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A variety of crystalline microporous and open framework materials have been synthesized
and characterized over the past 50 years. Currently, microporous materials find applications
primarily as shape or size selective adsorbents, ion exchangers, and catalysts. The recent
progress in the synthesis of new crystalline microporous materials with novel compositional
and topological characteristics promises new and advanced applications. The development of
crystalline microporous materials started with the preparation of synthetic aluminosilicate
zeolites in late 1940s and in the past two decades has been extended to include a variety of
other compositions such as phosphates, chalcogenides, and metal-organic frameworks. In
addition to such compositional diversity, synthetic efforts have also been directed towards the
control of topological features such as pore size and channel dimensionality. In particular, the
expansion of the pore size beyond 10A has been one of the most important goals in the
pursuit of new crystalline microporous materials.

1 Introduction

Microporous materials are porous solids with pore size below 20A [1,2,3,4]. Porous
solids with pore size between 20 and 500A are called mesoporous materials.
Macroporous materials are solids with pore size larger than 500A. Mesoporous and
macroporous materials have undergone rapid development in the past decade and
they are covered in other chapters of this book. A frequently used term in the field of
microporous materials is “molecular sieves” [5] that refers to a class of porous
materials that can distinguish molecules on the basis of size and shape. This chapter
focuses on crystalline microporous materials with a three-dimensional framework
and will not discuss amorphous microporous materials such as carbon molecular
sieves. However, it should be kept in mind that some amorphous microporous
materials can also display shape or size selectivity and have important industrial
applications such as air separation [6].

The development of crystalline microporous materials started in late 1940s with
the synthesis of synthetic zeolites by Barrer, Milton, Breck and their coworkers
[7,8]. Some commercially important microporous materials such as zeolites A, X,
and Y were made in the first several years of Milton and Breck's work. In the
following thirty years, zeolites with various topologies and chemical compositions
(e.g., Si/Al ratios) were prepared, culminating with the synthesis of ZSM-5 [9] and
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aluminum-free pure silica polymorph silicalite [10] in 1970s. A breakigino
leading to an extension of crystalline microporous materials to non-aluminosilicates
occurred in 1982 when Flanigen al. reported the synthesis of aluminophosphate
molecular sieves [11,12]. This breakthrough was followed by the development of
substituted aluminophosphates. Since late 1980s and the early 1990s, crystalline
microporous materials have been made in many other compositions including
chalcogenides and metal-organic frameworks [13,14].

Crystalline microporous materials usually consist of a rigid three-dimensional
framework with hydrated inorganic cations or organic molecules located in the cages
or cavities of the inorganic or hybrid inorganic-organic host framework. Organic
guest molecules can be protonated amines, quaternary ammonium cations, or neutral
solvent molecules. Dehydration (or desolvation) and calcination of organic
molecules are two methods frequently used to remove extra-framework species and
generate microporosity.

Crystalline microporous materials generally have a narrow pore size
distribution. This makes it possible for a microporous material to selectively allow
some molecules to enter its pores and reject some other molecules that are either too
large or have a shape that does not match with the shape of the pore. A number of
applications involving microporous materials utilize such size and shape selectivity.
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Figure 1. Nitrogen adsorption and desorption isotherms typical of a microporous material. Data were
measured at 77K on a Micromeritics ASAP 2010 Micropore Analyzer for Molecular Sieve 13X. The
structure of 13X is shown in Fig. 3. The sample was supplied by Micromeritics.

Two important properties of microporous materials are ion exchange and gas
sorption. The ion exchange is the exchange of ions held in the cavity of microporous
materials with ions in the external solutions. The gas sorption is the ability of a
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microporous material to reversibly take in molecules into its void volume (Fig. 1).
For a material to be called microporous, it is generally necessary to demonstrate the
gas sorption property.

The report by Davigt al. of a hydrated aluminophophosphate VPI-5 with pore
size larger than 10A in 1988 generated great enthusiasm toward the synthesis of
extra-large pore materials [15]. The expansion of the pore size is an important goal
of the current research on microporous materials [16]. Even thougbpmious
materials include those with pore sizes between 10 to 20A, The vast majority of
known crystalline microporous materials have a pore size <10A. The synthesis of
microporous materials with pore size between 10 and 20A is desirable for
applications involving molecules in such size regime and remains a significant
synthetic challenge today.

In the following sections, we will first review oxide-based microporous
materials followed by a review on related chalcogenides. We will then discuss
metal-organic frameworks, in which the framework is a hybrid between inorganic
and organic units. The research on metal-organic frameworks is a rapidly developing
area. These metal-organic materials are being studied not only for their porosity, but
also for other properties such as chirality and non-linear optical activity [17]. The
last section gives a discussion on materials with extra-large pore sizes. There exist
many excellent reviews and books from which readers can find detailed information
on various zeolite and phosphate topics [1,4,13,18,19,20,21,22,23,24,25].

2 Microporous Silicates

From a commercial perspective, the most important microporous materials are
zeolites, a special class of microporous silicates. A strict definition of zeolites is
difficult [5] because both chemical compositions and geometric features are
involved. Zeolites can be loosely considered as crystalline three-dimensional
aluminosilicates with open channels or cages. Not all zeolites are microporous
because some are unable to retain their framework once extra-framework species
(e.g., water or organic molecules) are removed. The stability of zeolites varies
greatly depending on framework topologies and chemical compositions such as the
Si/Al ratio and the type of charge-balancing cations. In addition to aluminum, many
other metals have been found to form microporous silicates such as gallosilicates
[26], titanosilicates [27,28], and zincosilicates [16]. Some microporous frameworks
can even be made as pure silica polymorphs, Ri@.

2.1 Chemical compositions and framework structures of zeolites

Natural zeolites are crystalline hydrated aluminosilicates of group IA and group 1A
elements such as N&K*, Mg®*, and C&'. Chemically, they are represented by the
empirical formula: M;,0°Al,OzySiO, *wH,O wherey is 2 or largern is the cation
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valence, andw represents the water contained in the voids of the zeolite. An
empirical rule, Loewenstein rule [29}iggests that in zeolites, only Si-O-Si and Si-
O-Al linkages be allowed. In other words, the AI-O-Al linkage does not occur in
zeolites and the Si/Al molar ratio:sl.

Synthetic zeolites fall into two families on the basis of extra-framework species.
One family is similar to natural zeolites in chemical compositions. These zeolites
have a low Si/Al ratio that is usually less than 5. The other family of zeolites are
made with organic structure-directing agents and they generally have a Si/Al ratio
larger than 5.

In the absence of the framework interruption, the overall framework formula of
a zeolite is AQ just like SiQ. When A is SI", no framework charge is produced.
However, for each AT, a negative charge develops on the framework. The negative
charge is balanced by either inorganic or organic cations located in channels or
cages of the framework. The charge-balancing cations are usually mobile and can
undergo ion exchange.

Frameworks of zeolites are based on the three-dimensional, four-connected
network of AlQ, and SiQ tetrahedra linked together through the corner-sharing of
oxygen anions. In a zeolite framework, oxygen atoms are bi-coordinated between
two tetrahedral cations. When describing a zeolite framework, oxygen atoms are
often omitted and only the connectivity among tetrahedral atoms is taken into
consideration (Fig. 2).

Figure 2. The three-dimensional framework of small-pore zeolite A (LTA) showing connectivity among
framework tetrahedral atoms. (Left) viewed as sodalite cages linked together through double 4-rings
(D4R); (middle) viewed ag-cages linked together by sharing single 8-rings; (right) three different cage
units in zeolite A. The cage on top is called fhéor sodalite) cage and is built from 24 tetrahedral
atoms. The cage at bottom is called theage and has 48 tetrahedral atoms. Also shown are three
D4R’s. Reprinted with permission from http://www.iza-structures.org/ and reference [30].

Zeolites and zeolite-like oxides are classified according to their framework
types. A framework type is determined based on the connectivity of tetrahedral
atoms and is independent of chemical compositions, types of extra-framework
species, crystal symmetry, unit cell dimensions, or any other chemical and physical
properties. In theory, there are numerous ways to connect tetrahedral atoms into a
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three-dimensional, four-connected network. However, in practice, only a very

limited number of topological types have been found. In the past two decades, new
framework topologies have been found mainly in non-zeolites such as open
framework phosphates.

Even taking into consideration of both zeolites and non-zeolites, synthetic and
natural solids, there are only 133 framework types listed in the “Atlas of Zeolite
Framework Types” published by the structure commission of the International
Zeolite Association [30]. These framework types are also published on the internet
at http://www.iza-structures.org/. Each framework type in the ATLAS is assigned a
three capital letter code. For example, FAU designates the framework type of a
whole family of materials (e.g., SAPO-37, [Co-Al-P-O]-FAU, zeolites X and Y)
with the same topology as the mineral faujasite (Fig. 3) [30]. Those codes help to
clear the confusion resulting from many different names given to materials with
different chemical compositions, but with the same topology. Sometimes even the
same material can have different names assigned by different laboratories.

Figure 3. (left) The three-dimensional framework of the mineral faujasite (FAU). Zeolites X and Y have
the same topology as faujasite, but zeolite Y has a higher Si/Al ratio than zeolite X. Reprinted with
permission from http://www.iza-structures.org/ and reference [30]. (right) The faujasite supercage with
48 tetrahedral atoms. The cage can be assembled from four 6-rings and six 4-rings. Four 12-ring
windows are arranged tetrahedrally.

An important structural parameter is the size of the pore opening through which
molecules diffuse into channels and cages of a zeolite. The pore size is related to the
ring size defined as the number of tetrahedral atoms forming the pore. In the
literature, zeolites with 8-ring, 10-ring, and 12-ring windows are often called small-
pore, medium-pore, and large-pore zeolites, respectively. In addition to the ring
size, the pore size is affected by other factors such as the ring shape, the size of
tetrahedral atoms, the type of non-framework cations. For example, molecular sieves
3A, 4A, and 5A all have the same zeolite A (LTA) structure and the difference in the
pore size is caused by different extra-framework cation§ (&, and C&,
respectively).
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The pore volume of a zeolite is related to the framework density defined as the
number of tetrahedral atoms per 1080&or zeolites, the observed values range
from 12.7 for faujasite to 20.6 for cesium aluminosilicate (CAS) [30]. In general, the
framework density does not reflect the size of the pore openings. For example, CIT-
5 has an extra-large pore size with 14-ring windows, but its framework density is
18.3, significantly larger than that of faujasite (12.7) with 12-ring windows [30]. In
general, large pore sizes, large cages, and multidimensional channel systems are
three important factors that contribute to a low framework density for a four-
connected, three-dimensional framework.

The framework density has been increasingly used to describe non-zeolites. The
care must be taken when comparing the framework density of two compounds
because the framework density can be significantly altered by framework
interruptions (e.g., terminal Olgroups) that can lead to a substantial decrease in the
framework density. Even for the same framework topology, a change in the chemical
composition will lead to a change in bond distances and consequently in unit cell
volumes. This will result in either an increase or decrease in the framework density.

All zeolites are built from TQtetrahedra, called primary (or basic) building
units. Larger finite units with three to sixteen tetrahedra (called Secondary Building
Units or SBU’s) are often used to describe the zeolite framework [30]. A SBU is a
finite structural unit that can alone or in combination with another one build up the
whole framework. The smallest SBU is a 3-ring, but it rarely occurs in zeolite
framework types. Instead, 4-rings and 6-rings are most common in zeolite and
zeolite-like structures.

Figure 4. The wall structure of UCSB-7. UCSB-7 is one of a number of zeolite or zeolite-like structures
that can be described using a minimal surface. UCSB-7 can be readily synthesized as germanate or
arsenate, but has not been found as silicate or phosphate.

There are several other ways to describe the framework topology of a zeolite.
For example, structural units larger than SBU’s can be used. In this way, zeolites
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can be described as packing of small cages or clusters, cross-linking of chains, and
stacking of layers with various sequences [31]. Some zeolite and zeolite-like
frameworks can also be described using minimal surfaces (Fig. 4) [32].

When zeolite structures are described using clusters or cage units, these clusters
and cages can be considered as large artificial atoms. Under such circumstances,
structures of zeolites can be simplified to some of the simplest structures such as
diamond and metals (e.g., fcc, ccp, and bcp). For examples, zeolite A is built from
the simple cubic packing of sodalite cages and zeolite X has the diamond-type
structure with the center of the sodalite cages occupying the tetrahedral carbon sites
in diamond. Because these artificial atoms (clusters or cages) often have lower
symmetry than a real spherical atom, the overall crystal symmetry can be lower than
the parent compounds.

2.2 High silica or pure silica molecular sieves

Figure 5. (Left) The framework of ZSM-5 projected down the [010] direction showing the 10-ring
straight channels. ZSM-5 is thus far the most important crystalline microporous material discovered by
using the organic structure-directing agent. It also has a large number of 5-rings that are common in high
silica zeolites. (right) the framework of zeolite beta (polymorph A) projected down the [100] direction.
Zeolite beta is an important zeolite because its framework is chiral and because it has a three-
dimensional 12-ring channel system. Reprinted with permission from http://www.iza-structures.org/ and
reference [30].

In the past three decades, synthetic efforts directly related to aluminosilicate zeolites
are generally in the area of high silica (Si/Al > 5) or pure silica molecular sieves
[33]. The use of organic bases has had a significant impact on the development of
high silica zeolites. The Si/Al ratio in the framework is increased because of the low
charge to volume ratios of organic molecules. In general, the crystallization
temperature (about 100-200°C) is higher than that required for the synthesis of
hydrated zeolites. Alkali-metal ions, in addition to the organic materials, are usually
used to help control the pH and promote the crystallization of high silica zeolites.

2-micropore.doc submitted t&World Scientific  4/21/03 : 11:37 AM 7137




One of the most important zeolites created by this approach is ZSM-5 (Fig. 5),
originally prepared using tetrapropylammonium cations as the structure-directing
agent [9]. ZSM-5 (MFI) has a high catalytic activity and selectivity for various
reactions. The pure silica form of ZSM-5 is called silicalite [10]. Another important
zeolite is zeolite beta shown in Figure 5.

The use of fluoride media has been found to generate some new phases [34].
Frequently, crystals prepared from the fluoride medium have better quality and
larger size compared to those made from the hydroxide medium [35]. In addition to
serve as the mineralizing agent,dnions can also be occluded in the cavities or
attached to the framework cations. This helps to balance the positive charge of
organic cations. Upon calcination of high silica or pure silica phasesidhs are
usually removed together with organic cations.

Among recently created high silica or pure silica molecular sieves are a series of
materials denoted as IT@synthesized from the fluoride medium. By employing
H,O/SiO, ratios lower than those typically used in the synthesis of zeoliteson F
OH medium, a series of low-density silica phases were prepared [36]. Some of
these (i.e., ITQ-3, ITQ-4, and ITQ-7) possess framework topologies not previously
known in either natural or synthetic zeolites [37,38,39]. Another structure with a
novel topology is germanium-containing 1TQ-21 [40]. Similar to faujasite, ITQ-21
is also a large pore and large cage molecular sieve with a three-dimensional channel
system. However, the cage in ITQ-21 is accessible through six 12-ring windows
compared to four in faujasite.

The double 4-ring unit (D4R) as found in zeolite A often leads to a highly open
architecture. However, for the aluminosilicate composition, it is a strained unit and
does not occur often. The synthesis of ITQ-21 is related to the synthetic strategy that
the incorporation of germanium helps stabilize the D4R. Similarly, during the
synthesis of ITQ-7, the incorporation of germanium substantially reduced the
crystallization time from 7 days to 12 hours [41]. The use of germanium has also led
to the synthesis of the pure polymorph C of zeolite beta (BEC) even in the absence
of the fluoride medium that is generally believed to assist in the formation of D4R
units [42]. Both ITQ-7 and the polymorph C of zeolite beta contain D4R units and
their syntheses were strongly affected by the presence of germanium.

The effect of germanium in the synthesis of D4R-containing high silica
molecular sieves reflects a more general observation that there is a correlation
between the framework composition and the preferred framework topology. For
example, UCSB-7 can be easily synthesized in germanate or arsenate compositions
[32], but has never been made in the silicate composition.

In general, large T-O distances and small T-O-T angles tend to favor more
strained SBU'’s such as 3-rings and D4R units. It has already been observed that the
germanate composition favors 3-rings and D4R units [43,44]. This observation can
be extended to non-oxide open framework materials such as halides (e.g., CZX-2)
[45], sulfides, and selenides with four-connected, three-dimensional topologies [46].
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In these compositions, the T-X-T (X = Cl, S, and Se) angles are arouhant09
three-rings become common. The presence of 3-rings is desirable because it could
lead to highly open frameworks [30].

2.3 Low and intermediate silica molecular sieves

Low (Si/Al <2) and intermediate (2 < Si/Al < 5) silica zeolites [18] are used as ion
exchangers and have also found use as adsorbents for applications such as air
separation. Syntheses of low and intermediate zeolites are usually performed under
hydrothermal conditions using reactive alkali-metal aluminosilicate gels at low
temperatures (~100°C and autogenous pressures). The synthesis procedure involves
combining alkali hydroxide, reactive forms of alumina and silica, g@tbl form a

gel. Crystallization of the gel to the zeolite phase occurs at a temperature near
100°C. Two most important zeolites prepared by this approach are zeolites A and X
[47]. The framework topology of zeolite A has not been found in nature. Zeolite X is
compositionally different but topologically the same as mineral faujasite. Both
zeolite A and zeolite X are built from packing of sodalite cages. In zeolite A,
sodalite cages are joined together through 4-rings (Fig. 2) whereas in zeolite X,
sodalite cages are coupled through 6-rings (Fig. 3).

Figure 6. (left) The tschortnerite cage built from 96 tetrahedral atoms. Reprinted with permission from
http://www.iza-structures.org/ and reference [30]. (right) The UCSB-8 cage built from 64 tetrahedral
atoms [30].

Few synthetic low and intermediate silica zeolites with new framework types
have been reported in the past three decades. However, some new topologies have
been found in natural zeolites. The most interesting one is a recently discovered
mineral tschortnerite [48] with a Si/Al ratio of 1. This structure consists of several
well-known structural units in zeolites including double 6-rings, double 8-rings,
cages, an@-cages. Of particular interest is the presence of a cage (tschortnerite
cage) with 96 tetrahedral atoms (Fig. 6), the largest known cage in four-connected,
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three-dimensional networks. In terms of the number of tetrahedral atoms, the
tschortnerite cage is twice as large as the supercage in faujasite. However, the
tschortnerite cage is accessible through 8-rings that are smaller than the 12-ring
windows in faujasite.

The difficulty involving the creation of new low and intermediate silica
molecular sieves is in part because of the limited choice in structure-directing
agents. Traditionally, inorganic cations such as hi@ employed and it has not
been possible to synthesize zeolites with a Si/Al ratio smaller than 5 with organic
cations. However, recent results demonstrate that organic cations can template the
formation of M substituted alumino- (gallo-)phosphate open frameworks in which
the M*/M>* molar ratio is< 1 [49,50]. In terms of the framework charge per
tetrahedral unit, this is equivalent to aluminosilicates with a Si/Al rafioThus, it
might be feasible to prepare low and intermediate silica zeolites using amines as
structure-directing agents.

3 Microporous and Open Framework Phosphates

Because of the structural similarity between dense, @it@ AIPQ phases, the
research in the 1970s on high silica or pure silica molecular sieves quickly led to the
realization that it might be possible to synthesize aluminophosphate molecular
sieves using the method similar to that employed for the synthesis of silicalite. In
1982, Flanigeret al reported a major discovery of a new class of aluminophosphate
molecular sieves (AIP£n) [11,12]. Unlike zeolites that are capable of various Si/Al
ratios, the framework of these aluminophosphates consists of alternatingndl

P>* sites and the overall framework is neutral with a general formula of AIPO
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Figure 7. (Left) The three-dimensional framework of AIR® consists of one-dimensional 12-ring
channels. Note the alternating distribution of P and Al sites. Red: P, Yellow: Al. (right) 12-ring channels
in metal (Co, Mn, Mg) substituted aluminophosphate UCSB-8.

These aluminophosphates are synthesized hydrothermally using organic amines
or quaternary ammonium salts as structure-directing agents. In most cases, organic
molecules are occluded into the channels or cages of Ata@eworks. Because
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the framework is neutral, the positive charge of organic cations is balanced by the
simultaneous occlusion of OHlroups. Many of these aluminophosphates have a
high thermal stability and remain crystalline after calcination at temperatures
between 400-60C. In addition to framework types already known in zeolites, new
topologies have also been found in some structures including,ARAFI) that has

a one-dimensional 12-ring channel (Fig. 7) [51].

The next family of new molecular sieves consists of a series of silicon
substituted aluminophosphates [52] called silicoaluminophosphates (SAPO-n). To
avoid the Si-O-P linkage, Sications tend to replace Fsites or both AT and P*
sites. The substitution of*Psites by Si* cations produces negatively charged
frameworks with cation exchange properties and acidic properties. The SAPO
family includes two new framework types, SAPO-40 (AFR) and SAPO-56 (AFX),
not previously known in aluminosilicates, pure silica polymorphs, or
aluminophosphates [30].

In addition to silicon, other elements can also be incorporated into
aluminophosphates. In 1989, Wilson and Flanigen [53] reported a large family of
metal aluminophosphate molecular sieves (MeAPO-n). The metal (Me) species
include divalent forms of Mg, Mn, Fe, Co, and Zn*M The MeAPO family
represents the first demonstrated synthesis of divalent metal cations in microporous
frameworks [53]. In one of these phases, CoAPO-50 (AFY) with a formula of
[(C3H5),NH;]5[CosAlsPs035]7H,0, approximately 37% of Al sites are replaced
with Cd®* cations [30]. For each substitution of*Aby M?*, a negative charge
develops on the framework, which is balanced by protonated amines or quaternary
ammonium cations.

For a given framework topology, the framework charge is tunable in
aluminosilicates by changing Si/Al ratios. However, it is fixed in binary phosphates
such as aluminophosphates or cobalt phosphates [30,54]. The use of ternary
compositions as in metal aluminophosphates provides the flexibility in adjusting the
framework charge density. Such flexibility contributes to the development of a large
variety of new framework types in metal aluminophosphates and has also led to the
synthesis of a large number of phosphates with the same framework type as those in
zeolites [30,50].

The MeAPSO family further extends the structural diversity and compositional
variation found in the SAPO and MeAPO molecular sieves. MeAPSO can be
considered as double {Siand M*) substituted aluminophosphates. The MeAPSO
family includes one new large pore structure MeAPSO-46 with a formula of
[(C3H7)2NH2]8[Mg6AI 22P268i20112]'14H20 [30] The quaternary (fOUI’ different
tetrahedral elements at non-trace levels) composition is rare in a microporous
framework, but is obviously a promising area for future exploration.

In the two decades following Wilson and Flanigen’s original discovery, there
has been an explosive growth in the synthesis of open framework phosphates
[13,55]. It is apparent that the MeAPQO'’s exhibit much more structural diversity and
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compositional variation than both SAPO’s and MeAPSQ’s. However, the thermal
stability of MeAPQO's is generally lower than that of either AIR®@r SAPO's. In
general, the thermal stability of a metal aluminophosphate decreases with an
increase in the concentration of divalent metal cations in the framework.

In addition to the continual exploration of Alp@nd MeAPO compositions,
many other compositions have been investigated including gallophosphates and
metal gallophosphates [13]. Of particular interest is the synthesis of a family of
extra-large pore phosphates with ring sizes larger than 12 tetrahedral atoms [16].
The use of the fluoride medium [34] and non-aqueous solvents [56] further enriches
the structural and compositional diversity of the phosphate-based molecular sieves.

Unlike aluminophosphate molecular sieves developed by Flagigah new
generations of phosphates such as phosphates of tin, molybdenum, vanadium [57],
iron, titanium, and nickel often consist of metal cations with different coordination
numbers ranging from three to six [13]. The variable coordination number helps the
generation of many new metal phosphates.

In terms of the framework charge, AIRPS) SAPQO’s, and MeAPQ’s closely
resemble high silica and pure silica molecular sieves. This is not surprising because
the synthetic breakthrough in aluminophosphate molecular sieves was based on the
earlier synthetic successes in high silica and pure silica phases. However, for certain
applications such as,Nselective adsorbents for air separation, it is desirable to
prepare aluminophosphate-based materials that are similar to low or intermediate
zeolites. Because each (AS§)” unit carries the same charge as (MAR) (M is a
divalent metal cation), the #Al ratio of 1 is equivalent to the Si/Al ratio of 3 in
terms of the framework charge per tetrahedral atom. For a Si/Al ratio of 5 as in
(AISis0y,), the corresponding fWAI ratio is 0.5 as in (CoAP;0.,)". Therefore, to
make highly charged aluminophosphates similar to low and intermediate silica, the
M?*/Al ratio should be higher than 0.5. Only a very small number of compounds
with M?*/Al ratio > 0.5 were known prior to 1997 [30,58,59].

A significant advance occurred in 1997 when a family of highl y charged metal

aluminophosphates with a%M®* > 1(M?* = C&*, Mn*, Mg®", Zr?*, M3* =A%,
Ga") were reported [49,50,60]. After over two decades of extensive research on
high silica, pure silica, aluminophosphates, and other open framework materials with
low-charged or neutral framework, the synthesis of these highly charged metal
alumino hosphates represented a noticeable reversal towards highly charged
frameworks often observed in natural zeolites. The recent work on 4-connected,
three-dimensional metal sulfides and selenides further increased the framework
negative charge to an unprecedented level witd"&" ratio as low as 0.2 [46].

Three families of open framework phosphates denoted as UCSB-6 (SBS),
UCSB-8 (SBE) (Fig. 7), and UCSB-10 (SBT) demonstrate that zeolite-like
structures with large pore, large cage, and multidimensional channel systems can be
synthesized with a framework charge density much higher than currently known
organic-templated silicates [49]. The’M>* ratio in these phases is equal to 1. If
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these materials could be made as aluminosilicates, the Si/Al ratio would be 3. It is
worth noting that until now, no zeolites templated with organic cations only have a
Si/Al ratio of 3 or lower. The synthesis of UCSB-6, UCSB-8, UCSB-10, and other
highly charged phosphate-based zeolite analogs shows that it might be possible to
synthesize low and intermediate silica by templating with organic cations.

While UCSB-6 and UCSB-10 have framework structures similar to EMC-2
(EMT) and faujasite (FAU), respectively, UCSB-8 has an unusual large cage
consisting of 64 tetrahedral atoms. Such cage is accessible through four 12-ring
windows and two 8-ring windows (Fig. 6). In comparison, the supercage in FAU-
type structures is built from 48 T-atoms.

4 Microporous and Open Framework Sulfides

During the development of the above oxide-based microporous materials, two
new research directions appeared in late 1980s and early 1990s. One was the
synthesis of open framework sulfides initiated by Bedard, Flanigen, and coworkers
[61]. Another was the development of metal-organic frameworks in which inorganic
metal cations or clusters are connected with organic linkers. Metal-organic
frameworks have become an important family of microporous materials and they
will be discussed in the next secti@pen framework chalcogenides are particularly
interesting because of their potential electronic and electrooptic properties, as
compared to the usual insulating properties of open framework oxides.

Like in zeolites, the tetrahedral coordination is common in metal sulfides.
However, structures of open framework sulfides are substantially different from
zeolites. This is mainly because of the coordination geometry of bridging sulfur
anions. The typical value for the T-S-T angle in metal sulfides is between 105 and
115 degrees, much smaller than the typical T-O-T angle in zeolites that usually lies
between 140 and 150 degrees. In addition, the range of the T-S-T angle is also
considerably smaller than that of the T-O-T angle. While the range of the T-S-T
angle is approximately between 98 and 120 degrees, the T-O-T angle can extend
from about 120 to 180 degrees, depending on the type of tetrahedral atoms.

As the exploratory synthesis in zeolite and zeolite-like materials has progressed
from silicates and phosphates to arsenates and germanates [62,63,64], it becomes
clear that form a purely geometrical view, the research on open framework sulfides,
selenide, and halides continue the trend towards large T-X distances and smaller T-
X-T angles (X is an anion such as O, S, and CI). Such trend has the potential to
generate zeolite-like structures with 3-rings and exceptionally large pore sizes.

The tendency for the T-S-T angle to be close to 109 degrees has a fundamental
effect on the structure of open framework sulfides. In sulfides with tetrahedral metal
cations, all framework elements can adopt tetrahedral coordination. As a result,
clusters with structure resembling fragments of zinc blende type lattice can be
formed. These clusters are now called supertetrahedral clusters (Fig. 8).
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Figure 8. (left) the supertetrahedral T3 cluster, (middle) the T4 cluster. Blue sites are occupied with
divalent metal cations. (right) the T5 cluster. Red’;IVellow: &; Cyan: the core Cusite. In a given
cluster, only four green sites are occupied by ©ns. The occupation of green sites by @wmns is not
random and follows Pauling’s electrostatic valence rule.

Supertetrahedral clusters are regular tetrahedrally shaped fragments of zinc
blende type lattice. They are denoted by Yaghi and O’Keeffe as Tn, where n is the
number of metal layers [65,66]. One special case is T1 and it simply refers to a
tetrahedral cluster such as M#here M is a metal cation. If we add an extra layer,
the cluster would be shaped like an adamantane cage with the composign M
called supertetrahedral T2 cluster because it consists of two metal layers. With the
addition of each layer, a new supertetrahedron of a higher order will be obtained.
The compositions of supertetrahedral T3, T4, and T5 clusters apé,Jvand
MooX3s5, and MsXse respectively.When all corners of each cluster are shared
through bi-coordinated®Sbridges (as in zeolites), the number of anions per cluster
in the overall stoichiometry is reduced by two. While a T2 cluster consists of only
bi-coordinated sulfur atoms, a T3 cluster has both bi- and tri-coordinated sulfur
atoms. Starting from T4 clusters, tetrahedral coordination begins to occur for sulfur
atoms inside the cluster.

At this time, the largest supertetrahedral cluster observed is the T5 cluster (Fig.
8) with the composition of [GinsSss** [67]. This T5 cluster occurs as part of a
covalent superlattice in UCR-16 and UCR-17. So far, isolated T5 clusters have not
been synthesized. The largest isolated supertetrahedral cluster known to date is T3.
Some examples are [(GHN]4M 10E4(SPh)¢], where M = Zn, Cd, E =S, Se, and Ph
is a phenyl group [68,69].

With Tn clusters as artificial tetrahedral atoms, it is possible to construct
covalent superlattices with framework topologies similar to those found in zeolites.
However, the ring size in terms of the number of tetrahedral atoms is increased by
times. An increase in the ring size is important because crystalline porous materials
with a ring size larger than 12 are rather scarce, but highly desirable for applications
involving large molecules.
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4.1 Sulfides with tetravalent cations

Some zeolites such as ZSM-5 and sodalite can be made in the neutifar@iO
[10,56]. Neutral frameworks have also been found in microporous
aluminophosphates [11] and germanates [64,70]. It is therefore reasonable to expect
that microporous sulfides with a general framework composition of GeSn$
may exist. The Ge-S and Sn-S systems were among the earliest compositions
explored by Bedarcet al, when they reported their work on open framework
sulfides in 1989. Thus far, a number of new compounds were found in Ge-S and Sn-
S compositions, however, very few have three-dimensional framework structures.
Frequently, molecular, one-dimensional, or layered structures are found in these
compositions.

In the Ge-S system, the largest observed supertetrahedral cluster is,$23"(Ge
). Larger clusters such as T3 have not been found in the Ge-S system possibly
because the charge on germanium is too high to satisfy the coordination environment
of tri-coordinated sulfur sites that exist in clusters larger than T2. This is because of
Pauling’s Electrostatic Valence Rule that suggests the charge on an anion must be
balanced locally by neighboring cations.

Isolated T2 clusters (G8&,") have been found to occur [71,72,73] in the
molecular compound [(CHUN].GeS;o. One-dimensional chains of g8, clusters
have also been observed in a compound called DPA-GS-8 [74]. One polymorph of
GeS, 0-GeS, consists of covalently linked @~ clusters with a three-
dimensional framework [75]. The framework topology resembles that of the
diamond type lattice, however, the extra-framework space is reduced because of the
presence of two interpenetrating lattices. As shown in later sections, the
interpenetration can be removed by incorporating trivalent metal cations into the
cluster to generate negative inorganic frameworks that can be assembled with
protonated amines.

In the Sn-S system, layered structures are common [76]. Because of its large
size, tin frequently forms non-tetrahedral coordination. In addition, tin may also
form oxysulfides, which further complicates the synthetic design of porous tin
sulfides. One rare three-dimensional framework [77] based on tin sulfide is
[SrsSO,[HN(CH3)3]2. This material is built from T3 clusters, [98. Each T3
cluster has four adamantane-type cavities that can accommodate one oxygen atom
per cavity to give a cluster [§/$,004]%. Because each corner sulfur atom is shared
between two clusters. The overall framework formula ia(§504]4'. The isolated
form of the [Sr11082004]8' cluster is also known in €3n;S,004213H,0 [78].

4.2 Sulfides with tetravalent and mono- or divalent cations

The early success in the preparation of open framework sulfides depended
primarily on the use of mono- or divalent cations (e.g., ®n*") to join together
chalcogenide clusters (e.g., Sg"). These low-charged mono- or divalent cations
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help generate negative charges on the framework that are usually charge-balanced
by protonated amines or quaternary ammonium cations.

One example was the synthesis of TMA-CoMnGS-2 [61]. Like many other
germanium sulfides, the basic structural unit is the T2 cluster. Here, T2 clusters are
joined together by three-connected Me(SHle = divalent metal cations such as
Co®* and Mrf") units to form a framework structure. Another interesting example
was the synthesis of a series of compounds with the general formula of
[(CH3)aN].MGeSo (M = Mn?*, F&*, Cd™) [73,79,80]. Unliked-Ge$S that is an
intergrowth of two diamond-type lattice (double-diamond type), BN .MGe;S;o
has a non-interpenetrating diamond-type lattice (single-diamond type) in which
tetrahedral carbon sites are replaced with alternating T2 and T1 clusters.

In [(CH3)4sN].MGe;S;p and TMA-CoMnGS-2, the divalent metal cations join
together four and three T2 clusters, respectively. It is also possible for a metal
cation to connect to only two T2 clusters. Such is the case in &{GgHs)4N, in
which T2 clusters form the single-diamond type lattice with monovaleht&ions
bridging between two T2 clusters [81].

The diamond-type lattice is very common for framework structures formed from
supertetrahedral clusters. With T2 clusters, amines or ammonium cations are
usually big enough to fill the framework cavity. As a result, the interpenetration of
two identical lattices does not usually occur. With larger clusters, charge-balancing
organic amines are often not enough to fill the extra-framework space and the
double-diamond type structure becomes more common.

In addition to the single-diamond type lattice, other types of framework
structures are possible. One compound, Dabco-MnGS-SB1 with a formula of
MnGe,S;*CeH14N223H,0, has a framework structure in which T1 and T2 clusters
alternate to form the zeolite ABW-type topology with a ring size of 12 tetrahedral
atoms [82].

While the use of M and M cations have led to a number of open framework
sulfides, they could have negative effects too. These low-charged metal sites could
lower the thermal stability of the framework. The destabilizing effect of divalent
cations (e.g. C8, Mn®") in porous aluminophosphates is well knownwever,
unlike in phosphates, it is difficult to study the destabilizing effect of low-charged
cations in open framework sulfides because the incorporation of low-charged cations
in sulfides changes both chemical composition and framework type.

4.3 Sulfides with trivalent metal cations

In late 1990s, a new direction appeared when Parise, Yaghi and their coworkers
reported several open framework indium sulfides [65,83]. The In-S composition is
quite unique because no oxide open frameworks with similar compositions were
known before. In fact, the In-O-In and Al-O-Al linkages are not expected to occur in
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oxides with four-connected, three-dimensional structures. Fortunately, such a
restriction does not apply to open framework sulfides.

An interesting structural feature in the In-S system is the occurrence of T3
clusters, [IneS1gl®. A T3 cluster has both bi- and tri-coordinated sulfur sites. The
lower charge of Iff compared to Gé and SA" makes it possible to form tri-
coordinated sulfur sites. Through the sharing of all corner sulfur atoms, open
framework materials with several different framework topologies have been made.
These include DMA-InS-SB1 (T3 double-diamond type) [83], ASU-31 (T3-
decorated sodalite net), ASU-32 (T3-decorated,QyBe) [65], and ASU-34 (T3
single-diamond type) [84].

Very recently, Fengt. al synthesized a series of open framework materials
based on T3 gallium sulfide clusters, [§8g® [85]. Only the double-diamond type
topology has been observed so far in the Ga-S system. In UCR-7GasS, T3 clusters
are bridged by a sulfur atom (-S-) whereas in UCR-18GaS, one quarter of the inter-
cluster linkage is through the trisulfide group (-S-S-S-).

So far, isolated T3 clusters, [0 ** and [Ga,S,g'%, have not been found yet
even though isolated T2 clusters,.Bn)® and [GaS,®, have been known for a
while [86]. Regular supertetrahedral clusters larger than T3 have not been found in
the binary In-S or Ga-S systems probably because tetrahedral sulfur atoms at the
core of these clusters can not accommodate four trivalent metal cations because the
positive charge surrounding the tetrahedral sulfur anion would be too high.

4.4  Sulfides with trivalent and mono- or divalent cations

To access clusters larger than T3, mono- or divalent cations need to be
incorporated into the Ga-S or In-S compositions. Another motivation to incorporate
mono- or divalent cations in the In-S or Ga-S synthesis conditions might be the
desire to create new structures in which T3 clusters are joined together by mono- or
divalent cations, in a manner similar to the assembly ofJ(@é clusters by mono-
or divalent cations [73]. So far, mono- and divalent cations have only been observed
to occur as part of a supertetrahedral cluster, not as linker units between clusters.

The first T4 cluster, [Cfn,cS:3**, was synthesized by Yaghi, O’Keffee and
coworkers in CdInS-44. In this compound, fourCehtions are located around the
core tetrahedral sulfur atom (Fig. 8). Becausé'@ad If* are isoelectronic, it is
difficult to distinguish C&" and Ii* sites through the crystallographic refinement of
X-ray diffraction data. Further evidences on the distribution of di- and trivalent
cations in a T4 clusters came from UCR-1 and UCR-5 series of compounds that
incorporate the first row transition metal cations such a& Mig*, Cd**, and ZR3"*

[871.

An exciting recent development is the synthesis of two superlattices (UCR-16
and UCR-17) consisting of T5 supertetrahedral clusters)ig8s*> [67]. There
are four tetrahedral core sulfur sites, each of which is surrounded by ¥anth
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two Cu' cations. One Cucation is located at the center of the T5 cluster and there is
one Ci cation on each face of the supertetrahedral cluster (Fig. 8).

Another interesting structural feature is the occurrence of hybrid superlattices.
In UCR-19, T3 clusters [GgB:g]® and T4 clusters [ZBaSsq ' alternate to form
the double-diamond type superlattice [85]. In UCR-15, T3 clusterg$GR and
pseudo-T5 clusters [5s4% also alternate to form the double-diamond type
superlattice [88]. The pseudo-T5 cluster is similar to the regular T5 cluster except
that the core sulfur site is not occupied. The pseudo-T5 cluster has also been found
with a different chemical composition in a layered superlattice with the framework
composition of [Celn,sSs4 ™% [89].

4.5 Sulfides with tetravalent and trivalent cations

Open framework sulfides based on In-S and Ga-S compositions have open
architectures and some have been shown to undergo ion exchange in solutions.
However, to generate microporosity, it is necessary to remove a substantial amount
of extra-framework species. Open framework sulfides such as indium or gallium
sulfides generally do not have sufficient thermal stability to allow the removal of an
adequate amount of extra-framework species to generate microporosity.

A general observation in zeolites is that the stability increases with the
increasing Si/AI% ratio. It can be expected that the incorporation of tetravalent
cations such as Geand SA" into In-S or Ga-S compositions could lead to an
increase in the thermal stability. Recently, Fengal reported a large family of
chalcogenide zeolite analogs [46]. These materials were made by simultaneous triple
substitutions of & with S or Sé, Si** with G&" or Sri*, and AF* with G&* or
In®*. All four possible M/M** combinations (Ga/Ge, Ga/Sn, In/Ge, and In/Sn)
could be realized resulting in four zeolite-type topologies.

Based on the topological type, these materials are classified into four families
denoted as UCR-20, UCR-21, UCR-22, and UCR-23. Each number refers to a
series of materials with the same framework topology, but with different chemical
compositions in either framework or extra-framework components. For example,
UCR-20 can be made in all four*8V* combinations, giving rise to four sub-
families denoted as UCR-20GaGeS, UCR-20GaSnS, UCR-20InGeS, and UCR-
20InSnS. An individual compound is specified when both the framework
composition and the type of extra-framework species are specified (e.g., UCR-
20GaGeS-AEP, AEP = 1-(2-aminoethyl)piperazine).

The extra-large pore size and 3-rings are two interesting features. UCR-22 (Fig.
9) and UCR-23 have 24-ring and 16-ring windows whereas both UCR-20 (Fig. 9)
and UCR-21 have 12-ring windown. These inorganic frameworks are strictly 4-
connected 3-dimensional networks commonly used for the systematic description of
zeolite frameworks. Unlike known zeolite structure types, a key structural feature is
the presence of the adamantane-cage shaped building y8it, Mhe M;S,o unit
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consists of four 3-rings fused together. For materials reported here, the framework
density defined as the number of T-atoms in 100@Ages from 4.4 to 6.5.

Figure 9. The three-dimensional framework of UCR-20 (left) and UCR-22 (right) families of sulfides.

Although these chalcogenides are strictly zeolite-type tetrahedral frameworks, it
is possible to view them as decoration of even simpler tetrahedral frameworks. Here,
each MS;, unit can be treated as a large artificial tetrahedral atom. With this
description, UCR-20 has the decorated sodalite-type structure, in which a tetrahedral
site in a regular sodalite net is replaced with & lylunit. UCR-21 has the decorated
cubic ZnS type structure. UCR-23 has the decorated @y network in which
tetrahedral boron sites are replaced wit}SMunits.

Upon exchange with Csons, the percentage of C, H, and N in UCR-20GaGeS-
TAEA was dramatically reduced. The exchanged sample remained highly crystalline
as the original sample. The ‘Caxchanged UCR-20GaGeS-TAEA displayed type |
isotherm characteristic of a microporous solid. This sample has a high Langmuir
surface area of 807y and a micropore volume of 0.23¥mdespite the presence
of much heavier elements (Cs, Ga, Ge, and S) compared to aluminosilicate zeolites.

5 Microporous Metal-Organic Frameworks

Currently, the synthetic design of metal-organic frameworks (also known as
coordination polymers) is a very active research area [90,91]. Many new
microporous materials synthesized in the past several years belong to this family.
Unlike zeolites that have an inorganic host framework, in metal-organic frameworks,
the three-dimensional connectivity is established by linking metal cations or clusters
with bidentate or multidentate organic ligands. The resulting frameworks are hybrid
frameworks between inorganic and organic building units and should be
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distinguished from mi@porous materials in which organic amines are encapsulated
in the cavities of purely inorganic frameworks.

The development of metal-organic framework materials began in the early
1990s and was apparently an extension of the earlier work on three-dimensional
cyanide frameworks [14,92,93]. InRng[Fe(CNY)],*xH,0 [94], octahedral P& and
tetrahedral Zfi cations are joined together by linear Gioups to form a three-
dimensional framework with cavities occupied by ¢ations and water molecules.

To generate large cavities, one method is to replace shortigalNds with large
ligands such as nitriles [93], amines, and carboxylates [95]. A large variety of
structural building units are possible with this approach. However, at the early stage
of their development, metal-organic frameworks were plagued by problems such as
lattice interpenetration and the low stability upon guest removal.

Figure 10.The framework of MOP-5, one of the first microporous metal-organic frameworks [98].

During the past several years, a substantial progress has occurred in the rational
synthesis of these materials and a large number of metal-organic frameworks have
been made that are capable of supporting microporosity as demonstrated by their gas
sorption properties [96,97,98,99]. Such success was in part because of the use of
rigid di- and tri-carboxylates and judicious selections of experimental conditions. It
is worth noting that despite the wide selection of organic molecules that can serve as
bridges between inorganic building units, new metal-organic frameworks are often
made by changes in synthesis conditions such as pH, type of solvents, and
temperature, instead of using new organic linker molecules. For example,
Zn(BDC)(DMF)(H,0) (denoted as MOF-2, BDC = 1,4-benzenedicarboxylate, DMF
= N, N’-dimethylformamide), Zf§{BDC);*6CH;,OH (denoted as MOF-3), and
(Zn,0)(BDC)(DMF)g(CeHsCl) (MOF-5) are all made from Zhand BDC [100].

Their topological differences are caused by spacing-filling or structure-directing

solvent molecules. These compounds clearly show the importance in controlling the
synthesis conditions including the selection of solvent. This is somewhat similar to
the synthesis in zeolites where the primary building units are the same (i, &n8iO
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AlO, tetrahedra) in all structures and the difference in secondary building units and
three-dimensional topologies is caused by extra-framework structure-directing
agents.

Microporous metal-organic materials are complementary to oxide and
chalcogenide based microporous materials such as zeolites. There are many
fundamental differences between metal-organic materials and zeolites so that rather
than competing with each other, they are expected to have different applications. For
example, unlike zeolites and chalcogenides that usually have a negative framework,
metal-organic frameworks (excluding cyanides) reported so far are usually positive
or neutral. Therefore, while zeolites are cation exchangers, metal-organic
frameworks can be anion exchangers.

For a given framework topology, the framework of a zeolite or a phosphate can
often have a range of different charge density by varying the Si/Al ratio or doping
Al** sites with divalent cations. The difference in the framework charge density in
zeolites makes it possible to tune hydrophilicity or hydrophobicity of the framework.
Metal-organic structures do not seem to have such flexibility in adjusting the
framework charge density, however, the hydrophilicity or hydrophobicity in metal-
organic frameworks is tunable by introducing different organic groups as shown in a
series of compounds denoted as IRMOF-n [101].

Metal cations in metal-organic frameworks are usually transition metals, while
in oxides and chalcogenides, main group elements dominate the framework cationic
sites. Therefore, metal-organic frameworks can bind to guest molecules through
coordinatively unsaturated transition metal sites [102,103]. Such interaction is not
common with main group elements in zeolites or microporous phosphates, even
though transition-metaloped zeolites or phosphates might contain active transition
metal sites.

One potential with metal-organic frameworks is the possibility to form porous
materials with pore size over 10A by using large inorganic clusters or organic
linkers. This potential is evidenced by the recent synthesis of a series of isoreticular
MOFs denoted as IRMOF-n (n = 1 through 7, 8, 10, 12, 14, and 16) from different
dicarboxylates [101]. These compounds have a calculated aperture size (also called
free-diameter) from 3.8 to 19.1A. IRMOFs also demonstrate the feasibility to have
different organic groups in three-dimensional frameworks without a change in the
framework topology.

The idea of using chiral structure-directing agents to direct the formation of
chiral inorganic frameworks has been around for some time. However, few synthetic
successes have been reported. Metal-organic frameworks provide a new opportunity
in the design of chiral porous frameworks because chiral organic building units can
be directly used for the construction of the framework. One recent example has
shown this approach to be highly promising [104].

The recent synthetic success in producing microporous metal-organic
frameworks has shifted some focus from the synthetic design to the potential
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applications. One promising application of metal-organic frameworks is in the area
of gas storage. Several metal-organic framework materials have been found to have
a high capacity for methane storage [101,105,106]. For example, at 298K and
36atm, the quantity of methane adsorbed by IRMOF-6 is as high as ®155cm
(STP)/cmi, considerably higher than other crystalline porous materials such as
zeolite 5A (87crcnt®). Such high adsorption capability is likely related to the more
hydrophobic property of organic building units in these metal-organic frameworks,
in addition to their high pore volumes and wide pore sizes.

In the following, we discuss in some more details metal-organic frameworks
that either have a positive or neutral framework. Excluding cyanide frameworks,
metal-organic frameworks with negative charges on the framework are far less
common and remain to be explored in the future.

5.1 Cationic metal-organic frameworks

Cationic metal-organic frameworks were among the earliest to be studied. Some
early examples of cationic metal-organic frameworks were formed between
monovalent metal cations (Cor Ag") and neutral amines. Metal cations in these
compounds can take different coordination geometry such as linear, trigonal or
tetrahedral. Interestingly, ligands can also take different geometry. Examples of
linear, trigional, and tetrahedral ligands are 4,4-bipyridine (4, 4-bpy), 1,3,5-
tricyanobenzene, and 4,4',4”,4""-tetracyanotetraphenylmethane, respectively.

Examples of compounds with the cationic metal-organic frameworks include
Ag(4,4-bpy)NQ; [107] and Cu(4,4-bpylPR) [108]. In Ag(4,4-bpy)NQ, Ag" is
coordinated to two 4,4’-bpy molecules in a nearly linear configuration and the three-
dimensional framework is formed with the help of Ag-Ag (2.977A) interactions. In
Cu(4,4-bpy}(PR;), Cu ions have tetrahedral coordination and 4,4-bpy behaves
very much like linear CN- groups between two tetrahedral atoms. However, much
larger void space forms as a result of longer length of 4,4’-bpy and such void space
is reduced by the formation of four interpenetrating diamond-like frameworks in
Cu(4,4"-bpy}(PF).

Some cationic frameworks have been found to display zeolitic properties such
as ion exchange with anions in the solution. However, it has been difficult to remove
extra-framework species to produce microporosity. Because of this limitation, there
has been an increasing interest in using carboxylates as organic linkers. The current
synthetic approach for the synthesis of carboxylate-based metal-organic frameworks
usually gives rise to neutral frameworks discussed below.

5.2 Neutral metal-organic frameworks

In oxide and chalcogenide molecular sieves, a low framework charge generally
means a high thermal stability. Therefore, neutral metal-organic frameworks should
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provide the best opportunity for generating microporous metal-organic frameworks.

In a metal-organic compound with a neutral framework, the host-guest interaction

tends to be weaker than that in a solid with a charged framework. The weak host-
guest interaction makes it possible to remove guest solvent molecules at relatively
mild conditions. In addition, the neutral framework also tends to be more tolerant of

the loss of neutral guest molecules.

Among the first metal-organic frameworks that showed zeolite-like
microporosity thragh reversible gas sorption are MOF-2, 3BT C)x(H,0),
(denoted as HKUST-1 or Cu-BTC, BTC = 1,3,5-benzenetricarboxylate), and MOF-
5 [97,98,109]. A key structural feature of Cu-BTC is the dimeric Cu-Cu (2.628A)
unit. A detailed investigation of sorption properties showed that Cu-BTC may be
useable for separation of gas mixtures such as@M CQ-CH,, and GH;-C,Hg
mixtures [110].

The framework structure of MOF-5 is particularly simple with,@)i" clusters
arranged at eight corners of a cube and linear BDC linkers located on edges of the
cube (Fig. 10) [98]. The (Z®)°* cluster has a pseudo-octahedral connectivity
because it connects to BDC through six edges of tBtrahedra. Even more
interesting is the fact that BDC molecules can be replaced by a series of different
dicarboxylates without altering the framework topology [101]. This provides an
elegant means of adjusting the pore size and framework functionality.

Neutral frameworks can also be prepared from neutral organic ligand. One such
example is [CuSig4,4'-bpy)*8H,0 [1086]. In this case, Glications are linked into
two-dimensional sheets by 4,4’-bpy ligands and these sheets are then linked into a
three-dimensional framework by $fFanions. This compound is microporous and
has a high adsorption capacity for methane.

Metal-organic frameworks can also be created by a combined use of amines and
carboxylates. For example, in [dOH),(fa)(4,4-bpy)y] (fa = fumarate),
dicarboxylate and diamine molecules work together to link@), units into an
interpenetrating three-dimensional framework [111]. Furthermore, carboxylate-
substituted amines can simultaneously use COO- and N to bind to inorganic units to
create an extended framework. One example is CugEB)O (INA =
isonicotinate or pyridine-4-carboxylate) [112].

5.3 Metalloprophyrin-based metal-organic frameworks

A special class of ligands are porphyrins and metalloporphyrins. Metalloporphyrins
can form either cationic or neutral frameworks depending on the nature of
substituent groups. Two of the earliest examples are Cu(ll)(tpp)Cu(§@¥ent)

and Cu(Il)(tcp)Cu()BR17(CGHsNO,) (tpp = 5,10,15,20-tetra(4-pyridyl)-21H,23H-
porphine; tcp = 5,10,15,20-tetrakis(4-cyanophenyl)-21H,23H-porphine) [113]. In
both cases, the framework is constructed from equal numbers of tetrahedyal (Cu
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and square planar (Cu-tpp or Cu-tcp) centers. Neither of these two compounds is
stable upon solvent removal.

A stable metalloporphyrin-based metal-organic framework was recently
demonstrated by Suslickt. al [114]. PIZA-1 with a formula of [Co(II)T(p-
CO,)PPCo(ll) 5(CsHsN)3(H,0)*CsHsN] is formed from carboxylate-substituted
tetraphenylporphyrins with cobalt ions. Because of the presence of carboxylate
groups, the framework of PIZA-1 is neutral. It is apparent that the ability of
transition metals (Cu and Co) to exist in different oxidation states helps the
formation of these metalloporphyin-based metal-organic frameworks.

No mixed valency occurs in SMTP-1 [115], a family of layered structures with
a general formula of [M(tpg)G (M = C&*, G =12CHCOOH+12H0; M = Mr¢*,

G = 60H0O; or M = Mrf*, G = 12GHsOH+24H,0. SMTP-1 differs from the above
metalloporphyrin-based structures. The metal cation in the center of the porphyrin
ring is also coordinated to pyridyl groups of other tpp complexes, allowing the
creation of an extended layer structure without the use of separate metal cations for
crosslinking tpp complexes.

5.4 Metal-organic frameworks from oxide clusters

In metal-organic frameworks, the inorganic unit is often a single transition
metal cation (sometimes with some coordinating solvent molecules attached). The
diversity of metal-organic frameworks can be greatly increased if inorganic clusters
are used as structural building units. The simplest situation is dinuclear units such
as Ag in Ag(4,4-bpy)NQ, and Cy in Cu-BTC [97,107]. The Zn(2.940A) unit is
found in MOF-2. Clusters containing three or four metal cations are also known. For
example, a chiral metal-organic framework called D-POST-1 contains et
in which the oxygen atom is located at the center of thariamgle [104]. Similarly,
the ZnO unit containing tetrahedrally coordinated oxygen anions was recently
found in MOF-5 and IRMOF series of compounds. Much larger units (e g5i@
have also been reported [116,117,118]. In many cases, these inorganic clusters do
not occur in the starting materials and they are forimesitu during the synthesis of
metal-organic frameworks.

5.5 Metal-organic frameworks from chalcogenide clusters

As shown above, the use of organic multidentate ligands to organize inorganic
species is an effective method to prepare porous solids with tunable pore sizes.
However, inorganic building units are generally limited to individual metal ions
(e.g., ZA") or their oxide clusters (e.g., Z0F"). To expand applications of porous
materials beyond traditional areas such as adsorption and catalysis, metal-organic
frameworks based on semiconducting chalcogenide nanoclusters are highly
desirable. Recently, Ferad. alreported the organization of the cubic §&Ph),]**
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clusters by in-situ generated tetradentate dye molecules [119]. The structure consists
of three-dimensional inorganic-organic open framework with large uni-dimensional
channels. The combination of dye molecules and the inorganic cluster unit in the
same material creates a synergistic effect that greatly enhances the emission of the
inorganic cluster at 580nm. Such an emission can be excited by an unusually broad
spectral range down to the UV, which is believed to result from the absorption of
dye molecules and the subsequent energy transfer.

6 Extra-large Pore Crystalline Molecular Sieves

Thus far, an extra-large pore material is conveniently understood as those having a
ring size of over 12 tetrahedral atoms [120]. In zeolites, the maximum pore size of a
12-ring pore is about 8A. The recent progress in metal-organic frameworks has
made it possible to obtain porous materials with pore size larger than 8A by using
larger organic linkers rather than by forming pores with more than 12 metal cations.

Among silicates, the extra-large pore has only been found in two high silica
zeolites and one beryllosilicate. The first extra-large pore zeolite (UTD-1) was
reported in 1996 (Fig. 11) [121,122]. UTD-1 (DON) was synthesized using
bis(pentamethylcyclopentadienyl) cobalticinium cations and has a ring size of 14
tetrahedral atoms. It has a one-dimensional channel system with the approximate
free diameter of 7.5 x 10A for the 14-ring pore. Another extra-large pore zeolite
(CIT-5) was reported in 1997 [123,124]. Like UTD-1, CIT-5 (CFI) also has a ring
size of 14 tetrahedral atoms with a one-dimensional channel system. The effective
pore size (6.4A measured using the Horvath-Kawazoe method) of CIT-5 is similar
to that of one-dimensional 12-ring channel in SSZ-24 (AFI) [125]. Very recently, a
hydrated potassium beryllosilicate called OSB-1 (OSO) was found to have an extra-
large pore size of 14 tetrahedral atoms [30].

Figure 11 (left) The three-dimensional framework of UTD-1 (DON) elliptical 14-ring windows;
Reprinted with permission from http://www.iza-structures.org/ and reference [30]. (middle) the three-
dimensional framework of AIP£B (AET) showing 14-ring windows (right) the three-dimensional
framework of VPI-5 (VFI) 18-ring windows.
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Most extra-large pore materials such as cacoxenite, VPI-5, cloverite, and JDF-
20 are found in phosphates [15,126,127,128]. While the ring size of only 14
tetrahedral atoms is known in silicates, extra-large pore phosphates come with
various ring sizes including 14, 16, 18, 20, and 24. Structures of these phosphates
sometimes deviate from those of typical zeolites in several aspects including
framework interruptions by terminal OHF, or H,O groups and non-tetrahedral
coordination. These deviations tend to lower the thermal stability of extra-large pore
phosphates. On the other hand, it is often because of these deviations that extra-large
pores are formed.

The first synthetic extra-large pore phosphate is VPI-5 with one-dimensional
channel defined by 18 oxygen atoms (Fig. 11) [15]. Unlike most aluminophosphate
molecular sieves, VPI-5 is a hydrated aluminophosphate and does not contain any
organic structure-directing agent. Under suitable heating conditions, VPI-5 can be
recrystallized into another extra-large pore phosphate called,AAR®ET) with a
14-ring pore size (Fig. 11) [129].

Among the most recent development in the area of microporous phosphates is
the synthesis of two extra-large pore nickel phosphates denoted as VSB-1 and VSB-
5 [130,131]. Similar to VPI-5, Both VSB-1 and VSB-5 are hydrates and organic
amines used in the syntheses were not occluded into the final structures. VSB-1 and
VSB-5 have one-dimensional 24-ring channels and both of them have good thermal
stability. The nitrogen adsorption shows the type | isotherms typical of a
microporous material.

The synthesis of VPI-5, VSB-1, and VSB-5 demonstrates that neither large nor
small organic structure-directing agents are essential for the preparation of extra-
large pore sizes. The formation of different pore sizes likely depends on types of
small structural units that eventually come together to create the framework and the
pore. The structural and synthetic factors that affect the formation of these small
structural units may have a substantial effect on the creation of extra-large pore
materials.

Figure 12.The three-dimensional framework of UCR-23 family of sulfides showing 16-ring channels.
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One strategy for the preparation of the extra-large pore size is to generate a
large number of small rings, particularly 3-rings. Because the average ring size in a
three-dimensional four-connected net is approximately 6, the presence of small rings
will be accompanied by large or extra-large rings so that the average ring size will
be about 6 [132]. This strategy can be illustrated with the recent discovery of a large
family of extra-large pore sulfides.

Because of the large T-S distances and small T-S-T angles, 3-rings often occur
in open framework metal sulfides. Correspondingly, large pore and extra-large pore
sizes are typically structural features in sulfides. For example, UCR-20, UCR-21,
and UCR-22, and UCR-23 consist of adamantane-shaped clusi&rg (¥ith 3-
rings. While both UCR-20 and UCR-21 are large-pore sulfides, UCR-23 has three-
dimensional intersecting 16-, 12-, and 12-ring channels (Fig. 12) and UCR-22
consists of interpenetrating three-dimensional framework with 24-ring window size.

Other strategies for increasing the pore size include the use of large structural
building units such as clusters and the use of long linker molecules between two
structural building units. For example, the use of chalcogenide supertetrahedral
clusters as large artificial tetrahedral atoms has resulted in a number of three-
dimensional frameworks with extra-large pore sizes. Equally successful is the use of
dicarboxylates as molecular linkers to join together metal cations or their clusters to
generate a series of metal-organic frameworks with pore sizes > 10A. By using
different supertetrahedral clusters and carboxylates, the pore size of the resulting
open framework materials can be tuned.
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