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3 Introduction to the Structural Chemistry of Zeolites Rau´l F. Lobo University of Delaware, Newark, Delaware, U.S.A.



This chapter provides an introduction to the structure of zeolites and related crystalline microporous materials. The structural characteristics of the zeolite family make it unique among inorganic materials. It is difﬁcult to overemphasize that an appreciation of zeolite structure is critical to an understanding of zeolite properties. We urge you to read this chapter carefully before proceeding to the other chapters of this volume. We will start with a brief introduction to the building units of zeolite materials. We will then show how to build progressively channels and cages out of the primary units. Then we will continue with a discussion of the broad range of compositions that can be found in zeolite materials, with an overview of some important zeolite structures. Because of space, we will focus on the structures that are most likely to be encountered in the laboratory, in the technical literature, and in the marketplace. Following we will show how to use standard reference sources and the associated — and very useful —web resources of structural zeolite information. Because they are frequently found, a very brief discussion of stacking faults in some important faulted zeolite materials follows. We will ﬁnish with a rapid survey of the coordination of cations in an important industrial zeolite (zeolite A). A priority throughout the text has been to make relevant connections between structure and properties as frequently as possible. In the writing of this chapter we have assumed that the reader has no previous experience with zeolites. We have also assumed that the reader has some background in general chemistry — what a third-year undergraduate student of chemistry, chemical engineering, materials science, or geology may have —and some familiarity with crystalline materials and elementary crystallographic concepts. We hope that after reading this chapter you will understand how the special properties of zeolites (such as molecular sieving, high adsorption capacity, ion exchange, and so on) are directly related to zeolite structure. You will be familiar with the most common zeolite frameworks and you should be able to understand, in general, the structural descriptions of zeolites as typically found in the technical literature. Finally, you should also be able to use the Atlas of Zeolite Framework Types and the web as starting points to ﬁnd detailed structural information on any zeolite material. I.



DEFINITIONS AND BASIC CONCEPTS



Due to the enormous structural and chemical diversity of the zeolite family of materials, it is difﬁcult to ﬁnd precise deﬁnitions of what a zeolite is. Let us start with the somewhat restricted
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deﬁnition that the mineralogist community use: a zeolite is crystalline aluminosilicate with a 4connected tetrahedral framework structure enclosing cavities occupied by large ions and water molecules, both of which have considerable freedom of movement, permitting ion exchange and reversible dehydration (1). From this deﬁnition we see that a zeolite contains three components: a 4-connected framework, extraframework cations, and an adsorbed phase (in this case, the water molecules). Also note that by deﬁnition a zeolite has an open structure with pores and voids where ions and molecules can move. As an example of a material that ﬁts this deﬁnition well we can cite the structure of the zeolite mineral gismondine (2) |Ca2+4(H2O)16| [Al8Si8O32]. This formula means that in a unit cell of gismondine the framework (in bold square brackets) contains eight aluminate ([AlO4/2]) and eight silicate tetrahedra ([SiO4/2]). Four extraframework calcium cations balance the negative charge of the framework, and there are 16 water molecules in the cavities. In Fig. 1 we illustrate the structure of gismondine (water molecules have been omitted for clarity). You can observe that the tetrahedral framework extends in three dimensions in space and that within the framework there are cavities large enough to accommodate the cations and the water molecules. Even among minerals we ﬁnd numerous examples of materials that exhibit zeolite properties but do not meet some of the criteria of the mineralogical deﬁnition. Lovdarite (a berylliumsilicate) (3) and gaultite (a zincosilicate) (4) do not have aluminum atoms in the framework. The mineral wenkite (5) has an ‘‘interrupted’’ framework and contains silica tetrahedra bonded to the framework only via three oxygen atoms [O3Si-OH]. Despite these diﬀerences, in practice, all of these minerals are usually described as zeolites. In addition to these examples, an enormous number of synthetic zeolite materials have been prepared, many of which do not ﬁt the above deﬁnition precisely. A large number of porous



Fig. 1
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Structure of the zeolite gismondine (GIS).



silicas with neutral frameworks and no extraframework cations have been reported since the early 1980s (6–8). Moreover, many aluminophosphates and metal-substituted aluminophosphates, closely related to zeolite minerals, have also been prepared (9). For these reasons we here adopt the broader deﬁnition of the term zeolite as is currently reﬂected in the scientiﬁc literature and as also adopted by the zeolite community in the Atlas of Zeolite Framework Types* (see http://www.iza-structure.org/). This atlas contains not only the aluminosilicates but also the zincophosphates, borosilicates, gallogermanates, lithosilicates, and many other materials that have an open three-dimensional network of 4-connected tetrahedra. II.



ZEOLITE FRAMEWORK STRUCTURES



The structure commission of the International Zeolite Association (IZA) periodically reviews publications containing new tetrahedral frameworks and assigns a three-letter code to each distinct new framework. For example, GIS is the three-letter code for the mineral gismondine. These distinct tetrahedral frameworks are formally known as framework types. At this point there are 135 diﬀerent framework types with assigned three-letter codes. For historical reasons, the names of zeolite materials have not followed any systematic naming protocol, and there are a bewildering variety of names that unfortunately are confusing to the student and taxing to the memory of the specialist. For instance, amicite, garronite, gobbinsite, high-silica P, low-silica P, MAPSO-43, Na-P1, and several others are all diﬀerent names given to materials with the GIS framework. These materials have diﬀerent framework composition, diﬀerent guest species, and diﬀerent extraframework cation content. In addition, they can have diﬀerent crystallographic symmetry and, of course, diﬀerent properties. Nevertheless, all have, a tetrahedral framework that is isotypic with the GIS framework. To avoid confusion, it is good practice to display the framework type of a material after its name (gismondine-GIS, Na-P1-GIS, etc.), and we will follow this practice in this chapter. It is also important to recognize that the code does not stand for a material, i.e., there is no such thing as a GIS zeolite. The IZA structure commission keeps an up-to-date record, in print and on the web, of all these framework types with many additional topological, structural, and chemical details.y This information is readily accessible, presented in a user-friendly format, and you will ﬁnd it extremely valuable. Further details are given at the web site http://www.iza-structure.org/databases. Here we highlight several reviews of zeolite structure that (although outdated) are worth reading and complementary to the material presented here. The original publication by Breck (11) contains a clear presentation of zeolite structures. It is very instructive to compare his presentation of the material to the one given here. Higgins (8) has an introduction to siliceous zeolites highly complementary to Gies review on clathrasils (silicates with voids but no pores) (12). Information on the crystallography and nomenclature of zeolites can be found in the highly readable publications by McCusker (13,14) and McCusker et al. (15). A.



The Basic Building Unit: The Tetrahedron



All zeolite frameworks can be built by linking in a periodic pattern a basic building unit (BBU), the tetrahedron. In the center of the tetrahedra are atoms with relatively low electronegativities (SiIV, AlIII, PV, ZnII, etc.) and in the corners are oxygen anions (O2). These combinations can be depicted as [SiO4], [AlO4], [PO4], etc., and in what follows we will use the term TO4 to describe



* Previously known as Atlas of Zeolite Structure Types (10). y



You should go soon to the web site of the structure commission (http://www.iza-structure.org/) to become familiar with the information available at this site.
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Fig. 2



Several representations of the basic building unit of zeolites, the tetrahedron.



tetrahedra in general, where T stands for any tetrahedral species. We often will use the notation [TO4/2] to emphasize that each oxygen atom is coordinated to two T atoms. Figure 2 depicts several representations of the tetrahedron. Note that each apical oxygen is shared with the adjacent tetrahedron and as a consequence the framework of zeolite materials always has a metal-to-oxygen ratio of 2. The tetrahedra in zeolite materials are somewhat rigid (16–19). In general, the O-T-O angle is close to the ‘‘ideal’’ value of 109j 28V for a geometrically perfect tetrahedron and deviations of more than a few degrees are not frequent (20). The T-O bond length depends on ˚ the particular metal cation. For [SiO4] tetrahedra the bond length is d(Si-O) c 1.59–1.64 A ˚ (23), and Table 1 shows a (21,22). For [AlO4] the bond length is usually d(Al-O) c 1.73 A summary of T-O bond lengths for a variety of T atoms. Boron is the smallest cation that has ˚ and zinc is the largest with been found in zeolite frameworks (24) with a d(B-O) c 1.44 A ˚ (25–27).* d(Zn-O) c 1.95 A To build zeolite frameworks the tetrahedra are linked via the apical oxygen (T-O-T). The T-O-T bond angle is quite ﬂexible (30–32), in sharp contrast to the rigid O-T-O angle. For the case of silica tetrahedra the T-O-T angle is usually in the vicinity of 140–165j, but values of 130–180j have been reported (30). The ﬂexibility of the T-O-T angle is very important because it is the degree of freedom that allows the formation of the great variety of zeolite frameworks without much thermodynamic penalty (33,34). The ﬂexibility of the T-O-T angle allows the formation of rings and other more complex building units from which zeolite materials may be formed. B.



Composite Building Units



More complex composite building units (CBUs) can be formed linking together groups of BBUs. The simplest examples of CBUs are rings. All zeolite structures can be viewed as if



* Other T-atoms with potentially larger d(T-O) distances have been claimed in zeolite frameworks, but unambiguous experimental bond distances and coordination environments remain to be conﬁrmed for many. See Refs. 28 and 29 for further details.
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Table 1 Bond Lengths of Several T-O Atom Pairs Frequently Found in Zeolite Materials Atomic pair Si-O Al-O B-O P-O Be-O Li-O Ge-O Ga-O Zn-O



˚ Bond length d(T-O), A



Ref.



1.58–1.64 1.70–1.73 1.44–1.52 1.52 1.58 1.96 1.73–1.76 1.84–1.92 1.95



23 99,102 24 102 3 103 73 104 25



formed of rings of tetrahedra of diﬀerent sizes. In general, a ring containing n tetrahedra is called an n ring. The most common rings contain 4, 5, 6, 8, 10, or 12 tetrahedra, but materials with rings formed of 14, 18, up to 20 tetrahedra have been prepared (35–38). Materials with 3-, 7- or 9-rings, are rare (25–27). When a ring deﬁnes the face of a polyhedral unit, it is also called a window. In Fig. 3 we illustrate the relative sizes of some n rings frequently found in zeolites. Although the rings are sometimes planar, more often they have more complicated shape and geometry. Elongated rings and rings that are puckered out of a plane are very common. The next level of complexity is obtained by constructing larger CBUs from n rings giving rise to a diverse and interesting set of structures. Cages, for example, are polyhedra whose largest rings are too narrow to allow the passage of molecules larger than water. It is usually considered that 6-rings are the limiting ring size to form a cage. As can be seen in Fig. 4, cages of diﬀerent shape and geometry can be built easily connecting rings of diﬀerent sizes. In this case, the cancrinite cage (or q cage) and sodalite cage (or h cage) are formed connecting 4- and 6-rings in diﬀerent arrangements. As one might guess, these two CBUs are building units of the zeolites cancrinite (CAN) and sodalite (SOD), but they are also found in several other zeolite structures. CBUs like cages can be formally denoted by a descriptor such as [4665] (cancrinite cage) or [4668] (sodalite cage). In the notation [nimi], m denotes the



Fig. 3 Relative sizes of n-rings frequently found in zeolites and related molecular sieves. The scale of the pore aperture is given for the 10-ring to give a sense of scale.
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Fig. 4 Two cages frequently found in zeolites. The oxygen and T atoms are depicted in the upper drawings. In the lower half, only the connections between T-atoms are indicated.



number of n rings deﬁning the polyhedron. Many types of cages have been found and most have been nicely summarized in Refs. 8 and 12. In Fig. 4 we have also drawn these two cages using only the nodes or connections between the T atoms (the oxygen atoms have been omitted for clarity). This simpliﬁed description greatly facilitates the understanding of the structure and highlights relationships between the diﬀerent structural units. It is frequently used in the depiction of zeolite structures in the scientiﬁc literature, but remember that the oxygen atoms are assumed to be present near the midpoints between the T atoms. As an aside, remember that in zeolite minerals as well as in synthetic zeolites the cages can contain cations, water molecules, small organic molecules, and so forth that may or may not be explicitly drawn in the ﬁgures.



Fig. 5 Chains are a type of CBU frequently found in zeolite structures. This ﬁgure illustrates the chains of the zeolite ZSM-5 (MFI) and zeolite L (LTL). The chains of ZSM-5 are composed of 5-rings only. The chains of zeolite L has 4- and 6-rings.
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Chains are one-dimensional polyhedral CBUs that are frequently found among zeolite structures. In Fig. 5 we illustrate two examples of chains from zeolites ZSM-5 (MFI)* and L (LTL). As can be seen, these two chains are quite diﬀerent. In the case of the chains of zeolite ZSM-5 (MFI), they are formed by connecting 5-rings exclusively. In the case of zeolite L (LTL), the chains contain 4-rings, 6-rings, and 8-rings. In fact, within the chains you can distinguish additional cages in zeolite L (similar but not identical to cancrinite cages) which contain occluded potassium cations (K+) within the cages (these potassium cations are trapped and cannot be removed or exchanged for other cations; see Chapter 21 by Sherry for more about ion exchange). C.



Cavities, Channels, and Larger CBUs



Cavities are polyhedral units that diﬀer from cages by the fact that they contain windows that allow the passage of molecules in and out of the cavity (15). Cavities should not be inﬁnitely extended and should be distinguished from other units such as pores and channels. Examples of two cavities are depicted in Fig. 6. In the case of the cavities of zeolite A ([4126886]—LTA), the cavities contain six 8-rings through which water molecules, linear alkanes, and small molecules like CO2 and N2 can penetrate. Since the cavities are connected to one another via the 8-rings, molecules diﬀuse within the zeolite crystal by jumping between adjacent cages. Because there are windows in all the h1 0 0i crystallographic directions, diffusion of molecules occurs in all three dimensions. The second structure in this ﬁgure depicts the cavity of zeolite X and Y ([41664124]—FAU). This cavity is of tetrahedral point symmetry and contains four 12-ring windows along the h1 1 1i directions. These windows allow the passage of much larger molecules than in the case of zeolite A (LTA). Neopentane, trimethylbenzene, and many others can easily pass through these 12-ring windows. A channel is a pore that is inﬁnitely extended in at least one dimension with a minimum aperture size (n ring) that allows guest molecules to diﬀuse along the pore. In many zeolites the channels intersect forming two- and three-dimensional channel systems. The dimensions of the pore is one of the critical properties of zeolite materials since this dimension determines the maximum size of the molecules that can enter from the exterior of the zeolite crystal into its micropores. The aperture dimensions of a channel are qualitatively determined by the number of T atoms (or oxygen atoms) of the n ring that deﬁnes the channel. Structures with 8-ring, 10-ring, or 12-ring channel apertures are the most common and these are usually known as small-, medium-, and large-pore zeolites. Materials with 14-ring and larger channel apertures are known as extralarge pore materials (39). In addition to this topological description of channel apertures, a free diameter or metrical description of the pore size is also used. This free diameter identiﬁes the approximate size of the molecules that can penetrate a particular channel aperture and it is ˚ from the crystallographic distance between the oxygen usually estimated by subtracting 2.7 A ˚ is assumed for the oxygen). Thus 8atoms at opposite sides of the pore (an ionic radius of 1.35 A ˚ ˚; f ring channels have a free diameter of 4.0 A; 10-ring channels have a free-diameter of f5.6 A ˚ f and 12-ring channels have a free diameter of 7.6 A. You should note that guest molecules, as they move inside the zeolite channels and cavities, are primarily in van der Waals contact with the oxygen atoms of the framework (40). Guest molecules are not in direct van der Waals contact with the T atoms of the framework, which are sterically shielded by the four surrounding oxygen



* The origin of the three codes is usually related to the name of the material type that established a particular framework topology. In this case, the name stems from Mobil FIve.
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Fig. 6 Large cavities of zeolites A (LTA) and X (FAU).



atoms. Guest molecules also can be in direct contact with the extra framework cations coordinated to the framework oxygen atoms, and in direct contact with other guest molecules. It is important to realize that the free diameter is only an approximate measure of the pore aperture. The exact dimensions of, for example, a 12-ring channel zeolite will vary depending on the particular structure and composition of the zeolite in question. Cations often coordinate at these channel windows, reducing the eﬀective size of the opening; in some cases the cations can even block the passage of molecules into (and out of) the crystal (41). Moreover, the framework of zeolites is very ﬂexible, with plenty of internal void space, and adsorbed molecules perturb the position of the framework atoms and change the exact dimensions of the free diameter (42–45). Recall also that thermal ﬂuctuations and phonon modes are always present (especially in porous materials!) leading to breathing of the pore windows and modifying the eﬀective aperture of the channel as a function of temperature (19). Since the structures of zeolites are frequently obtained from materials without guest molecules, one should beware of using this information rigidly in the interpretation of zeolite properties. Zeolites respond and deform to the guest molecules occluded in the pores. III.



CHEMICAL COMPOSITION OF ZEOLITE MATERIALS



Structure deﬁnes the family of zeolite materials and is the underlying reason for most of the unique properties for which zeolites are well known (molecular sieving, large adsorption capacity, etc.). Yet material properties are also intimately linked to the composition of the framework, the identity of the extra-framework cations, and the guest species. Let’s use the example of the framework-type CHA (chabazite) to illustrate how the composition of the zeolite aﬀects its chemical properties. The chabazite family of materials is nearly unique among zeolites because it can be prepared with a wide range of compositions. Siliceous chabazite is the chemically simplest form in which this small-pore zeolite has been prepared i.e., [Si36O72]—CHA. This material contains 36 [SiO4/2] tetrahedra in the unit cell (46) (Fig. 7) and has a neutral framework. It is one of the most hydrophobic materials known (47), mainly because water molecules cannot form suﬃciently favorable interactions with any component of the material. There are no strongly charged species that could, via coulombic forces, interact with the permanent dipole of water.* There are no hydrogen bond donors or acceptors with which water can form hydrogen bonds. There are no Lewis acid sites, such as extra-framework cations like Ca2+, to which water can coordinate. In addition, the small cavities of this zeolite inhibit the formation of clusters of six or more water molecules that can lower their energy via



* Formally, the oxygen atoms in a SiO2 tetrahedral framework have a charge of 2 [SiIVO=2]. However, the Si-O bond is highly covalent and the effective charge in the oxygen atoms of the framework is in practice much smaller (48).
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Fig. 7 Structure of the zeolite siliceous chabazite (CHA). Two chabazite cages are highlighted in the drawing. Each cage contains six 8-ring windows.



intermolecular hydrogen bonding (49–51). Thus, besides dispersion forces, there is no driving force for the water molecules to adsorb into siliceous chabazite (CHA). A great number of zeolite structures have been prepared in a purely siliceous form (6,8,52) and without exception they are all hydrophobic. As trivalent elements (such as AlIII) are progressively incorporated into the zeolite framework, the properties of these materials change rapidly. Consider, for instance, the zeolite SSZ-13 (|H+3| [Al3Si33O72]—CHA) (53) containing three aluminum atoms per unit cell. The framework is in this case anionic with its charge balanced by three extraframework protons. The negative charge is, of course, associated with the [AlO4/2] tetrahedra that are part of the framework. The negative charge is primarily located at the oxygen atoms (Oy) surrounding the aluminum atoms. These oxygen atoms are more basic than oxygen bonded to two silicon atoms (54,55). The protons are always coordinated to one of these framework oxygen atoms (Si-O-AlOH-Si) forming Brønsted acid sites. These protons are responsible for the acid properties of this zeolite (56). This zeolite is an excellent solid-acid catalyst for the synthesis of methylamines from ammonia and methanol (57) and for the synthesis of propene from methanol, among other reactions (58). SSZ-13 (CHA) is more hydrophilic than the siliceous counterpart because water forms hydrogen bonds with the acid sites (water as H-bond acceptor) and water forms hydrogen bonds with the oxygen atoms surrounding aluminum tetrahedra (as H-bond donor). These protons are labile as evidenced by their ion-exchange properties with other cations such as ammonium (|(NH4+)3| [Al3Si33O72]—CHA) or sodium (|Na+3| [Al3Si33O72]— CHA). This latter material can have several water molecules coordinated to the cations (|Na+3 (H2O)9| [Al3Si33O72]) in its hydrated form. Under a diﬀerent set of synthesis conditions (59,60), chabazite can be prepared with a much larger fraction of aluminum in the framework. A maximal isomorphous substitution of aluminum is reached for a zeolite of composition |Na+18(H2O)n| [Al18Si18O72]—CHA. The properties of this material are vastly diﬀerent from those of the siliceous chabazite. This zeolite is very hydrophilic. Water molecules can now coordinate to the many sodium cations present in the pores. The framework oxygen atoms are rather basic and serve as hydrogen bond acceptors to water and other molecules. Besides the hydrophilic character, other properties of the material also change as the amount of aluminum is increased. In materials with higher aluminum content it is useful to
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think of the bonding as more ionic in character as compared to the siliceous counterparts. The thermal stability or capacity to withstand high temperatures without loss of structural integrity decreases as the aluminum content increases (61). The ion-exchange capacity also increases as the number of negative changes in the framework increases. Consequently, the maximal number of acid sites (i.e., protons) increases with the amount of aluminum in the framework. At the same time it has been found that the ‘‘strength’’ of the acid sites decrease (56) as the fraction of aluminum in the framework increases. This observation can be understood on the basis of the proximity of electron-donating [AlO4/2]. These groups increase the eﬀective charge of the oxygen atom on the acid site, making it less prone to donate the proton (i.e., less acid). One will frequently ﬁnd the term silicon/aluminum ratio (Si/Al) used to describe the composition of a zeolite. In this last example, Si/Al = 1 since the number of aluminum atoms per unit cell is identical to the number of silicon atoms.* Experimentally this is the lowest Si/Al ratio that can be obtained in this or any other zeolite. Ample evidence indicates that there is a strict alternation of silica and alumina tetrahedra in materials with Si/Al = 1. There is an avoidance of the formation of Al-O-Al linkages known as ‘‘Loewenstein rule’’ in honor of the individual who first rationalized this observation (62). As mentioned above, the chabazite framework is unique among zeolites in the sense that it is the only material that can be prepared with Si/Al ratios from 1 to l directly from synthesis. Nearly all other zeolite materials can be synthesized only within a restricted range of Si/Al ratios. The composition of zeolites can be changed by postsynthesis modiﬁcations of the material but usually also within limits (63–65). Although the emphasis has been so far on alumino silicate materials, it is possible to incorporate a wide range of T atoms in the framework of zeolites. A great number borosilicates have been prepared (66), some with unique structures quite diﬀerent from the ones found among aluminosilicates (67). Many gallosilicate compositions have also been reported and these for the most part have structures analogous to known aluminosilicates (68–70). A variety of zincosilicates containing very unusual structures have been prepared (25–27). Zincosilicate structures are special because many contain 3-rings among their structural units, an uncommon CBU in most other zeolites (71). Several germanosilicates (72) and pure germanium zeolites have been prepared in the laboratory. These have neutral frameworks and include the only materials known with three straight and perpendicular 12-ring pores (73). Early in the 1980s a new group of tetrahedral framework materials was discovered in the laboratories of Union Carbide (74). These materials are based on frameworks containing aluminum and phosphorus (or aluminophosphates), and they are usually denoted as AlPO4s. These materials have perfect alternation of aluminate and phosphate tetrahedra [AlPO4], and they have neutral frameworks. They can be imagined as formed from the systematic substitution of pairs of framework SiIV atoms for AlIII and PV atoms. One important consequence of this strict ordering is that the frameworks will contain only even-numbered ˚) rings. The diﬀerences in framework cation charge, and in bond length between P-O (f1.55 A ˚ ), give rise to larger eﬀective changes on the oxygen atoms and make and Al-O (f1.73 A AlPOs hydrophilic, in contrast to the purely siliceous zeolites. Although many phosphate-based materials have frameworks isotypic with aluminosilicate zeolites, a great variety of interesting materials with new framework types have been synthesized in this and related compositions. In particular, the ﬁrst extralarge-pore molecular sieve ever discovered was the aluminophosphate



* One should be aware that in addition to this atomic Si/Al ratio, many authors prefer to use the so-called oxide ratio or silica/alumina ratio (SiO2/Al2O3). Thus, if a zeolite contains a silicon/aluminum ratio of 10, the same material has a silica/alumina ratio of 20. This divergent practice often leads to confusion and one should always check the specific definition used by the authors.
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VPI-5 (VFI) (37). This molecular sieve contains pores bounded by 18-rings with free diameters ˚. of about 12 A It is also possible to substitute Al and P by other atoms. Silicon, for instance, can be incorporated instead of phosphorus giving rise to the so-called SAPO materials. Since this involves substitution of a 4+ cation for a 5+ cation, these SAPO materials have anionic frameworks (75). An important example is the silicoaluminophosphate analog of chabazite, SAPO-34 (|H +| 3 [Si3Al18P15O72]—CHA). It is possible to substitute many other elements for Al and P, and these are known as metal-aluminophosphates (or MeAPOs). Cobalt, magnesium, gallium, zinc, and so forth, can be incorporated to diﬀerent extents into these phosphate-based frameworks (9). Another example of a pure zinc-phosphate material is chiral zinco phosphate (CZP), which is the only known chiral framework material successfully prepared in the laboratory (76). Note that in this case the framework of zinc phosphates is anionic because Zn is a divalent cation. A complete overview of range of compositional variations in tetrahedral framework materials is beyond the scope of this chapter. The possibilities are enormous, and we can only provide a glimpse of what is feasible. Further details on the crystal chemistry and synthesis of tetrahedral frameworks have been previously reviewed (29,77). IV.



OVERVIEW OF SOME IMPORTANT ZEOLITE STRUCTURES



In this section we provide a brief description of structures of several zeolite materials of industrial importance. Our presentation is only of introductory character and for further details you should consult the original references. A.



Zeolite A (LTA)



Zeolite A is one of the most important industrial zeolites. Hundreds of thousands of tons of this zeolite are produced every year (78) for applications as diverse as water softening in detergents, additive in polyvinyl chloride (PVC) thermoplastics (79), industrial gas drying, separation of linear and branched hydrocarbons, etc. The CBUs of zeolite A (LTA) are the double 4-ring (46), the h cage [4866], and the a cage [4126886] (Fig. 8). This last CBU is formally a cavity but is also known as an a cage for historical reasons (11). Zeolite A has a three-dimensional pore system and molecules can diffuse in all three directions in space by moving across the 8-ring windows that connect the cavities (see Chapter 10 in this volume for more on diffusion in zeolites). The ˚ . The composition of hydrated zeolite A as windows have a free diameter of approximately 4 A usually obtained from industrial manufacturers is close to |Na96 (H2O)216|[Al96Si96O384]—LTA. ˚ ) and contains 8 large cages The crystal structure belongs to space group Fm3c (a = 24.6 A per unit cell. This large unit cell is the consequence of the ordering of the Si and Al atoms in the framework (i.e., the Loewenstein rule). When Si and Al atoms are not discriminated, the average ˚ ). In addition to symmetry of the structure is Pm3-m and the cell parameter halves (aV = 12.3 A this particular composition, materials with many diﬀerent Si/Al ratios have been prepared; gallophosphate (80) and other silicoaluminophosphate (75) varieties have been reported. B.



Zeolite X, Y, and USY (FAU)



Zeolite X, Y, and USY are large-pore zeolites with the same framework structural type (FAU) but markedly diﬀerent in their framework composition and properties. Zeolite X has a Si/Al c 1.25 ([AlSiO4]), zeolite Y a Si/Al c 2.3, and zeolite USY (Ultra-Stable-Y) a Si/Al c 5.6 or higher (61). These three very important synthetic materials are isostructural with the rare mineral faujasite (FAU) (81). Zeolite X is used primarily as an adsorbent and in gas drying. Zeolite Y and USY are the most widely used solid-acid catalysts in the world; they are the main component of
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Fig. 8 CBUs and framework structure of the zeolite A (LTA). The CBUs depicted are the double-four rings, the h and the a cage.



the ﬂuid catalytic cracking (FCC) catalyst at a volume above 100,000 tons/year (78). A synthesis protocol for zeolite X with a Si/Al f 1 was reported in the 1980s (82), and this material, fully exchanged to the lithium form, has become an important adsorbent in the separation of oxygen from air using pressure-swing adsorption (83,84). Siliceous Y obtained after extensive dealumination has also been reported (85). The CBUs of the FAU framework type are depicted in Fig. 9. The three CBUs are the double 6-ring, the sodalite cage, and a very large cavity with four 12-ring windows. This cavity



Fig. 9 CBUs and framework structure of the zeolite X, Y, or faujasite (FAU). The CBUs depicted are the double-six rings, the h cage, and the supercage.
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is of tetrahedral symmetry and it is known as the supercage. The connectivity of this cage allows molecules to diffuse in three dimensions in the crystal interior. This may not seem obvious by looking just at the cage, but a careful look at the periodic structure reveals that molecules can indeed travel in three directions. The Y and USY zeolites belong to the space group Fd3m ˚ ) and zeolite X belongs to the space group Fd3. Again, the lower symmetry of the (a c 24.7 A latter is the result of the ordering of the [SiO4/2] and [AlO4/2] tetrahedra. A unit cell contains eight large cavities (supercages), 8 sodalite cages, and 16 double 6-ring units. The 12-ring windows, ˚ , are perpendicular to the [111] directions, but because of the with a free diameter f 7.4 A tetrahedral symmetry of the cavity there are no straight channels along this direction. Channels can be thought to run along the [110] directions (see Fig. 9). Molecules larger than water or ammonia can access only the supercages and cannot pass into the empty space inside sodalite cages. Thus, all reactions and the adsorption of most sorbates are conﬁned to the supercages. C.



Zeolite ZSM-5 (MFI)



Zeolite ZSM-5 (MFI) is perhaps the most versatile solid-acid catalyst known. There are more than 50 processes that use zeolite ZSM-5 as one of the main components of the catalysts (86). It is the second most used zeolite catalyst after zeolite Y. The zeolite is formed largely of 5-rings (see Fig. 6) that are organized as columns and connected to each other as in Fig. 10. This zeolite ˚ ) (87), but this belongs to the orthorhombic crystal system (Pnma, a = 20.1, b = 19.9, c = 13.4 A framework is quite flexible and the exact crystallographic symmetry depends on composition, temperature, and the presence of adsorbed molecules (88,89). There are two distinct 10-ring ˚ apertures. A straight channel runs along the [0 1 0] direction and channels of nominally f5.6-A a sinusoidal channel runs along the (100) direction. In Fig. 10 the geometry of the channel intersections (slightly larger than the free diameter of the channels) is also illustrated. Note that although the channels run along only two crystallographic directions, molecules can indeed move along the three crystallographic directions. To see this, we envision a molecule moving through the zeolite. As molecules move along the sinusoidal channels between channel intersections, they are displaced by (F1/2 c). Molecules can ‘‘crawl’’ along the c direction by ﬁrst moving between two channel intersections following the sinusoidal channel (1/2a + 1/2c).



Fig. 10 Framework structure of zeolite ZSM-5 (MFI) illustrating the straight and sinusoidal pores and the pore intersections. A view of the complete structure down the straight pores is depicted in the lower left lower corner.
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They can jump into another intersection along the straight channel [010] (+1/2 b), and then they can jump again along the contiguous sinusoidal channel at the next intersection (1/2a + 1/2c). This will lead to a total distance traveled of (1/2a + 1/2b + c). Sequential moves of this sort lead to diffusion along the c axis. One of the reasons for the catalytic versatility of this zeolite is the broad range of compositions in which we can prepare it. It is possible to prepare ZSM-5 with Si/Al ratios from about 8 to inﬁnity (the purely siliceous form is also known as silicalite-1). In addition, it is possible to prepare materials with the MFI framework with B, Ga, Fe, Ti, Co, and many others in the framework. This ﬂexibility allows the industrial chemist and engineer to tune their catalytic properties to the desired optimum. D.



Mordenite (MOR)



Mordenite is another important industrial solid acid catalyst (Fig. 11). It is used to upgrade the octane number of gasoline in the Isosive process (90), and is used for the alkylation of biphenyl ˚ running along the [001] direction. with propene (91). It has 12-ring pores of about 6.5  7.0 A These are connected by small 8-ring pores along the [010] direction, but in practice these are too narrow for the transport of most molecules. Mordenite belongs to the orthorhombic crystal ˚ ) and is usually prepared with a Si/Al ratio of system (Cmcm, a = 18.1, b = 20.5, and c = 7.5 A about 4 ([Al8Si40O96]—MOR). Since mordenite is in practice a one-dimensional large-pore zeolite, transport of molecules within the zeolite occurs only along the c axis. This is a crucial characteristic with several important implications. First, diﬀusion in one dimension is inherently a slower process than diﬀusion in two or three dimensions. This is even more so when molecules are of about the same size as the pore diameter, a case that forces molecules to move in ‘‘single ﬁle’’ because of steric constrains. Single-ﬁle diﬀusion is a very slow process (92). It implies that under typical reaction conditions, only a small fraction of the pore volume is actually accessible to the reacting molecules, i.e., the fraction of the pores that is very close to the pore mouths. Second,



Fig. 11 Framework structure of mordenite (MOR) viewed along the 12-ring channels. The very small and elongated 8-ring channels can also be observed. The 8-ring channels running perpendicular to the large pores are not discernible in this picture.
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one-dimensional pore zeolites are also highly prone to fouling (pore blockage) because it is easy to completely block access to one micropore by blocking the pores near their entrances. It is not possible to do so in multidimensional pore zeolites. V.



SOURCES OF ZEOLITE STRUCTURAL INFORMATION



Given the immense number of structural studies of zeolites and related materials, it is sometimes daunting to develop a comprehensive list of publications on a particular structure or subject. However, the structure commission of the IZA maintains a variety of databases freely accessible on the web that greatly facilitate this task. They are the ideal place to start research. These databases are as follows:  Atlas of Zeolite Framework Types (93)  A Collection of Simulated XRD Powder Patterns for Zeolites (94)  A Catalogue of Disordered Zeolite Structures  Schemes for Building Zeolite Framework Models  Zeolite Structure References These databases can be found at http://www.iza-structure.org/databases/. In addition, the structure commission makes available on-line printable ﬁles of the pages of the Atlas and the Collection. There is also a Compilation of Extra-Framework Sites in Zeolites (95), which is unfortunately out of print and difﬁcult to ﬁnd. Here we want to emphasize the information that is provided in the Atlas of Zeolite Framework Types since it is the one you will probably use more often. For every framework type the Atlas has two pages with a variety of information. Figure 12 shows the two pages for the framework-type MOR. On top of each page you will ﬁnd the three-letter code (MOR), the type material (Mordenite), and the highest topological symmetry of this framework (Cmcm). A stereoscopic projection of the framework is depicted immediately after the heading. Type material is the name of the material first used to establish the framework type, and the highest topological symmetry is important when the symmetry of the type material is diﬀerent from that of the framework. In these cases, relationships between diﬀerent unit cells are provided to facilitate comparisons between materials and the framework type (channel directions, etc.). ‘‘Idealized’’ cell constants, calculated using a simple force field (93) assuming the framework is purely siliceous, are given and are helpful as baseline when comparing zeolites with diﬀerent compositions. Experimental cell constants for the type material, and additional symmetry and cell dimension information is also provided in these pages. Under the heading ‘‘Channel,’’ a shorthand notation describes the channels in each material. For example, in the framework type MOR (see Fig. 12) this notation means that along ˚ connected (p !) to 8-ring the [001] direction there are 12-ring channels of about 6.5  7.0 A ˚  channels of 3.4 4.8 A running along the [010] direction. In turn, these are also connected to another set of 8-ring channels running along the [001] direction (Fig. 12). The asterisk at the end of the line indicates that molecules can diﬀuse in only one direction in this channel (they cannot go through the small rings into the other channels). You can also ﬁnd a list of isotypic materials, i.e., materials with the same framework type but with diﬀerent names, compositions, or symmetries. This page also provides a list of references (many with structural information) that can help to start a prospective or retrospective reference search using modern reference databases such as the Web of Science (www.webofscience.com), and so forth. Remember that this list is not exhaustive. More specialized information (such as coordination sequences) are provided and are clearly deﬁned in the Atlas if needed (93). At the end of the second page you ﬁnd stereographic pairs for the rings deﬁning the channels. For the MOR framework type you ﬁnd stereo pairs for the 12-rings along the straight
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large pore, and the small 8-ring pore connecting the 12-ring channels. The approximate free diameter and geometry are displayed on these ﬁgures. The Web version of this Atlas provides additional information such as the coordinates for the T atoms in the topological space group. On the web you can also ﬁnd additional ﬁgures of the framework and its CBUs. The Web version is updated frequently, which is a great advantage over the hard copy. VI.



DISORDER AND STACKING FAULTS IN ZEOLITE STRUCTURES



Despite the fact that we often think of zeolites as perfect crystals, we should recognize that in practice disorder is unavoidable in real materials. To start, aluminum and other framework
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Fig. 12 Facsimile copy of the framework-type MOR from the Atlas of Zeolite Framework Types of the structure commission of the International Zeolite Association. (From Ref. 93.)



cations are frequently distributed within the framework not following any crystallographic order (chemical disorder). The same goes for extraframework cations and adsorbed species, entities that very seldom organize with perfect translational periodicity. But in a diﬀerent and more important way the framework of zeolite itself can exhibit diﬀerent types of disorder; the most important and most common is stacking faults. It is common to ﬁnd families of zeolite structures that diﬀer in the mode of stacking of tetrahedra along one direction (68). In fact, some materials are more frequently found as intergrowths of two or more structures than as ‘‘pure’’ polytypes. In particular, given that zeolites grow under kinetic control (as opposed to thermodynamic control), it is not surprising that stacking disorder is frequently observed. Although there is little energy penalty (if any) for the
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generation of a fault, the faults can have important consequences on material properties. For example, consider the case when the fault blocks the pores in a one-dimensional 12-ring channel system. Just one fault near each pore mouth can completely block molecules from access to the micropores in the entire crystallite! Here we will give two examples of families of materials that present this kind of disorder: the ABC-6 and the zeolite beta families. If you wish to learn more about the subject, the structure commission of the IZA has catalogued and described in a very clear form several additional families of disordered materials (http://www.izastructure.org/databases), and van Koningsveld recently published a description of these families (96). A.



The ABC-6 Family



There are a large number of zeolites that can be described as the stacking of 6-rings in superposition or oﬀset (96). This is ﬁrst illustrated in Fig. 13 where a layer of six rings (layer A) is depicted. A second layer can be either superimposed (to form a second layer A) or offset to form a layer B. Structures built of sets of two layers have one-dimensional 12-ring channels, as is evident from the figure. An example is offretite (OFF), which is formed of stackings of layers in an AABAAB. . . sequence. A third plane of 6-rings can be added offset to both the A layer and B layer giving rise to structures that do not contain 12-ring pores. This is illustrated in projection in Fig. 13 (lower left). The example given in the figure (CHA) is the result of stacking the layers in an AABBCC. . . sequence. To visualize how the 6-ring layers are connected, the connectivity



Fig. 13 Diﬀerent modes of stacking 6-rings in superposition or oﬀset to form a series of CBUs. On the left, a view perpendicular to the layers is shown. If only two layers are used (i.e., A and B), materials with a one-dimensional 12-ring channel system are form (see oﬀretite on the right). If three layers are used, the structures contain cages with 12-rings but not large pores. An example is the cage of chabazite (CHA) as shown in the lower right corner.
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Fig. 14 Illustration of the connectivity of layers of 6-rings and CBUs formed after stacking 6-ring layers with diﬀerent sequences.



between the 6-ring layers is illustrated in Fig. 14 with several of the cages frequently found in this family of materials. Many zeolites with periodic stackings of this kind have been reported (with up to 12 layers in the case of the framework type AFT). It is not surprising that a variety of intergrowths of materials with diﬀerent sequences have also been found. These sequences are usually related, as with the case of erionite (ERI-AABAAC. . .) and oﬀretite (OFF-AABAAB. . .), two zeolites with nearly identical sequences that are often found intergrown with each other. A crystal that has mostly the OFF stacking sequence with small amounts of ERI sequence



Fig. 15 Layer or periodic building unit of zeolite h. Stackings of this layer in a left-or right-handed fashion gives rise to the two end-member polytypes of this zeolite (LLLL. . . for polytype A and LRLR. . . for polytype B).
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Fig. 16



The framework of polytypes A and B of zeolite h.



demonstrates how a small number of faults can lead to pore blocking. These faults transform a material with a 12-ring channel into a material with the properties of an 8-ring channel system. Additional details on this and all polytypes and intergrowths of the ABC-6 family can be found in the Catalog (see above). B.



Beta Family



A zeolite of substantial industrial importance is zeolite beta (86). This is a high-silica zeolite with a three-dimensional 12-ring pore systems that has always been observed as the intergrowth of two polytypes (A and B). The polytype A has been assigned the three-letter code *BEA (the



Fig. 17
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The coordination of sodium cations in zeolite A (LTA).



asterisk indicates that the pure polytype has not been observed experimentally). The description of this zeolite is more involved than in the ABC-6 family because the stacking layers are related not only by translations but also by rotations. The ‘‘layer’’ or periodic building unit of zeolite beta is depicted in Fig. 15. This layer is stacked sequentially with rotations of F90j and translations of F1/3 a (or F1/3 b) to form the zeolite. This is equivalent to stackings in left-or right-handed fashion. If the translations are always stacked in a right-handed fashion (RRRR. . .), the polytype A is formed (*BEA). If the stacking is always in the left-handed fashion (LLLL. . .), the polytype A is also formed—which incidentally is the mirror image of the first, since these two form an enantiomeric pair in space groups P4122 and P4322. If the layers are stacked in a sequential left-and right-handed fashion, a new structure (polytype B) is formed (Fig. 16). In practice these two modes of connection are about equally probable and the material is an intergrowth between the two structures depicted in Fig. 16. Note here that in contrast to the ABC-6 family of materials, the geometry and connectivity of the layers are such that, regardless of the form of stacking, a three-dimensional 12-ring channel system is always formed. This characteristic makes zeolite beta very useful in catalysis. VII.



EXTRAFRAMEWORK CATIONS



Many of the key properties of zeolites depend in an essential manner on the location and nature of extraframework cations. We ﬁnish this chapter with a brief description of the coordination of cations to the zeolite framework illustrating a simple case of how cation identity can aﬀect zeolite properties. As expected from thermodynamics, cations tend to go to positions where they minimize their energy relative to coordination environment (bond length and geometry). These environments are inherently constrained by a given framework structure; water molecules often complete the coordination sphere. Oxygen–cation distances are usually close to the ideal distance expected from the sum of their atomic radii.



Fig. 18 Comparison of the coordination of sodium cations (top) and calcium cations (bottom) to the 6-rings and 8-rings of zeolite A (LTA).
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Upon dehydration the cations often move to coordinate to more framework oxygen atoms and the framework distorts in response to these forces. Frequently the distortions are minor [such as in zeolites A (LTA) and X (FAU)] (97), but can be very substantial as in zeolite rho (RHO) (98) and can even lead to a collapse of the structure (31). After dehydration the cations are often highly undercoordinated and can become strong Lewis acids. Just as dehydration can change cation position, adsorption of strong bases (ammonia, pyridine, ﬂuorocarbons, etc.) can also change the coordination of the cations to the framework. Ion exchange also leads to distortions of the framework which, in turn, changes in response to the size of the cations and the number of cations per unit cell. This is especially evident when the charge of the new cations is diﬀerent from that of the original species. Here we will describe this last eﬀect with the dehydrated forms of zeolite A exchanged with sodium and calcium. In zeolite NaA (|Na96| [Al96Si96O384]—LTA) (99), the 96 cations go ﬁrst to the 64 6-rings where they are coordinated to three oxygen atoms. Then they go to 24 8-rings where they coordinate to two oxygen atoms and where they partially block the 8-ring windows. The ﬁnal 8 sodium cations are in the front of the 4-rings also coordinated to two oxygen atoms. Figure 17 illustrates these coordination environments. When the Na+ cations are completely exchanged by Ca 2+ to form CaA (|Ca48| [Al96Si96O384]—LTA), the now 48 cations per unit cell go only to the 6-rings (100,101). There is a modest change in the framework structure that is observed in the change of the unit cell ˚ to 24.47 A ˚ ) and in the geometry of the 6- and 8-rings (Fig. 18). dimensions (from 24.555 A Importantly, since there are no cations on the 8-ring windows, the effective size of the pore ˚ to about 4.5 A ˚ . This step size increase in pore size also window changes from about 3.8 A changes its molecular sieving properties drastically. VIII.



FINAL REMARKS



What we have presented here is just the tip of the iceberg (to use a banal phrase) as far as zeolite structure is concerned. Many interesting structural and chemical issues have been reported on zeolitic materials, and many more will be discovered following careful and systematic research. We hope that this chapter serves its purpose as an introduction to zeolite structure and chemistry and that we have inspired readers to learn more about the subject in the chapters that follow. REFERENCES 1. 2. 3. 4. 5. 6. 7. 8.
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