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Abstract During the last years, a tremendous progress has been achieved in the 

application of new zeolite materials in many different sectors through different pi-

oneering innovations in the field of zeolite synthesis. At the very core of the pro-

duction of these new zeolite materials lies the use of organic species as structure-

directing agents (SDA), which has been recognized as the most important factor to 

determine the zeolite product rendered after the crystallization process. These or-

ganic species organize the inorganic zeolitic units and drives the crystallization 

pathway towards the production of particular zeolite framework types. This struc-

ture-direction phenomenon frequently works in combination with several other 

factors related to the chemical composition of the synthesis gels, mainly use of 

fluoride, concentration (H2O/T ratio) and presence of different heteroatoms, which 

are also relevant for the crystallization of particular zeolite materials. Several 

properties determine the structure-directing effect of these organic species, espe-

cially their molecular size and shape, hydrophobicity, rigidity vs flexibility, and 

hydrothermal stability. The properties of the zeolitic materials synthesized can be 

tuned up to a certain point through the use of rationally-selected organic species 

with particular physico-chemical features as SDA. In this introductory chapter, we 

briefly review the history of the use of organic cations as SDAs, and give the fun-

daments of the different aspects related to this structure-direction phenomenon and 

factors affecting it, explaining the main properties of SDAs, providing some ex-

amples of recent uses and trends of organic SDAs, as well as the host-guest chem-

istry involved. In addition, we pay particular attention to the use of imidazolium-

based organic cations as SDAs because of their current relevance in the synthesis 

of new zeolite materials. 
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1 Introduction: Use of organic cations in the synthesis of zeolites 

Zeolites are an important class of inorganic microporous crystalline materials 

whose oxide-based network is composed of corner-sharing TO4 atoms, where T 

refers to a tetrahedral atom, most commonly Si and Al. Since their discovery, zeo-

lites have found widespread applications in many different areas, especially in ca-

talysis, adsorption/separation and ion-exchange processes [1]. Apart from these 

traditional uses of zeolites that have met a tremendous economic impact on differ-

ent sectors of the chemical industry, remarkably on the petrochemical sector, new 

uses of zeolitic materials are emerging in the last years in different applications 

such as in luminescence, electricity, magnetism, medicine, microelectronics, etc 

[2]. Such a wide range of applications in very different processes is directly asso-

ciated to the particular characteristics of these materials: i) Their unique mi-

croporous structure, with porous systems of channels and/or cavities of molecular 

dimensions which allow them to behave as molecular sieves or as shape-selective 

catalysts, and ii) their versatile range of compositions of the oxide networks that 

can build up the different frameworks, most commonly Si and Al, but also extend-

ed to a large variety of other tetrahedral atoms such as B, Ge, P, Ga, etc. The oxide 

composition determines in a large extent important properties of the zeolite, like 

concentration, nature and strength of catalytic sites and polar (hydro-

philic/hydrophobic) character of the channel surface. Therefore, a careful control 

of these two characteristics of zeolite materials, their porous network and their 

chemical composition, is fundamental in order to optimize their application in 

many different processes.  

Zeolites are found as minerals in nature. Barrer pioneered in the late 1940’s the 

study of the synthesis of zeolite materials in the laboratory by transformation of 

mineral phases in the presence of different salts at very high temperatures [3]. 

However, the fundamental breakthrough in the field was achieved by Milton, who 

departed from Barrer’s mineralogical approach by using more reactive gels under 

softer conditions [4], which afforded in the late 1940’s and early 1950’s the dis-

covery of over a dozen of new zeolites, including zeolites A and X [5],  which rap-

idly met an amazing commercial success [6]. A subsequent fundamental milestone 

for the production of synthetic zeolites was provided in 1961 by Barrer and Denny 

[7], and by Kerr and Kokotailo [8], who first reported the use of organic ammoni-

um cations in the synthesis of zeolites. The former reported the synthesis of sever-

al already known zeolites, including A and X, while the latter reported zeolite ZK-

4, a silica-rich version of zeolite A [9]. So far, synthetic zeolites prepared in the 

presence of inorganic cations were rich in Al because of the necessity of charge-

balancing the abundant presence of inorganic cations. However, due to their 

smaller charge-to-volume ratio (because of their larger size), the introduction of 

organic cations enabled the synthesis of zeolites with lower amounts of Al; this 

represented a significant discovery since high Si/Al ratios (higher than 10) in zeo-

lites provide a high hydrothermal stability and strong Brønsted acidity. The suc-

cessful introduction of tetramethylammonium in the synthesis of zeolites soon 

triggered the use of other larger tetraalkylammonium cations which were soluble 
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in the aqueous hydrothermal synthesis media. The use of tetraethylammonium by 

Mobil researchers led to the discovery in 1967 of the first high-silica zeolite, the 

key zeolite beta (BEA), by Wadlinger, Kerr and Rosinsky, with Si/Al ratios be-

tween 5 and 100 [10]. Soon after that, ZSM-5, another decisive zeolite for the 

chemical industry, was discovered in 1972 by using tetrapropylammonium [11], 

while a further increase in the number of carbons of the alkyl substituent to four 

(tetrabutylammonium) led to ZSM-11 [12]; both were multidimensional zeolites 

that reflected the branched structure of the organic cations used. ZSM-5 and Beta 

zeolites prepared by Mobil researchers represent two of the most successful acid 

zeolites used nowadays as industrial catalysts. On the other hand, Kerr opened up 

the possibility of using cyclic and more complex organic ammonium compounds 

(instead of tetraalkylammonium cations) in the synthesis of zeolites, with his syn-

thesis of ZK-5 by using the dimethylammonium derivative of 1,4-

diazabicyclo[2,2,2]-octane, which then became a typical building block for organ-

ic ammonium cations [13]. Years later, the addition of organic amines (rather than 

quaternary ammonium cations) to aluminophosphate gels led to the discovery of 

another important class of zeolitic materials, the aluminophosphate (AlPO4) fami-

ly, by Wilson et al [14,15]. This involved not only the discovery of new frame-

work topologies (some with no counterpart among zeolites), but also a major de-

parture in the framework composition from the typical aluminosilicate network to 

a more hydrophilic aluminophosphate network.  

All these new zeolite materials occluded the organic cations within their po-

rous networks, which led to the idea that the organic cations templated in some 

way the synthesis of those frameworks, with the organic species directing the 

crystallization towards specific zeolites [16,17]; as quoted from reference 16, 

“templating is the phenomenon occurring during either the gelation or the nuclea-

tion process whereby the organic molecule organizes oxide tetrahedra into a par-

ticular geometric topology around itself and thus provides the initial building 

block for a particular structure type”. In this context, the authors argued that the 

incorporation of an organic cation resulted in a specific chemical environment 

which could affect and determine the nucleation process, and in turn, the crystalli-

zation of a particular zeolite framework. Currently, organic species used in the 

synthesis of zeolites tend to be more loosely termed as structure-directing agents 

(SDA). 

Since then, the addition of organic molecules to the synthesis gels of zeolite 

materials has led to a great number of discoveries of new zeolite materials, both in 

terms of new (usually more hydrophobic silica-based) compositions and, especial-

ly, of new zeolite topologies [18,19]. A wide variety of typical organic chemical 

reactions has been applied to produce new and increasingly more complex organic 

SDAs [20], such as Diels-Alder reactions [21], Michael additions [22], enamine 

chemistry [23], etc, many of which have led to new frameworks. In this introduc-

tory chapter, we will deal with general aspects of the structure-directing phenome-

non, including the properties that organic species should fulfill to efficiently pro-

mote the crystallization of particular zeolite frameworks (section 2), factors (not 

intrinsically related to the organic species) that influence or even determine the 

structure-directing phenomenon (section 3) and the host-guest chemistry that gov-
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erns the interaction between the nascent zeolite frameworks and the organic spe-

cies encapsulated (section 4). Finally, due to their current relevance, a special sec-

tion will be devoted to the use of imidazolium-based SDAs in the synthesis of new 

zeolite materials (section 5). This chapter will explain the fundaments of structure-

direction together with examples of the most recent research trends on each par-

ticular aspect of this phenomenon. Subsequent chapters in this Volume will then 

deal with specific types of species and tools to study the structure-directing phe-

nomenon. 

2 Properties of organic structure-directing agents  

Throughout the years, the use of organic species to control the zeolite crystalli-

zation has permitted the synthesis of a large number of new zeolite structures with 

unique framework topologies and chemical compositions that have produced a 

tremendous impact on the chemical industry as acid catalysts [24,25], and as ad-

sorbents in separation and purification processes [6]. As previously mentioned, the 

role of these organic cations during the synthesis of zeolites has been proposed as 

i) template effect, to account for the fact that a certain structural relationship be-

tween the molecular size and shape of the SDA and that of the zeolite framework 

that crystallizes is observed, with such relationship occurring during the formation 

of the zeolite nuclei [16], ii) structure-directing effect, term related to the fact that 

the addition of these organic species leads to the crystallization of a particular 

framework type that would not be produced in its absence, and iii) pore-filling ef-

fect, in the sense that the organic SDAs end up encapsulated within the porous ze-

olite structure and provide stability to the open zeolite framework through the de-

velopment of non-bonded host-guest interactions, as will be explained more in 

detail in section 4. In any case, all these three effects occur at the same time with 

more or less definition during the structure-directing phenomenon by organic spe-

cies [26], although sometimes these terms have been distinctly used to emphasize 

particular roles of the organic species during the structure-directing phenomenon 

[27]. Several properties of the organic SDAs strongly affect its structure-direction 

performance and the chemical and structural properties of the zeolite framework 

crystallized, including their size and shape, their hydrophobic/hydrophilic nature, 

their hydrothermal stability, and their rigidity/flexibility with the consequent pos-

sibility of a large conformational space. All these properties will in combination 

determine the ability of an organic species to direct more or less specifically the 

synthesis of a particular framework type with a characteristic porous topology. 

 

2.1 Size and shape  
 

The original use of tetramethylammonium cations as SDAs led to small cavi-

ties (like the sodalite spherical cavity) with a size related to that of the guest spe-

cies hosted within, which represented a first indication about the relationship be-
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tween the size and shape of the organic SDA and that of the void volume of the 

zeolite that hosts it. However, there is not always a straightforward relationship 

between both. For instance, this is evidenced by the fact that tetraethylammonium 

(TEA) led to the discovery of zeolite beta, with a high void volume and 12-MR 3-

dimensional channels, while larger tetrapropylammonium (TPA) and tetrabu-

tylammonium (TBA) led to zeolites based on 10-MR channels, ZSM-5 and ZSM-

11, respectively. The reason for this unexpected behavior of the relatively small 

TEA cations directing the formation of the very open-framework of zeolite beta 

was later discovered to be related to a clustering mode of action of TEA cations 

during structure-direction of zeolite beta: Up to six TEA cations are clustered to-

gether in the channel intersections of the BEA framework [28]. This observation 

indicates that packing effects, i.e. how several organic cations pack and fit among 

each other when occluded in porous systems, can also affect the nature of the 

framework that crystallizes; this is particularly important in frameworks based on 

channels (rather than cages) microporous systems. 

Small quaternary ammonium cations tend to give clathrasil structures, with 

cavities linked by small windows through which the guest species cannot diffuse 

(hence they are considered as 0-dimensional pore systems) [18]. As soon as the 

size of the organic species is enlarged (at least in one direction), zeolite frame-

works based on channel systems start to crystallize. Zones and coworkers found 

that the number of clathrasil structures crystallized with organic cations reduced 

dramatically while simultaneously increasing the number of open zeolite frame-

works produced when the C/N ratio of the SDAs increased beyond 9 (see Figure 3 

in ref 29). This was of course due to the enlargement of the organic cations that 

could not fit any more in the small cavities of the clathrasil structures and required 

larger cavities or channels to accommodate. During the structure-direction of 

cage-based zeolite frameworks, where packing effects are generally not important 

since usually only one organic cation sites within the cavities, the influence of an 

increase in size of the organic SDA is clearly apparent, and results in the for-

mation of larger cavities. This can be clearly appreciated in Figure 1, where cage-

based zeolites with cavities of increasing dimensions are produced upon an in-

crease in size of the cyclic ammonium compound. It can be observed that not only 

the size of the molecules and that of the void space of the resulting hosting cavi-

ties are related, but also the shape of the organic SDA clearly determines the shape 

of the resulting cavity. Indeed, the preferred SDA cations for the synthesis of 

small-pore zeolites with large cavities, materials that are important as catalysts for 

the methanol-to-olefin process, involve cyclic or polycyclic ammonium cations 

that can be hosted in such cavities and stabilize them.  

This relationship between size and shape is also apparent when considering 

zeolite frameworks based on channel (rather than cage) systems; however, as pre-

viously mentioned, in this case packing effects can sometimes lead to unexpected 

behaviors, like the crystallization of zeolite beta with a small cation like TEA. 

There is extensive evidence in the literature that an increase in size and rigidity of 

the organic SDAs has resulted in the crystallization of new zeolite frameworks 

with larger pores [30-33]. On the other hand, not only the size but also the shape 

of the organic cation has a profound impact on the channel system of the zeolite 
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that crystallizes: linear cations tend to give zeolite frameworks based on one-

dimensional channels. An example of this is provided in Figure 2 (middle), where 

a large rigid and linear cation gives MTW, a zeolite system based on 12-MR one-

dimensional channels. In contrast, branched organic cations usually lead to multi-

pore channel systems, with each molecular branch occupying different channels. 

The classical example of this is the structure-direction of tetrapropylammonium 

(TPA) cations towards the formation of ZSM-5 (MFI), where each of the four 

propyl chains site on a channel, two on the sinusoidal ones and two on the straight 

ones, clearly showing the relationship between the SDA molecular shape and that 

of the hosting zeolite framework (see Figure 2-top). In this context, recent studies 

have shown that a combination of a rational design of both the molecular size (ad-

justed to the channel size, with alkyl linear chains being optimum for 10-MR 

channels and cyclic ammonium cations for 12-MR channels) and the molecular 

shape (with four large substituents that site in the channel intersections with each 

molecular branch located on a channel) have allowed the discovery of new multi-

pore-zeolites with 12-MR and 10-MR channel systems [34-36]. This concept is il-

lustrated in Figure 2: The SDA used for the discovery of ITQ-39 (ITN) was based 

on a polycyclic rigid unit which typically directs the formation of one-dimensional 

12-MR channels (like MTW, see Figure 2-middle) and on quaternary N atoms 

with propyl substituents which typically sites on channel intersections (like TPA 

in MFI zeolite, see Figure 2-top) with propyl branches directing 10-MR channels, 

thus resulting in the formation of a new multipore zeolite system based on 10- and 

12-MR channels. This multipore zeolites based on channels of different size can 

have important applications since they can enable a kind of molecular traffic con-

trol of reactants and products through the different channel systems [37]. This and 

many other examples available in the literature clearly evidence the geometrical 

relationship between the size and shape of the SDA species and those of the zeo-

lite framework that crystallizes around [29,38-43].  

The relevance of the molecular size and shape of the organic SDAs is nicely il-

lustrated by the different structure-directing effect of distinct diastereoisomers 

(cis/trans, endo/exo, syn/anti, etc). For instance, Tsuji and coworkers showed that 

among the different diastereoisomers of 1-benzyl-1-methyl-4-(trimethylene)-

piperidinium (trans-trans, cis-cis or trans-cis piperidinium), only the trans-trans 

isomer was able to direct the formation of zeolite beta (BEA), while the cis-cis 

isomer led to ZSM-12 (MTW) in pure-silica preparations [44] (see Figure 3-top). 

In their extensive work on SDAs, Zones and coworkers have found several exam-

ples of diastereoselective structure-directing effects: For instance, the cis-isomer 

of N,N-diethyldecahydroquinolinium was selective for SSZ-48 (SFE) in borosili-

cate composition and SSZ-31 (STO) or SSZ-35 (STF) as aluminosilicates, while 

the pure trans-isomer gave a layered silicate in borosilicate composition and SSZ-

36 (RTH) or amorphous phase as aluminosilicates [39,45] (Figure 3-bottom-left). 

Another example was provided by García and coworkers, who showed that the 

(1S,2S) diastereoisomer of 2-hydroxymethyl-1-benzyl-1-methylpyrrolidinium cat-

ion directed the synthesis of the MTW framework, while the (1S,2R)-isomer was 

not able to promote the formation of such framework [46] (Figure 3-bottom-right). 

Molecular simulations showed a better fit of the molecular shape of the former 



7 

isomer within the 1-dimensional channels of the MTW framework, which ex-

plained the experimental observations. 

A recent proposal to take advantage of the possible imprinting of the shape and 

size of the organic SDAs on zeolite frameworks was reported by Corma and 

coworkers. If it were possible to use an organic SDA that mimics the transition 

state of an interesting reaction, it could be presumed that the performance of the 

zeolite could possibly be maximized [47]. In this strategy, the systems of pores 

and/or cavities would be produced following the shape and chemical properties of 

a rationally-designed SDA that mimics the transition state of a particular reaction 

through a molecular-recognition pattern. Because of the structure-directing phe-

nomenon and the relationship between SDAs and zeolite hosts, this synthetic 

strategy would yield zeolite materials that would stabilize the transition state of 

such pre-established reactions, hence providing very efficient catalysts for them. 

Although this proposal have so far not produced any new zeolite, several known 

materials have been found, in retrospect, to fulfill the SDA/TS relationship and 

they, indeed, resulted in an improved catalytic performance. Figure 4 gives an ex-

ample of one of the reactions studied, the disproportionation of toluene to give xy-

lenes, an important reaction in the petrochemical industry. In this reaction, the 

mechanism goes through a carbocation transition state with a size larger than those 

of reactants and products (Figure 4-top). Three different SDAs mimicking the 

structure of the TS were proposed, with ‘SDA2’ already known to give a zeolite 

material, ITQ-27 (IWV). When loaded with Ni, this material presented a higher 

catalytic activity per acid site than the commercial ZSM-5-based catalyst, showing 

the effectiveness of this new strategy to get improved catalysts for particular reac-

tions through the imprinting of SDA molecular features [47]. 

 

 

2.2 Hydrophobicity/hydrophilicity 
 

Molecular size and shape of the organic SDA cations is essential in determin-

ing the type of microporous system that crystallizes. However, it is generally con-

sidered that for an organic cation to effectively direct the synthesis of zeolitic ma-

terials, it requires a particular hydrophobic/hydrophilic character. On the one 

hand, the synthesis of zeolite materials generally takes place in aqueous systems 

which favor the condensation reactions between the aluminosilicate (or other het-

eroatoms) species. As a consequence, in order to make contact with such alumino-

silicate species through which the structure-direction phenomenon occurs, the or-

ganic cations need to be soluble in the aqueous medium, and as such they require 

certain hydrophilicity. On the other hand, zeolite networks, especially those based 

on silica-rich compositions, are considered to be rather hydrophobic; consequent-

ly, again for structure-direction phenomena to take place, a close contact between 

the organic and the aluminosilicate species is required. Therefore, organic species 

need also to have a certain hydrophobic character in order to promote such contact 

through development of hydrophobic interactions. Indeed, the mechanism pro-

posed by Burkett and Davis for structure-direction by organic cations [48-50] in-
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volved i) a first formation of hydrophobic hydration spheres of water molecules 

surrounding the organic cations on the one hand and the inorganic oligomeric 

units on the other, and ii) a subsequent overlap of the hydrophobic hydration 

spheres of both organic and inorganic entities, with a consequent release of water 

molecules, which would be driven by the development of stabilizing hydrophobic 

interactions between the organic and inorganic species, and establishing a close 

contact between them whereby structure-direction will take place through an im-

pression of the molecular size/shape of the SDA on the nascent zeolite nuclei. 

Hence, a moderate hydrophobic nature is considered best for getting efficient SDA 

species. 

In this respect, a milestone study about the optimal hydrophobicity of organic 

species required for producing effective SDAs is the work by Zones, Kubota and 

coworkers [51]. The authors reported a simple method to estimate the hydrophobi-

city of an organic quaternary ammonium cation by measuring their partition (as an 

iodide salt) between water and chloroform. They associated such partition with 

their C/N ratio as an indication of hydrophobicity and related it with their efficien-

cy in producing zeolite materials. After studying a large series of quaternary am-

monium cations with different molecular structure and size, the authors found that 

cations with C/N ratios greater than 16 showed a large percentage of transfer to 

chloroform, while this decreased to almost zero as the C/N ratio was reduced be-

low 10. Interestingly, this C/N range between 10 and 16 where a partial transfer to 

the organic phase is observed was coincident with the window where most of the 

organic cations which direct the crystallization of zeolite frameworks are found 

[51]. It was concluded that organic cations have to be moderately hydrophobic in 

order to act as efficient SDAs: Cations with C/N ratios larger than 16 are too hy-

drophobic and consequently they will not be soluble enough in the aqueous medi-

um, while cations with C/N ratios smaller than 10 will be too hydrophilic and will 

establish very strong interactions with water molecules which will be difficult to 

replace with aluminosilicate species during nucleation. A moderate hydrophobi-

city (in practice a C/N ratio between 10 and 16) will ensure the SDA to be soluble 

in water but not interact too strongly with water molecules, while providing a hy-

drophobic character that generates favorable interactions with silica species [42]. 

Of course this requirement of moderate hydrophobicity reduces the availability of 

quaternary ammonium cations to be used as SDAs; nevertheless, recent works 

show that replacement of N by other heteroatoms such as sulfur may enable the 

use of cations with larger C/S ratios because of the higher polarity of C-S bonds. 

This would give large and complex sulfonium compounds with large C/S ratios 

soluble in water, which would be important for the production of extra-large-pore 

zeolites [52]. In addition, other species with different polarities have been used as 

SDAs, as macrocyclic ethers [53], metal complexes [54] or quaternary phosphoni-

um ions [55], which will be discussed in subsequent chapters in this Volume. 

Nevertheless, the proposed C/N limiting ratios are not absolutely exclusive. On 

the larger C/N side, another type of quaternary ammonium cations with different 

hydrophobic properties has been successfully used as SDA. Amphiphilic cations 

with a polar head of trimethylammonium and a long hydrophobic alkyl chain 

(CH3(CH2)nN(CH3)3)
+
 were very successful for the synthesis of mesoporous silica, 
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acting as surfactants and inducing ordered micellar arrangements that were repro-

duced by the silica [56]. Moteki and coworkers have recently reported the synthe-

sis of all-silica MFI zeolite by using cetyltrimethylammonium (CTA) as SDA 

(with a long-alkyl chain of 16 C atoms), with a C/N ratio of 19 and a low charge-

to-volume ratio that resulted in MFI materials with low charge populations, where 

the CTA cations were proposed to site aligned with the straight channels (Figure 

5-middle) [57]. The authors found that the chain length of the hydrophobic tail 

was critical for the crystallization of a particular framework: Cations with alkyl 

chains of 14 and 16 had similar lengths as that of two TPA cations along the 

straight channels (Figure 5-top). On the low C/N side, additionally, the intermedi-

ate hydrophobicity concept requiring C/N ratios between 10 and 16 is not hold in 

the case of the synthesis of pure silica zeolites using non-quaternary imidazolium-

based cations in fluoride media, where rather hydrophilic cations with C-to-charge 

ratios as low as 5 work well, as will be discussed in section 5 below. 

An important breakthrough in the synthesis of zeolite materials was achieved 

by Ryoo and coworkers by using appropriately designed SDA cations with partic-

ular polarity properties [58]. The authors rationally designed bifunctional surfac-

tants with a long hydrophobic alkyl chain with 22 C atoms on one side and two 

quaternary ammonium groups linked by a C6 spacer on the other which roughly 

corresponded to the distance spanning two consecutive MFI unit cells along the 

‘b’ axis. Each molecular side played different roles: The diammonium head 

groups acted as structure-directing species of the MFI framework while the long 

hydrophobic tails inhibited further crystal growth of the zeolite in the normal di-

rection of the sheet by inducing the formation of a mesoscale micellar structure 

(Figure 5-bottom). The rational design of these SDAs with particular hydro-

philic/hydrophobic properties allowed the synthesis of ultra thin (2 nm thick) zeo-

lite materials which showed very promising catalytic activity due to a great sup-

pression of the catalyst deactivation through coke deposition during methanol-to-

gasoline conversion. By changing the head group, this strategy has been recently 

extended to other zeolite structures (BEA, MTW, MRE, MWW) [59,60] as well as 

aluminophosphates (AEL, AEI, ATO) [61]. 

  

 

2.3 Hydrothermal stability 
 

One of the main conditions that SDA species must fulfill is that they display a 

high hydrothermal stability in order for the organic cations to resist the harsh con-

ditions imposed by the hydrothermal treatments, involving high temperatures and 

pressures in aqueous systems with usually basic pHs. In this context, quaternary 

ammonium cations frequently suffer the Hofmann elimination reaction (to give the 

corresponding alkenes and tertiary amines) when subjected to high pHs and high 

temperatures in aqueous media, and as a consequence SDA species can be degrad-

ed into fragments, thus canceling or at least altering their structure-directing mode 

of action.  

In order to avoid this, the use of phosphonium cations as SDAs for the synthe-

sis of zeolite materials has been recently introduced [55]. These cations do not suf-
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fer the Hofmann degradation, and as a consequence they enable the synthesis to be 

performed under more severe crystallization conditions. In fact, the use of these 

phosphonium cations has enabled the synthesis of new zeolite frameworks 

[55,62]. This will be explained more in detail in Chapter 3 in this Volume. 

Degradation of the organic SDAs during the crystallization of zeolites may in 

occasions disturb the observed structure-direction not only as a result of the de-

creased concentration of the SDA, but also because of the possible formation of 

new organic species with a structure-directing ability of their own. An extreme 

case was recently published, where the starting N,N,N-trimethyl-tert-

butylammonium (TMTBA) reacted with its own Hofmann degradation product 

(trimethylamine) yielding a smaller tetramethylammonium cation (TMA) [63]. 

Despite the largely different size and shape of the original and the newly produced 

cations, both have been shown to structure-direct the crystallization of AST zeo-

lites in fluoride medium [64,65]. However, the unit cell sizes of the produced AST 

zeolites were largely different, resulting in their phase segregation. Quite amazing-

ly, the initial crystallization of a TMTBA-containing AST zeolite was followed by 

its gradual and finally complete replacement by another AST zeolite with the same 

framework composition but containing the smaller TMA and displaying a smaller 

unit cell.  

Degradation and rearrangement of organic cations to finally produce a smaller 

cation may be more frequent than thought. Other examples include: i) The degra-

dation of certain diquats resulting in the crystallization of TMA-containing phases 

(AST, RUT and MTN [66] or Omega [67]); crystallization of TMA-containing 

AST when using the large N,N,N-trimethylbenzylammonium as SDA [68]; iii) co-

crystallization of ITW together with MTW when using 1-benzyl-2,3-

dimethylimidazolium, obviously too large to fit into ITW cages, by degradation 

and rearrangement to produce 1,2,3-trimethylimidazolium [69]; iv) crystallization 

of CHA phases directed by 1,2-dimethylimidazolium formed by degradation of 1-

alkyl-3-methylimidazolium cations during the ionothermal synthesis of alumino-

phosphates [70]; v) crystallization of TMA-containing MTN from Hofmann deg-

radation and rearrangement of (1R,2S)-dimethylephedrinium [71]; and vi) the use 

of unstable deep-eutectic mixtures as both solvent and SDA-delivering agent [72]. 

The stability of the SDA is also relevant because of the need to eliminate it 

from the zeolite prior to its use. Due to their usually large size, removal of these 

organics is typically performed by calcination at high temperature in air (or in 

ozone whose higher oxidizing power enables lower calcination temperatures); 

such high-temperature treatment and the simultaneous release of water can some-

times lead to a degradation of the zeolite framework. The difficult elimination of 

the SDAs together with the usually high cost of these organic species, which usu-

ally represent the most expensive components of a zeolite synthesis mixture, led 

Davis and coworkers to devise a new family of SDA species that have the ability 

to be degraded into simpler organic fragments within the zeolite structures. These 

fragments can then be easily extracted from the zeolite channels, avoiding the ne-

cessity of high-temperature calcination [73-75]. In addition, the extraction of these 

fragments would enable their recycle and reuse in subsequent synthesis after a re-

assembly into the original SDA, thus improving the cost-efficiency of zeolite syn-
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theses. One such type of organic species is represented by ketal-containing ammo-

nium compounds, which are stable at the typical high pHs of zeolite synthesis (in 

alkaline medium), and can then be degraded into ketones and diols at low pHs af-

ter the crystallization process. As reported by the authors, this strategy performs 

best when used in combination with unspecific pore-filling agents easy to be ex-

tracted first, thus providing the void space required for H
+
 to reach the degradable 

SDA cations.  

 

 

2.4 Rigidity vs flexibility 
 

Another crucial property which determines the mode of action of the organic 

cations during structure-direction of zeolite frameworks is the molecular rigidi-

ty/flexibility. Again this concept was nicely illustrated in the seminal work by Ku-

bota and coworkers [51], where they studied a large number of organic cations 

with different rigidities (expressed as the number of tertiary and quaternary con-

nectivities in the molecular structure and the number or rings). The authors found 

that bulky and rigid cations containing one or more rings with limited conforma-

tional flexibility are best candidates for the crystallization of unique new large-

pore zeolite frameworks. Figure 6 (top) shows three examples of polycyclic rigid 

ammonium cations of increasing size that have led to zeolite frameworks of in-

creasing pore dimensions [19]. There is generally a common agreement between 

zeolite researchers that rigid SDAs are more selective towards the formation of a 

particular framework type due to its restricted conformational variability. In con-

trast, flexible cations with a large number of methylene groups enable a wide con-

formational flexibility, and any of those conformations could in principle be host-

ed by different pore/cage systems of zeolite structures. Hence, flexible cations are 

usually considered as less selective SDAs since they can lead to different frame-

works depending on the particular conformation; this can be considered a disad-

vantage since frequently mixture of phases are obtained. In contrast, such confor-

mational variability brings a higher probability of finding appropriate 

crystallization conditions where they direct the formation of a zeolite material. 

This is illustrated by the use of hexamethonium cations for the synthesis of zeolite 

frameworks with very different framework densities and pore systems as a func-

tion of the synthesis conditions (mainly the Si/Ge ratio) [19] (Figure 6-bottom). 

Flexibility in the SDA cations enables the occurrence of different conformers, 

each with a particular ability to promote the crystallization of zeolite frameworks. 

In this context, widely-studied is the case of tetraethylammonium cations which 

can adopt two different conformations: tt.tt, where the ethyl chains are more ex-

panded, and tg.tg, where the ethyl chains are more clustered (Figure 7-top). The 

occurrence of both conformations can be easily monitored by Raman spectroscopy 

[76]. Indeed, O’Brien and coworkers found a different conformational behavior of 

tetraethylammonium (TEA) cations in the synthesis of microporous aluminophos-

phates as a function of the doping level of the gels: High doping levels (of Zn in 

this case) favored the tg.tg conformation and led to the crystallization of ZnAPO-

34 (CHA), while the lack of dopants promoted instead the tt.tt conformer which 
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led to AlPO-5 (AFI) (Figure 7-top) [77]. Ikuno and coworkers also studied the 

crystallization of zeolite beta in the presence of TEA, where the mode of structure-

direction of these cations had been shown to occur as molecular clusters of up to 6 

cations sited in the channel intersections. It was observed that the crystallization of 

zeolite beta required the TEA cation to adopt the tt.tt conformation for the for-

mation of viable nuclei, possibly because of a better packing of the clustered cati-

ons in the channel intersections [28]. Moreover, very recently Schmidt and 

coworkers have studied the template-framework interactions of TEA in different 

zeolite frameworks and related it to the conformation adopted by the SDA in the 

different structures [78]. They found that the conformation of the TEA cations de-

pends not only on the framework geometry but also on the material composition. 

The authors found two regimes for the occlusion of the particular conformers: In 

frameworks where there is a high energy difference upon the confinement of the 

two conformations, only the most stable conformer is experimentally observed; in 

contrast, in frameworks where such energy difference is small, the occurrence of 

the different conformers depends on the composition of the network. A similar 

dependence on the presence of heteroatoms had been previously observed by 

Sánchez and coworkers for the crystallization of ZnAPSO-44 (CHA) in the pres-

ence of cyclohexylamine as SDA (Figure 7, bottom-left) [79]. By preparing mate-

rials with varying Zn and Si concentrations, the authors found that cyclohex-

ylammonium in equatorial configuration was the only conformer found in 

materials where Si
4+

 (and/or Zn
2+

) was incorporated as isolated species, while the 

presence of Si islands (at high Si concentrations) involved the occlusion of axial-

cyclohexylammonium. This was ascribed to different hydrophilic/hydrophobic in-

teractions as a function of the Si domains. 

The high flexibility of certain SDAs has been proposed as a strategy for the 

discovery of new zeolites, if the conformation of the organics can be controlled, 

for instance, through the inorganic components of the synthesis mixture. The ap-

proach has been followed by Hong’s group, after realizing that the pentamethoni-

um diquat (i.e. N,N,N,N’,N’,N’-hexamethylpentanediammonium) can direct the 

crystallization of up to five different zeolites (EUO, *MRE, MTW, MWW and 

MOR) depending on the Al content and concentration of alkali cations, which re-

sults in a different conformation and host-guest interaction in each material [67]. 

When the flexible 1,4-bis(N-methylpyrrolidinium)butane (1,4-MPB) was used and 

the Al and Na
+
 concentration were systematically varied, up to nine different zeo-

lites were obtained [80]. Interestingly, this included, in a very narrow Al, Na com-

positional window, the new zeolite TNU-9, a medium pore zeolite with a complex 

structure [81], as well as TNU-10, a high silica version of the natural zeolite stil-

bite [82]. 

Conformational flexibility has been found also relevant to determine the su-

pramolecular chemistry associated to SDAs during structure direction. In a series 

of works, Gómez-Hortigüela and coworkers found a strongly different supramo-

lecular behavior of two closely related diastereoisomers, (1R,2S)-ephedrine and 

(1S,2S)-pseudoephedrine, during the crystallization of AFI materials (Figure 7, 

bottom-right) [83,84]. Through a combination of fluorescence and molecular sim-

ulations, the authors observed that the (1R,2S)-isomer showed a stronger trend to 
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form supramolecular aggregates through π-π stacking interactions in aqueous solu-

tion because of its particular most stable conformation with the alkyl chain in an 

extended configuration. In contrast, the (1S,2S)-isomer showed a poorer supramo-

lecular behavior because its different absolute configuration on C1 involved a dis-

tinct intramolecular chemistry driven by H-bond interactions, resulting in a stable 

conformation with the alkyl chain in a folded configuration which provoked a ste-

ric hindrance upon the approach of another molecule to form a supramolecular 

dimer. Again the presence of methylene units and a large conformational space 

can dramatically affect not only the selectivity of the structure-directing phenome-

non but also its mode of action, having important implications in the zeolite mate-

rials rendered. 

3 Factors affecting the structure-directing phenomenon 

In section 2 we have explained the different physico-chemical properties of the 

organic SDA cations that determine their structure-direction efficiency and the ze-

olite product rendered. However, the outcome of a zeolite synthesis is not only af-

fected by the organic cation used as SDA, but many other concomitant factors can 

alter the structure-direction phenomenon of a particular organic cation [85]. As a 

consequence, the use of a SDA in a zeolite synthesis does not necessarily lead to a 

unique zeolite framework where the host-guest interactions are maximized, but 

very often one single organic cation can lead to different zeolite materials depend-

ing on the synthesis conditions. The most common of these variables affecting the 

structure-directing phenomenon will be briefly explained in this section. 

 

3.1 Synthesis in fluoride media 
 

The synthesis of zeolite materials was traditionally performed at high pH, usu-

ally higher than 10, where the hydroxide anion may act as a mineralizer (i.e. a cat-

alysts for the breaking and formation of T-O bonds, T= Si, Al, etc) favoring the 

dissolution of the silica and alumina as mobile species into the liquid phase, and 

allowing the condensation reactions to occur, hence enabling the crystallization 

process to proceed. However, Flanigen and coworkers first introduced the use of 

fluoride in the synthesis of zeolites to make pure silica MFI [86], and then system-

atic work by Guth and coworkers showed that fluoride anions can also play a min-

eralizing role during the synthesis of zeolites, replacing in this way the hydroxide 

anions and allowing the synthesis to be carried out at almost-neutral pHs [87-89]. 

The introduction of the fluoride route enabled a wide range of pHs to operate, af-

fording the use of organic cations which are not stable at high pHs because of the 

Hofmann elimination reaction. Nonetheless, this synthetic route usually required 

higher SDA concentrations (generally SDA/SiO2 ratio of 0.5).  

Interestingly, this new synthesis method, which is particularly well suited for 

the synthesis of pure silica zeolites, renders zeolite materials with a very low con-
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centration of connectivity defects since fluoride is usually incorporated within the 

zeolite materials to charge-balance for the positive charge of the organic cations 

(instead of siloxy groups in high-silica zeolites prepared by the hydroxide route) 

[90]; hence, the absence of silanol/siloxy groups makes the resulting material ra-

ther hydrophobic [91], modifying its catalytic properties when chemical species of 

much different polarity are involved [92] and even opening new applications [93]. 

Additionally, fluoride has been proposed to play a structure-directing role [88], 

favoring the formation of double 4-rings (D4R), with fluoride usually siting within 

these cubic units, and hence leading frequently to frameworks rich in such units, 

as long as the overall zeolite topology can be directed by the organic SDA in ques-

tion [89,94]. One argument in favour of such structure direction by fluoride is that 

pure or very high silica zeolites with D4R units have never been synthesized with-

out using this anion during the crystallization. As shown by Zicovich-Wilson and 

coworkers, the effect is due to an ionization of the Si-O bond induced by occluded 

fluoride, which causes an increase in the flexibility of the framework that decreas-

es the strain associated to siliceous D4R units and make this kind of zeolites 

reachable for crystallization [95,96].   

  

3.2 Effect of concentration (amount of water) 
 

The introduction of fluoride in the synthesis gels allowed for carrying out the 

zeolite synthesis at much higher concentrations (with very low amounts of water, 

reaching the reactant rather than solvent level). Synthesis in fluoride media were 

initially performed with the typical relative high water contents used in hydroxide 

media (H2O/SiO2 ratios between 30 and 60) [39]. Under these conditions mostly 

already known zeolites were synthesized. However, when Camblor and coworkers 

studied the use of highly concentrated gels for zeolite synthesis by the fluoride 

route (typically H2O/SiO2 ratios below 15 and more typically below 7), a number 

of new zeolites was discovered. This work revealed an interesting trend in the syn-

thesis of zeolite structures related to the amount of water content in the gel in the 

presence of fluoride [97]: Phases with lower framework densities are favored at 

lower water/silica ratios (higher concentration) under the same SDA species [98]. 

This experimental trend, which was later termed the Villaescusa rule, has served 

as a strategy for the synthesis of new open zeolites [94,85]. While other groups 

have also observed and confirmed the same trend [29,99-101], the Villaescusa rule 

still lacks a convincing explanation. The rule is clearly illustrated by the structure-

directing effect of trimethyladamantammonium, which yielded zeolite structures 

with very different pore volumes under different  H2O/SiO2 ratios: *STO at high 

water amounts (H2O/SiO2 = 15, with a pore volume of 0.11 cm
3
/g and a frame-

work density of 18.7T/1000Å
3
), STT at intermediate ratios (H2O/SiO2 = 7.5, with 

a pore volume of 0.23 cm
3
/g and a framework density of 17.0T/1000Å

3
), and 

CHA at low water amounts (H2O/SiO2 = 3.0, with a pore volume of 0.32 cm
3
/g 

and a framework density of 15.1T/1000Å
3
) (see Figure 8) [98,99,102]. In fact, ze-

olite materials prepared at high concentrations typically give the highest fluoride 

and SDA uptakes. Therefore, the amount of water in the synthesis gel can clearly 
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alter the structure-directing mode of action of a particular organic molecule, and 

has to be taken into account depending on the type of zeolite framework that is 

targeted.  

 

3.3 Lattice substitution: Presence of heteroatoms 
 

There exists many reviews on the effect of the introduction of heteroatoms (el-

ements other than Si, Al or P) in tetrahedral positions of zeolite networks [31,38], 

and it is beyond our intention to review this topic here. However, we want to at 

least mention it since the presence of these heteroatoms, such as Ge, Ga, B, Zn, Be 

and Fe, can modify the structure-directing effect of the organic species towards 

certain zeolite frameworks by stabilizing particular building units. For instance, B, 

Ga, Be and Zn may show some tendency to direct the formation of 3-rings, while 

Ge favors the formation of D4Rs and D3Rs. The isomorphic substitution of diva-

lent or trivalent atoms by Si leads to negatively-charged networks which need to 

be balanced by the positive charge of the organic cations, and this can affect the 

incorporation of the SDA species and as a consequence their structure-directing 

mode of action. On the other hand, the optimum T-O bond lengths and T-O-T 

bond angles can be different for each T atom, and this can have an implication on 

the type of structural units that are preferred. For example, it is known that Si-O-B 

and Si-O-Al angles have a narrower range of variation in zeolite networks than Si-

O-Si angles, and in fact those Si-O-T angles tend to be smaller than the corre-

sponding Si-O-Si ones [103]. On the other hand, the incorporation of Ge in the 

synthesis gels together with the use of novel organic cations have led to a number 

of new zeolite structures, which very frequently display D4R units characteristic 

of Ge [38]. Typical Ge-O-Ge angles are smaller than their Si counterparts, and 

hence its presence can relax the geometric constraints imposed by the geometry of 

these particular structural units, in particular of D4Rs and D3Rs [30,31]. Again the 

presence of these particularly stable units can affect the structure-directing role of 

the organic cations towards particular framework types containing these units, as 

long as the overall framework can host the SDA species. 

4 Host/guest interactions during structure-direction 

The mode of structure-direction of the organic cations to direct the crystalliza-

tion of particular framework types is driven by the development of host-guest in-

teractions between both species during the nucleation and crystal-growth process-

es, which results in both kinetic and thermodynamic effects. From the kinetic side, 

these non-bonded (hydrophobic) interactions are responsible for the silica species 

to displace the hydrophobic hydration spheres around the organic cations and form 

the initial organo-inorganic precursors from which crystallization of a particular 

framework type will occur, as was discussed by Burket and Davis [48-50]. In fact, 

these interactions are crucial for the structure-direction phenomenon to occur and 
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for the resultant geometric relationship between the size and shape of the organic 

cations and the void space of the zeolite framework which emerges. In this con-

text, electrostatic interactions between the cationic SDAs and negatively-charged 

inorganic species are vital for keeping these organo-inorganic units assembled 

long enough for nucleation and crystal growth processes to occur [104]: Electro-

static interactions allow for SDA cations to be adsorbed on the surface of silica 

fragments and provide in this way a protective shielding of these intrinsically un-

stable silica units against hydrolysis [105]. 

The occlusion of SDA species in zeolite frameworks has also a crucial ther-

modynamic implication for the stabilization of zeolite materials. It is known that 

the intrinsic stability of silica-based polymorphs increases with the framework 

density: Quartz is the most stable polymorph of silica, and the stability is reduced 

when the porosity of the zeolite structure increases, as has been nicely shown by 

Piccione and coworkers from calorimetric studies [106,107]. From this point of 

view, it would be difficult to synthesize zeolite materials from thermodynamic ar-

guments. However, porosity enables the incorporation of guest species, in this 

case the SDA cations, which may establish strong non-bonded interactions with 

the nascent zeolite frameworks, providing a relatively strong stabilization to the 

overall host-guest systems, making the formation of host-guest zeolite frameworks 

thermodynamically viable [26]. In any case, the energy differences observed in the 

thermodynamics of different zeolite host-guest systems suggest that the self-

assembly process is dependent on a delicate interplay between a large number of 

weak interactions [30,106], and sometimes it is difficult to predict which one will 

dominate the final outcome. In this line, Khan and coworkers have recently shown 

through Monte-Carlo modeling techniques that the strength of the host-guest in-

teractions is crucial on the type of porous material that is directed: Very strong in-

teractions (>1.2 kcal/mol SDA-oxygen contacts) would lead to 2-dimensional lay-

ered materials due to the higher optimization of host-guest attractions in open 

layered systems. Negligible host-guest interactions would also lead to 2-

dimensional materials, while 3-dimensional microporous zeolitic materials are on-

ly produced for a relatively narrow range of medium-strength interactions [108]. 

This might explain the frequent crystallization of low-dimensional AlPO frame-

works in the presence of amines because of the abundant presence of very strong 

H-bond interactions between protonated amines and POx
-
 terminating groups 

[109]. 

Two different types of non-bonded forces are established in host-guest SDA-

zeolite systems: Van der Waals and electrostatic interactions. The former are 

short-ranged, and hence very sensitive to the distance between the interacting at-

oms. Van der Waals interactions relate to the size and shape of the organic species 

and that of the zeolite structure which crystallizes around, and as a consequence 

are mainly responsible for the structure-directing effect in terms of the geometric 

relationship between hosts (their porous system) and guests (SDAs). In this way, 

van der Waals interactions determine how good the fit between the organic SDAs 

and the zeolite framework that crystallizes around is. For this reason, calculation 

of this type of interactions between SDAs and particular zeolite frameworks by 

molecular modeling techniques has been very useful to predict the ability of the 
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organic species to direct the formation of particular zeolite frameworks: The high-

er these interactions, the better the host-guest adjustment, and hence the higher the 

ability of such particular host-guest system to be produced [110]. Originally these 

modeling techniques allowed for rational explanations of experimentally-observed 

structure-directing trends of organic species, but nowadays these can also be used 

to a priori predict the best SDA cation to direct the crystallization of a particular 

framework type [111,112]: This will be dealt in depth in Chapter 6 of this Vol-

ume. In addition, packing interactions, i.e. interactions between the organic cati-

ons when occluded in the confined environments of zeolite frameworks, are also 

relevant for the structure-directing phenomenon, and determine how the SDA cat-

ions pack within zeolite void volumes as a function of their size/shape and electro-

statics, driven by steric and repulsive electrostatic interactions. Such packing in-

teractions are particularly important in channel-based zeolite systems where the 

SDA cations locate close to each other without zeolite walls separating them (as 

occurs instead in cage-based systems). 

Electrostatic interactions are mainly due to the interactions established be-

tween the positive charge of the cationic organic SDA species and the negative 

charge of the zeolite frameworks, which can be connectivity defects (Si-O
-
 

groups), inorganic anions like fluoride incorporated in the frameworks, or low-

valent dopants substituting for Si
4+

 (typically Al
3+

 or B
3+

 replacing Si
4+

 or divalent 

M
2+

 replacing Al
3+

 in AlPO networks). In order to maximize these interactions, it 

is reasonable to expect that the negative charge associated to the inorganic net-

work will locate as close as possible to the positive charge of the SDA cations. In-

deed, recent studies have shown that connectivity defects (SiO
-
) tend to locate 

close to the molecular charge center, unless steric shielding avoids it [113,114]. 

Such minimization of the SDA
+
···(zeolite)

-
 distance between charged entities to 

maximize the electrostatic interactions has been used by us and others in order to 

direct the spatial incorporation of Al in zeolite networks in particular framework 

positions by rationally modifying the SDAs used in the synthesis [115-117], or to 

promote the development of chiral spatial distributions of dopants within achiral 

zeolite networks [118]. In another work, Lemishko and coworkers have found a 

competition between the electrostatic interactions between fluoride and P-

containing SDA cationic species, which are characterized by a high concentration 

of positive charge on the phosphorus atoms, and short-ranged van der Waals 

SDA···zeolite interactions as a function of the molecular structure [119]. The pre-

dominance of one or the other type of interaction will determine the mode of ac-

tion of the structure-directing phenomenon; this is particularly important in phos-

phonium-based SDAs due to the higher concentration of positive charge on P 

compared to their N counterparts.  

H-bond interactions can also take place if the organic SDA species have H-

bond donor groups, as is the case for amine-based SDAs (rather than quaternary 

ammonium compounds). In our group we have shown that these H-bond interac-

tions determine the supramolecular aggregation of chiral amines [83,120]. H-bond 

interactions have been shown to be pivotal for a transfer of chirality from organic 

chiral species into zeolite frameworks to occur [121], as will be dealt in Chapter 7 

of this Volume. Even without amines or alcohol groups, strong C-H···O-Si H-
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bonds may be stablished and have a role in the structure-direction of zeolites, as 

shown by Behrens et al in the case of nonasil synthesized using cobaltocenium 

and fluoride, where the cation resides fixed in a cage and rotational disorder only 

occurs at temperatures above the synthesis temperature [122]. 

Very recently a new type of host-guest interaction has been identified in the 

synthesis of silicoaluminophosphate molecular sieves by using quaternary ammo-

nium compounds with hydroxyethyl branches [123,124]. In these SDAs, the ter-

minal hydroxyl moieties display a strong tendency to form complexes with Al 

through coordination bonds in octahedral geometry, which leads to the formation 

of Al-O-Al linkages that are retained in the final zeolitic framework and even after 

calcination. The calcined materials may thus be interpreted as extensively violat-

ing the Loewestein rule (Al-O-Al avoidance in tetrahedral frameworks), although 

in the as-made materials both paired Al have, in fact, octahedral coordination. The 

discovery, anyway, leads to a new family of microporous materials with potential-

ly new structural units and frameworks. The authors found that there seems to be 

an optimal degree of hydrophilicity of the SDA involved to promote the formation 

of these framework-bound SDA-containing molecular sieves. 

Another kind of intermolecular interactions that have been exploited during the 

structure-directing phenomenon is hydrophobic π-π type interactions between ar-

omatic SDA cations. Such particular interactions have been used to promote the 

formation of large supramolecular aggregates through π-π stacking of the aromatic 

rings, leading to large structure-directing entities that will drive the crystallization 

of zeolite frameworks with large pore-volumes [125-127]. This will be analyzed in 

Chapter 5 of this Volume, and hence no further details will be given here.  

Hydrophobic interactions are also responsible for the crystallization of extra-

large pore zeolites using small and flexible diammonium cations such as hex-

amethonium, which gives a number of different zeolite structures depending on 

the synthesis conditions (see Figure 6 above). These structures have very different 

porous systems, and hence these SDA dications have to pack in a different fashion 

within each pore system. These relatively small cations can direct the formation of 

extra-large pore zeolites like ITQ-33 (ITT) [128]; however, they do not form large 

micellar arrangements as surfactants do, neither behave like rigid and very large 

SDA species that direct large pore zeolite frameworks (like those in Figure 6-top). 

Therefore, hydrophobic interactions between the aliphatic spacer links of different 

hexamethonium cations have to be established to efficiently pack these molecules 

in extra-large pore zeolites and fill up the large void-volume in a cooperative fash-

ion [30]. 

5 Imidazolium-based cations as structure-directing agents 

So far in this chapter we have dealt with the properties that organic SDA spe-

cies have to fulfill in order to efficiently direct the crystallization of zeolite mate-

rials, as well as the variables that can alter their mode of action and the host-guest 

chemistry involved in this phenomenon. Subsequent chapters of this Volume will 
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be devoted to the different types of SDA species and trends in structure-direction, 

as well as to different tools that are available to understand the structure-directing 

phenomenon. This last section of the introductory chapter will analyze the use of 

imidazolium-based cations as SDAs in the synthesis of silica-based zeolite materi-

als. This is, on one hand, because imidazolium cations are attracting an increasing 

interest in recent years and, on the other hand, because they may well exemplify 

several of the concepts outlined above. 

An imidazolium is an aromatic cation derived from the imidazole ring by sub-

stitution reactions in which the N atoms act as the nucleophile. They are not ‘qua-

ternary’ cations, since all the five atoms that build the charged ring have sp
2
 hy-

bridization and, thus, cannot have four substituents. The ring itself is considerably 

rigid, small and planar, while substituents in the ring increase the size and may al-

so increase the flexibility. They are scientifically and technologically relevant be-

cause imidazolium salts may behave as ionic liquids [129] and because they can 

be used to prepare persistent carbenes (Arduengo carbenes) [130]. It is worth not-

ing that aqueous solutions of imidazolium compounds should not be confused 

with ionic liquids. Several examples of imidazolium cations relevant to this review 

are represented in Figure 9, together with their names and acronyms. 

The first zeolite synthesis using imidazolium cations was reported by Zones in 

1989 [131]. He obtained four already known high silica zeolites in hydroxide me-

dia (ZSM-12, ZSM-22, ZSM-23 and ZSM-48) using 123TMI, 13DMI and 13DiPI 

and 13MiPI. However, in recent years several new zeolites have been discovered 

by combining the structure-directing effect of imidazolium cations (including 

those used by Zones) with other synthetic strategies for the discovery of new zeo-

lites. 

  
Table 1. New zeolites originally discovered through the use of imidazolium-based 

SDAs
1 

 

Zeolite ZFT2 Cation3 Framework 

Composition 

Route4 Ref 

ITQ-12 ITW 134TMI SiO2 Highly concentrated F- 132 

SIZ-7 SIV 1E3MI CoAPO Ionothermal 133 

IM-16 UOS 1E3MI (Ge,Si)O2 Ge, F- 134 

IM-20 UWY 1Bz3MI (Ge,Si)O2 Ge, F- 135 

CIT-7 CSV 4b2345TMI SiO2 (+Al, Ti) Highly concentrated F- (OH-)5 136 

CIT-13 - oMBz23DMI, 

mMBz23DMI 

 Ge, F- 137 

1'True' zeolitic frameworks (i.e. three-dimensional fully connected tetrahedral (4.2) net-

works) but not interrupted frameworks are considered here, irrespective of their chemical 

composition. 2Zeolite Framework Type. 3Imidazolium used in the first report, acronyms ac-

cording to Figure 9. 4Synthetic strategy (see text). 5Synthesis by the OH- route was also 

possible, in a much more limited range of conditions 
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5.1 New zeolites discovered using imidazolium cations 

5.1.1 ITW and CSV: Imidazolium and fluoride 

The first zeolite discovered making use of imidazolium cations was ITQ-12 

(ITW) [132], which was obtained with 134TMI (and also its isomer 123TMI) in 

concentrated conditions by the fluoride route. This zeolite is a small pore material 

that contains two types of cages: The D4R, in which fluoride resides, and a larger, 

obloid, relatively thin and slit-shaped [4
4
5

4
6

4
8

4
] cage in where the organic cation 

is occluded. This pure SiO2 material showed a large potential for the separation of 

propene and propane from its mixtures [138] and was the subject of quite exten-

sive investigation from both the experimental and theoretical perspectives. One in-

teresting result found by density functional theory calculations was that in the as-

made material the Si-O bond was significantly more polarized than in the calcined 

zeolite [95]. This fact provided an important insight into the proposed structure di-

rection role of fluoride towards D4R silica structures: The increased ionicity of the 

Si-O bond decreases its directionality, thus relaxing the otherwise strained struc-

ture. Additionally, the combination of the fluoride and imidazolium effects was 

strong enough to reverse the order of stability of two SiO2 zeolites, as proven by 

the in situ transformation of the initially crystallized 134TMIF-SiO2-TON into 

134TMIF-SiO2-ITW, despite the fact that TON is denser, less strained and, hence, 

thermodynamically more stable than ITW in the absence of guests [96]. 

A total of five different imidazolium cations [139,140,143], in combination 

with fluoride, were eventually found to direct to ITW with different degrees of 

specificity in structure-direction, following the decreasing order 123TMI >> 

1E23DMI > 13DMI  ~ 134TMI >  2E134TMI (see Figure 9 for the acronyms and 

Figure 10 for the specificity order). For the general conditions used, this order can 

be derived from the range of chemical compositions (particularly H2O/SiO2 ratios) 

and crystallization time needed to obtain the material, and from the possible prior 

crystallization of a different zeolite. 123TMI was effective at any of the H2O/SiO2 

ratios tried, which included rather dilute conditions (H2O/SiO2 up to 24.5) with no 

sign of competing phases. For 1E23DMI, direct crystallization of ITW occurred 

only at relatively high concentrations (H2O/SiO2 ≤ 13), while at more diluted con-

ditions MTW competed. It was, however, shown that 1E23DMI-F-SiO2-MTW 

could be transformed in situ to ITW at high concentrations (while the opposite, i.e. 

the transformation of 1E23DMI-F-ITW into MTW at high dilution didn’t occur), 

in an additional example of “dense and stable” to “open and strained” zeolite 

transformation driven by host-guest interactions [140]. On the other hand, 13DMI 

and 134TMI needed increasing concentrations to crystallize ITW, with TON com-

peting (but finally transforming to ITW, as stated above) [96]. The less specific 

SDA for ITW was 2E134TMI, a cation significantly larger in size that only 

worked at higher temperatures (175 or 185 instead of 150ºC for the rest of the ex-

amples) and that produced HPM-1 (the pure silica version of the chiral STW zeo-

lite, see below) [141] at rather high concentrations and HPM-2 (a layered precur-

sor to zeolite MTF) [142] at intermediate dilutions. Interestingly, both phases were 

unstable under the crystallization conditions and eventually transformed to ITW 
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under much prolonged heating (well over 30 days). The possibility that a small 

degradation product acted as the true SDA, rather than the rather large 2E134TMI, 

had to be considered because of the prolonged heating at high temperature and the 

‘degraded SDA’ examples given above. However, 
13

C MAS NMR of the zeolite 

demonstrated 2E134TMI was occluded intact into the zeolite [143]. The STW to 

ITW zeolite transformation is not as remarkable as the TON to ITW or MTW to 

ITW transformations commented above, since it probably doesn’t revert the ther-

modynamic stability difference of the SiO2 frameworks involved: STW is less 

dense (framework density 15.2 compared to 18.1 Si/1000 Å
3
) and likely more 

strained (higher concentration of D4R units) than ITW. 

Table 2 collects the percentage transfer of iodide salts from water to chloro-

form solutions, proposed as a qualitative measure of the hydrophobicity of the cat-

ions [51], for several imidazolium and quaternary ammonium cations. The differ-

ent behaviour between both types of cations is clearly evident. The five small 

imidazolium cations that are able to produce ITW appear to be significantly more 

hydrophobic than quaternary ammonium cations within a similar range of C and N 

atoms per charge. Interestingly, also, the molecular shape apparently contributes 

largely to the observed hydrophobicity, since the three isomers with formula 

C6N2H11 (1E3MI, 123TMI and 134TMI) display significantly different percentage 

transfers. On the other hand, the most specific structure-direction effects among 

this imidazolium series are provided by cations with an intermediate hydrophobi-

city, which is, however, significantly lower than that proposed by Kubota and 

coworkers for quaternary ammonium SDAs that work well. The less hydrophobic 

cation (1E3MI) is a rather unselective SDA producing zeolites not highly demand-

ing of strong structure direction (mainly TON and, in more restricted conditions, 

MFI) [69]. However, the next most hydrophobic cations (123TMI and 1E23DMI) 

are the most specific SDAs. It has in fact been argued that a relatively high hydro-

philic character may improve the ionization-based flexibility enhancement ob-

served in these fluoride-containing silica materials [139,140]. 1E3MI may be ei-

ther too hydrophilic or too flexible [140], when compared to the rest of these 

imidazolium cations. Finally, it is worth mentioning that, during all these studies, 

the Villaescusa rule was strictly observed.  

 

Table 2. Literature data for the transfer of imidazolium [144,140] and qua-

ternary ammonium [51] SDA iodide salts from water to chloroform solution.
1
  

Salt (C+N)/q %Transfer 

13DMI
+
I

-
 7 22.5 

134TMI
+
I

-
 8 28.8 

123TMI
+
I

-
 8 16.5 

1E3MI
+
I

-
 8 8.1 

1E23DMI
+
I

-
 9 17.7 

2E134TMI
+
I

-
 10 21.6 

TMA
+
I

-
 5 0 

TEA
+
I

-
 9 0 

TPA
+
I

-
 13 30 

TBA
+
I

-
 17 90 
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1Acronyms for the imidazolium cations are given in Figure 9. The quaternary ammonium 

cations are tetramethyl- (TMA+), tetraethyl- (TEA+), tetrapropyl- (TPA+) and tetrabu-

tylammonium (TBA+). 

A more recent example of a new zeolite topology discovered through the use 

of imidazolium cations is CIT-7 (CSV) [136]. The most specific SDA used is a di-

cation with a tetramethylene linker (4b2345TMI) although the trimethylene and 

pentamethylene variants and a particular monocation (2E13DMI) also worked 

with a lesser strength. Importantly, most of the synthesis described used the fluo-

ride route in concentrated conditions but the hydroxide route appears also to work 

in this case, although in a much more limited extent (only one unseeded synthesis 

was reported). The structure of CIT-7 comprises a two-dimensional system of in-

terconnected 10 and 8MR pores with a relatively large [4
8
5

4
6

8
8

2
10

2
] cavity at the 

crossing. Very interestingly is, in our opinion, the presence in CIT-7 of a small 

[4
4
5

2
] cage which resembles the [4

6
] or D4R cage and that can, in  fact, be formal-

ly considered as derived from that cage by insertion of an additional Si atom in be-

tween two corners of the D4R unit. With regard to structure-direction in CIT-7 it 

may be highly relevant to find out if fluoride is occluded in the [4
4
5

2
] cage and the 

precise location and conformation of the organic SDA, so further studies are well 

merited.  

5.1.2 SIV: Ionothermal synthesis 

The so-called ionothermal synthesis of zeolite-like analogues was developed 

by Morris’s group at St. Andrews and consists in the use of ionic liquids or deep 

eutectic mixtures as solvents and as ‘templates’ or structure-directing agents 

[145,146,147]. In the case of eutectic mixtures they don’t really act as templates 

but as template–delivery agents by the in situ degradation of the urea derivative of 

the mixture, as commented above [72]. In the case of ionic liquids, which are fre-

quently salts of imidazolium or pyridinium derivatives, the cation in the salt acts 

as SDA, most frequently as itself but occasionally also after degradation and rear-

rangement [70]. 

While it may have additional advantages (like a very small vapour pressure 

that doesn’t build up a high autogenous pressure) the idea behind the ionothermal 

synthesis is that it should avoid the competition between solvent and SDA for in-

teracting with the inorganic components of the mixture. In fact, this may pro-

foundly transform the mechanism of structure-direction, since no ‘hydrophobic 

hydration sphere’ can be involved in this case. Ionic liquids are frequently highly 

hygroscopic and, hence, are never fully dry and water (and fluoride) may also be 

added as mineralizers or be introduced together with the reagents, so one could 

wonder if the frontiers between the ionothermal synthesis and the hydrothermal 

synthesis with fluoride in concentrated conditions may blurry for extremely low 

H2O/SiO2 ratios. There are however important differences that distinguish both 

routes. First, in the ionothermal synthesis the ionic liquids are, of course, in ‘sol-

vent’ amounts (i.e., many times the molar amount of tetrahedral atoms), while in 

the hydrothermal synthesis they usually do not exceed a SDA/SiO2 ratio of 0.5 or 
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0.6. Second, even in wet ionic liquids water seems to be ‘deactivated’, meaning it 

displays a reduced chemical reactivity. Apparently, this is so as far as water re-

mains molecularly dispersed or in small clusters and with strong anion-water in-

teractions that reduce the nucleophilicity of water [146]. Also at variance with the 

hydrothermal imidazolium fluoride synthesis that works very well for fully con-

nected silica zeolites, the ionothermal route works better for phosphate based ma-

terials that, most typically, have hanging P-O bonds, i.e. frequently they are not 

fully connected but either interrupted frameworks or layered materials, possible 

due to a slow rate of hydrolysis caused by the decreased water reactivity com-

mented above. 

The ionothermal route has been successful in crystallizing many new phos-

phate-based materials, including one fully connected material with a new zeolite 

topology: SIZ-7 (SIV) [133]. This is a cobalt aluminophosphate with a three-

dimensional system of small pores built from double crankshaft chains and was 

prepared with 1E3MI
+
 bromide as solvent. We have considered above that 1E3MI 

is a poor SDA in hydrothermal syntheses and, while it can act differently in an 

ionothermal synthesis it still doesn’t seem to be a very specific SDA. For instance, 

with a CoAlPO composition it only produced physical mixtures of SIZ-7 (SIV), 

SIZ-8 (framework type AEI) and SIZ-9 (SOD), while in pure AlPO4 compositions 

it yielded SIZ-1 (an interrupted framework), SIZ-3(AEL), SIZ-4 (CHA) or SIZ-5 

(AFO) depending on the presence and amount of water and fluoride. 

It is interesting that the ionothermal synthesis doesn’t work well for silica-

based materials. So far, only SIZ-12, a fully connected but non-porous SiO2 phase 

with a framework density similar to cristobalite, has been prepared as isolated 

crystals among a lot of amorphous solid [146,147]. The synthesis conditions have 

so far not been revealed but, since the material is dense and doesn’t occlude any 

organics, structure-direction in this case didn’t proceed through the typical organ-

ic-inorganic host-guest interactions. 

 

5.1.3 UOS, UWY and CIT-13: Imidazolium, fluoride and germanium 

By combining the structure-directing effects of imidazolium cations, fluoride 

anions and germanium, three new zeolite structures were discovered: IM-16 

(UOS) using 1E3MI [134], IM-20 (UWY) with 1B3MI [135] and CIT-13 using 

mMBz23DMI (and also oMBz23DMI in a more restricted compositional window 

[137]). As expected, because of the F and Ge roles, the three of them contain D4R 

units and this is likely the main effect affording their discovery. In fact, as we 

have commented before, 1E3MI shows no specificity at all in the absence of Ge. 

Because of its similarity with 1E3MI, the slightly longer and more flexible 1B3MI 

is also unlikely to exert a strong structure-direction of its own. Finally, CIT-13 is 

described in terms of dense cfi layers (first found in CFI [148], a one-dimensional 

14MR material) connected through the D4R units, resulting in the first zeolite 

containing a bidimensional system of extra-large 14MR and medium 10MR pores. 

The relatively large benzylimidazolium derivatives that afford CIT-13 (who were 

later expanded to the slightly smaller mMBz3MI and oMBz3MI) [149] would 

help stabilize the relatively large volume by host-guest interactions, while most Ge 
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was found in the D4R units. Thus, in all these three cases the main actor that di-

rects the crystallization is likely Ge (and fluoride). 

5.2 New compositions attained with imidazolium cations 

In addition to the discovery of new zeolite structures, imidazolium cations 

have afforded the preparation of new zeolite compositions. Among these, the syn-

thesis in pure form of the chiral zeolite HPM-1 (STW) is highly relevant [141] be-

cause of its implication in possible applications. This zeolite contains a helicoidal 

medium pore that could be useful in asymmetric catalysis and adsorption applica-

tions (see below). The STW structure type was first discovered in SU-32 [150], a 

germanosilicate prepared with diisopropylamine and with the help of the structure 

directing effects of Ge and fluoride (STW contains a large concentration of D4R). 

All these combined effects were not strong enough to produce pure SU-32 but 

mixtures with SU-15, GeO2 and/or amorphous solids. Unfortunately, SU-32 suf-

fers from the stability problems typically inherent to germanosilicates with a large 

Ge content, which tend not only to collapse upon calcination but also by hydroly-

sis with ambient moisture at room temperature. By contrast pure silica HPM-1 has 

the outstanding thermal and hydrothermal stability typical of SiO2 polymorphs 

with no connectivity defects. 

The synthesis of HPM-1 in silica form made use of 2E134TMI with fluoride in 

highly concentrated conditions and produced the zeolite free of any impurities, de-

spite prior theoretical predictions that such a silica polymorph could not be syn-

thesized. The predictions were based in the lack of a ‘flexibility window’ for STW 

[151] or in the too strained structure for silica [152] but both considered as rele-

vant material the ‘clean’, calcined SiO2 structure. A broad flexibility window (the 

ability of the structure to deform without too large an energetic cost) [153] is con-

sidered necessary for a structure to be feasible, which has been rationalized as a 

way to improve the likelihood of a good host-guest match [154]. However, from 

the point of view of being able to crystallize a material, the important structure is 

not the clean calcined material but, obviously, the as-made one. As stated above, 

host-guest interactions, particularly with fluoride and imidazolium cations, may 

increase the ionicity of the framework [95,96], and this has been shown to be the 

case also for HPM-1: The structural solution of the as-made material showed a 

large deformation of the [SiO4/2] tetrahedra [155], indeed supporting an enhanced 

flexibility. Fluoride was found in the D4R cages and the imidazolium cations in 

the larger [4
6
5

8
8

2
10

2
] cavity in a ‘locked’ conformation, in a further example of a 

strong structure direction by the combined effects of fluoride and imidazolium cat-

ions. This synthetic route also afforded the incorporation of Al into HPM-1, and 

the material was found to be an outstanding catalyst for the skeletal isomerization 

of normal butene [156].  

Later on, Schmidt and coworkers also synthesized pure silica HPM-1 using 

12345PMI by the concentrated fluoride route [112] following a study based on a 

computational method for determining chemically feasible SDAs for specific 

structures [157]. The method considers not only the host-guest interaction energy 

but also the possibility of synthesizing the SDA by known chemical transfor-
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mations of a library of commercially available organic precursors. When the same 

cation was used for the synthesis of aluminosilicate zeolites, however, the alumi-

nosilicate version of zeolite RTH was obtained instead [158]. The same alumino-

silicate zeolite was obtained with a range of different imidazolium cations 

[159,160]. A layered precursor of RTH, termed CIT-10, was also synthesized us-

ing an imidazolium-based dication with a pentamethylene linker, 5b2345TeMI 

[161].  

5.3 Achieving homochirality  

The discovery that a dication, 4b2345TeMI, was able to crystallize STW with 

the imidazolium moieties occupying two different cages, first reported as supple-

mentary information to the synthesis of CIT-7 [136], suggested a way to control 

the crystallization of this chiral zeolite towards a scalemic conglomerate. This zeo-

lite in principle crystallizes as a racemic conglomerate, i.e. as a mixture of equal 

amounts of homochiral crystals of both hands. By introducing a rigid cyclopro-

pane moiety in the middle of the spacer and using enantiopure versions of the re-

sulting chiral dications, R- and S-cprdMbTeMI (Figure 9, bottom right corner), 

Brand and coworkers were able to produce very recently enantioenriched ger-

manosilicate and aluminogermanosilicate [162] versions of this zeolite. Presuma-

bly, the linker’s chirality imposed in some extent the spatial disposition of consec-

utive cages, directing the crystallization preferentially towards crystals of one 

hand. The ring opening of 1,2-epoxyalkanes in aluminium-containing enantioen-

riched STW showed significant enantiomeric excess, while adsorption of 2-

butanol in enantioenriched germanosilicates also proved a certain degree of enan-

tioselectivity.  

6 Conclusions 

The use of organic structure-directing agents in the synthesis of zeolite materi-

als has rendered a tremendous impact on the discovery of new zeolite topologies 

as well as new chemical compositions of the zeolite networks, which have greatly 

expanded the potential of application of the resulting zeolitic materials. To be effi-

cient structure-directing agents, organic species have to fulfill a series of chemical 

conditions, in particular display a high hydrothermal stability, and particular 

size/shape, hydrophobic/hydrophilic and rigidity/flexibility properties, which have 

been analyzed in this introductory chapter, together with some applications direct-

ly derived from these particular properties. Nonetheless, the extensive investiga-

tion carried out during the last decades on the use of new organic species as struc-

ture-directing agents has enlarged the range of conditions where they efficiently 

direct the crystallization of zeolitic materials, rendering new fascinating materials 

through a rational selection of the organic species to be used. The following chap-
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ters of this Special Issue will be devoted to analyze in detail recent trends in the 

science of structure-direction by organic species. 
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Figure 1. Cage-based zeolite frameworks with different cage sizes synthesized 

with related organic cations of increasing size. Adapted from [25]. 
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Figure 2. Rational design of SDAs for multipore zeolites based on 10-ring and 12-

ring multidimensional channel systems [35]. Reprinted (adapted) with permission 

from [31]; Copyright 2015 The Royal Society of Chemistry. 
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Figure 3. Diastereoselective structure-directing effects of 1-benzyl-1-methyl-4-

(trimethylene)piperidinium (top), N,N-diethyl-decahydroquinolinium (bottom-

left) and 2-hydroxymethyl-1-benzyl-1-methylpyrrolidinium (bottom-right). Re-

printed (adapted) with permission from [44], Copyright 1999 Elsevier Science 

B.V., and from [45], Copyright 2002 American Chemical Society 
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Figure 4. Top: mechanism of the toluene disproportionation to produce xylenes; 

middle: organic SDA cations selected as transition state analogues for this reac-

tion; bottom: IWV framework produced by TSA 2 which showed a high conver-

sion in toluene disproportionation. Reprinted (adapted) with permission from [47]; 

Copyright 2017 American Association for the Advancement of Science. 
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Figure 5. SDA cations with different hydrophobicity giving place to MFI zeolites 

with different properties [57,58]. 
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Figure 6. SDA cations with different rigidity/flexibility properties: top: rigid 

SDAs giving selectively frameworks of larger pore volume; bottom: flexible hex-

amethonium giving different frameworks as a function of Si/Ge ratio. Reprinted 

(adapted) with permission from [19], Copyright 2013 2013 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 
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Figure 7. Effect of conformational space as a consequence of molecular flexibility 

on SDAs: tg.tg/tt.tt conformers of TEA (top), axial- and equatorial conformers of 

cyclohexylammonium (bottom-left) and conformers of ephedrinium and 

pseudoephedrinium (bottom-right) [77,79,83]. 
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Figure 8. Effect of H2O/SiO2 ratio on the structure-directing effect of trimethyl-

adammantammonium in the synthesis of zeolites. Reprinted (adapted) with per-

mission from [97], Copyright 1999 Kluwer Academic Publishers, and from [99], 

Copyright 2005 American Chemical Society. 
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Figure 9. Several imidazolium cations relevant to this review, with their names 

and the acronyms used here. The five cations in the first row produced ITW. The 

cation at the top right also afforded the chiral pure silica STW. The first cation in 

the second row produced SIV by the ionothermal route and UOS by the fluoride, 

germanium route (the same route that afforded UWY with the second cation in the 

same row and CIT-13 with the benzyl derivatives in the third row). The dication 

with n=4 in the last row afforded the discovery of CSV. The dication in the bot-

tom right is chiral (not detailed in the figure) and has been used in enantiopure 

form  to produce scalemic conglomerates of germanosilicates and aluminoger-

manosilicate STW [162]. 
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Figure 10. Approximate crystallization fields for pure silica zeolites in fluoride 

media at 150ºC using four imidazolium based SDAs able to crystallize zeolite 

ITW at that temperature. The specificity in structure-direction towards ITW 

increases from bottom to top, i.e., as opposed to the % transfer from water to 

chloroform (shown at the right). Reprinted with permission from [140], Copyright 

2013 American Chemical Society. 
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