled 

pulse sequence, other conditions on Table 1), ICP-OES (Thermo Fisher Scientific iCAP 6300 

Duo with simultaneous CID detector (Charge Injection Device), Burgener Miramist nebulizer 

and cyclonic nebulisation chamber, 0.050 g of the samples were dissolved in HNO3/HCl and 

using a microwave digester Mars Xpress, CEM), and thermogravimetric analysis 

(simultaneous thermogravimetric and calorimetric analyser SDTQ600, TA instruments, Pt 

sample holder, air atmosphere, heating: 10oC/min from 25 to 900oC, 0.005 g of sample each 

measure). Some samples were calcined at 550°C for 6 hours to perform a textural analysis. 

Then, the calcined samples were pre-treated at 200oC under vacuum overnight in a 

Micromeritics Asap 2020, and the measurement was performed using nitrogen as a probe 

molecule. 

Table 1. Conditions of the 29Si, 27Al and 31P HPDEC MAS NMR experiments. 

Nuclei 29Si 31P 27Al 

Reference Caolinite 
Sodium 

monophosphate 
Aluminum 

hexahydrate 
Resonance frequency (MHz) 79.49 161.97 104.26 

Rotation angle of the pulse (o) 90 90 90 
Acquisition time (s) 0.08 0.04 0.03 

Interval between pulses (s) 60 2 2 

 

Results and Discussions 

Initially, samples were obtained at 150oC varying the H2O quantity in x= 5.5, 8.2 and 

13.2 and at different times (1-8 days). They were characterized by X-ray diffraction. Results 

are represented in Figures 1-2 and in the Appendix. Samples obtained at 135oC were also 

characterized by X-ray diffraction and results are in Figures 3-4 and in the Appendix. The 

materials obtained in each experiment are summarized in Table 2. Several interesting studies 
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modulating the Si content of the SAPO-CHA have already been published, as the studies 

performed by Tan et al. (Tan et al., 2002). So, in this research this fact will not be evaluated. 

Table 2. Summary of the synthesis. 

Temperature (ºC) X(H2O) Sample Time (days) 

Zeolitic type 
(Martinez-Franco 
et al., 2015; Wang 

et al., 2012) 

150 5.5 1 <1 (6.5h) CHA 

  2 1 CHA 

  3 2 CHA 

  4 4 CHA 

  5 8 CHA 

 8.2 6 1 CHA 

  7 2 CHA 

  8 5 CHA 

  9 7 CHA 

 13.2 10 1 CHA, LTA 

  11 2 CHA, LTA 

  12 4 CHA, LTA 

  13 6 CHA, LTA 

135 5.5 14 <1 (17h) CHA, LTA 

  15 1 CHA, LTA 

  16 2 CHA, LTA 

  17 2.8 (68h) CHA, LTA 

 8.2 18 >1 (16h) Lamellar 

  19 1 LTA, lamellar 

  20 2 LTA, lamellar 

  21 3 LTA, lamellar 

 13.2 22 >1 (19h) LTA, lamellar 

  23 1 LTA, lamellar 

  24 2 LTA, lamellar 
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Two types of zeotypes were mainly obtained: CHA and LTA (Martinez-Franco et al., 

2015; Wang et al., 2012). The products obtained at both temperatures were accompanied by a 

mixture of unknown lamellar phases separated by decantation in the case of SAPO-CHA. But, 

when the H2O proportion increased at 135oC, it was very difficult to decant due to the low 

quantity of product of the other phase, so this lamellar phase was also represented in the 

diffractograms. What it was able to be inferred of the syntheses at 150oC was that a higher 

dilution the CHA zeotype co-existed with a LTA phase. When the temperature decreased, the 

LTA zeotype remained in every dilution studied, and, interestingly, the CHA phase 

disappeared when gels were more diluted. 

Trying to isolate the SAPO-LTA, a synthesis test with LTA seeds was performed 

choosing the conditions that incremented the quantity of LTA obtained, at 135°C and x= 13.2 

(Figure in Appendix). The product found was the mixture of the unknown lamellar materials 

with no sign of the LTA phase. 

Figure 1. X-ray diffractograms of the samples 1-5 (150oC). 
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Figure 2. X-ray diffractograms of the samples 10-13 (150oC). 

 

Figure 3. X-ray diffractograms of the samples 14-17 (135oC). 
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Figure 4. X-ray diffractograms of the samples 22-24 (135oC). 

 

LTA framework density is 14.2 T/1000 Å3, while CHA framework density is 

15.1 T/1000 Å3 (Baerlocher et al., 2007a; b). The space group of LTA framework reported in 

the International Zeolite Association, IZA, database is Pm-3m. LTA zeolites have                  

3-dimensional channel system and their tiling arrangement is t-cub, which corresponds to the 

well-known D4R cages, t-toc, being the previous called SOD, and t-gre, which is the 

corresponding tiling name of LTA units. This structure is represented in Figure 5. It was used 

the CIF file from the IZA Database and the program Mercury 3.5 (Macrae et al., 2006). 

Meanwhile, the space group of CHA framework is R-3m and, again, its tiling 

composition is t-hpr, related to D6R cages, and t-cha, which are the previous CHA units. In 

the same way, this structure is represented in Figure 6. In the case of SAPO-CHA synthesized 

in hydrofluoric media, it was reported that the symmetry found could be triclinic due to the 

presence of the fluoride in the framework (van Steen et al., 2004). Hydrofluoric media has a 

role as mineralizer in zeolite synthesis, and it also acted as co-director, usually locating the 

fluoride anions in D4R cages, as in the studies reported by Camblor et al. and Vidal-Moya et 

al. (Camblor et al., 1999; Vidal-Moya et al., 2003). 
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Figure 5. LTA structure. 

 

Figure 6. CHA structure. 
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So, the resulting SAPO-CHA of these syntheses was indexed after and before 

calcination. It was performed a thermogravimetric analysis of the pure SAPO-CHA to define 

its calcination temperature and, afterwards, calculate the quantity of cation/unit cell in 

combination with the ICP-OES data. The thermogravimetric curve (Figure 7) represented 

three main losses: 5.19% until 161.7ºC, 1.8% until 338.7 ºC, and 18.4% until 662.3ºC. The 

first and second losses were related to the zeolitic water. The third loss was the decomposition 

of the cation, which was used afterwards to calculate the quantity of cation occluded in the 

pores. 

Figure 7. Thermogravimetric analysis of the CHA zeotype: TG and DSC (Sample 5). 

 

According to this result, the sample was calcined at 550ºC for 6 hours. Indexing-

quality X-ray diffractograms were recorded before and after the calcination and the program 

DICVOL06 (Boultif and Louer, 1991) was used to calculate the unit cell parameters, shown 

in Table 3 and Appendix. Both indexing data resulted in triclinic symmetry confirming the 

presence of the fluoride in the framework. The calcined sample presented a distortion of the 

framework compared to the non-calcined sample, due to the liberation of at least part of the 

fluoride and the decomposition of the organic cation. 
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Table 3. Indexing results. 

Parameters As-made Calcined 

a (Å) 9.4017 8.7924 

b (Å) 9.4097 9.6301 

c (Å) 9.5228 9.8588 

Α 94.468 86.3380 

Β 95.399 81.365 

Γ 94.989 73.271 

Vol (Å3) 832.39 790.18 

M(20 as-made/17 calcined) 17.9 20.8 

F(20 as-made/17 calcined) 32.0 26.5 

Refined zero-point shift (deg. 2-theta) 0.0242 0.0049 
 

Some statistical calculi were performed to achieve a better understanding of these 

results. Firstly, it was calculated the relative crystallinity of SAPO-LTA and SAPO-CHA 

obtained at 1 and 2 days at the higher and lower dilution to build a 23 factorial experiment 

(Barros Neto et al., 2007), as shown in Table 4. The concept of relative crystallinity employed 

in this study is used as a comparison between samples, calculating the intensity of the chosen 

peaks and, then, transforming the data in a percentage. Secondly, the main effects and the 

combined effects were obtained as described in the book by Neto, Scarminio and Bruns, 

which are represented in Table 5. Due to the high error values of the SAPO-LTA statistical 

analysis, almost every effect studied resulted non-determinant in the synthesis of this phase. 

Interestingly, just the dilution (X(H2O)) had some effect in this case, meaning that continuous 

dilutions of the synthesis gel favours the obtention of the SAPO-LTA phase. So, these facts 

indicated that the most important factor that influenced the appearance of SAPO-LTA was the 

use of the OSDA. Analyzing the statistical calculi of the SAPO-CHA, the errors were low, so 

the data was ordered in a Pareto representation (Figure 8). The p-value obtained showed that 

every parameter had statistical significance. So, SAPO-CHA synthesis was influenced by the 

use of the OSDA and also by the three parameters. The temperature chosen seemed to have 

the biggest influence, followed by the time of synthesis. A combination of two factors showed 

that varying the dilution and the timing had a higher influence that any other combination of 

temperature. This statistical analysis confirmed the observations made before: SAPO-LTA is 

favoured at low temperatures, and SAPO-CHA appeared preferably at higher temperatures. 

Even though the SAPO-LTA was not obtained as a pure-phase in the proposed experiments, it 
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has been reported its synthesis using the bulky organic cations DDBQ and MTPQ (Martínez-

Franco et al., 2015), which have higher C/N ratios (14 DDBQ, 13 MTPQ and 4 2E134TMI). 

As a result of the experiments of this article and in comparison with the mentioned article, the 

SAPO-LTA may be obtained as a pure phase in more diluted synthesis and with lower Si 

content, which may have a relation with the C/N ratio of the organic cation. 

Table 4. Input data for the statistical study. 
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C
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1 15 135 5.5 1 16.44 1.16 8.80 1.51 1.32 1.41 
2 16 135 5.5 2 16.44 10.32 13.38 4.38 3.59 3.98 
3 23 135 13.2 1 30.74 14.77 22.76 0 0 0 
4 24 135 13.2 2 45.05 74.91 59.98 0 0 0 
5 2 150 5.5 1 0 0 0 24.36 23.24 23.80 
6 3 150 5.5 2 0 0 0 14.07 12.69 13.38 
7 10 150 13.2 1 51.01 48.17 49.59 4.29 2.41 3.35 

8 11 150 13.2 2 83.11 70.70 76.91 46.90 50.03 48.46 

[a] C=  relative crystallinity. [b] AC= average relative crystallinity. 

Table 5. Main and combined effects. 

 LTA CHA 

Average crystallinity for all the samples 28.9±12.3 11.8±0.1 

Main effects 

Temperature (T) 5.40±24.7 20.9±0.3 

X(H2O) 46.8±24.7 2.3±0.3 

Time (t) 17.3±24.7 9.3±0.3 

2-factors interaction 

T·X(H2O) 16.5±24.7 5.0±0.3 

T·t -3.6±24.7 8.0±0.3 

X(H2O)·t 15.0±24.7 13.2±0.3 

3-factors interaction 

T·X(H2O)·t -1.3±24.7 14.5±0.3 
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Figure 8. SAPO-CHA: Pareto graphic. 

 

 

In zeotypes the morphologies usually differed from the pure silica or aluminosilicates 

due to the different compositions (heteroatoms or even different structure directing agent) and 

structural variety. The obtained samples were observed by SEM and two morphologies were 

found. Cubic-planar CHA zeotype was clearly viewed in Figure 9, whose morphology was 

similar to those previously reported (Wang et al., 2012). Meanwhile, the morphology of the 

LTA zeotype was octahedrical, as it can be seen in Figure 10, and it was also in agreement 

with the presented in literature (Schmidt et al., 2014). The mapping of the sample by EDS 

coupled to the FEG-SEM, in Figure 11, showed that both zeotypes incorporated the three 

elements (Si, Al and P). 
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Figure 9. SEM micrograph of SAPO-CHA (Sample 17). 

 

Figure 10. SEM micrograph of SAPO-LTA (Sample 17). 

 



Figure 11.

In the case of the CHA zeotype, it was possible to obtain the composition by 

ICP-OES. The molar ratios Si/Al and Al

resulting in [Si0.03Al0.49P0.48

quantity of cations per unit cell 

losses, resulting in approximately 1 cation/u.c.

Infrared spectroscopy was used to characterize the as

The three bands between 1600 and 1400 cm

to the presence of the organic molecule in the framework 

Figure 11. EDS mapping of the SAPOs (Sample 17).

In the case of the CHA zeotype, it was possible to obtain the composition by 

OES. The molar ratios Si/Al and Al/P calculated were 0.06 and 1.04 respectively, 

0.48]. As it was mentioned, it is possible to do an estimative of the 

quantity of cations per unit cell (u.c.) with the ICP-OES data and the thermogravimetric 

approximately 1 cation/u.c. 

Infrared spectroscopy was used to characterize the as- made SAPO

The three bands between 1600 and 1400 cm-1 were related to the aromatic C=C bending, due 

to the presence of the organic molecule in the framework (Silverstein 
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EDS mapping of the SAPOs (Sample 17). 

 

In the case of the CHA zeotype, it was possible to obtain the composition by          

/P calculated were 0.06 and 1.04 respectively, 

]. As it was mentioned, it is possible to do an estimative of the 

OES data and the thermogravimetric 

made SAPO-CHA (Figure 12). 

were related to the aromatic C=C bending, due 

(Silverstein et al., 2004). The 
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internal tetrahedra (T-O-T) asymmetric stretch appeared at 1110 cm-1 with a shoulder at 

1206 cm-1, and the symmetric stretch was related to the band at 732 cm-1 (Ashtekar et al., 

1994; Karge, 2001) The D6R cages vibrations were also located in the spectrum at 641 and 

566 cm-1 (Ashtekar et al., 1994). Finally, the T-O bend vibrations were assigned to the last 

three bands at 528, 482 and 439 cm-1. 

Figure 12. Infrared spectrum of the CHA zeotype (Sample 7). 

 

The different NMR spectra of the CHA zeotype are showed in Figures 13, 14 and 15. 

To obtain a better resolution of the peaks, the pulse sequence HPDEC (high power decoupled) 

was chosen. Initially, the 29Si HPDEC MAS NMR was obtained and there appeared three 

bands: -71.5, -89.1 and -106.8 ppm related to SiO(4X) and SiO(1X) respectively (Engelhardt, 

1991; Watanabe et al., 1993; Tan et al., 2002). Regarding to the 27Al HPDEC MAS NMR of 

SAPO- CHA zeotype, there were two bands: one at 42.2 ppm related to the tetrahedral 

aluminium, and another at -10.3 ppm that was referred to hexacoordinated aluminium, 

probably due to its interaction with the fluoride anion (Vistad et al., 2003). As it is reported in 

literature, aluminium in zeotypes can be in tetrahedral, pentahedral or octahedral coordination 

(Yu and Xu, 2003). To finalize the NMR discussion, 31P HPDEC MAS NMR spectrum was 

obtained and one band at -26 with a shoulder at -17.4 ppm was observed. These bands pointed 

out the tetrahedral state of the P inside the framework (Tan et al., 2002). 

 

 



109 

Figure 13. 29Si HPDEC MAS NMR results of CHA zeolite (Sample 4). 

 

Figure 14. 27Al HPDEC MAS NMR results of CHA zeolite (Sample 4). 
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Figure 15. 31P HPDEC MAS NMR results of CHA zeolite (Sample 4). 

 

Finally, it was obtained the nitrogen sorption isotherm from calcined CHA zeotype, 

which is represented in the Appendix. The isotherm was the characteristic of microporous 

solids, type IV, and had a little hysteresis type H4, referred to a small quantity of slit-shaped 

mesopores probably caused by particle agglomeration (Lowell and Shields, 1984; Thommes 

et al., 2015). The superficial area was calculated applying the BET equation in combination 

with the Keii-Rouquerol criteria (Brunauer et al., 1938; Rouquerol et al., 1999). The b point 

resulted in a p/p0 of 0.009 and SBET in 510 m2g-1 with an error of 1.7%. The alpha plot 

methodology was used to calculate V0 and external + mesoporous surface (Gregg and Sing, 

1991; Jaroniec et al., 1999). The results were V0* equal to 0.16 cm3g-1 and the 

external+mesoporous surface was 80 m2g-1. At p/p0 of 0.984 it was applied the Gurvich rule 

(Rouquerol et al., 1999). The total pore was 0.27 cm3g-1 which allowed to calculate the 

mesopore volume with the data obtained in the alpha plot, resulting in 0.11 cm3g-1. All this 

results are summarized in Table 6. 
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Table 6. Isotherm analysis (Sample 5). 

Method Parameters Value 

BET 
SBET (m2·g-1) 510 

b point 0.009 
V0 (cm3·g-1) 0.16 

   

Alpha plot 
external+ mesoporous surface (m2·g-1) 80 

Total pore volume (cm3·g-1) 0.27 

   

Gurvich rule Mesopore volume (cm3·g-1) 0.11 

 

Conclusions 

In this research it was study the influence of the OSDA 2-ethyl-1,3,4-

trimethylimidazolium in SAPO synthesis employing HF as mineralizing agent. It resulted in 

two main products: LTA and CHA zeotypes, whose morphologies were octahedral and cubic 

planar respectively. 

Several statistical calculi were performed to understand the main structure-direction 

factors that influenced in the obtention of each phase. The SAPO-LTA was obtained mainly 

due to the OSDA. In the case of SAPO-CHA, temperature and a combination of dilution and 

time of synthesis also had a role in the apparition of this phase. 

The LTA zeotype was not possible to be isolated in the conditions studied; meanwhile 

the SAPO-CHA was fully characterized. It was found that it contained one cation per unit cell 

and that fluoride also was a structure-directing agent. By HPDEC NMR, the different 

framework T-atoms were studied: Si was found in three environments (SiO(4X), SiO(3X) and 

SiO(1X)), Al was present in tetrahedral and octahedral coordination, and P was also 

tetrahedral. SAPO-CHA was a microporous material with 510 m2g-1 BET area and 110 m2g-1 

external surface. 

Finally, this article is an example of how several other factors influenced in zeolite 

synthesis and that it is also possible to evaluate their effects by statistical calculi represented 

by a Pareto graphic. 
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CHAPTER 8. FINAL CONSIDERATIONS 

In this doctoral thesis the general objective was to improve the understanding of the  

2-ethyl-1,3,4- trimethylimidazolium (2E134TMI) role in zeolite and zeotype synthesis. In 

order to achieve it, several partial objectives were enounced and fulfilled. Their results were 

presented in the form of chapters in the present doctoral thesis. A summary of this new 

knowledge is the following: 

1. It has been proven the first cation-silica interactions in the early 

stages of the gel preparation and proposed a hypothesis of the HPM-1 helical channels 

formation based on them. 

2. The nucleation of the same zeolite was described in terms of 

crystallinity, form, atomic positions (i.e. internal or external, or cages formed) and 

particles population sizes. 

3. Aluminium introduction in HPM-1 by an alternative 

methodology was in-depth studied and tested in ethanol dehydration, showing that the 

AlTETRA was the main acid site involved in the reaction. 

4. 2E134TMI was also studied in the context of SAPO materials 

employing hydrofluoric media, obtaining SAPO-CHA and SAPO-LTA. The synthesis 

conditions were statistically treated, and it was concluded that in the case of SAPO-

CHA, temperature and a combination of dilution and time of synthesis also influenced 

in the structure- direction. 

Not only did these results contributed to the general objective, but also opened a wide 

range of possible future studies. The nucleation and growth of HPM-1 needs to be study in-

situ once the appropriate measurement equipment would be available. It would also be very 

interesting to perform an operando mechanistic study of the ethanol dehydration reaction with 

Al-HPM-1. And there are also tons of different zeotype conditions to systematize, as to try to 

obtain in greater quantity the SAPO-LTA. 

The imidazolium-derivatives are important and full of possibilities. The present doctoral 

thesis is just a bit of what can be done. The importance of continuing studying these 

compounds will drive to a complete rationalization of the synthesis and a future application in 

industry more useful, easier, cheaper and fully-oriented to the prospective consumer. 
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CHAPTER 9. OTHER RESEARCH WORKS 

In parallel to the development of this doctoral research, some other related studies, not 

previously mentioned, were performed. Their information is the following: 

o Articles 

“Unconventional silica source employment in zeolite synthesis: Raw powder glass in MFI 

synthesis case study”. 

P. VINACHES, E. P. REBITSKI, J. A. B. L. R. ALVES, D. M. A. MELO, 

S. B. C. PERGHER. Materials Letters, 159, 233–236, 2015. doi:10.1016/j.matlet.2015.06.120 

Abstract: In this work, the use of raw powder glass as a silica source was studied for silica 

MFI zeolite synthesis. The zeolite was successfully obtained by employing this silica source 

treated with a hydrochloric acid solution and as provided. Synthesis was performed using 

hydrofluoric acid as the mineralizing agent and tetrapropylammonium hydroxide as the 

organic structure-directing agent. Scanning electron microscopy micrographs revealed 

elongated crystals of larger size when the raw powder glass employed contained a lower silica 

percentage. X-ray diffraction patterns of the resulting products indicated that Fe-silicalite-1 

was obtained and the Si/Fe ratio was calculated by interpolating the unit cell volume of the 

obtained zeolites in a linear regression created by employing literature data. The presence of 

iron was also confirmed by the presence of ν(Si–O–Fe)sym.str in the infrared spectra. 

Thermogravimetric analyses indicated good stability. This study concluded with a 

reproducible and optimized method for obtaining this versatile zeolite from raw powder glass 

with different compositions. 

 

“Raw powder glass as a silica source in the synthesis of colloidal MEL zeolite”. 

P. VINACHES, J. A. B. L. R. ALVES, D. M. A. MELO, S. B. C. PERGHER. Materials 

Letters, 178, 217-220, 2016. http://dx.doi.org/10.1016/j.matlet.2016.05.006 

Abstract: Colloidal MEL zeolite was successfully synthesized using raw powder glass as a 

new silica source at 114 and 150°C. Tetrabutylammonium hydroxide and hydrofluoric acid 

were used and hydrothermal synthesis was performed. Results concluded that the samples 

have plate-like morphologies in both synthesis conditions. Thermogravimetric analysis 

showed that they are stable and their sorption isotherms shapes coincided with the reported. 
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Abstract: In this work it was studied the expanded perlite structure and also the same after 

heating at 600ºC and 800° C. It was conducted several acid treatment tests to study the 

removal of aluminium, helping to control the Si/Al ratio of the raw material. The material was 

characterized by X-ray diffraction (XRD), X-ray fluorescence (FRX), scanning electron 

microscopy (SEM), infrared spectroscopy (FTIR), 27Al and 29Si magic angle nuclear magnetic 

resonance (MAS NMR) and textural analysis. It was concluded that this material presented 

appropriate properties for its use as raw material in synthesis. 
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CHAPTER 10. APPENDIX 

 

 SUPPLEMENTARY MATERIAL OF CHAPTER 6. 

 

ARTICLE: INTRODUCTION OF Al IN HPM-1 FRAMEWORK BY IN-SITU GENERATED 

SEEDS METHODOLOGY. 

 

MAS NMR spectra 

Table S1. 27Al and 29Si MAS NMR chemical shifts of the as-made and calcined samples 

SiAl15_asmade, SiAl15, SiAl25_asmade, SiAl25, SiAl35_asmade and SiAl35. 

Sample 

27Al MAS NMR 29Si MAS NMR 

AlTETRA 
(ppm) 

AlOCTA 
(ppm) 

Q4 (Si[OSi]4) Q3 

Out of D4R On D4R Si[OSi]3[OAl] 

SiAl15 
as made 64.2 12.9 -113.82 -106.10 -101.2 

SiAl15 60.2 6.6 -115.5 -109.7 -109.0 -108.2 -101.9 

SiAl25 
as made 63.7 7.2 -113.4 -105.8 -95.1 

SiAl25 59.5 5.9 -115.0 -109.2 -108.4 -107.7 -101.4 

SiAl35 
as made 61.5 7.2 -113.6 -106.0 -97.7 

SiAl35 69.9 12.8 -115.5 -109.7 -109.2 -108.2 -101.9 

*As made pure silica is reported to have only two Q4 chemical shifts: -113 ppm (out of D4R) 

and -106 ppm (on D4R). Calcined pure silica corresponded to four Q4 chemical shifts: -115.1 

ppm (out of D4R) and three chemical shifts from -107.7 to -109.4 ppm (on D4R). 
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Table S2. Si/Al e AlTETRA/AlOCTA ratios of the as-made and calcined samples SiAl15_asmade, 

SiAl15, SiAl25_asmade, SiAl25, SiAl35_asmade and SiAl35. 

Sample 
SiAl15 

as made* 
SiAl15 

SiAl25 
as made 

SiAl25 
SiAl35  
as made 

SiAl35 

Si/Al ratio 103.9 185.0 53.7 192.6 133.6 192.3 

AlTETRA/AlOCTA 
ratio 

0.52 1.6 1.85 1.3 2.14 0.9 

*Due to the quality of the 29Si MAS NMR spectra of the as-made samples, the results are 

considered to have 10% error on the Si/Al ratio calculations. 

29Si MAS RMN spectrum of the as-prepared samples: 

 

27Al MAS RMN of the as-made samples: 
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Textural analysis results: 

The nitrogen sorption isotherms of the calcined samples SiAl15, SiAl25 and SiAl35 were 

obtained and results are shown in the next pages. The three isotherms were type IV, 

characteristic of microporous solids, and had a little hysteresis type H4 related to a small 

quantity of slit-shaped mesopores, probably due to particles agglomeration.1, 2 The superficial 

area was calculated employing the BET equation (1) and applying the Keii-Rouquerol criteria 

for determining the range.1, 3  

(1) 
( / )

( )
= +

( )( / )
 

Where p/p0 is the relative pressure, V is the adsorbed gas quantity, c is the BET constant and 

Vm is the monolayer adsorbed gas quantity. The Dubinin-Radushkevi (DR) method was also 

employed to analyse the isotherm and is based on the equations (2) to (4).4  

(2) 𝛽 =  

(3) log (𝑉) = log (𝑉 ) − 𝐷(log )  

(4) 𝐷 = 2.303
( )

 

Where β is the affinity coefficient, E and E0 are adsorption potentials belonging to different 

adsorbent vapours interacting with the same adsorbant, and D is a constant derived from the 

DR equation. The alpha plot methodology was chosen to compare with the results of the DR 

method. It is used to calculate V0 and external + mesoporous surface using a reference. The 

coefficient α is similar to p/p0 and is defined in equation (5). The standard used in the present 

application is the silica standard found in the book of Gregg and Sing.5, 6  

(5) 𝛼 =  
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The Gurvich rule is applied to know the total volume of pores.1 The adsorbed gas quantity at 

p/p0 equal to 0.984 is used, as it is the value in which all the pores will be very near 

saturation. The resulting value of total volume of pores is, then, subtracted to the volume of 

micropores obtained by DR and alpha plot methods to obtain the mesopores volume. 

o Sample SiAl15 

Nitrogen sorption isotherm: 

 

Table S3. Textural analysis of the calcined sample SiAl15. 

BET method Gurvich rule 
SBET 
(m2g-1) 

b point 
Total pore 

volume (cm3·g-1) 
Mesopores volume 

(DR) (cm3·g-1) 
Mesopores volume 

(Alpha plot, cm3·g-1) 
332 0.013 0.19 0.09 0.06 

Alpha plot method Dubinin- Radushkevi method 

V0 
(cm3·g-1) 

external+ 
mesoporous 

surface (m2g-1) 

Microporous surface 
(BET, m2g-1) 

D Β V0 
(cm3·g-1) 

0.10 66 266 0.0134 0.33 0.13 
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o Sample SiAl25 

Nitrogen sorption isotherm: 

 

Table S4. Textural analysis of the calcined sample SiAl25. 

BET method Gurvich rule 
SBET 
(m2g-1) 

b point 
Total pore 

volume (cm3·g-1) 
Mesopores volume 

(DR) (cm3·g-1) 
Mesopores volume 

(Alpha plot, cm3·g-1) 
631 0.014 0.26 0.03 0.06 

Alpha plot method Dubinin- Radushkevi method 

V0 
(cm3·g-1) 

external+ 
mesoporous 

surface (m2g-1) 

Microporous surface 
(BET, m2g-1) 

D Β V0 
(cm3·g-1) 

0.20 109 522 4.667·10-3 0.33 0.23 
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o Sample SiAl35 

Nitrogen sorption isotherm: 

 

Table S5. Textural analysis of the calcined sample SiAl35. 

BET method Gurvich rule 
SBET 
(m2g-1) 

b point 
Total pore 

volume (cm3·g-1) 
Mesopores volume 

(DR) (cm3·g-1) 
Mesopores volume 

(Alpha plot, cm3·g-1) 
623 0.009 0.26 0.02 0.06 

Alpha plot method Dubinin- Radushkevi method 

V0 
(cm3·g-1) 

external+ 
mesoporous 

surface (m2g-1) 

Microporous surface 
(BET, m2g-1) 

D Β V0 
(cm3·g-1) 

0.20 105 518 9.046·10-3 0.33 0.24 
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Acid treatment of Sample SiAl25: 

Hydrochloric acid treatment: 0.2g of the sample SiAl25 was treated with 0.5 mol/L HCl 

(37%, Proquimios) at 80ºC for 2 h. Afterwards, the product was filtered and washed with 

distilled water until reached pH 7. 

Citric acid treatment: 0.2 g of the sample SiAl25 was treated with 0.5 mol/L citric acid 

(>99.5%, Sigma Aldrich) at 80ºC for 2 h. Afterwards, the product was filtered and washed 

with distilled water until reached pH 7. 

X-ray diffractograms: 

 

Table S6. 27Al and 29Si MAS NMR chemical shifts of the acid treated samples. 

Sample 

27Al MAS NMR 29Si MAS NMR 

AlTETRA 
(ppm) 

AlOCTA 
(ppm) 

Q4 (Si[OSi]4) Q3 

Out of D4R On D4R Si[OSi]3[OAl] 

SiAl25 
HCl 62.8 8.9 -115.2 -108.9 -100.4 

SiAl25 
Citric 62.5 8.2 -115.4 -109.8 -109.0 -108.1 -101.3 
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 SUPPLEMENTARY MATERIAL OF CHAPTER 7. 

 

ARTICLE: ORGANIC STRUCTURE-DIRECTING AGENTS IN SAPO SYNTHESIS: THE 

CASE OF 2-ETHYL-1,3,4-TRIMETHYLIMIDAZOLIUM. 

X-ray diffractograms of the intermediate dilutions: 

X-ray diffractograms of the samples 6-9 and 18-21 are shown in the following figures. 
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X-ray diffractogram of the test with LTA seeds: 

X-ray diffractograms of the samples 25-28 are shown in the following figure. 

 

 

Adsorption/desorption isotherm of CHA zeotype (Sample 5): 

The sorption isotherm of the SAPO-CHA is shown in the following figure. 
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Indexing results: 

The results of the indexing by DICVOL06 are shown in the following pages. Here it is 

presented the crystallographic system that resulted of each sample and the unit cell parameters 

with the error (represented in several different parameters), exactly as it appeared in the 

program. It is also shown a table with the hkls and d and 2theta, which were compared to the 

initial data entered manually. 

o Indexing of sample SAPO-CHA as-made data (DICVOL06) 

TRICLINIC SYSTEM 

DIRECT PARAMETERS :    A= 9.4017 B= 9.5228 C=12.8556 

ALP= 46.864 BET= 97.663 GAM= 95.399 

VOL= 832.39 

STANDARD DEVIATIONS :         0.0038    0.0034    0.0038 

0.019      0.028      0.025 

REFINED ZERO-POINT SHIFT : 0.0242 deg. 2-theta 

REDUCED CELL:    A= 9.4017 B= 9.4097 C= 9.5228 

ALP= 94.468 BET= 95.399 GAM= 94.989 

VOL= 832.39 

* NUMBER OF LINES 

- LINES INPUT      =   21 

- LINES INDEXED    =   21 

- LINES CALCULATED =   91 

* MEAN ABSOLUTE DISCREPANCIES 

<Q> =0.4554E-04 

<DELTA(2-THETA)> =0.7411E-02 

MAX. ERROR ACCEPTED (DEG. 2-THETA) =0.2500E-01 

* FIGURES OF MERIT 

1.- M( 20) =   17.9 

2.- F( 20) =  32.0(0.0073,   86) 

3.- F( 21) =   31.1(0.0074,   91) 
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H K L DOBS DCAL DOBS-DCAL 2TH.OBS 2TH.CAL DIF.2TH. 
0 0 1 9.36416 9.36262 0.00154 9.437 9.439 -0.002 
1 0 0  9.34147 0.02269  9.460 -0.023 
1 0 -1 6.94828 6.94669 0.00159 12.730 12.733 -0.003 
1 1 1 6.33375 6.33086 0.00289 13.971 13.977 -0.006 
1 1 0 5.57045 5.56815 0.00230 15.897 15.904 -0.007 
1 1 2 4.96486 4.96629 -0.00143 17.851 17.846 0.005 
0 2 2 4.73054 4.72844 0.00210 18.743 18.751 -0.008 
0 0 2 4.67249 4.67527 -0.00277 18.978 18.967 0.011 
0 1 -1 4.34378 4.34310 0.00068 20.429 20.432 -0.003 
1 0 -2  4.34813 -0.00435  20.408 0.021 
2 0 -1  4.34176 0.00202  20.439 -0.010 
1 0 2 4.03159 4.02857 0.00302 22.030 22.047 -0.017 
2 -1 -2  4.02908 0.00251  22.044 -0.014 
1 -1 1 3.87651 3.87556 0.00095 22.923 22.929 -0.006 
1 1 3 3.55616 3.55663 -0.00047 25.020 25.017 0.003 
2 0 -2 3.46796 3.47000 -0.00203 25.667 25.652 0.015 
1 2 0 3.25150 3.25408 -0.00258 27.408 27.386 0.022 
2 2 2 3.16250 3.16264 -0.00014 28.195 28.194 0.001 
0 1 -2 3.03829 3.03828 0.00001 29.373 29.373 0.000 
3 0 -1  3.03721 0.00108  29.384 -0.011 
1 1 -2 2.94201 2.94119 0.00083 30.357 30.366 -0.009 
1 -3 -4 2.88045 2.88087 -0.00043 31.022 31.017 0.005 
1 -1 -4 2.85478 2.85381 0.00098 31.308 31.319 -0.011 
1 3 2  2.85682 -0.00204  31.285 0.023 
2 2 0 2.78292 2.78191 0.00101 32.138 32.150 -0.012 
3 -2 -2 2.7272 2.72707 0.00013 32.813 32.815 -0.002 
0 2 -1 2.71010 2.71127 -0.00118 33.026 33.011 0.015 
2 0 -3  2.71187 -0.00178  33.004 0.022 
3 0 -2  2.70929 0.00080  33.036 -0.010 

 

o Indexing of sample SAPO-CHA calcined data (DICVOL06) 

TRICLINIC SYSTEM 

DIRECT PARAMETERS :   A= 9.6301 B= 8.7924 C=12.1850 

ALP=126.877 BET= 81.024 GAM=106.729 

VOL= 790.18 

STANDARD DEVIATIONS :          0.0047    0.0041    0.0040 

0.040       0.043       0.043 

REFINED ZERO-POINT SHIFT : 0.0049 deg. 2-theta 

REDUCED CELL:    A= 8.7924 B= 9.6301 C= 9.8588 

ALP= 86.338 BET= 81.365 GAM= 73.271 

VOL= 790.18 
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* NUMBER OF LINES 

- LINES INPUT      =   17 

- LINES INDEXED    =   17 

- LINES CALCULATED =   97 

* MEAN ABSOLUTE DISCREPANCIES 

<Q> = 0.3714E-04 

<DELTA(2-THETA)> = 0.6609E-02 

MAX. ERROR ACCEPTED (DEG. 2-THETA) = 0.2500E-01 

* FIGURES OF MERIT 

1.- M( 17) =   20.8 

2.- F( 17) =   26.5(0.0066,   97) 

 

H K L DOBS DCAL DOBS-DCAL 2TH.OBS 2TH.CAL DIF.2TH. 
1 0 0 9.22086 9.22497 -0.00410 9.584 9.580 0.004 
0 1 0 6.82391 6.81998 0.00393 12.963 12.971 -0.008 
1 -1 0 6.26990 6.26957 0.00033 14.114 14.115 -0.001 
1 -1 2 5.48781 5.48870 -0.00089 16.138 16.135 0.003 
1 1 0 4.93089 4.93400 -0.00310 17.975 17.964 0.011 
2 0 0 4.61064 4.61130 -0.00066 19.235 19.232 0.003 
1 0 2 4.27119 4.27055 0.00064 20.780 20.783 -0.003 
0 2 -1 4.04319 4.0413 0.00189 21.966 21.976 -0.010 
0 1 -3 3.97212 3.97596 -0.00383 22.364 22.342 0.022 
1 -1 3 3.81900 3.81646 0.00254 23.273 23.289 -0.016 
2 -1 -1 3.53378 3.53281 0.00098 25.181 25.188 -0.007 
0 2 0 3.40973 3.40934 0.00039 26.113 26.116 -0.003 
2 -1 3 3.20123 3.20132 -0.00010 27.847 27.846 0.001 
1 2 -3 3.15155 3.15066 0.00089 28.295 28.303 -0.008 
1 1 2 2.89282 2.89284 -0.00002 30.886 30.886 0.000 
3 -2 2  2.89487 -0.00205  30.864 0.022 
1 -3 1 2.67252 2.67345 -0.00093 33.504 33.492 0.012 
0 3 -4 2.58180 2.58143 0.00036 34.718 34.723 -0.005 
2 2 -3  2.58023 0.00157  34.740 -0.022 
3 -1 3  2.58183 -0.00004  34.717 0.001 

 

 

 


