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I. Introduction

Zeolites provide a nice example of the fruitful sym-
biosis between mineralogists, structural crystallogra-
phers, inorganic chemists, and materials scientists.!”1%
Indeed, joint professorships of chemistry and miner-
alogy were typical in the U.S. during the early 19th
century,'® and mineralogists were listed as one of the
six subcategories of chemists in 1870.17 Many zeolites
were first described as minerals, and the chemical
substitutions in the frameworks of synthetic zeolites and
the new related microporous aluminophosphate-based
materials!® were known earlier in the feldspar!® and
feldspathoid groups of minerals.!® The mathematical
concepts used to describe the topology of frameworks
in zeolites have developed from ones known to Greek
philosophers and from ones used to such stunning effect
in Romanesque and Islamic decorations. In this 20th
century, development of crystallographic and spectro-
scopic techniques has led to spectacular discoveries
about the topochemistry of zeolites. Deliberate control
of crystallization processes has produced many mate-
rials not known in Nature. Controlled chemical and
physical treatments have been used to tailor valuable
new products for industry, including shape-selective
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molecular sieve catalysts. This triumphant application
of observations and theoretical concepts to the material
needs of the human race is a testimony to the power
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of interdisciplinary research.

The topological and geometrical properties of zeolites
and related microporous materials are covered in the
first part of this review. Topochemical properties, in-
cluding chemical substitutions, order—disorder, and
topotactic reactions, will be covered in the second part.

The word zeolite (boiling stone) was created by the
Swedish scientist A. F. Cronstedt?® in 1756 after heating
stilbite in a blowpipe flame. Reversible dehydration of
zeolites without loss of crystalline integrity,?! together
with absorption of liquids?? and gases,?® implied that
zeolites have a microporous continuous framework.??
This was confirmed by the X-ray structure analyses of
natural and ion-exchanged analcime and the fibrous
zeolites,?*2® Selective adsorption of molecules smaller
than 5 A in diameter by chabazite? led to the concept
of a molecular sieve by J. W. McBain.?® Reversible
ion-exchange is a property of various types of minerals
and synthetic materials, including zeolites, as discovered
for chabazite and natrolite in 1858.3! However, most
ion exchangers lack the additional property of reversible
loss of water;! indeed ion exchange can occur in an-
hydrous systems.

Currently, the term zeolite has and is being used in
many inconsistent ways for a wide range of materials
with either ion-exchange or adsorption properties, or
both.?>* The mineralogical community tends to adhere
to a usage consistent with a loose definition:* “a zeolite
is an aluminosilicate with a framework structure en-
closing cavities occupied by large ions and water mol-
ecules, both of which have considerable freedom of
movement, permitting ion-exchange and reversible de-
hydration”. Since the term “framework” is used im-
precisely in descriptions of crystal structures,’ the
foregoing definition should be amended to specify that
the Al and Si atoms occupy 4-connected vertices of a
three-dimensional net, and the oxygen atoms occupy
2-connected positions between the 4-connected vertices.
Thus each tetrahedral (T) vertex is surrounded by four
oxygen positions, and each oxygen is chemically bonded
to two (Si, Al) atoms in T sites. The designation (4;2)
specifies this type of connection and provides a clear
mathematical distinction®® from other types of alumi-
nosilicate frameworks in which an oxygen atom is
chemically bonded to either one or three tetrahedral
atoms and from frameworks in which Si and Al atoms
have five or six oxygen neighbors.3**? The term
“analogue” is typically used in the mineralogical liter-
ature for a material that is isostructural except for a
chemical substitution; e.g., the gallium analogue of an-
alcime NaAlSi,0,-H,0 would be NaGaSi,OgH,0. The
adjective zeolitic is often used loosely for materials, not
necessarily with a (4;2)-3D net, that show ion exchange,
or reversible dehydration, or both.

The nonmineralogical community uses the term
zeolite in diverse and partly inconsistent ways. At one
extreme, some chemists tend to follow the practice of
mineralogists, as exemplified by the late D. W. Breck
(pp 4-5 of ref 1). At the other extreme, various mi-
croporous materials are classified as zeolites even
though they lack one or more of the properties listed
above.

Some synthetic polymorphs of silica have the same
type of (4;2) framework topology as zeolites that obey
the mineralogical criteria. Thus the synthetic silica
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polymorph silicalite* has the same framework topology
as the synthetic zeolite ZSM-5,% and no gap in the
range of Si/Al ratios has been demonstrated in chem-
ically zoned synthetic materials.?® The highest Si/Al
ratios of silicalites and high-silica ZSM-5 are smaller
than the lowest values found in naturally occurring
silica polymorphys such as quartz, which lacks the
physical and chemical features of a zeolite.* Silicalite
is definitely a molecular sieve, but various other mi-
croporous silicas lack windows large enough for rever-
sible sorption of water molecules, except perhaps under
extreme conditions. The term clathrasil®® is more ap-
propriate than zeolite for these materials.

Some structures listed in compilations of zeolites are
based on an interrupted tetrahedral framework, in
which one or more oxygen atoms are bonded to only one
T atom; commonly the local ionic charge is balanced
by attachment of a hydrogen. Actually, some synthetic
zeolites contain a considerable fraction of framework
hydroxyl groups, as exemplified by studies on ZSM-5
samples with excess ion-exchange capacity,’’*° and all
zéolites may have terminal hydroxyls at internal defects
and the external surface.’® Hence study of materials
with interrupted frameworks is relevant to research on
zeolites (sensu stricto).

After calcination to remove encapsulated organic
species, some of the microporous aluminophosphates
with Al/P = 1 are molecular sieves,’! but they do not
obey the mineralogical definition of a zeolite. However,
some have the same framework topology as found in
zeolites (sensu stricto).5? The relationship is even more
complex for metal-substituted aluminophosphates,!8
especially for the silicoaluminophosphates.

There is a host of materials with 3D frameworks in
which each oxygen is connected to two metal atoms in
3-, 5-, or 6-coordination (this includes some of the as-
synthesized aluminophosphates before calcination).
Again, these materials are not zeolites in the minera-
logical sense, but all are valuable from the theoretical
viewpoint, and some might become commercially useful.

Finally, some natural materials included in lists of
zeolites are anhydrous and can be considered as inclu-
sion complexes of salts inside aluminosilicate frame-
works. The best example is sodalite, NagAl;SigOqy
2NaCl, which is classed as a feldspathoid by mineralo-
gists. However, there is a complex group®® of hydrated
and hydroxylated synthetic sodalites, NagSigAlgO4,(O-
H),-0-8H,0, including one labeled as zeolite Zh.3*
Furthermore, a pure silica-sodalite with encapsulated
ethylene glycol has been synthesized,? and classified
as a clathrasil.®

It seems best in this review to consider the topo-
chemistry of all the above microporous, and even some
nonmicroporous, inorganic materials that are useful
from the theoretical and practical viewpoints. In order
to avoid nomenclature problems, the term “zeolites and
related materials” will be used. Table I summarizes the
essential topochemical features of selected structural
types. Figure 1 shows stereoplots of the T-T linkages
of those frameworks that best represent the topological
principles to be discussed in the next section. A more
comprehensive atlas of stereoplots together with crys-
tallographic and geometrical information is being pre-
pared by W. M. Meier and D. H. Olson with the as-
sistance of the Structure Commission of the Interna-
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tional Zeolite Association. It will be about twice as large
as the first atlas®® published in 1978. Also useful are
ref 56 and 57.

Because many noncrystallographers have difficulty
with stereoplots of T-T linkages, some advice may be
helpful. Make sure that the lenses of the stereoviewer
are exactly over the center of each stereoview. If the
3D image does not pop into place, make a copy of the
stereoview and put a mark on a corresponding point of
each stereoview. Now swivel your eyes to merge the
marks. Of course, the stereoview should be flat. Some
people can manage without a stereoviewer, especially
if marks are used. Reduction from the usual 6.3 cm
distance to about 5.8 cm may help.

Part II of this review considers general topological
features of zeolites and related materials, and part III
lists the crystallographic data for each structure type.

II. Topology and Geometry of (4;2)-Connected
Regular 3D Nets

A. Mathematical Concepts

Technical descriptions of the topology of regular nets
aree given in ref 58 and 59 and an introduction to the
crystallographic applications is provided in ref 60.

From the strictly topological viewpoint, only the
connectivity of a (4;2)-3D net is important. Because
each oxygen atom of a (4;2)-connected TO, framework
structure lies between two T atoms, it is sufficient to
consider only the connectivity of the T atoms. Each
T position becomes the vertex of a 3D net and-each
vertex lies at the intersection of four T-T edges to ad-
jacent T positions. The resulting 3D net, which must
be infinite if it is to be regular, is described as 4-con-
nected. The family of different types of 4-connected
3D nets is distinct from the infinite families with a
different order of connectivity, such as the 3-connected
family or families with more than one type of connec-
tivity.

There is an infinity of 4-connected 3D nets and there
is no known systematic procedure for deriving all of
them. At the current state of mathematical knowledge,
the only successful systematic way to classify known 3D
nets and to invent new ones is to look for common
subunits, to find out whether such subunits can be
linked together in new ways, and to investigate whether
the subunits can be modified. As new nets are dis-
covered in new crystal structures, the inventory of
subunits increases. Currently, the first steps are being
taken to establish a systematic hierarchy of subunits.
Still pending is an attempt to build all possible topol-
ogies by a systematic search in 3D space for all ways
to fasten edges together into a continuous net. In
practice, such an attempt must necessarily be limited
to nets with a small repeat unit. To the regular nets
must be added the irregular ones which are relevant to
zeolites with topological disorder.

Several types of subunits can be found in 3D nets.
The simplest is an edge (Figure 2) between two vertices.
Others are rings (Figure 2), polyhedra (Figure 3 and 4),
coplanar and noncoplanar chains (Figure 5), and 2D
nets (Figure 6-14). All of these types of subunits are
useful for classification, and all can be linked together
in various ways to make 3D nets. Table I lists selected
subunits in the 3D nets of zeolites and related materials.
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Extremely important is the distinction between the
topological connectivity and the geometrical relation-
ships in a 4-connected 3D net. Topology takes no ac-
count of the relative length of T-T edges or of the
magnitude of the T-T-T angles. All zeolites (sensu
stricto) have all the (Si,Al)-O distances between 1.58
and 1.78 A, most of the O—(Si,Al)-O angles within 5°
of the ideal tetrahedral angle of 109.46°, and most of
the (Si,Al)-O—(S51,Al) angles between 130 and 160° when
corrections are made for thermal and positional disor-
der. In consequence, all T-T edges are within a few
percent of 3.1 A, and it is possible to build a useful
model from tetrahedral stars and plastic tubes cut to
one length. Such a model has T positions that corre-
spond fairly closely with those in the crystal structure
of an actual zeolite. The computer program® DLs-76 will
generate a least-squares fit for the T and O positions
of a particular topology when given the relative devia-
tions from assumed reference values for distances and
angles; essentially the algorithm is building a bridge
with the least deviation from spans of a constant size
fastened together at constant angles. Only some con-
nectivities yield a geometry that is reasonable from the
viewpoint of chemical bonding in a zeolite.? This
geometrical approach does not work so well for the
4-connected 3D frameworks of the vanadyl silicate hy-
drates cavansite (Figure 1a, stereoplot) and pentagonite,
in which the vanadium is nearly in square-planar co-
ordination to four oxygens, each of which is linked to
one silicon. Actually, each vanadium is also bonded to
one hydroxyl to give overall square-pyramidal coordi-
nation.

A complete mathematical description of a regular
4-connected 3D net consists of the cell dimensions,
space group symmetry, and fractional atomic coordi-
nates of the vertices. A thorough description of the
connectivity could be given as a matrix array listing the
number of edges between each pair of vertices in the
repeat unit, thereby extending the idea of a matrix array
of adjacent tetrahedral vertices used for enumeration
of ordering schemes of Al and Si in feldspar.®

A useful but nonunique description is to specify the
circuit symbol for each T vertex. There are six T-T-T;
angles to each T vertex, and for each angle there is a
shortest circuit of edges T-T,..T;-T. The set of six
numbers is the circuit symbol of the vertex.® Following
Wells, the circuit symbol was given for each of the nets
so far enumerated by Smith and collaborators.5 The
circuit symbol is useful because it gives information on
the local compactness of the net; thus the presence of
many 3-, 4-, 5-, and 6-circuits implies compact building
units, whereas 10- and 12-circuits are present in the
circuit symbols of open nets with low-framework den-
sity. See ref 65 for a technical choice for branched
circuits.

A further description, which may be unique, is to
determine the coordination sequence,””’® which counts
the number N, of vertices at k edges away from a-
chosen vertex. For k = 1-5, the set of five N, is dif-
ferent for the nets of most zeolites but is identical for
several pairs of nets with similar subunits such as those
in Rho and Linde Type A, which have the sequence
4-9-17-28-42.

As soon as the first crystal structures of silicates were
discovered, classifications were based on subunits. The
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TABLE 1. Properties of Selected Microporous Materials
frame-
IUPAC type chemical work types types types types of type of
code® species composition® density’  of rings®  of chains of 2D nets/ polyhedra# access”
(a) Natural Zeolites and Related Aluminosilicates with a (4;2)-3D Net
AFG afghanite NayyAly,SisOge:12NaCl-2H,0 15.9 4,6 4.6.12 canc 6-rings
ANA analcime Na16A1168132096 16H20 18.6 4,6,8 ts 3D'8,8,8
BIK bikitaite Li,Al,Si,0,02H,0 20.2 5,6,8 C 8,z 6% (528) 1D-8
BRE  brewsterite  Sr,AlSi;,0410H,0 175  4,5,6,8 br, 4.6 brew 2D.8,8
_— budding. (NH,),ALSi;,042H,0 21.6 4,6,8 cc, bs 482 1D-8
tonite
CAN  cancrinite NagAlSig0,,-CaC0,-2H,0 167  4,6,12 7z 4.6.12 canc 1D-12
CHA  chabazite CagAl;3Siy07540H,0 146  4,86,8,12 4612 hp, chab 3D.8
—_— cowlesite CagAl;5Si;g04r33H,0 i
DAC  dachiardite = NazAl;Si;g0,e12H,0 173  4,5,6,8,10 ¢ s,z 6% (4.5.10); (5%8) test 2D-8,10
EDI edingtonite  Ba,AlSiz0,,8H,0 16.6 4,8 fi 3D-8,8,8
EPI epistilbite Ca3AlgSi 50,4 16H,0 180 4,5,6,8,10 ¢z 8% (4.5.10); (5%8) test 2D.8,10
ERI erionite NaK,MgCa,Al;Si,;0,5-27H,0 156 4,6,8,12 46.12 hp, canc, erio 3D-8,8,8
FAU faujasite NaggAlgeSi3,084-240H,0 127 4,6,12 hp, to, fauj 3D-12,12,12
FER ferrierite Na,Mg,AlgSis0,-20H,0 177 5,6,8,10 cs 6% (5.6.10), test 2D-8,10
GIS gismondine  Ca,AlSiz0;,-18H,0 154 4,8 cc, bs 4.8? 3D-8,8,8
GME gmelinite NagAl;Si;60,4-24H,0 146  4,6,8,12  cc 4.6.12 hp, gmel 3D-8,8,12
GOO  goose- Ca,AlSig03-10H,0 176 4,5,6,8 bs 3D-8,8,8
creekite
HEU heulandite = NaCa,Al;Si;;0,,-24H,0 170 4,5,8,10 he, 4.52 2D-8,10
LAU  laumontite  Ca,AlgSijs0,:16H,0 177 4,8,10 laum 1D-10
LEV levyne Na3Ca8AIIQSi350m~50H20 15.2 4,6,8 4.6.12 hp, levy 2D'8,8
LIO liottite CayAl;¢Sig07(CaS0,) -2H,0 15.7 4,6 4.6.12 canc, liot, loso 6.rings
MAZ mazzite K;;Mggcal‘5A11()Si26072'28H20 16.1 4,6, 8,12 C, 88 4.6.8,12 gmel 1D-12
MER  merlinoite K;Ca,Al;Si0623H,0 16.0 4,8 cc, bs 4.8? op 3D.8,8,8
MOR mordenite Na,Ca,Al;Sig04-24H,0 172 4,5,6,8,12 ¢,8 6% (4.5.8.12) test 2D-8,12
NAT  natrolite NagAlLSiz Oy 16H,0 178 4,8 fi 3D-8,8,8
OFF offretite KCaMgAl;Si;3034-15H,0 15.5 4,6,8,12 88 4.6.12 hp, canc, gmel 3D-8,8,12
PAU  paulingite (K,Ca,Na),Al, 48151504344 700H,0 155 4,6,8 op, grco, paul, 3D-8,8,8
plgt
PHI  phillipsite K,CaNaAl;Si;;0,,-12H,0 158 4,8 cc, bs 4.8? 3D-8,8,8
SOD  sodalite NagAleSig0,,(0H)»2H,0 172 4,6 ts to 6-rings
(hydro-)
STI  stilbite Na,CasAlySis;014-56H,0 169 4,5,6,8 10 st, 4% brew 2D.8,10
THO  thomsonite  Na,CagAlySiz0ge-24H,0 17.7 4,8 fi 3D-8,8,8
YUG  yugawaralite Ca,AlSi;;0;,-8H,0 183  4,5,8 ts, bs 4.8% 4.5? yug 2D-8,8
(b) Synthetic Aluminosilicates with a (4;2)-3D Net
ABW Li-A(BW) Li,AlLSi,0,64H,0 19.0 4,6,8 c, 2z 6% 4.82 1D-8
EAB TMA-E(AB) (Me,N);Na;AlSiy;0,5-26H,0 154  4,6,8,12 distorted s  4.6.12 hp, gmel, eab 2D-8,8
KFI ZK-5 NagoAlySigeO;9298H,0 14.7 4,6,8 hp, grco, paul 3D-8,8,8
LOS losod Na,Al;,8i;,0,418H,0 158 4,6 4.6.12 canc, loso 6-rings
LTA Linde A NayALSi;;0,527H,0 129 4,68 cu, to, greo 3D-8
LTL Linde L K¢NazAlgSiy,047021H,0 164 4,6,8,12 ss 4.6.8.12 hp, canc 3D.8,8,12
LTN Linde N Nagg,Alye,Sizes01536:520H,0 15.2 4,6, 8 hp, canc, to, grco 6-rings
MEL ZSM.11 (organic)NazAl;Sig30,90-16H,0 17.7 4,5, 86,7, P (5.6.10), test, mel, pent 3D-10,10,10
8, 10
MFI ZSM.5 (organic)NazAl;Sigy0490-16H,0 179  4,5,86,17, P (5.6.10), test, pest, pent 3D-10,10,10
8, 10
MTN ZSM.39 (organic)(Sig gg7AL 003) 1360272 187 5,6 rd, mtn 6-rings
MTT ZSM.23 (organic)(SiggeAly01) 24048 200 5,6,8,10 z 6% (5.6.10); pest, hest 1D-10
MTW ZSM.12 (organic) (Sig ggAlg g03) 28036 194  4,5,6,17, z 6% (4.5.6.12) mtw, hest 1D-12
8,12
—_ nepheline Naj,Al;58i;,0,446H,0 186 4,6,8 s, z, Zz 6% 4.6.8 hest 1D-8
hydrate I
RHO Rho NayAl}0Sis6006-44H,0 14.3 4,6,8 op, greo 3D.8,8,8
TON  Theta-1 (organic) (Sig gsAly 02) 2404 19.7 5,6,8, 10 z 6% (5.6.10); pest 1D-10
_— ZSM.48 J
(c) Synthetic Alummophosphates with a (4;2)-3D Net
AFI AlPO,.5 (organic)Al;,P1,0,44 75  4,6,12 c 4.6.12 afi 1D-12
AEL  AlPO,11 (organic)AlyPy0Os 19 1 4,610 ¢ 4610 afi 1D-10
AST AlPO,-16 (organic) Al P1g04 16.7 4,6 cy, trd 6-rings
—_— AlPQ,-21 (organic)Al;,Py,0,(0H), 18.1 k
ATF AIPO4'25 AIZAPQAOQG'HHQO 19.7 4, 6,8 cc 4.6.8 2D'8,8
ATT AlPQ,-33 (organic)Al;,P;,04s 16.7 4,6,8 ¢, cc, 88 4.6.8; 4.82 2D.8,8
AFS AlPO,-46 (organic) AlsgP5cOg04 13.7 4,6,8, 12 esc 4.6.12 . afo, afs, af 3D-8,8,12
AFY AlPO50 (organic)Al;¢P160¢4 125 4,8,12 4.6.12 cu, af 3D-8,8,12
——  AIPO.H;  AlygP1s0er24H,0 174 |
APC  AIPO,.C ALP1600s 80 4,68 ce 4.8% 6° 3D.88,8
APD  AIPO,D AlgP1604s 198 4,6,8 bhs, ¢ 4.8% 63 2D-8.8
(d) Other Aluminophosphates That Can Be Related Geometrically to a (4;2)-3D Net
_— AlPO,-14 5. and 6-coordinated Al 4,6,8 odc 4.82 odc
e AlPO,-15 Al,(OH), and AlQ,(OH)(H,0) 4,8 4,82 odc
_ AlPO,EN3  AlQ, and AlO4(OH) 4,6,8 z 468
—_ variscite AlO,(OH), 4,6 ¢ 8°
_ meta- AlO,(OH), 4.6 c 83 laum

variscite
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TABLE 1 (Continued)

frame-
IUPAC type chemical work types types types types of type of
code® species composition? density’ of rings® of chains® of 2D nets’  polyhedraf access”
(e) Silica Polymorphs Classified as Clathrasils

SOD  silica- (organic)Sijp0q 174 4,6 ts to 6.rings
sodalite

DOH  dodecasil IH (organic)SizOgg 184 4,5,6 rd, doh, dooh 5, 6-rings

DDR  decado- (organic)Sijg0z40 176 4,5,6,8 rd, det, detr  2D-8,8; 5-rings
decasil 3R

MEP melano- (CH,,CO4,N,)Si 504, 19.1 5,6 rd, mela 5, 6+rings
phlogite

NON nonasil (organic)SiggO7e ‘ 19.3 4,5, 6 non, nona, 5, 6-rings

nonas
MTN dodecasil 3C (organic)Sijs027 18.6 5,6 rd, mtn 5, 6-rings
(f) Aluminosilicates with Interrupted Frameworks based mainly on a (4;2)-3D Net

PAR  parthéite CagAl;Si;60e0(OH)g16H,0 182 4,6,8,10 m

ROG roggianite Cals[AlmSiazosg(oH)161'26H20 15.6 4, 6, 10, 12 n

WEN  wenkite ~Ba,CazAlgSi;,039(0H),(S0,)2H,0 170 4,6 0

—_— sarcolite NayCagAl;Si;043(H,0,0H)(S,PO,) 4,7,8 p

_— ussingite Na,AlSi;04(OH) 4,6, 8 q

—_ bavenite ~Ca,(BeOH),AlSigOy 4,6,8 r

—  leifite Nag(BeOH);ALSi,6041.5H,0 4,5,6,7 s

e chiavennite = CaMn(BeOH),Si;0,52H,0 208 4,59 t

sTUPAC three-letter code assigned by International Zeolite Association Structure Commission. ®A representative idealized composition is given.
Extensive substitution occurs in most natural zeolites. °The framework density is expressed as the number of T sites per 1000 A3, In some zeolites,
the framework density can vary several percent in response to dehydration, change of Si/Al ratio, and ion exchange. ¢Only the more obvious rings
are listed in frameworks with complex connectivity. ¢Only the simpler chains are listed. /Only the simpler 3-connected 2D nets are listed. Some are
strongly distorted from the most regular shape. Some simplified circuit symbols are used. # Mnemonic codes are from Figures 3 and 4 and the text.
% Channels with access limited by 8-rings or larger windows are listed with the number of directions (1D, one-dimensional; 2D, two-dimensional; 3D,
three-dimensional) and the ring size of the limiting windows. Note that some rings are strongly distorted with reduction of window size from the value
in Figure 1, e.g., the boat-shaped 8-rings of LTL. ‘Structure not known. /Probably based on disordered crankshaft chains and ferrierite 2D net.
® As-synthesized material has both AIPO, and AlO,(OH); calcines to AIPO,-25. ‘As-synthesized material has both AIPO, and AlQ,(OH); calcines to
AIPO,.C. ™Interrupted at (OH) on 3.connected Al. "Interrupted at (OH) on 3-connected Si. °hp and cancrinite chains linked by 3-connected T
probably with (OH). ?Interrupted oxygen on 3.connected Si is linked to two Ca. ¢Interrupted oxygens on 3-connected Si are bridged by H.

" Interruptions at Be(OH) and SiO. *Interrupted at (OH) on 3-connected Be. tInterrupted at (OH) on 3-connected Be.

following sections consider the possible subunits in the
3D nets of zeolites and related materials in the following
sequence: rings and windows, polyhedral cages and
building units, 2D nets, channel systems, and internal
surfaces. These subunits are useful for several reasons:
(a) any subunit is a potential candidate for synthesis
during growth of a zeolite or related material; (b) any
cage or channel may be the container for an encapsu-
lated species, which may even act as a template during
synthesis; (c) each channel system and window places
an upper limit on the sorption of molecules; (d) each
ring and internal surface provides sites for bonding of
exchangeable cations to the framework oxygens; (e) each
unit can be checked for possible ways of inventing new
nets; (f) some units are convenient for classification.

The concept of “secondary building unit” (SBU) was
invented™ on the assumption that zeolite nets would
contain only one type of SBU. Furthermore, the SBU
might be a precursor in the liquid phase of reaction
mixtures from which the zeolite grew. Actually, many
nets can be broken down into more than one type of
SBU. The original eight types of SBU (4-ring, 6-ring,
8-ring, cube, hexagonal prism, 43 cluster, 5-ring plus one
edge, 4%5% cluster) required the addition of a complex
5-1 cluster® for the pentasil family of zeolites, and even
further additions since then. The designation 425%
means that there are two 4-rings, two 5-rings, and one
6-ring in the cluster, and this type of nomenclature is
used in Figures 3 and 4. A set of seven structural units
(chain in fibrous zeolites, vertex-shared chain of 4-rings,
edge-shared chain of 4-rings, 6-ring, hexagonal prism,
hexagonal sheet with handles, and 4-4-1-1 heulandite
unit) was selected in ref 5. In the present review, all
polyhedra and clusters that look interesting from the

topological viewpoint are listed in Table I.

To complete this introduction, the following is a se-
lection of additional papers and books that have con-
sidered the broader aspects of the topology and geom-
etry of nets in zeolites and related materials: structural
classification;%® gtructural survey and classification:”
comprehensive survey of structures and classification;!
symmetry aspects;?! structures related to mordenite;
o transformation interrelating known and hypothetical
nets;% mineralogy and crystal chemistry;3 constituent
sheets in the mordenite group;®® new structures and
zeolite minerals;® aluminophosphate structures;?’
structure-template specificity in aluminophosphate
molecular sieves;® mineralogical survey;®® framework
topologies, stacking faults, twinning, intergrowths, cla-
thrasils, lovdarite with 3-rings;* various concepts and
new nets;*! application of concept of coordination
network to nets of framework silicates;?? further review
with comments on 3-rings in lovdarite, faulting, analogy
with organic siloxanes, loop configuration, and very
open networks;% systematic enumeration of nets con-
taining the 425* cluster;%* topology of frameworks of
natural zeolites;® examples of interrupted frameworks;?
inversion transformation interrelating nets in the pen-
tasil family;% nets obtained by repetitive twinning of
the unit cell of cristobalite;%® AB-5, AB-6, and AB-7
nets;*® new aluminophosphates.?6

B. Rings and Windows

Figure 2 summarizes the essential geometrical fea-
tures of T, 0, rings and their potential use as limiting
windows in molecular sieves. Table I lists the types of
rings in zeolites and related materials, and ref 33 gives
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Figure 1 (continued). (f) MAPSO-46 (AFS); (g) CoAPO-50 (AFY): unpublished, by courtesy of J. M. Bennett and B. K. Marcus. (h)
analcime (ANA): from Atlas of Zeolite Structure Types, 1st ed., 1978, by courtesy of W. M. Meier and D. H. Olson (reprinted with
permission). (i) AIPO,4.1.5H,0 (APC); (j) AIPO,-21 (ATF); both diagrams®? use a circle to show ALP alternation; stippling shows a
distorted double-crankshaft chain in j, and heavy lines outline 4-, 6-, and 8-rings.
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Figure 1 (continued?. (.k) AlPO,-33 (ATT): unpublished, by courtesy of J. J. Pluth. (I) bikitaite (BIK); (m) cancrinite (CAN); (n) chabazite
(CHA); (o) dachiardite (DAC). Stereoplots from Atlas of Zeolite Structure Types, st ed., 1978, by courtesy of W. M. Meier and D. H.
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Figure 1 (continued). (p) epistilbite (EPI); (q) AIPO,-17°% (ERI); (r) faujasite (FAU); (s) gismondine (GIS); (t) gmelinite (GME). Stereoplots
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Figure 2. Geometrical properties of T-O rings and windows.
Oxygen and T atoms are shown respectively by large open and
small filled circles. An arbitrary value for the “free diameter”
is obtained by assigning a radius of 1.35 A to each oxygen atom
and a distance of 3.1 A between adjacent T atoms. The relative
positions of the T and O atoms are chosen arbitrarily to give
O-T-0 angles near the tetrahedral value of 109.5°. Most rings
are nonplanar in real structures with most O-T-0 angles between
104 and 114° and most T-O-T angles between 130 and 160°. The
importance of the regularity is shown by comparing a symmetrical
planar 8-ring with an elliptical planar one. A regular planar 10-ring
is compared with a nonplanar 10-ring from silicalite (MFI).
Two-thirds of the T-T linkages are tilted and shortened in the
projection of the 18-ring.

details of the geometry. Although atoms are not hard
spheres, it turns out that the effective window size for
passage of inorganic and organic molecules in zeolite
molecular sieves is obtained within ~0.4 A by assigning
an arbitrary radius of 1.35 A to each framework oxygen
and the minimum kinetic diameter to the molecule (pp
633-645 of ref 1). To obtain a reliable window shape
and size for a zeolite structure, the actual shape of each
ring should be determined by structural analysis for the
dehydrated zeolite in equilibrium with the appropriate
molecule under the appropriate physical conditions.
Because considerable changes of window shape can
occur in some zeolites upon dehydration, it is necessary
to be cautious in making predictions about the extent
of molecular sorption just from the ring size of the as-
synthesized zeolite or related material. This is exem-
plified by chabazite, whose 8-ring changes from 6.4 X
6.9 A (hydrated) to 5.8 X 7.3 A (dehydrated) to 6.0 X
7.4 A (chlorine complex).”” This change of shape results
partly from movement of Ca ions to new positions
during dehydration and partly from movement at the
4-ring “hinges” between the hexagonal prisms of T at-
oms (Figure 1n). It is impossible to pursue other details
of window size here, and Figure 2 covers only the gen-
eral limits.

The positions of the oxygen atoms in a ring of a
zeolite (sensu stricto) depend on the topological linkage
of the T atoms, the bonding to the extraframework
cations, and to the water molecules. They are generally
constrained by the ranges of T-0 and T-T distances
and of the T-O-T and O-T-0 angles given earlier. An
oxygen atom tends to lie about 0.3-0.7 A from the
midpoint of a T-T edge (Figure 2, upper left).

A 3-ring must be planar, and it cannot be a window
for molecular adsorption. A 4-ring need not be planar,
but no matter how the angles are adjusted, the T-T
constraint leaves little room. A hole of ~1.5 A diameter
can be obtained for a regular planar 5-ring, but many
5-rings are strongly nonplanar in zeolite nets. A regular
planar 6-ring has a hole about 2.2 A diameter, but many
6-rings are distorted into ditrigonal or other shapes.
Furthermore, many 6-rings are blocked in zeolites by
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Figure 3. Selected building units and cages obtained from T-T
linkages in the 3D frameworks of zeolites and related materials.
Drawn with highest symmetry in clinographic projection except
for some deliberate distortions to minimize overlap. Each species
is labeled with the face symbol (large number = number of edges
around a face; small superscript = number of faces). Vertices
shown by a filled circle join only two edges; the others lie at the
intersection of three edges. The mnemonic letter codes are used
in Table I. The species are arranged in four groups illustrating
the relationships to the tetrahedron, cube, hexagonal prism, and
octagonal prism. Some corresponding vertices in each group are
labeled. The trigonal prism is also shown. The following codes
are from names of zeolites and related materials: brewsterite,
cancrinite, gmelinite, laumontite, paulingite, pentasil family, me!
(ZSM-eleven), mtw (ZSM-twelve), afi (AIPOfive).

cations. For a planar 8-ring, the opening can change
from a circle of diameter 3.8 A to an ellipse 2.6 X 5.2
A; nonplanarity can further reduce the opening, while
a cation can block it completely. The 5.8-A circular hole
for a planar regular 10-ring is reduced to a 5.2 X 5.8 A
hole in a 10-ring of silicalite,®’® and as small as 3.2 X
5.3 A in epistilbite.

Some 12-rings in zeolites and related materials are
nearly planar and have free diameters only slightly
smaller than the theoretical value of 7.6 A for a regular
planar ring; however, those of offretite and gmelinite
are strongly nonplanar with reduction of the free di-
ameter to 6.4 and 7.0 A, respectively. Nets with chan-
nels bounded by 18-rings can be invented,”>®! but all
these 18-rings are nonplanar. Theoretical net 81(1) has
a nearly planar 18-ring™ with a free diameter of 12 A,
but the diameter would drop to 11 A for greater non-
planarity (Figure 2).

C. Polyhedral Cages and Building Units

The structural units in Figures 3 and 4 were selected
for several reasons. First, the larger ones act as cages
for encapsulated species in zeolites and related mate-
rials. Second, most of the smaller units occur in more
than one type of 3D net and are useful for classification.
Third, some of the units can be arranged in hierarchies
of increasing complexity. For convenience, all the units
are drawn on the same scale, and most are drawn in’
clinographic projection to give the best perspective.
The essential topological and geometrical properties of
polyhedra are summarized in ref 60.

For clarity, it is important to emphasize that each
building unit is an abstract concept in which a T atom
is represented by a vertex, and a T-T join by an edge.
Some building units can be related to a polyhedron.
The Greek concept of a polyhedron implies that faces
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Figure 4. Selected cages and building units obtained from T-T
linkages in the 3D frameworks of zeolites and related materials.
Some small distortions from clinographic projection were made
to reduce overlap at the boundaries. Only some of the species
are planar convex polyhedra. Vertices at the intersection of only
two edges are marked by small filled circles. Each species is
labeled with the face symbol, and some are labeled with a specific
name, or mnemonic code, or both. The following codes are from
the names of zeolites: chabazite, eab, erionite, faujasite, levynite,
liottite, losod, paulingite, mtn (ZSM-thirty nine). Others are from
clathrasils (Table I).

are enclosing a volume. The face symbol is the simplest
description; thus 488 for an octagonal prism specifies
that there are eight quadrilaterals (actually squares
when this polyhedron is regular) and two octagons.
Because zeolites are based on 4-connected 3D nets, most
constituent polyhedra can be chosen with three edges
meeting at a vertex between polyhedra. The simplest
polyhedra, such as the octagonal prism, have planar
faces, but the topological relations are unchanged if the
faces are made nonplanar by a continuous deformation.
Actually, most polyhedra are distorted in the nets of
zeolites, as seen from the stereoplots in Figure 1. Some
polyhedra cannot be continuously deformed to generate
planar faces. Thus the 4°4%626°8° erio cage (Figure 4)
must have nonplanar hexagonal faces around the waist
of the double barrel. Even more extreme are the
structural units that have only two edges meeting at
some vertices (marked with small filled circles in Fig-
ures 3 and 4). These structural units can enclose space
when bounded by nonplanar faces, as would happen if
a wire model was dipped in a soap solution and pulled
out to produce curved films. Hence it is convenient to
use polyhedral face symbols such as 425* for the brew
structural unit (Figure 3). Cluster rather than poly-
hedron might be preferred for some small nonregular
structural units.

The tetrahedron 3* does not occur in the 3D nets of
zeolites and related materials, but the edge-stellated
derivatives do. Complete conversion of each of the six
edges into a pair of edges produces th hexa-edge-stel-

Smith

lated tetrahedron, hest, in which edge pq is stellated
at z to pz and zq, qr to qv and vr, and so on for the other
four edges of the tetrahedron. Intermediate stages of
stellation include the tetra- and penta-edge-stellated
tetrahedra, test and pest.

The cube 4%, cu, can be transformed in many ways,
of which several are shown in Figure 3 and one in Figure
5. The simplest product is the 46! unit in stilbite, for
which one edge is removed. Edge-stellation of two op-
posing edges pq and rs gives the 425* structural unit
found in the 3D net of brewsterite; this is the 4-4-1-1
unit in ref 79. Edge-stellation of one set of four edges
gives the 4%6* unit in the laumontite net. This unit can
also be derived from the hexagonal prism. The 415262
mel unit in ZSM-11 is obtained from the cube by
breaking the circuit of edges edpq and adding an edge
vw. Even more extreme is the conversion of a cube into
the torso-shaped unit 58, which occurs in the pentasil
family of zeolites and related materials.** Another
derivative is the 4%5?8 unit (p—y) in the yugawaralite net
(Figure 14; stereoplot, Figure 11), which is obtained by
stellating two edges (pqr and vut) and opening one edge
(ws).

The cube can also be transformed into a hexagonal
prism either by edge-stellation, e.g., de (cube) — fgh
(hexagonal prism), or by a o transformation,? in which
a diagonal plane such as pegs (cube) is split into two
planes such as eiuq and fhtr (hexagonal prism). A
further ¢ transformation produces the octagonal prism.

The hexagonal prism can be modified in many ways,
of which eight are selected. Opening opposite edges dp
and gs produces the 1,4 open hexagonal prism 4%6*
found in laumontite. The 1,3,5 open hexagonal prism
6° occurs in AIPO,-5 (afi), and the 1,2 open hexagonal
prism 43628! in AIPO4-46 (afs). Stellation of edges dp
and gs produces the 425%62 unit, which occurs ZSM-12
(mtw). Addition of vertices x and y to the afi unit
produces the 463 unit in AIPO,-46 (afo). Removal of
edges iu, gs, and eq and a 60° rotation recovers the cube.
Conversion of three squares into double squares pro-
duces the 4%6%6° unit in cancrinite, and a ¢ transfor-
mation produces the 4°4%628° unit in gmelinite. The
canc and gmel cages can be linked into 3D nets by
addition of 6-rings and hexagonal prisms (dots), as
discussed later. Note that there are two types of hex-
agons for the symbol 496263, this topological distinction
is usually made for a face symbol given here, but is
occasionally ignored for brevity.

The octagonal prism is converted into the 448828+
cage in paulingite by the same sequence of processes
between the hp and gmel units.

The trigonal prism 3?43 has not been found in 3D nets
of zeolites, but a family of derivative units can be de-
veloped.

Figure 4 shows 22 more units. The regular dodeca-
hedron 5!2 is a fully regular Platonic solid like the
tetrahedron and cube. The truncated octahedron 4%6®
and the great rhombicuboctahedron 4126°8¢ (often called
the truncated cuboctahedron; p 69 of ref 60) are Ar-
chimedean semiregular solids with congruent vertices
and more than one type of regular polygon. The
truncated rhombic dodecahedron 4%6!% has two types
of vertices and polygons, as does the 5262 unit in me-
lanophlogite. Six barrel-shaped cages are found in the
zeolites losod, levynite, erionite, liottite, TMA-E(AB),
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and chabazite, all of which belong to the ABC-6 family
with parallel 6-rings.?’

The largest cage in zeolite nets is the 464126412* one
in faujasite. This has four hexagons at the vertices of
a tetrahedron, four dodecagons at the vertices of a
tetrahedron in the negative position (p 63 of ref 60), and
six sets of three squares at the vertices of a cube. The
51%* polyhedron mtn in ZSM-39 contains four hexagons
at the vertices of a tetrahedron separated by twelve
pentagons, three of which meet at each vertex of a
negative tetrahedron. Note that the tetrahedral posi-
tions are not oriented in the conventional position of
the tetrahedron in Figure 3.

The 5!2626° doh polyhedron in dodecasil-1H can be
obtained from a hexagonal prism as can the 4%628° pigt
unit which occurs in paulingite. Like the fauj cage, the
4541786122 af unit found in AIPO4-46 and AIPO,-50 has
six sets of three squares. However, they are arranged
at the vertices of a trigonal antiprism, while the two
dodecagons are very nonplanar, as are the chair-shaped
octagons.

The remaining units det, detr, dooh, non, nona, and
nonas occur as cages in clathrasils. The first three units
have 3-fold symmetry, nonas has mmm, non has mm2,
and nona has 222. It is obvious that the present
treatment of structural units in zeolites and related
materials can be expanded. Further units may be
discovered in new crystal structures. From the view-
point of a pure mathematician, it is possible to fill in
the gaps in the hierarchies, such as adding the di- and
tri-edge-stellated tetrahedron to those in Figure 3, and
to develop new hierarchies.

D. Chalns and Linkage Into Sheets

Because any sequence of edge-vertex—edge etc. is a
chain, all 4-connected 3D nets contain chains. Hence,
the selection of chains in the 3D nets of zeolites and
related materials is arbitrary. Those given in Figure 5
were selected because they occur in more than one 3D
net or because they make it easy to describe the 3D net,
or both.

The simplest chains are the five coplanar ones, which
are given pictorial names zigzag, crankshaft, saw, pen-
tasil, and bifurcated square instead of the precise ab-
stract names in ref 42. The noncoplanar chains include
the double zigzag (zz), the double crankshaft (cc), the
double saw (ss), the twisted square (ts), the bifurcated
hexagonal-square chain (bhs), and the chain in the
fibrous zeolites (fi) which contains the 4-1 secondary
building unit.” A chain of edge-separated-cubes (esc)
occurs in the AIPO,-46 structure (section E). A complex
chain formed from edge-shared open-double cubes oc-
curs with considerable distortion in AIPO,-14.52 An-
other interesting chain composed of 4-rings is the
singly-connected one in analcime (p 9 of ref 6).

Three chains contain 4%5* clusters (brew unit in Fig-
ure 3) condensed in different ways. In stilbite, the brew
units share their 2-connected vertices at p, q, r, and s,
and each brew unit is parallel to the next in an idealized
chain. In the actual stilbite net (Figure 1H), the chain
is twisted. In heulandite (Figure 1u), the brew units
again share vertices at p—s, but are flipped left for right
across each shared vertex. In brewsterite, the brew
units share edges pq, rs, tu, and vw and are parallel.
The he, st, and br chains are linked into sheets by
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Figure 5. Some chains in zeolites and related materials. Each
chain is shown by the linkages between adjacent tetrahedrally
coordinated positions. Coplanar and noncoplanar chains are
shown respectively in plan and near-clinographic projection. The
mnemonic letter codes were assigned as follows: z (zigzag; 2-
repeat), ¢ {crankshaft; 4-repeat), s (saw; 3-repeat), n (pentasil;
8-repeat), bs (bifurcated square; 4T in 3-repeat), zz (double zigzag),
cc (double crankshaft), ss {double saw), ts (¢twisted square; 6T
in 4-repeat), bhs (bifurcated hexagon plus square; 8T in 4-repeat),
Fi (chain in the fibrous zeolites edingtonite etc.; 5T in 3-repeat),
odc (edge-sharing o?en double cube; pq and rs are shared edges),
he (corner-shared 4%5¢ clusters with alternate clusters flipped left
for right; p, q, r, and s are shared vertices; occurs in heulandite,
alternating with 4.52 chain), st (corner-shared parallel 425* clusters;
occurs in stilbite, alternating with 42.6 chain; 46! st boat-shaped
clusters are generated), br (edge-shared 425* clusters; pq, rs, tu,
and vw are shared edges; occurs in brewsterite, alternating with
4.6 chain), mo (edge-shared 5* clusters in zigzag pattern; pw, rx,
de, fg, and hi are shared edges; occurs in mordenite; the rela-
tionship to the 62 net is shown by dotted lines), pe (edge-shared
5% clusters in zigzag arrangement; pq, rs, tu, vw, mp, ns, and ot
are shared edges; occurs in pentasil materials; a 4.52.62 cluster
is shown by d-1).

chains of type 4.5%, 42.6, and 4.6, respectively, and these
sheets are connected into other sheets to generate 3D
nets. Many other ways of cross-linking the brew unit
were enumerated systematically.®

Removal of one vertex from the brew unit gives the
4-4-1 secondary building unit,” labeled as s-y in the
he chain. This 4-4-1 unit assembles nicely into the
vertex-shared he and st chains. However, this 4-4-1
unit is not applicable to the br chain because of the
edge-sharing of the brew unit and is less satisfactory
than the br unit for showing the topological relationship
between the heulandite, stilbite, and brewsterite 3D
nets. This distinction is important because Meier’s
secondary building units were invented in a search for
the smallest identical pieces from which a net can be
built by addition only of single edges. The structural
units selected in this review were invented to be useful
in describing the topology of the nets.

The 5* test unit is edge-shared at pw, gx, de, fg, and
hi in the mo chain of mordenite. The test unit at the
upper left is labeled as in Figure 3 to demonstrate the
change of angular orientation. In the stereoplot of the
mordenite net (Figure 1C), the mo chain is seen end-on,
while the corrugated 6° net is edge-on in Figure 1C and
in plan in Figure 5. The edges df and pq were described
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Figure 6. Some 2D nets obtained by linking simple chains.

as handles on page 23 of ref 6.

Finally, edge-sharing at mpq, nsr, otu, and vw of the
5% pent clusters (Figure 3) generates the pe chain in the
pentasil family of zeolites. This chain can be linked by
415%62 clusters of the mel type at dihcj, efglk, and
e'f'g’I'k’ and equivalent positions to generate a layer in
ZSM-11% (Figure 1z). Alternatively, the pe chains can
be linked by two pest clusters condensed at a 6-ring
(e.g., qxsyrv in Figure 3) to generate a layer in ZSM-
5%% (Figure 1B). Selection of the smallest secondary
building was difficult in ZSM-5, and a chariot-shaped
T; unit was finally selected (Figure 2 of ref 99).

It is convenient to consider other ways of linking
chains to form sheets in the next section.

E. 2D Nets and Linkage Into 3D Nets

There is an infinity of topologically distinct types of
2D nets, of which some are given in reviews of plane
nets in crystal chemistry.51% It is appropriate here to
consider only those 2D nets relevant to the classification
of 3D nets in zeolites and related materials. The most
obvious way to generate a 4-connected 3D net from a
2D net is to arrange one type of 3-connected 2D net into
a parallel stack and to link each vertex to only one other
vertex. To form a 3D net, some of the new edges must
point upward and some downward from each 2D net.
Otherwise a double sheet is formed, as in hexacelsian
BaAl,Si,0, and cymrite.* A less obvious way is to
convert a circuit of edges of a 4-connected 2D net into
a helix.% A general review!®! of tetrahedral structures
is a starting point for further ideas.

Consider first the 3-connected 2D nets, of which an
infinity can be invented. There are only three types of
fully regular 2D nets and equivalent tessellations (p 32
of ref 60), of which only the 6° net with three 6-rings
meeting at each vertex is 3-connected. There are eight
nets and equivalent tessellations with congruent vertices
and more than one type of regular polygon, of which
only the 3.12.12, 4.8.8, and 4.6.12 ones are 3-connected.
None of the reciprocal tessellations are completely 3-
connected, but the (3,4)-connected reciprocal nets in
Figure 2.1d,e of ref 60 can be converted into 3D nets
(unpublished).

Figure 6 shows how an infinity of 3-connected 2D nets
can be invented from the simple coplanar chains in
Figure 5. The 63 net can be obtained by condensation
of crankshaft chains arranged back-to-back (alternate
continuous and dashed lines). A second rocedure is

Smith

to join zigzag chains with horizontal linkages (k). Be-
cause of the 6-fold symmetry, a 62 net can be decom-
posed in three ways into ¢ chains, or into z chains plus
h edges. Interposition of h edges between alternate
pairs of ¢ chains gives the (4.6.8),(6.8%), 2D net, and
addition of h between the remaining pairs of ¢ chains
gives the 4.8% 2D net. This important semiregular Ar-
chimedean net can also be obtained by joining con-
densed pairs of saw chains with h edges; each pair of
ss generates a bs chain. There is an infinite polytypic
series of 2D nets based on the condensation of ¢ and
h,’8 as the run lengths of ¢ and cc are changed.

The cshs condensation gives the (5%8),(5.8%); 2D net,
and the ccshs one the (5%6),(5.6.8)4(5.8%); net. Again
there is an infinite polytypic series based on varying the
run lengths of ¢ and cc.

Linkage of alternating ¢ and z chains by h edges gives
a 2D net in which a 5-, 6-, and 7-ring meet at a vertex.
It is necessary to tilt half of the h edges to h’in order
to obtain a regular z chain; alternatively, all h edges can
be parallel if the z chain is distorted. Because there are
two choices of position for the 5- and 7-rings across each
row of 6-rings, there is an infinite polytypic series.

Two ways of converting a stack of 3-connected 2D
nets into a 4-connected 3D net are shown in Figure 7.
The ABW 3D net of the Li-A(BW) zeolite can be de-
composed into either 62 or 4.82 2D nets. Easiest to see
in the stereoview are the zz chains running along the
¢ axis, with the ones at the cell edges twisted with re-
spect to the ones running through the center of each
cell. The entire set of edges at the top of the stereoview
is part of a 4.8% net which is strongly distorted from the
ideal planar shape in Figure 6. In projection (Figure
7, bottom right), each 2z chain becomes a rectangle, and
each 4.8% net becomes strongly corrugated.

The ABW 3D net also contains a set of crankshaft
chains, which lie east-west in Figure 7, bottom right,
and are horizontal in the plane of the paper. They are
nearly horizontal and slightly kinked in the stereoview.
Every 4.82 2D net must contain such a crankshaft chain
(Figure 6, top right). There appears to be a second set
of crankshaft chains in the c-axis projection (Figure 7,
bottom right) composed of alternating h and z edges
as in Figure 6, upper left. However, the tilting of the
z edges violates the planarity condition of the ideal ¢
chain (Figure 3) so much that the term is not used here.

The stereoview (Figure 7, top right) shows that the
h and z edges combine into a nonplanar 6° net, which
is shown in a-axis projection at the bottom left. Here,
each pair of z chains overlaps to show a single zigzag,
while each ¢ chain projects as a single edge.

A third way of representing a 3D net is in a clino-
graphic projection, as already used for polyhedra (Fig-
ure 4). Two 6° nets are shown at the top left of Figure
7, the one in continuous line being closer to the viewer
than the one in dashed line. Each vertex marked by
a filled circle has an edge pointing toward the viewer,
whereas each unmarked vertex has an extra downward
edge. A crankshaft chain is shown in clinographic
projection at the bottom of the drawing. One of the zz
chains which extends north-south is labeled, and a
second one is unlabeled.

This example was deliberately described in detail so
that the relationship between a stereoview and an ab-
stract projection can be envisaged. From now on,
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Figure 7. Four views of the ABW tetrahedral net in Li-A(BW) zeolite. Upper left: Clinographic projection with the ¢ axis upward,
b to the right, and a toward the left side of the viewer. Each T node is connected to the four nearest T nodes, except at the arbitrary
boundary. Two 6° 2D nets are shown by dashed and undashed lines. A double zigzag (2z) chain is shown parallel to the ¢ axis. A
crankshaft (c) chain, parallel to the & axis, is foreshortened by the perspective. Lower left: Symbolic projection down the a axis showing
superposition of the 62 2D nets, of the individual z chains of each 2z double chain, and of the individual branches of the ¢ chains. Upper
right: Stereoview down the ¢ axis with a to the right. The zz chains utilize 4-rings from the nonplanar 4.8 2D net. Lower right: Symbolic
projection down the ¢ axis showing superposition of the 4.82 2D nets, a rectangular cross section of each 2z chain, and a plan of the

horizontal ¢ chains.

whatever representation that is convenient will be used.

Figure 8 illustrates the procedure for inventing all
types of 4-connected 3D nets from a partitular choice
of 3-connected 2D nets (here, the 6% net) and an extra
linkage (here, an up—down edge as in Figure 7, top left).
Three 2D nets are given in clinographic projection in-
stead of just the two nets of Li-A(BW) in Figure 7. The
2D nets are idealized to the most regular shape instead
of being distorted as in the actual crystal structure. The
essentials of the full treatment in ref 64 are these: (a)
Determine the sequence of up (U) and down (D) link-
ages around each 6-ring, as shown for the central 6-ring
in the tridymite structure (UDUDUD) (for the ABW
net the sequence would be UUUDDD). (b) Since U and
D merely indicate a reversal with respect to each other,
replace the sequence with S (same) and C (change) for
each sequential pair of adjacent vertexes, e.g.,, CCCCCC
for cristobalite and SSCSSC for ABW. (c) Enumerate
all possible sequences in any circuit (this involves
merely a systematic counting of the ways to arrange S
and C; there are only 8 ways since the run lengths must
be even to close the circuit; hence CCCCCC, SCCSCC,
SCSCCC, SSCCCC, SSCSSC, SSSCSC, SSSSCcC,
SSSSSS; SSSSSS is rejected because it gives a dou-
ble-sheet). (d) Since there is an infinite number of ways
of combining circuits, it is useful to begin by enumer-

ating only those simple regular nets with one type of
circuit. CCCCCC leads uniquely to the tridymite net
(Smith #1) if the 62 nets lie above each other (Figure
8, top left), and each C becomes a crankshaft chain, as
for pqrs; however, the 6-fold symmetry of the CCCCCC
sequence allows alternate 6° nets to be rotated 180° as
in the 3D net of cristobalite, which has three horizontal
projections A, B, and C of a sequence of three 2D nets
when viewed down a triad axis of the cubic unit cell.
The hydrated aluminophosphates metavariscite and
variscite are based on SCCSCC and SCSCCC, respec-
tively, when the bonding of two water molecules to each
Al atom is ignored®? (stereoviews, Figure 1b,c); the an-
hydrous paracelsian BaAl,Si,O5 has SSSCSC; other nets
are listed in ref 64. (e) Nets with more than one type
of circuit have not been enumerated but the following
occur in crystal structures: beryllonite®* has both
CCCCCC and SCSCCC, kaliophilite-01102193 hag both
SCSCCC and SSCSSC, and the KAlGeQ, structurel®
has SSCSSC and CCCCCC.

Turning now to the 4.8% 2D net, Figure 9 shows seven
out of the infinity of 3D nets that can be enumerated
by converting horizontal edges into chains.®%¢ The
merlinoite net (stereoview, Figure 1A) retains the 4-fold
symmetry of the ideal 4.8? net as each square is turned
into the rectangular projection of a double-crankshaft
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Figure 8. Six simple 3D nets using up—down linkages from a stack
of parallel 62 2D nets. Each 3D net is represented by a stack of
pieces of three 2D nets shown in clinographic projection. The
numbers were assigned in a systematic enumeration.® Each vertex
with an upward (U) branch pointing to the reader is marked with
a filled circle; an unmarked vertex is attached to a downward (D)
branch. The sequence UDUDUD occurs in each 6-ring of the
tridymite net. It can also be represented by the sequence CCC-
CCC, where C represents Change between adjacent vertices. In
the metavariscite net, the sequence UUDUUD gives SCCSCC,
where S represents Same. A crankshaft (c) chain is produced by
each pair of adjacent UD vertices, as shown by pqrs in the tri-
dymite net. Each 6° net becomes nonplanar as the bond angles
adjust to the chemical forces; see Figure 6 for the actual geometry
of the ABW net.

chain. The gismondine net (stereoview, Figure 1s) is
obtained by replacing each zz chain of the ABW net
(Figure 7, bottom right, rotated 90°) by a cc chain. Just
as the ABW 3D net can be related to both a 63 and a
4.8% net (Figure 7, bottom), so can the paracelsian net
(Figures 8 and 9). Conversion of all horizontal edges
in the gismondine net, except for those in the 2z chains,
gives the second projection of the paracelsian net. In
the phillipsite net (stereoview, Figure 1E) five adjacent
edges of each 8-ring are horizontal, and these generate
an infinite chain of edge-shared 4-rings (heavy lines or
light lines) which is more convoluted than the chain of
the edge-shared 4-rings in the gismondine net.

Two of the nets in the aluminophosphate family are
also based on conversion of some of the horizontal edges
of the 4.8%2 2D net into crankshaft chains. Although
neither was enumerated in ref 65 because one of the cell
dimensions of each crystal structure is longer than the
upper limit chosen for the enumeration, both nets have
only one sequence around each 4-ring and each 8-ring.
The 3D net (stereoview, Figure 1i) for AIPO,-H; (APC)
is particularly interesting because it can be generated
from a stack of alternating 6° and 4.8% 2D nets.'® These
nets appear in projection at pq, p’q” as cccc and at rs,
r’s’ as hche (cf. Figure 6). The cccc combination, which
replaces each 4-ring in the 4.8% net of AIPO,-D,1% gen-
erates the bhs chain (Figure 5).

The next semiregular 3-connected 2D net, 4.6.12, is
particularly useful in describing the 3D nets of zeolites
and related materials (Figure 10). The cancrinite net
(stereoview, Figure 1m) is obtained by replacing each
4-ring with a double-zigzag chain, which has a rectan-
gular cross section. The 6-rings are alternately pushed
upward or downward to levels A and B, and each 12-
ring becomes nonplanar. The combination of six 4-rings
with two 6-rings at height A and A’ gives the 4%6%6° canc
unit shown in clinographic projection in Figure 3; each
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Figure 9. Seven simple 3D nets based on a stack of parallel 4.82
2D nets. Each 3D net is represented symbolically by labeling the
nodes and branches of the 2D net. The labels ¢ and z represent
projections of crankshaft and zigzag chains (Figure 5). Net 4
(ABW) is also based on a 62 2D net (Figures 6 and 7). In the
remaining six nets, the presence or absence of a solid circle dis-
tinguishes between vertices with an upward or a downward linkage
to a vertex of an adjacent 2D net. Each row of crankshaft chains
in nets 24a and 41a generates a nonplanar 6° net seen end-on.
Corner marks show the repeat unit. The geometry of each net
is idealized to give the highest symmetry for constant T-T dis-
tance. Numbers 4, 6, 17, 23, 24, and 24a were assigned in ref 65
and 105. Number 41a is newly assigned on the basis of ref 106.
Its topologic description for neutral vertices is as follows: sequence
ScScCcCec, Z, = 16, Schlifli symbol (4%6°82),(4.6°),, highest space
group Acam, Z, = 32,a ~ 954, b ~ 20A, ¢ ~ 8 A. For
alternation of Al and P, the highest space group is Pcab.

pair of 4-rings is part of a zz chain. A 6-ring at height
B is attached to each of the three edges at the waist of
the canc unit and forms the top and bottom of two
more canc units. The face-sharing canc units form a
framework that is penetrated by near-cylindrical
channels spanned by the nonplanar 12-rings.

Conversion of the zz chains into cc and ss chains by
two or one horizontal ¢ transformations® yields the nets
of gmelinite and offretite (stereoviews, Figure 1t,D),
respectively. Each AA or BB corresponds to a pair of
horizontal 6-rings connected by six 4-rings to give a
hexagonal prism (Figure 3). The gmel unit is related
to the canc unit by a horizontal ¢ operation. As a result
of the two ¢ operations, the 12-ring channels are now
interconnected by 8-rings instead of being separated by
the 6-rings of the cancrinite net. The offretite net
contains three types of polyhedral units: hp, canc, and
gmel.

The chabazite net (Figure 10; stereoview, Figure 1n)
is related to the gmelinite net by a similar mechanism
as that for tridymite and cristobalite (Figure 8). Instead
of a return to AA after the sequence AABB of gmelinite,
the next two 6-rings occur at positions CC before the
return to AA. This produces a net with rhombohedral
instead of hexagonal-prismatic geometry and eliminates
the cc chain of gmelinite. The chab polyhedral unit
(Figure 4) shares an 8-ring with each of six other chab
units in a rhombohedral arrangement, and a 6-ring with
an hp at the top and bottom. Instead of the 12-ring
near-cylindrical channels of the nets with only A and
B positions, the accessible space of the chabazite net



Topochemistry of Natural and Synthetic Zeolites

@@Q

cancrinite /os offreme 83 chabazite
= mea, pco A
A A A A AR e o
Rl A ’:ch A A o Sred, | C o
<Ay -\,A: <A;r A ¥ o
o4 « 10-ring pc4
- ’ 4 C
<5 12-ring >O‘/"‘ A ey o A e ’__'(
£a5 4 A l b“c“*cdi A “ ¢ ‘(ccc . y
»-C-a _b/c)-c—cx:‘ ch— &
8l AIPQO,-5 263 AIPQ,-II 108 sodalite

’ R Ofn \@f \@

s s - B ,s Co o A
s s s 7 . . .
""" é""s
s s S s $ 8
P RO 3 —23
SV’(' s @ ks @s ’ ~ s
s s 5. sf \s sf

Linde L

Figure 10. Six simple 3D nets based on a stack of 4.6.12 2D nets,
a o~ derivative, and two nets based on the (4.6.8),(4.8.12); 2D net.
The labels ¢, s, and z represent projections of crankshaft, saw,
and zigzag chams (Figure 5). A, B, and C show different heights
perpendicular to each stack of 2D nets. A solid or open circle
indicates that a vertex is the projection of a vertical edge.
Numbers 81, 83, 95, 106, and 108 were assigned in ref 64-67. The
topologic relatlons of Linde L and mazzite zeolites are related
to a systematic enumeration in ref 76.

mazzite

consists of the 3D assemblage of chab cages separated
by 8-ring windows.

Historically, the chabazite structure!” was discovered
before the gmelinite one, after the late D. W. Breck
pointed out that the 6-ring windows in the published
structure of chabazite were too small to match the
sorption properties.’?” Therefrom, the AABB sequence
was proposed for the gmelinite net, and confirmed by
an independent structure determination.l® This nat-
urally led to the recognition of the ABC-6 group of nets,
which was systematically enumerated.’” The current
list of nets observed in crystal structures is as fol-

lows:¥71% AB, cancrinite (stereoview, Figure 1m); AAB,

offretite (stereoview, Figure 1D); ABC, sodalite (viewed
down any triad axis of the cubic unit cell; stereoview,
Figure 1G); AABB, gmelinite (stereoview, Figure 1t);
ABCB, losod synthetic zeolite; AABBCC, chabazite
(stereoview, Figure 1n); AABCCB, TMA-E(AB) syn-
thetic zeolite; AABAAC, erionite (stereoview, Figure
1q); ABCBCB, liottite; ABCBCBAB, afghanite; AAB-
CCABBC, levyne; ABCABCBACSB, franzinite (probable
sequence); ABABABACBABABABC, giuseppettite:
also 12-, 14-, 16-, 18-, 24-, and 28-sequences indicated
in complex structures. Particularly interesting are the
AAB and AABAAC sequences of the offretite and er-
ionite nets, which were confused until some nice de-
tective work!® sorted them out. Stacking faults are
common in some members of the ABC-6 group, in-
cluding gmelinite, which has AABBCC faults.1%8
Whereas all members of the ABC-6 family contain
planar 6-rings in the most symmetrical geometry, the
6-rings of the net of AIPO,-5 (stereoview, Figure le) are
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96 Nepheline Hydrate I 102 AIPO4-33 40!

AIPQ,-25

Figure 11. Three simple 3D nets based on a parallel stack of
(4.6.8),(6.8.8), 2D nets. The labels c, s, and z represent projections
of crankshaft, saw, and ZIgzag chams (Figure 5). Numbers 96,
102, and 401 were assigned in ref 68 and 52. The 3D net of
nepheline hydrate I can also be obtained from a 62 2D net (extreme
left).

nonplanar, as are the 4- and 12-rings. Regular alter-
nation of the up and down linkages® (Figure 10) results
in every edge of the prototype 4.6.12 planar 2D net
turning into the tilted linkages of a crankshaft chain.
Each pair of superimposed 6-rings generates a 1,3,5
open hexagonal prism (afi unit, Figure 3). Condensa-
tion of one-third of the bhs chains (Figure 5) into
crankshaft chains by a ¢~ transformation® yields the
net of AIPQ,-11® (stereoview, Figure 1d). Each cylin-
drical 12-ring channel becomes an elliptical 10-ring
channel.

Another polytypic family of 3D nets is obtained from
a parallel stack of 4.6.12 2D nets by linking the 1,3,5
vertices of each 6-ring of one net to the 2,4,6 vertices
of the adjacent net through a two-T vertical bridge. In
the AIPO,-50 net (stereoview, Figure 1g), the 1,3,5 and
2,4,6 vertices of each 6-ring are linked together to form
a cube, and each cube is linked to the next cube by a
vertical linkage to produce a new type of chain, the
edge-separated-cube chain, Each 4-ring of the 2D net
shares an edge with two cubes and is tilted and dis-
placed either upward or downward. As a consequence,
each I2-ring has alternate horizontal and tilted edges.
The complex polyhedron af (Figure 4) is generated, and
the polyhedral voids form a channel system limited by
12 rings in the vertical direction, and 8-rings in the
horizontal one. More complex is the AIPO,-46 net
(stereoview, Figure 1f), in which each cube 46 has been
transformed into the afo 4%?2 structural unit by the
operations shown in Figure 3. An enumeration of other
ways of linking the structural units of the AIPO,-46 and
AIPO,-50 nets into a polytypic series is being written
up.

Many 3D nets can be obtained from the
(4.6.8),(4.8.12), 2D net,®!19 gnd two have been found
in the crystal structures of Linde L zeolite and mazzite
(stereoviews, Figure 1x,y). Both have double-saw
chains, but the Linde L net has hexagonal prisms at AA
connected to planar 12-rings, whereas the mazzite net
has planar 6-rings at height A or B alternately above
or below each nonplanar 12-ring in which a tilted
linkage of a crankshaft chain alternates with a hori-
zontal linkage of a double-saw chain.

The (4.6.8),(6.8.8); 2D net produced by a ¢ trans-
formation from the 6° net (Figure 6) can be turned into
the 3D nets of nepheline hydrate I, AIPO,-33 (stereo-
view, Figure 1k) and AIPO,-25 (Figure 11; the stereo-
view of the as-synthesized precursor AIPO4-21 is given
in Figure 1j). Both single and double zigzag chains
occur in the nepheline hydrate I net, which can also be
obtained from the 6° net by converting one-third of the
edges into saw chains.%6!1 The nets of AIPO,-33 and
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Figure 12. Six 3D nets containing several types of rings including
5-rings. The 3D net of bikitaite (Smith #98) can be obtained from
parallel stacks of 2D nets, either of type 6° or (5%8)4(582),; (528)
for brevity. Horizontal edges of the 2D nets are replaced by
crankshaft or zigzag chains. Each vertex marked by a filled or
open circle is connected to a vertex either above or below by a
vertical edge. The dachiardite 3D net (Smith #248) is obtained
from the (5§8) net by addition of vertical 4-rings and zigzag chains,
as viewed down the ¢ axis. It can also be described by the com-
bination of crankshaft and saw chains with a complex (4.5.10)
2D net. The numbers 0 and !/, give heights of the 4-rings along
the b monoclinic axis. The epistilbite 3D net (Smith #250) is
related to the dachiardite net by changing from a leftward to a
rightward tilt in adjacent 2D nets, as shown by the sequence of
heights b = 0, !/,, 1, 3/,, 2 referred to the dachiardite repeat b
= 7.5 A. This projection is viewed down the pseudoorthorhombic
¢ axis, but epistilbite is monoclinic with c* perpendicular to the
paper. The ferrierite and Theta-1 3D nets are obtained from a
parallel stack of 2D nets of type (5.5.6),(4.5.10),(5.5.10),(5.6.10),,
or briefly (5.6.10),, by converting some horizontal edges into either
crankshaft and saw chains (ferrierite) or zigzag chains (Theta-1).
Considerable distortion of the 2D nets occurs in both the hori-
zontal and vertical directions. The ZSM-23 3D net is obtained
by converting some horizontal edges of the [5.6.10]; 2D net into
zigzag chains. It is drawn in this tilted position to show the unit
of two 6-rings and eight 5-rings (marked by crosses), which is
common with the Theta-1 net. Projections of some of the 6% 2D
nets are indicated; others may be found by looking for continuous
strings of ¢ chains or of z chains alternating with horizontal edges.
Nets 98, 248, and 250 were numbered in ref 66 and 68. The other
nets have not yet been classified in a systematic enumeration.

AIPO,-25 utilize two different ways of converting edges
into crankshaft chains.’2%® Actually the net of AIPO,-33
was first enumerated by replacing some pairs of edges
of a 4.8% net with a double-saw chain (Figure 13 of
reference 66).

Passing on now to 2D nets that contain 5-ring
Figure 12 gives schematic projections of the 3D nets of
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mordenite ] 7sM-12

Figure 13. Projections of the 3D nets of mordenite and ZSM-12
showing projections of ¢, s, and z chains and of 6° nets.

six zeolites. The bikitaite net (stereoplot, Figure 11)
can be obtained either from conversion of one-third
each of the edges of a 63 net into crankshaft and saw
chains® or from conversion of half the edges of the
(5?8)5(582), net (Figure 6) into zigzag chains.®® The
dachiardite 3D net (stereoview, Figure 10) can be ob-
tained by replacing one-third of the 2z chains of bikitaite
by a vertical string of unconnected 4-rings. Each string
projects as a line segment, and the relative difference
of height of the 4-rings is shown by the open and filled
circles. Alternatively, the dachiardite 3D net can be
projected down the monoclinic b axis to reveal con-
version of some edges of a (4.5.10),(5.5.10); 2D net
(briefly (4.5.10)) into ¢ and s chains. Each sequence of
c chains generates a nonplanar 6° net, which shows up
as a zh sequence in the left-hand drawing. The linking
4-rings alternate at heights that differ by /2. An al-
ternative description uses the concept of “handles” that
straddle across vertices of the 6° sheet.”” Retention of
the nonplanar 6° net plus a left-to-right flipping of the
4-rings gives the 3D net of epistilbite (stereoview, Figure
1p). The symmetry becomes orthorhombic, and the
repeat distance is doubled perpendicular to the (4.5.10)
net; hence, the heights 0, 1/, 1, 3/,, 2 for the dachiardite
repeat distance become 0, /4, /5, ®/4 1 in the epistilbite
cell.

The 3D net (TON) of the Theta-1 synthetic zeol-
ite!12113 ig obtained by converting one-half of the edges
of the (5.5.6);(5.5.10),(5.5.10)4(5.6.10), net (briefly
(5.6.10),) into zigzag chains (note: there are two types
of 5.5.10 vertices). An independent determination of
the isostructural ZSM-22 synthetic zeolite!!* discussed
the structural relationships between the TON 3D net
and the nets of bikitaite and ferrierite. The ferrierite
net is also based on the (5.6.10); 2D net, but it contains
horizontal planar 6-rings at two levels separated from
vertical 6% nets by vertical saw chains. New nets can
be developed with ¢ transformations. Faults occur in
natural ferrierite.!1¥® A systematic enumeration of all
ways of converting edges of the (4.6.10); 2D net into
simple chains is under way.!1®

There is an infinity of complex 3-connected 2D nets
containing 5-, 6-, and 10-rings. One of these, labeled
(5.6.10); for brevity, is the basis of the 3D net (MTT)
of ZSM-23.118 Just as for the TON net, some of the
horizontal edges are converted into zigzag chains, giving
the characteristic 5-A repeat distance. A block of two
6-rings and eight 5-rings, marked by crosses, is common
to the TON and MTT nets.!16

The 3D net of mordenite (Figure 13; stereoview,
Figure 1C) is based on yet another complex 3-connected
2D net containing 5-rings, here in association with 4-,
8-, and 12-rings. The 4-rings are at two levels and are
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Figure 14. Three ways of converting 4- and (3,4)-connected 2D
nets into 4-connected 3D nets. See ref 66 for other ways of
combining helices with 2D nets.

suspended by saw chains between nonplanar 63 nets®
shown in projection as a row of crankshaft chains.
Some of the structural relatives of the mordenite net™®
were enumerated in ref 82, 117, and 118; see also ref 119
on the disordered svetlozarite.

Yet another complex 2D net containing 5-rings is
found in the 3D net MTW of ZSM-12 (Figure 13).
Fragments of this 2D net can be matched with pieces
of the 2D nets in Figure 12 and in the mordenite 3D
net. One-half of the edges of the 2D net (briefly
(4.5,6.12)) are converted into zigzag chains in the MTW
net.

This completes the description of the simplest ways
in which edges of 3-connected 2D nets can be converted
into simple chains to produce 4-connected 3D nets. A
brief introduction is now given to an incomplete study
of the conversion of 4-connected 2D nets into 4-con-
nected 3D nets.

The 4* square 2D net can be converted into a 4-con-
nected 3D net (Figure 14) by turning each circuit of four
edges into a 4-fold helix.% Around each spiral, each
vertex changes in height by !/,, as shown by the four
sizes of filled circles. Adjacent circuits are forced into
spirals of different parity. This procedure generates the
net of cristobalite, which was derived independently
from a 63 net in Figure 8. The net of quartz is derived
by conversion of each 3-ring of a 3.6.3.6 2D net into a
3-fold helix. T'wo choices of parity give the left-handed
and right-handed varieties. The complex 4-connected
3D net linking the Al atoms!® of Sry;Al,,0,5(OH)g can
also be derived from the 3.6.3.6 2D net; some 3-rings
are tilted and others are converted into 3-fold helices
(not shown in Figure 14). The importance of 3- and
7-rings in this net is demonstrated by the circuit symbol
(3267%),(367282),.

The yugawaralite net (Figure 14; stereoview, Figure
1I) is based on the (4.5%),(4.5%), 2D net, which is half
3-connected and half 4-connected. All the edges be-
tween the 4-connected vertices are raised (s'w and sw’)
or lowered (xy) below the level of the zigzag chains and
converted into vertical 4-rings. The other side of each
4-ring is then part of the next 2D net. Tilted 4-rings
are generated by the edges between the zigzag chains
and the vertical 4-rings. Othr (3,4)-connected 2D nets®
can be treated in a similar manner.

This completes the description of those 3D nets in
zeolites and related materials that can be readily de-
scribed by linking together 2D nets. Some 3D nets are
not conveniently decomposable into 2D nets. Thus the
analcime net (stereoview, Figure 1h) is best described
in terms of a 3D intersection of nonparallel chains of
vertex-shared 4-rings spiraling around a square helix
(p 9 of ref 6). Others are best described by the sharing
of faces between polyhedra, as in the next section.
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F. Face-Sharing of Polyhedra

This section must be restricted to some of the sim-
plest examples. First, consider the complete filling of
space with just one type of parallel polyhedron. Qut
of the five parallelohedra (Fedorov polyhedra) (p 77 of
ref 60), only the truncated octahedron (to, Figure 4) fills
space such that only four edges meet at each vertex.
These edges generate the 3D net of sodalite (stereoview,
Figure 1).

Second, consider the complete filling of space with
more than one type of regular (Platonic) or semiregular
(Archimedean) polyhedron. A mathematical analysis
in 1907 was rediscovered after the related 4-connected
nets had been enumerated.8” The truncated tetrahe-
dron and truncated cube can be combined with the
truncated cuboctahedron (renamed the great rhombi-
cuboctahedron; grco, Figure 4) to give a 4-connected net
with some 3-rings. Of principal interest here are the
cube (cu, Figure 3), to, grco, hexagonal prism (hp,
Figure 3), and the octagonal prism (op, Figure 3). At-
tachment of a cu to each hexagonal face of a to leads
inexorably to the net of Linde Type A zeolite (stereo-
view, Figure 1w). Each cubic unit cell contains a to at
each corner, a cu at the center of each edge, and a grco
at the body center. Two to can share an hp in two ways.
The trans configuration in which a square of one to is
opposite a hexagon of the next to leads uniquely to the
net of faujasite (stereoview, Figure 1r) and generates
the large fauj cage (Figure 4). However, the fauj cage
contains four types of vertices and is not semiregular
(Archimedean). In the faujasite net, the centers of the
hp are topologically related to the C positions in dia-
mond. An even better analogy is with the Si atoms in
high-cristobalite, since the hp of faujasite correspond
to the average position of the oxygen atoms. In contrast
to the trans configuration, the cis configuration does not
produce a regular 3D net. However, use of the trans
configuration in layers of linked to, and the cis config-
uration between all or some layers, yields an infinite
polytypic series. No zeolite has been identified with a
fully regular structure that belongs to this polytypic
series;!?2 however, twinned faujasite and various syn-
thetic zeolites may have faulted interfaces with the cis
configuration, 67123124

The 3D net of Mobil ZK-5 zeolite (stereoview, Figure
1v) is generated by sharing an hp unit between pairs
of parallel grco units. The remaining volume is taken
up by paul units. Sharing of an op unit between pairs
of parallel grco units yields the 3D net of the Rho zeolite
(stereoview, Figure 1F); there is no residual volume.

The 3D net of paulingite contains op, grco, paul, and
plgt cages in a complex arrangement of shared faces:
only the first two types of cages are Archimedean.
Similarly, the 3D net of Linde Type N zeolite contains
a complex assemblage of polyhedra, including the Ar-
chimedean units hp, to, and grco and the non-Archi-
medean canc unit.

o~ derivatives of the Archimedean and paulingite nets
are enumerated in ref 67 and 75.

Although the truncated rhombic dodecahedron (trd,
Figure 4) is not Archimedean, it is highly symmetric and
is the basis of the 3D net of AIPO,-16. When packed
together with hexagonal faces in contact, it fills space
except for cubes generated from the square faces. This
structure type had been predicted 30 years ago by the
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late D. W. Breck, on the basis of the zunyite structure,
which lacks some of the edges of the 4-connected 3D
net.

The members of the clathrasil group (Table If) can
be represented by face-centering polyhedra.?® The
regular dodecahedron (rd, Figure 4) occurs in the DOH,
DDR, MEP, and MTN 3D nets in association with
either one or two other polyhedra listed in Table If and
illustrated in Figure 4.

There is an infinity of possible nets formed by face-
sharing of nonregular polyhedra, and not all the to-
pologies found in hydrate inclusion compounds!?® have
yet been found in zeolites and related materials. Fur-
thermore, there are 92 nonuniform convex polyhedra
with regular faces,? and there has apparently been no
attempt to discover how many will lead to 4-connected
3D nets. Certainly most will not do so because of the
large number of edges meeting at vertices. A general
approach!?’ to space-filling polyhedra should prove
useful in the invention of new nets.

This section concludes the selective review of the
ways in which rings, chains, sheets, and polyhedra can
be regarded as building units in the 3D 4-connected nets
of zeolites and related materials. Many new 3D nets
can be invented simply by stacking together known
structural units in new ways, and many further series
of theoretical nets will be published as the tedious
process of enumeration continues. Further building
units will be recognized in new crystal structures, and
others will be invented to fill in the obvious gaps, such
as those indicated in Figure 3. Now that two 4-con-
nected 3D nets with 3-rings are known (in Sr;;Aly,-
048(OH)612° and lovdarite®%) and several nets with
7-rings are recognized (e.g., Sr;5Al,0,4(0H)!%), it is
important to make an effort to extend the present
meager attempt to enumerate nets with 3- and 7-rings
(e.g., ref 65 and 66). In addition,'it is important not to
rule out complex nets in the belief that the principle
of parsimony applies; certainly the nets in Figure 12 are
not simple. Yet again, it is important to recognize that
not all chemical species occupying the vertices of 4-
connected 3D nets are tetrahedrally coordinated to
oxygen atoms; this is demonstrated by the presence of
4-, 5-, and 6-coordinated Al in the as-synthesized AIPO,
materials.?? Hence, caution is needed in the application
of the distance-least-squares technique for testing
whether a theoretical 3D net is geometrically reason-
able. It is obvious that we are just beginning to explore
the wide expanse of structural types that could be listed
under the general classification of zeolites and related
materials.

G. Micropores and Internal Surfaces

It is important to distinguish between the theoretical
maximum volume of the micropores of a fully expanded
(4;2)-3D net and the available volume in a corre-
sponding zeolite or related material when account is
taken of geometrical distortion, and especially of ex-
traframework species such as cations and occluded salts.
The 4-connected nets displayed in Figure 1 are some-
what misleading about the available volume because
there is no precise information about the actual posi-
tions of oxygen atoms and none about the cations and
any occluded salts. It is impossible to give the details
here of what information is available, but they can be

Smith

obtained from the specific references in section III, and
from a compilation of extraframework sites.

A micropore is effectively isolated from another one
when a particular candidate for molecular adsorption
cannot pass between the micropores. A ring or window
(Figure 2) may be too small geometrically, or it may be
large enough in theory, but blocked by a gatekeeper
cation. Even when cations and occluded salts are ig-
nored, some of the materials commonly listed as zeolites
contain micropores whose maximum access is through
6-rings: Table I, column 9; AFG, LIO, SOD, LOS, LTN,
MTN. One of the clathrasils, decadodecasil 3R, has
some of the micropores accessible by a 2D system of
8-rings, whereas some of the microporosity in all of the
clathrasils except SOD is accessible only through 5-
rings. Although decadodecasil 3R was described!?® as
the “missing link between zeolites and clathrasils”, it
is clear that there is a diverse range of overlapping
geometrical properties between materials classified as
zeolites and clathrasils.

It is important whether a micropore is accessible by
only one window or by more than one window, since
blockage by an occluded species is less likely for the
latter. Materials based on the FAU and pentasil nets
(MEL, MFI) are particularly resistant to blockage of
the micropores because of the three-dimensionality of
the pore system and the large size of the windows.
Although there is no complete structural answer to the
difference between the large- and small-pore varieties
of mordenites, it is theoretically obvious that the one-
dimensional 12-ring channels could be blocked by a
gatekeeper cation or a trapped Al-bearing species.1?>-131
Theoretically, stacking faults also could block the 12-
ring channels, but apparently they are not responsible
for small-pore mordenite.!® However, stacking faults
are common in natural gmelinite!® and must block the
1D 12-ring channels.

To complete this section, the topology of the internal
surface of an infinite channel system is interesting, since
the surface can be treated as an infinite curved net or
infinite polyhedron.’® A systematic mathematical study
of the topology of the internal surfaces of zeolites and
related materials has not yet been published, but Figure
15 illustrates what might be done. The cylindrical
channel of AIPO,-5 can be related to two cylindrical
nets. The T-T linkages form a 6° net, with one edge
of each 6-ring parallel to the cylindrical axis. Oxygen
atoms of the AIPO,-5 3D net lie at the vertices of the
3.6.3.6 (kagomé) 2D net used in Figure 14. Alterna-
tively, the oxygen positions can be expressed in terms
of a 24-repeat spiral, either left-handed or right-handed.

The term “tubular building unit” was invented®? for
the assemblage of T-T linkages around linear channels.
Figure 16 shows the perspective drawings®? of tubular
building units in the CAN, FER, GME, LTL, MAZ,
MEL, MER, MFI, MOR, and OFF nets. A 6 net oc-
curs around each cylindrical channel of the CAN net
(also in the ABW net), but it is oriented with one edge
perpendicular to the cylinder axis.®® A 4.8% net occurs
in GME, and a (4.6.8),(6.8)?); net in OFF. None of the
other tubular building units are based on simple 3-
connected 2D nets, and some vertices are 4- or 2-con-
nected.

A summary of the dimensionality and the ring sizes
of the windows is given in column 9 of Table I, and
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Figure 15. Three topological descriptions of the surface of a
cylindrical channel in AIPO,-5. The alternating Al and P positions
define the vertices of a 6° net. The oxygen positions (open circles)
can be joined into a 3.6.3.6 (kagomé) net or linked into 24-fold
helices (hatched circles).

references are given in section III to the available data
on detailed geometry.

H. Nets with Exitremely Low Denslty

Although nets have been invented” with rings of any
size up to infinity, the largest ring in an actual zeolite
or related material involved 12 tetrahedra at the time
of completion of this manuscript in June 1987. This
limit of a 12-ring in a synthetic zeolite or related ma-
terial based on a (4;2)-3D net was broken by M. E.
Davis, who gave an oral report!3 in Sept 1987 of the
synthesis of a new material of unspecified chemical
composition based on net 81(1) invented by Smith and
Dytrych.”* This net (Figure 18) has cylindrical channels
spanned by 18-rings and is the second member of an
infinite series of nets with unlimited channel diameter.
The rest of this section was written in June 1987, and
a detailed enumeration of many infinite series of nets
is being prepared for publication.

The general problem of open packing of spheres is
very difficult since the answers depend on the as-
sumptions about the local connectivity. At the purely
mathematical level, the only thing that counts is that
there is continuity from one sphere to the next. From
the engineering viewpoint of the stability of a pile of
dust particles, or a rime of ice crystals,!3 each particle
must be in contact with several other particles, but not
with crystallographic regularity. For the present pur-
pose, an open packing of spheres must be regular, at
least in two dimensions, and preference is given to ar-
rangements that are related to (4;2)-connected 3D nets.
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Figure 16. Ten tubular building units generated from T-T
linkages in the 4-connected 3D nets of zeolites and related ma-
terials. Reassembled from Figure 3 of ref 62.

The problem of stability is a difficult one because it
involves chemical bonding. From the viewpoint of
simple ionic bonding, any open packing in general is
not electrostatically stable with respect to a more
compact one. Material encapsulated during synthesis
can promote stability of open frameworks, but removal
of the encapsulated material should result in collapse
of the framework as the minimum of electrostatic en-
ergy is favored. From the viewpoint of ionic plus co-
valent bonding, there is a strong tendency for O-T-O
and T-O-T angles to lie within the ranges given earlier
for tetrahedrally bonded species, and open structures
can persist metastably if bonds remain unbroken.
Because some atoms in T positions have extraframe-
work ligands which result in strong deviation of the
O-T-0 and T-O-T angles from those for tetrahedrally
bonded species, care is needed before rejecting a geom-
etry that does not fit with the above range of angles.
Hence the safest approach in considering nets with
extremely low density is to look first at all theoretical
possibilities, irrespective of chemical implications, and
then to look at the complex topochemical possibilities.

Low-density sphere packings were invented for a
continuous, locally symmetric arrangement in which
each line joining the points of contact of successive
spheres passes through the centers of the spheres.!3
The most open packing has 94.4% void space. The
line-center restriction is critical to mechanical stability
of a sphere packing, but is not necessary for chemical
stability. Replacement of one sphere by a triangle of
three spheres is an important technique for creating
new packings,!3 as explored later.13 Relaxation of the
above stability criterion allows invention of sphere
packings of even lower density, including ones with 95.5
and 95.8% void space.13%1%
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Figure 17. Two transformations that yield less-dense nets.?

For zeolites, each T position is surrounded by a tet-
rahedron of four oxygen spheres, and the condition for
an open framework must be more restrictive than just
for the packing of spheres. Each sphere must be in
contact with four other spheres, three from the parent
TO, group, and one from an adjacent TO, group. Al-
though the three-for-one principle!®® was applied to
spheres, and is not applicable to T sites, 3-rings are
important in a suite of low-density frameworks.®3 A
review!?” considers the effect of varying the nearest-
neighbor coordination from 3 to 12.

From a consideration of coordination sequences and
loop configurations, it was concluded that 4-connected
zeolite-related frameworks with the lowest possible
density should either contain 3-rings or have T atoms
connected to more than three 4-rings.!® Figure 17
shows two ways® of obtaining less dense nets by re-
placing a T-T dimer with a T trigonal prism, and a Ty
cube by a T} spiro-5 unit (i.e., a vertex-shared pair of
3-rings). Figure 6 of ref 93 is a stereopair of the con-
version of cubes in the Linde Type A framework to T}
units. From Table I, cubes are available for conversion
in the AIPO,-16 and AIPQ,-50 nets; other hypothetical
nets containing cubes are listed in ref 59 and 67.

An alternative approach” yields an infinite series of
4-connected 3D nets with channels that can be ex-
panded to any desired diameter (Figure 18). Two series
based on addition of squares to the 4.8% and 4.6.12 2D
nets were given, and several series based on the 4.6.12
net are given in Figure 18. At the upper left is the
near—near—far-facing structure,'° which can be redes-
cribed with saw chains, hexagonal prisms, and 4-rings.
The “walls” enclose cylindrical channels bounded by
nonplanar 24-rings (not 18-rings''%) with a free diameter
of 15 A. Three other types of walls are shown at the
bottom left. At the lower right are the walls of the first
three members of an infinite series,” starting with the
3D net (Smith #81) of the AIPO,-5 structure in which
upward and downward edges alternate around each
ring. Addition of each 4-ring in the wall increases the
ring size of the cylindrical channel by 6. A strip of three
4-rings in each wall gives a 24-ring. For n squares in
each wall, the ring size is 6(1 + n). The same idea can
be applied to the nets'l® from the lower left. Adding
a horizontal 4-ring (upper right) requires addition of two
rectangular projections for interconnecting double
chains. For n squares in each wall, the ring size is 12(1
+ n).

The principle of converting single 4-rings into a chain
of edge-shared 4-rings in 2D and then converting edges
into c, s, and 2z chains yields many infinite series which
will be published when detailed enumeration is com-
pleted.

Two intersecting interrupted frameworks of very low
density!®8 occur in neptunite, LiNa,K(Fe,Mg),(Ti-
0)4Sig049.

III. Description of Specific Structures

This section summarizes the important structural and
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Figure 18. Projections of 3D nets that can be expanded to yield
channels of unlimited size. The projection at the upper left shows
how a 24-ring is generated from the sequence h’hsh?, which gives
a hexagonal prism from the h?, a double-saw chain from the s,
and a 4-ring from the h. At the lower right is the infinite series
81(n). The sequence ccc gives net 81 with a 12-ring when the
segment is extended by 6-fold rotation symmetry. Successive
addition of ¢ gives 81(1) with an 18-ring, 81(2) with a 24-ring, and
so on. Three ways of generating 24- and 36-rings are shown at
the lower left and upper right. A detailed enumeration and
description of these and other infinite series of 3D nets with
unrestricted ring size is being prepared for publication.

chemical features of selected microporous materials and
references thereto. It should be read in conjunction
with the 1987 revised Atlas of Zeolite Structure Tyes,
which contains a thorough compilation of loop config-
uration of T atoms, coordination sequences, channels,
fault planes, type species, isotypic framework structures,
selected references, stereoplot and cross sections of
channels. The present treatment describes some related
materials not listed in the Atlas. It also provides a guide
to a reader looking for a material with a particular
geometrical feature. First look at Table I for those
species with the desired feature, then consult the Atlas,
and finally check this review for the important struc-
tural and chemical features of materials containing the
desired feature. Reference 56 lists structure determi-
nations up to 1981.

A. Natural Zeolites and Related
Aluminosllicates, Including Synthetic Analogues

AFG. Afghanite® an (Na, K, Ca) aluminosilicate
with micropores filled mainly by (Cl, SO,, CO3).

ANA. The analcime structure type is represented by
analcime® (ideally NaAlSi,Og-H,0, but with solid so-
lution toward SiO,; several symmetry variants with
polyhedral tilting;4? ion exchange and reversible deh-
ydration through highly distorted 8-rings slightly bigger
than circular 6-rings!*!"'%), wairakite (ideally CaAl,-
Si40,2-2H,0, but containing Na; more tightly bonded
than analcime!¥®), doranite (an Mg-bearing mineral
variety Na;oMgsAl;4Siz00ge:25H,01%%%), synthetic alu-
minosilicophosphate (Naj3AlySijsP10g:16H,0; or-
dered Al and Si,P14), various feldspathoids,'®® including
leucite (ideally KAlSi,Og; framework crinkling at phase
transition:14"14° gynthetic analogues!**'5%) and pollucite
(near Cs;NaAlSig0,4-H,0:1%! synthetic analogues
(Rb,Cs)(Be, Mg, Fe,Co,Ni,Zn,Cd)Siz0,,!%1%), the fluo-
roberyllosilicate hsianghualite!®* (Li,CagBegSigOz4Fy),
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and various natural and synthetic phosphorus-bearing
materials3® lacking detailed structural data.

BIK. Bikitaite, LiAlSi;0gH,0, in partly!® and fully
Al,Si-ordered!® types; no data on dehydration. Syn-
thetic Csg35Alg3:5156506%7 has Cs bonded across the
8-ring.

BRE. Brewsterite, (Sr,Ba)Al,Siz0,5-5H,0, has a 2D
channel system, but the 8-rings are strongly distort-
ed;15815% no data on dehydrated structure.

—. Buddingtonite, NH,AlSi;0¢!/,H,0; feldspar
structure!® with strongly distorted 8-rings. ‘

CAN. Cancrinite is the general name for a family of
feldspathoid minerals,'® including cancrinite itself, near
NagAlSiz0,,+CaCO0,-2H,0 with possible hydroxyl,160-16¢
microsommite,'%® containing sulfate, etc., and tipto-
pite'165a K2(Li2.9Na1'7Cao'7)Be6P6024(OH)2-1.3H2O.
Synthetic varieties include a germanate analogue!66:166a
and a salt-free hydrated cancrinite.’®” Complex ABC-6
stacking varieties!®® are often listed in the cancrinite
family. The ideal structure has a one-dimensional 12-
ring channel, but it is blocked by salts in most can-
crinites.

CHA. Represented by the minerals chabazite!®
(ideally CaAl,Si,0,,6H,0, but with an extensive
range®!® of Si/Al and substitution of Na, K, Sr, and
Ba; complex Al,Si order-disorder) and willhenderson-
itel70 (KCaA13Si3012'5H20 with alternatmg Al and Si171).
Considerable changes!” of cation positions and frame-
work geometry occur in chabazite during ion exchange,
dehydration, and molecular sorption: hydrated at room
temperature, natural”!3™ and exchanged with Na,1’
K, 174175 Ag 175 Cg 176 Cgl™177 (glgo at 123 K178), Sr, 1
Ba, 17 Cd,17® Mn,& Co,!8! and Cu;182 dehydrated and
observed at room temperature, exchanged with Cs,!7
Ag 182 Ca 183184 Mn 180 Co,18! and Cu;!®1e NH,-exchanged,
converted to H form, pretreated at 593 and 873 K after
steaming;1®® complexes with chlorine!® and CO.'#
K-exchanged ZK-14, with faults,'®"® was studied at high
temperature.l® Some large monovalent ions are ga-
tekeepers in 8-rings, but most other species allow
three-dimensional access to the cages. An Fe-rich
chabazite, analyzed at 293 and 573 K, showed similar
changes to Fe-poor ones.!® A synthetic aluminosilico-
phosphate, H;0-A1,SiP;0,¢nH,0, has ordered Al and
(Si,p).190

DAC. The rare mineral dachiardite has a wide range
of Na, K, Ca, and Cs,® and the ideal crystal struc-
ture!®19 js complicated by stacking faults,1%2 especially
in the variety svetlozarite.l’® No data on dehydrated
structure.

EDI. The mineral edingtonite, ideally Bay,Al,Sig-
09-8H,0, has ordered'®¥!% and disordered Al,Si ar-
rangements!%192 and some water loss at room tem-
perature.’® No structural data on dehydrated variety.
The synthetic zeolite K-F, K;3Al;4S1;,04(0H)3(H,0),3,
the Na-exchanged variety, and the Rb analogue Rb-D
also have the channels spanned by cations and water
molecules.!%1%7 Kaqlborskite, an anhydrous analogue,
has K, Cl, and B(OH), in the channels.1%®

EPI. Epistilbite, near CaysNaygKg2AlgSijsOser
16H,0,'9 has partial Si,Al order, a domain texture, and
variable stacking disorder which affects the channel
system,200-202

ERI. Erionite, variable composition,® including
Nao_gKZ.OMg0.7Ca2,4A198i27072-28H2O, tends to have faults
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related to offretite and sodalite.1®?%%5 During dehy-
dration, internal ion exchange?® occurs as Ca moves
into the canc unit and K leaves to go into an 8-
ring.2"-2%® Four 8-rings of the erio cage remain open.
A low-accuracy structure?l® is available for Linde T

- synthetic zeolite.

FAU. The rare mineral faujasite® contains 52-68 Al
per cell and a wide range of Ca (10-20), Na (8-35), Mg
(3-9), and K (1-6). Synthetic materials in the Linde
X and Y series, and dealuminated varieties, range from
Si/Al = 1 down to near zero. Because the micropores
are accessible in 3D by 12-rings and because only minor
changes of window size occur, the details of framework
geometry are relatively unimportant for loading of the
fauj cages. The to cages, however, are accessible only
when the 6-rings are unblocked. The following papers
contain details of framework geometry and cation sites
from diffraction evidence: review up to 1970;21° data
on faujasite;?1%¢ jon-exchanged faujasite, including
Ca-,210d La-,210 and Ce-;?!! dehydrated ion-exchanged
faujasite, including Ca-,2!2 Ni-, 213 La- 2142142 ] 5. at 693
K,21% Ce-,21! and H-;2'8 varieties of Linde Y, hydrated
and dehydrated as-synthesized Na- at various temper-
atures,?”2172 Pd and H reduction, benzene adsorption,
and dehydrogenation,?!® dehydrated La-deuteriated-,'°
hydrated and dehydrated Na-, K-, and Ag-,2%° benzene
complex,??! partly hydrogen-exchanged,??%2222 Ce H-
exchanged,?®® partly and strongly dehydrated Co-ex-
changed,?®* Ni complexes,??5?%6 Cu complex with am-
monia and pyridine,??” oxidation and reduction of Ag-
228 dehydrated Li-exchanged with considerable tetra-
hedral rotation;**® hydrated and dehydrated K-,230-232
dehydrated Cr-,%% dehydrated and oxidized Fe-,23
benzene complexes of K-, Ca-, and Sr- at various tem-
peratures;?*® varieties of Linde X, progressive dehy-
dration of as-synthesized Na-,226-238 ] a- at 298, 698, and
1008 K,%? hydrated as-synthesized Na-,24° hydrated
Gey;Na;, 2! hydrated and partly dehydrated Cd-,242
dehydrated Li-,??® hydrated and dehydrated K,230:231
hydrated as-synthesized Na-,2*3 dehydrated Cr-,2% de-
hydrated Ca-,*** hydrated and dehydrated as-synthes-
ized Na-,5 complexes of faujasite, Mn-exchanged and
1-chlorobutane,?* Ni-exchanged and m-dichloro-
benzene;**” dealuminated-Y, AlQO, species in to cage;*®
dehydrated Na,Ga-Y and -X.249:250

FER. Ferrierite is a high-silica zeolite mineral® with
5-7 Al and variable Mg (0.4-3.0), Na (0.1-3.1), K
(0.4-1.6), and Ca (0-1) atoms/cell. The basic crystal
structure?1252 ig glightly distorted in a monoclinic va-
riety,”? and the channel system is modified by stacking
faults.114192825¢ GQtryctural data are lacking on cation
sites and framework geometry after dehydration;
probably the 2D channel system will remain open.

GIS. This framework topology occurs in gismondine,
CaAlgSig0;30-18H,0, with an ordered Al,Si framework
and partly disordered water molecules, 25257 amicite,
K4N&4A18Si8032'10H20, with ordered A.l,Sl and K,Na,258
gobbinsite, CaggNay ¢Kg 2:AlgSi;005:12H50,2%° garronite,
a domain-disordered variety®®® of gismondine, and
synthetic Na-P1%! and TMA-gismondine.282 Cations
will probably block some windows in dehydrated var-
ities.

GME. Gmelinite, ideally NagAlgSiz05024H,0, has a
wide composition range® with Na (0.8-7.6), Ca (0~2.1),
and Sr (0-1.3). The cylindrical 12-ring channels in the
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ideal structures of Na-rich,198263 Ca-rich,?3 K-rich,264
and Ba-exchanged?? varieties have similar geometry in
the hydrated varieties, but the cation positions in de-
hydrated ones are not known. Stacking faults block the
12-ring channels, but a synthetic variety is fault-free.266

GOO. Goosecreekite has ordered Si,Al and distorted
8-rings, %’ which might be partly blocked in the dehy-
drated variety.

HEU. There is a complex range of chemical com-
positions® between heulandite, near (Na,K)Ca,Al,-
Siy;079:24H,0, and clinoptilolite, near (Na,K)gAlgSiy;-
0,,2H,0, with Al (6-9), Na (0-4), K (0.2-2.6), Ca
(0.1-3.6), Sr (0~2), and Ba (0-1). The structural changes
during dehydration are complex and become irrevers-
ible; natural heulandites,®?’2 natural clinoptilol-
ites;?’3?7 heated heulandites;?’>2"6277 clinoptilolite at
623 K;?’8 jon-exchanged varieties, heated Ca-, Na-, K-,
and Rb-,2" Ag- 28031 K. at 293, 373, and 593 K, %2 partly
NH,- at 483 K,?®® Rb-,?"! and Ba-.2%

LAU. Laumontite, ideally Ca,AlgSi;60,516H,0, de-
hydrates under low humidity to leonhardite with 14
H,0.5 The complex details of the early structure
work?28-287 gre extended by further studies. 22828 The
fully dehydrated structure is unknown.

LEV. Levynite has a complex distribution of Ca, Na,
and K?® in the characteristic framework.?®! The de-
hydrated structure is unknown, but cations should move
to 6-rings by analogy with chabazite.

LIO. Liottite is a feldspathoid stuffed with SO, CO;,
Cl, and OH.1%3

MAZ. Mazzite?®? is apparently isostructural with
synthetic zeolite Omega. Cations interchange during
partial dehydration of mazzite at 873 K?°3%4 g0 that
Mg(H,0) spans each 6-ring, Ca(2H,0) blocks an 8-ring,
and K projects into a small cage; the 12-ring channel
is clear. The structure of dehydrated synthetic gallium
mazzite?® is similar. Structural faults occur.2%

MER. The crystal structures?72% were determined
for two samples of the very rare mineral merlinoite,
Na0_6K4.2Ca1,5Ba0'4A19Si23064-23H20 and ~
NaK;BajAl,,Sis00g420H,0. There are no structural
data on the dehydrated structure or on synthetic iso-
types.

MOR. The high-silica zeolite mordenite, with varia-
ble Ca (1.5-2.4), Na (2-5), and K (0.1-0.8) atoms/cell,’
and the synthetic isotypes have an ideal structure
containing 1D channels bounded by nonplanar 12-rings.
Side pockets, each outlined by two 4-rings, four 5-rings,
and two 6-rings, are accessible through 8-rings, unless
blocked by cations. Stacking faults occur.l®® Dealu-
mination produces encapsulated octahedral aluminum
species (see later). The structural differences between
large- and small-port mordenites are only partly re-
solved (see earlier). Structural data are available for
natural mordenites;?*3% dehydrated exchanged varie-
ties, Ca-,3! heated ammoniated H-,3%2 Rb-,3% Ba- 304
Cs-,3% K- 306 Na-,307 acid-exchanged H-,3% Ca-;3® re-
hydrated Ca-3!° and K-;3% hydrated HC] treated.!!

NAT. This structure topology is represented by the
fibrous zeolites: Natrolite, Na,Al;Siz0,,-2H,0, in or-
dered and disordered varieties, scolecite, CaAl,Si,-
0,,3H,0, and mesolite, Na,CayAlSigO5,:8H,0, both
ordered; there is only minor chemical deviation from
the ideal formulas.®!? In general, the fi chains rotate
and kink during dehydration as the pores shrink, and
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the windows of nonplanar 8-rings become even more
nonplanar. Recent structural data of hydrated varieties
at room temperature are as follows: ordered natrol-
ite,313-318 disordered natrolites (including tetranatrolite
and gonnardite);31%3%2 gcolecite,321732%6 mesolite,327328
heated and dehydrated natrolites.3?%33° The Rb,Ga,-
Ge;0,, structure is anhydrous.33!

OFF. Offretite, KCaMgAl;Si;303,15H,0, has 12-ring
channels which can be blocked by stacking faults or
intergrowths with erionite.?¥233 The cations move
during dehydration3353% and block 6- and 8-rings but
not the 12-ring channels; only slight changes occur upon
CO adsorption.®” A synthetic variety with encapsulated
tetramethylammonium has crystallographic disorder,
which explains the restricted shape-selective catalysis.?3

PAU. The paulingite structure®® is complex, and a
modern refinement*® was hampered by disorder. There
is no determination of the dehydrated structure.

PHI. This topology is represented by phillipsite
(wide composition range (atoms/cell): Al (4-6), Ca
(0-2), Na (0-2), K (1-4)), harmotome (Al (~5), Ba
(~2)), and wellsite (Al (4-5), Ba (0.4-1.1), K (0.7-1.0)).5
Structure determinations of the hydrated varieties of
phillipsite®#:342 and harmotome34? have not been ex-
tended to dehydrated and ion-exchanged varieties.
Some cation blockage of the channels should occur.

SOD. Natural sodalites are anhydrous feldspathoids
with trapped cations and anions!®® and will not be de-
scribed here. Some synthetic sodalites contain hy-
droxyls, or water molecules, or both. The most inter-
esting one to zeolite scientists is the hydrosodalite
CagAlgSig0,4-8H,0,34334 but the structural data345-3%
on the hydroxyl-bearing varieties are also relevant to
terminal hydroxyls of zeolites. Tetrahedral distortions
in the to of sodalites release stress by both tilting and
change of edge lengths,3¢ and DLS modeling can be
related to thermal expansion.®®” The silica framework
of silica-sodalite®® with encapsulated ethylene glycol
crinkles at a sluggish phase transition near 200 K.%°
The position of tetramethylammonium in the to cage®®
is also relevant to the geometry of zeolites containing
polyhedral cages.

STI. This topology is represented by stellerite, near
Ca,Al,Si,,05,-14H,0, barrerite, near (Na,K,Ca),Al,-
Si,404513H,0, and stilbite, intermediate compositions.®
The following structural data are available: steller-
ite31-%3 and Ca-exchanged barrerite,3* barrerite3% and
Na-exchanged stellerite,36€ stilbite.37-368 The thermal
behavior of ion-exchanged phases®®37 is complex and
involves®”! reversible rotation of the brew unit up to
~460 K, conversion of some stellerites and probably
some stilbites to interrupted frameworks with some
terminal hydroxyls, and retention of the framework for
cations with low ionic potential (Rb, K).

THO. The hydrated structure of the fibrous zeolite
thomsonite is known,3"2-374 but the structural effects of
dehydration are not.

YUG. The hydrated structure®5%% of yugawaralite
has disordered water molecules even at 20 K.3"

B. Synthetic Aluminosliicates with a (4;2)-3D
Net

ABW. Represented by Li-A(BW),37837 g gallium
analogue,? and anhydrous Rb and Cs analogues. All
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the Li, Al, and Si atoms are in tetrahedral coordina-
tion,380e

EAB. Zeolite (Na,TMA)-E(AB) transforms topo-
tactically to a sodalite-type structure above 633 K.3!

KFI. Zeolite ZK—5, Na30A130Si650192'98H20, and the
Cs,K analogues show considerable changes of cation
positions and framework geometry upon heating. Data
are available for ZK-5 at room temperature and 423
K,%2 at room temperature for dealuminated specimens
calcined at 773 and 923 K,3 and for Cs,K analogues
at 294 and 493 K.3% The larger Cs ion prefers the
planar 8-ring, and the smaller K the nonplanar 8-ring.
Pore access is restricted by occupancy of the 8-rings and
by encapsulated Al-O species. Barium halides and
hydroxides are occluded in Ba analogues P and Q.%%%

LOS. Losod zeolite®® has pores accessible only by
6-rings.

LTA. There is much literature on the cation sites and
framework geometry of Linde Type A zeolite and re-
lated materials. It is somewhat confusing because most
single-crystal studies have been made on samples with
Si > Al; some as-synthesized samples and all dehy-
drated specimens exchanged with multivalent cations
contain encapsulated Al-O species; and various tech-
nical problems involving the Si,Al ordering, space group
of symmetry, and actual chemical composition have
compromised the integrity of some conclusions. For the
present purpose, the principal conclusions are these.
The ideal composition Na;,Al;5Si;,0,5-27TH,0 allows
occupancy of all eight 6-rings, three 8-rings, and one
offset 4-ring by monovalent cations, thus blocking all
access to the grco cages. Six divalent ions tend to be
located near 6-rings, and the 8-rings are unblocked. The
framework geometry is affected considerably by tetra-
hedral tilting in response to any distortion of a 6-ring,
especially by the bonding to three oxygens by an ion
with high ionic potential. Papers up to ca. 1981 on
cation positions are given in ref 56. Later ones on
crystal structure determinations are as follows: hy-
drated at room temperature, Ba,Na,,_,- (x = 1-6) %%
Cu,NH,-,3® Ni,Na-;3% dehydrated with monovalent
cations, Linde 5A with all Na,Ca at 6-rings;®® Linde 3A
with all K;g3Nag 5, at 6-rings,3* Na- with Si/Al = 1.03,
1.09, 1.12, and 1.67, all cubic,?13%22 Na-dehydrated at
623 K is cubic, but at 673 K is noncubic at room tem-
perature®® (confirmed,3** but not rhombohedral as in
ref 395-397), Tl- and Ag-,3% Ag H- 3% Na Li;,_, with
progressive distortion of 8-rings from K- to Na- to Li-,3®
Na,Ag, partly reduced, 42 Cs-, 402 Cs,Ag with Cs in
8-rings,*% NH;*%* dehydrated with divalent cations,
Mg,Nag- with residual H,O,* progressive dehydration
of Ca-,*% Ni,Na-,38 partly dehydrated Ba,Na-,%7 Ca-
with AlO, complex in t0,*” Ba-,“® Pb- and Pb hy-
droxyhydrate,*® Mg-, Ca-, Ba-, and Zn-partial exchange
derivatives of Ag,Na-;* sorption complexes, Co,Na-
CO,*1 Na—-CH;30H,*? salt complex Na-NaNQ;,413 hy-
drothermally treated, Ca,Na,-.4132b

LTL. Available structure data are for hydrated Linde
zeolite L,410 dehydrated L,*4 the Ga analogue,*!® the
pyridine complex of the Ga analogue,*'¢ the deuterio-
benzene complex of L.4% There is no obvious struc-
tural fault that would block the 12-rings, and most
cations should enter the walls. The new mineral per-
lialite may be an isotype,*!” based on X-ray powder
diffraction and infrared data.
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LTN. The Linde Type N zeolite has access only
through 6-rings.#18419

MEL. There are no accurate structure analyses of
the Mobil ZSM-11 high-silica zeolite, but the comput-
er-generated framework geometry® should be generally
correct.

MFI. The early structure refinements of Mobil
ZSM-5 high-silica zeolite®® and the Union Carbide sil-
icalite®™ were hampered by small crystal size and
twinning. A precise analysis*?® of an excellent crystal
of the as-synthesized ZSM-5 with encapsulated tetra-
propylammonium confirms the general geometrical
features of the earlier analyses (including ref 420a—-422)
and demonstrates how the TPA lies in two different
conformations in the channels. After calcination, the
ZSM-5 silicalite specimens may adopt monoclinic sym-
metry with the transition from orthorhombic symmetry
depending in a complex way on the bulk chemical
composition and physical conditions (e.g., ref 423 and
424). Intergrowths between ZSM-5 and ZSM-11 types
of stacking of pentasil units have been described theo-
retically® and observed (e.g., ref 425 and 426); twinning
of MFI materials may be related. Three types of pos-
itions were found for deuteriobenzene molecules in
ZSM-5 zeolite at 77 K using neutron powder diffrac-
tion.*?62 p-Xylene and benzene were located by X-ray
powder studies of pentasil materials containing B.4?74%®
Because of the strong “bracing” of the T-T linkages in
the MFI net and because there are few exchangeable
cations, it is likely that the channel system will vary
only a little from one variety to another.

MTN. This is represented by the silica compounds
Mobil ZSM-39 high-silica zeolite,**° the dodecasil 3C
clathrasil,*3! and the Union Carbide holdstite.*3? The
geometry is only pseudocubic,*3143 and the framework
will probably change shape in response to chemical and
physical treatment.

MTT. The framework geometry of the Mobil ZSM-
23 high-silica zeolite!!® is based on a distance-least-
squares model, and the details may change; however,
the channel dimensions should be accurate within a few
tenths of an angstrom.

MTW. A similar comment as above applies to the
framework geometry?® of Mobil ZSM-12 high-silica
material.

RHO. The principal structure variation in zeolite Rho
is the change of the 8-ring from a circular shape when
hydrated**® to an elliptical shape when de-
hydrated.®43 QOther changes occur as a result of
variation in cation content,*” dealumination,*® and
adsorption of Xe.#3%40 A mineral isotope, pahasapaite,
has been discovered.44!

TON. The structure was determined from powder
data of Theta-1'12113 and ZSM-22'14 and from a single
crystal of a silica polymorph.*4?

C. Synthetic Aluminophosphates with a (4;2)-3D
Net and Related Materials

This section can be brief since there are recent re-
views of the chemical features of 1:1 aluminophosphate
molecular sieves and new generations of materials that
incorporate one or more of an additional 13 elements
from the periodic table into the AIPQ, frame-
work. 1851443444 The review of the structural features’?
is supplemented here with brief descriptions of new
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structure types. Aluminum is bonded to four oxygen
species, each also bonded to P to generate a (4;2)-3D
net. Some Al atoms are also bonded to one or two
additional oxygen species in the as-synthesized mate-
rials, as shown by diffraction and resonance**® studies.
Upon calcination, some materials become AIPO, mo-
lecular sieves with alternating Al and P atoms at the
vertices of a (4;2)-3D net. Many aluminum phosphates
not based on such a net are listed in ref 52, and others
are given in a review of orthophosphates.*# The fol-
lowing list is in numerical sequence of the Union Car-
bide numerical code.

AFI. The cylindrical channels of as-synthesized
AlPO,-5**" change only slightly upon calcination.4

AEL. The geometrical details of this structure with
elliptical channels®” have been determined for calcined
AlPO 11,4945 gg.gynthesized MnAPO-11, Al;Mn, P,
040CeHy¢N,#! and a silicoaluminophosphate. %

Nso2 ST Code. AIPO,-12%3 is based on an interrupted
net.

No ST Code. GaPQ,-14*** and its analogue AIPO-14
are based on net 399 with an odc chain.5?

No ST Code. AIPQ,-15%54% is based on net 400 with
odc structural units.5

AST. AlPO,-16* is related to the zunyite struc-
ture*® and has a complete (4;2)-3D net instead of the
isolated SizO,¢ units of the latter.

ERI. As-synthesized AIPO,-17%%° has OH bridges
across pairs of Al atoms in hexagonal prisms of the
erionite structure.

SOD. AIPO,-20 has the sodalite structure,® but no
geometrical details have been published.

ATF. As-synthesized AIPQ,-21%04! is based on net
401,%2 and it is presumed that the hydroxyl bridges are
removed during calcination to AIPO,-25 without rear-
rangement of the framework topology. No detailed
structure of AIPO,-25 has been published.

ANA. AIPO,-24 has the analcime structure, ! but no
structural details have been published. See preceding
section for a silicoaluminophosphate.}4

ATT. AIPO,-33 is an isotype of AIPO,12-TAMU,
whose structure®? is based on net 102.% To avoid
confusion with AIPO,-12,%3 the structure code is based
on AIPQ,-33, which was synthesized before AIPO,-12-
TAMU.

CHA. CoAlPO,-34, CoAlPO 44, CoAlPSiO,-47, and
MeAlPSiO,-47 have alternation of P and (Al, Co, or
other metal) on vertices of a chabazite-type net.1851.9¢
The structure of an aluminosilicophosphate contains
a nonplanar, near-circular 8-ring.#6

LEV. SiAlPO,-35 has an X-ray powder pattern with
the hexagonal characteristic of levyne.**

FAU. SiAlPO,-37 has the characteristic X-ray pat-
tern of a faujasite structure,*** and the substitution
mechanism was determined from NMR data.*6

LTA. The cubic X-ray powder pattern*** of SiAlP-
0,-42 is indicative of the type A net.

GIS. The gismondine net!® of Mg, 9;Al, 7sP0,-43 has
been confirmed by a single-crystal X-ray study.8

AFS. The new net** of the MAPSO-46 structure is
shown in Figure 1.

AFY. The new net¥c of the CoAIPQ-50 structure is
shown in Figure 1.

APC. The as-synthesized structure*¢”-48 of the H;
variety of AIPO,-1.5H,0 is based on net 24a.5? Partial
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dehydration to AIPQ,-C*?° is reversible, and the net
topology is retained as the coordination is reduced.

APD. Further dehydration to AIPO,-D is irreversible,
and there is a topotactic transformation to a new net*?
to be numbered 41a in Table 3 of ref 65. The topologic
description is ScScCcCec, 16, (4%6%8%),(4.6%),, Acam, 32,
9.5, 20, 8; Pcab for Al, P alternation on vertices.

No ST Code. The AIPO,-ENS3 structure*™ is based
on net 402.%2

No ST Codes. The variscite?’! and metavariscite*'
polymorphs of AIPO,2H,0 are based®? on nets 5 and
3% (Figures 1 and 8).

No ST Codes. The AIPO, analogue of quartz is
known as berlinite*” and is based on net 90% (Figure
14). Two other silica polymorphs, cristobalite and
tridymite (nets 1 and 254), are represented by AIPO,
analogues.474475

D. Slilca Polymorphs Classlfied As Clathrasils

The essential topological information is summarized
in Table Ie an a review.® References to the structures
are as follows: silica-sodalite,®®3%° dodecasil 1H 47647
decadodecasil 3R,1% melanophlogite,®*" nonasil,*®
dodecasil 3C.430-432

E. Aluminosilicates with Interrupted
Frameworks Based Mainly on a (4;2)-3D Net

The essential information on seven aluminosilicates
with interrupted nets is given in Table If; the last two
also contain Be in the framework. Stereoviews of the
first three.are given in the draft for the revised Atlas
of Zeolite Structure Types.®® The quasitectosilicate
family was reviewed.?> References to the structures are
as follows: parthéite*® roggianite, 82 wenkite 8348
sarcolite,®® ussingite,*® bavenite,*®" leifite,*®® chia-
vennite;*® see also RbSi;q0g3,** tuhualite,*® AIPO,-
12.52 Interruptions should occur during topological
transformations of zeolites upon heating.*%?

F. Materlals with Open Frameworks That Do
Not Fall in the Above Classiflcations

This section signals the existence of some materials
with open frameworks that have zeolitic properties
(sensu lato) or might do so. It is designed to trigger off
synthesis and characterization of new types of useful
microporous materials. Other interesting porous ma-
terials have been reviewed.4%%

Lovdarite, K;Na,,BegSiss07018H,0, and its synthetic
equivalent are based on a remarkable (4;2)-3D net?934%
(LOV: stereoview in revised edition®) in which each
vertex of each 4-ring is connected by an edge to a vertex
of two spiro-5 units (pair of vertex-shared 3-rings). The
net contains a 4%6* unit obtained by removing two op-
posing edges of a cube (e.g., pg and es of the cube in
column 2, Figure 3).

Cavansite and pentagonite dimorphs of Ca(VO)Si,-
0,04H,0 have structures** in which the V and Si atoms
lie at the vertices of two (4;2)-3D nets, related respec-
tively to the gismondine and paracelsian nets. Three
water molecules are removed from cavansite at 493 K
without loss of the framework,*®® but collapse occurs at
673 K. A key geometrical feature is that the four
linkages from each T to adjacent Si atoms nearly form

- the diagonals of a rectangle (stereoview of cavansite,
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Figure 1). This geometrical distinction from the more
tetrahedral geometry of zeolite nets allows invention of
a new family*® of 4-connected nets that are geometri-
cally plausible for vanadyl silicates and topochemically
related materials.

Verplanckite, [(Mn,TiFe)s(OH,0),(S1,0,5)31Ba;,-
Clg{(OH, H,0)}, has a framework with triple units of
{(Mn, Ti, Fe) in square-pyramidal coordination and
4-rings of Si tetrahedra.*®” The voids have a free di-
ameter of 7 A, but no measurements were made of
possible zeolitic properties. Muirite, Ba,;;(Ca,Mn,-
Ti) Si30,4(C1,0H,0),2-4H,0, has edge-sharing trigonal
prisms and 8-rings of SiO,,**® and a synthetic barium
chloroaluminosilicate is a salt complex.**®

The widest channel in a framework is in cacoxenite,
a highly hydrated basic ferric oxyphosphate mineral,
with an ideal chemical composition from the structure
analysissoo of [A].Fe%OG(OH) 12(PO4)17(H20)24]'~51H20.
The moiety in brackets forms walls of vertex- and
edge-sharing Fe and Al octahedra and Al and P tet-
rahedra which outline cylindrical channels in a manner
analogous to the nets in Figure 18. Each channel is
filled with unlocated water molecules, which must be
strongly disordered as in faujasite. The formal value
of the free diameter is 14 A between the oxygen atoms
of framework water molecules. There are no published
data on the structural stability of the framework as
water molecules are removed. Perhaps the most im-
portant implication from cacoxenite is the knowledge
that Nature can build larger channels than those cur-
rently used in molecular sieve technology. Whether
cacoxenite or related materials (liskeardite, challantite?)
can be exploited in new industrial processes, probably
near ambient temperature to preserve framework in-
tegrity, is an intriguing question.

Ashcroftine, K;(Na;((Y,Ca)y (OH),(CO3),6(SiggO140)-
-16H,0, has unlocated water molecules.52

Pillared clays have large pores,®! but are not true
frameworks.

Cordierite, (Na, etc.)q;(Mg, etc.),SizA1,0,4:0.5H,0,
has a (4;2)-connected framework of Si;Al,0,4 containing
small pores, which encapsulate H,0, CO,, Ar, etc., and
6-rings which allow diffusion at high temperature;¥2-5%®
it could be called a high-temperature molecular sieve.

Petarasite, NagZr,Sig0,5(C1,0H)-2H,0, has a (4,6;-
2)-3D framework®!? in which each oxygen is connected
to either two Si or one Si and one Zr and in which SigO5
rings are vertex-shared to ZrOg octahedra. Access to
the micropores is through 6-rings. There are no pub-
lished data on zeolitic properties.

Chlorotile, (rare earth);Cug(AsQ,)3(OH)¢3H,0, has
a complex framework®! of AsQ, tetrahedra and Cu-
(OH),0; square pyramids with H,O as a sixth ligand.
Water lies in cylindrical channels circumscribed by
crown-shaped 12-rings of potential free diameter 6.9 A.
Mixite has Bi replacing rare earths. There are no
published data on zeolitic properties.

Vinogradovite, Na Ti,(8i,04)4(Si;0,0)0,nH,0, is a
(4,6;2)-3D framework,5!? except for one oxygen con-
nected to one Si and two octahedral Ti. Narrow
channels are defined by 8-rings.

Cadmium trimetaphosphate 14-hydrate has a 4-
connected framework®? of 3-rings of PO, tetrahedra
joined by CdO4(H,0), octahedra. Four water molecules
were not located in the channels.
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Wightmanite, Mgs(O)(OH);[BO;]-nH,0, has an el-
liptical channel®'* with free diameter 6.0 X 4.0 A. The
8-ring channels of the original simple model®!® of ga-
geite, (Mn,Mg),(0)(OH)(Si,Og), are blocked by disor-
dered SiO,-chains.515

Some frameworks containing heteropoly complexes
have loosely bound water not located in the structure
analysis.516-518

Montregianite, Na,K,Y,81,,03510H,0, has a frame-
work®? of Si0, and YOg which encloses H,O in micro-
pores.

Pharmacosiderite, KFe,(AsO,);(OH),7H,0, has
disordered water molecules in micropores of a frame-
work5® of AsQ, tetrahedra and edge-sharing Fe oc-
tahedra.

Other hydrated materials with complexly connected
frameworks are catapleiite 52! elpidite,’?2 nenadkevi-
chite,523 lemoynite 5 and stokesite.??
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