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The building units of known zeolite networks have been reinvestigated and related to the framework 
density. Only a relatively small number of four-connected nets, which can be generated readily from 
observed constituent units, are “permissible” zeolite networks. Criteria for gauging the “permissibil- 
ity” of zeolite-type networks in terms of geometrical constraints caused by conformational require- 
ments have been investigated. 

Introduction 

Zeolites are porous tektosilicates and the 
various types of these remarkably stable 
host structures are best defined by the to- 
pology of their three-dimensional networks. 
These are most frequently depicted by 
means of skeletal diagrams showing the 
four-connected nets of T-sites (T = Si, Al). 
Straight lines connecting the T-atom sites 
(which form the vertices of the nets) help 
one to visualize and to deal with the frame- 
work topology of complex zeolite struc- 
tures. Each T-atom in a zeolite framework 
is tetrahedrally bonded to four oxygen at- 
oms forming bridges to neighboring T-at- 
oms. It must be noted that the straight con- 
nections in skeletal diagrams representing 
T-O-T bridges are schematic in nature 
since T-O-T angles are ideally around 140- 
150” and hardly ever 180”. 

Around 40 topologically distinct zeolite 
* Dedicated to Professor A. F. Wells on his 79th 

birthday. 
t TO whom correspondence should be addressed. 

networks have been found to occur to date. 
Illustrations of these nets have been col- 
lected in an atlas (I) which is updated peri- 
odically. Models of numerous zeolite-like 
networks can be built readily and hundreds 
of such hypothetical zeolite structures have 
been enumerated (but frequently not pub- 
lished) by many investigators. Various 
studies of this kind demonstrate that one 
can safely assume that the number of hypo- 
thetical model-based networks exceeds the 
number of known zeolite networks by 
many orders of magnitude. It seems worth 
investigating, therefore, how actually oc- 
curring four-connected zeolite nets differ 
from “purely” hypothetical ones. 

In this work we deal briefly with some 
characteristics of four-connected nets ob- 
served in zeolite structures. This is fol- 
lowed by a short account on criteria which 
appear helpful for discerning “permissible” 
zeolite networks. This and similar investi- 
gations owe a great deal to A. F. Wells 
whose classic text (2) and original work on 
three-dimensional nets (collected in a mono- 
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graph (3)) have been a constant source of 
stimulation. 

Characteristics of Four-Connected Nets 
Observed in Zeolites 

All known zeolite framework types can 
be characterized in terms of finite compo- 
nent units. The secondary building units 
(SBUs) shown in Fig. 1 have been derived 
under the condition that a zeolite network is 
composed entirely of Ooze kind of unit only 
(4). This is in line with the well-known prin- 
ciple that the number of essentially different 
kinds of constituents in a crystal structure 
tends to be minimal. 

These SBUs for each zeolite network, 
which is designated using the conventional 
three-letter code for zeolite structure types, 
are listed in Table I. (For reasons which will 
become clear on closer examination of Ta- 
ble I the structure types or topologically 
distinct zeolite networks have been ar- 
ranged in the order of increasing framework 
density expressed by the number of T- 
atoms per 1000 A3.) As can be seen in Table 
I, many of the zeolite networks can be gen- 
erated from several different SBUs. For 
this reason, conventional classification sys- 
tems of zeolite structure types based on 
SBUs are not completely unambiguous. 

a 0 0 1 6 8 

FIG. 1. Secondary building units. 

There are only three distinct families of 
zeolite networks which can be defined une- 
quivocally on this basis. These are marked 
by a, b, and c in Table I. The networks 
marked by a are made up of parallel single 
and/or double six-ring units, and the stack- 
ing of these “ 1Zvalent” SBUs can be read- 
ily described like polytypic sequencies of 
hexagonal layers or sphere packings (e.g., 
the hexagonal ERI net by AABAAC and 
the cubic SOD net by ABC). The families 
marked by b and c (the natrolite and mor- 
denite families, respectively) can also be 
defined uniquely with SBUs. Another note- 
worthy conclusion which can be drawn 
from Table I is that only five out of the nine 
SBUs shown in Fig. 1 are strictly necessary 
to generate all the known zeolite framework 
types. These essential SBUs are the 4, 6, 
4-1, 4-4-1, and 5-l units. 

Five-rings are observed in many zeolite 
networks but none of these can be built of 
five-ring units only. Networks of comer- 
sharing tetrahedra can be constructed from 
five-ring units but, in general, the resulting 
nets turn out to be quite dense. An example 
of a naturally observed net of this kind is 
that of the mineral petalite, LiAISiOlO, con- 
taining 23.5 T-atoms per 1000 A3. 

Larger polyhedral building units have 
also been proposed (5). These comprise the 
cage-type convex polyhedra shown in Fig. 
2. These should be supplemented with the 
6-6 and 8-8 units since the latter are also 
large enough to contain at least one atom 
site. In practice these cage units are often 
used to describe zeolite structures since 
these building blocks are easily recogniz- 
able. However, less than half of the known 
zeolite networks are based on cage-type 
units. It also follows from Table I that cage 
units generally lead to frameworks of low 
density. In addition to this, a general corre- 
lation of the type of building units and the 
framework density can be noted. 

Building blocks which have not been con- 
sidered so far are one-dimensional infinite 
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TABLE I 

CONSTITUENT UNITS OF ZEOLITE STRUCTURE TYPES 

Structure type 
designation 

Code Full name 
Secondary 

building units” 

FAU Faujasite 4 6 6-6 
LTA Linde type A 4 6 8 4-4 
RHO Rho 4 6 8 8-8 
GME Gmelinite 4 6 8 6-6 
CHA Chabazite 4 6 6-6 
KFI ZK-5 4 6 8 6-6 
LEV Levyne 6 
GIS Gismondine 4 8 
EAB TMA-E (AB) 4 6 
OFF Offretite 6 
PAU Paulingite 4 
ERI Erionite 4 6 
LIO Liottite 6 
LOS Losod 6 
PHI Phillipsite 4 8 
AFG Afghanite 4 6 
MER Merlinoite 4 8 8-8 
MAZ Mazzite 4 5-l 
LTL Linde type L 6 
CAN Cancrinite 6 
EDI Edingtonite 4-l 
THO Thomsonite 4-l 
NAT Natrolite 4-l 
ST1 Stilbite 4-4-l 
HEU Heulandite 4-4- 1 
SOD Sodalite 4 6 
MOR Mordenite 5-1 
DAC Dachiardite 5-l 
BRE Brewsterite 4 
LAU Laumontite 6 
FER Ferrierite 5-1 
MEL ZSM-11 5-l 
MFI ZSM-5 5-l 
EPI Epistilbite 5-l 
YUG Yugawaralite 4 8 
ANA Analcime 4 6 
ABW Li-A (BW) 4 6 8 
BIK Bikitaite 5-l 

Cage 
unitsb 

Tubular 
units’ 

Distinct 
families 

Framework 
densityd 

B 
A,B 
A 
C 

A 

. a 
a 

a 

D 

D 

D 
D 

B 

. 
a 
a 

a 
a 
a 

a 

. 
a 
c 
c 

. c 

. C 

. C 
c 

. 
c 

12.7 
12.9 
14.3 
14.6 
14.6 
14.7 
15.2 
15.4 
15.4 
15.5 
15.5 
15.6 
15.7 
15.8 
15.8 
15.9 
16.0 
16.1 
16.4 
16.7 
16.7’ 
17.7e 
17.8’ 
16.9 
17.0 
17.2 
17.2 
17.3 
17.5 
17.7 
17.7 
17.7 
17.9 
18.0 
18.3 
18.6 
19.0 
20.2 

” Shown in Fig. 1. 
b Shown in Fig. 2. 
c Shown in Fig. 3. 
d Number of T-atomslnm3. 
e Grouped together because of the characteristic 6.6 A repeat in the fiber direction. 
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A B C D 

FIG. 2. Larger polyhedral building units and fre- 
quently occurring cages (a-cage, A; sodalite cage, B; 
gmelinite cage, C; cancrinite cage, D). 

cage or tubular building units (Fig. 3). They 
are included in this account primarily be- 
cause of their chemical interest. Other one- 
dimensional infinite building units (chain 
units) have also been elucidated and are de- 
picted elsewhere (6). In concluding the dis- 
cussion of building units it should be em- 
phasized that in all cases only topologically 
nonchiral units are acceptable if unneces- 
sary complications are to be avoided. 

From a more practical point of view, the 
data collected in Table I serve to show that 
the framework density, a figure which can 
be determined even for a zeolite with an 
unknown structure, can in fact provide in- 
formation on the likely modular units of its 
silicate framework (particularly in conjunc- 
tion with unit cell dimensions). 

On comparing observed zeolite nets with 
a sizable number of hypothetical ones it be- 
comes apparent that nets of high topologi- 
cal symmetry are favored. This is quite evi- 
dent, for example, in the six-ring-family of 
frameworks (7), marked by a in Table I. 
Listings of the maximum topological space 
group symmetry of observable zeolite 
frameworks (1, 8) lend further support to 
this statement. 

Unfortunately, the notation akin to the 
Schlaefli symbols for polyhedra, developed 
and used extensively by Wells (cf. 3) for 
denoting three-dimensional nets, are not 
unequivocal. This can be illustrated, e.g., 
by 4264 which stands for both the SOD and 
the CAN net. For this reason and because 
this notation was obviously not devised for 
characterizing complicated zeolite net- 

works, it has not been incorporated into Ta- 
ble I. 

Coordination sequences {Nk} which de- 
pend on topology only and which have been 
found to provide a numerical scale for ex- 
pressing the degree of similarity of four- 
connected nets in zeolite structures (8) are 
mentioned only briefly here. The derivation 
of the necessary terms up to N5 is some- 
what cumbersome and quite prone to errors 
for k 2 4. The higher terms of {Nk} can be 
used to express the “topological density” 
of vertices in nets and correlate fairly well 
with framework density values (8, 9). The 
latter have been given preference in this 
study for purely practical reasons. 

Possible Limiting Criteria for Likely 
Zeolite Framework Types 

Many four-connected nets are evidently 
not “permissible” or at least less likely to 
be encountered as a zeolite network. In ad- 
dition to the observed trend toward high 
symmetry configurations, stereochemical 
requirements (implying energetically favor- 
able conformations) no doubt play a signifi- 
cant role in determining the chemical feasi- 
bility of a network. Chemical parameters 
which should be considered in assessing hy- 
pothetical zeolite frameworks are primarily 
T-O bond distances and O-T-O angles, 
and to a somewhat lesser extent T-O-T an- 
gles. T-O distances and tetrahedral angles, 
in particular, vary only within fairly narrow 
limits and impose geometrical constraints 
which can rule out certain configurations di- 
rectly. 

Models of likely zeolite networks can be 
tested with respect to geometrical require- 
ments using the DLS method (10). This 
method of geometrical refinement of crystal 
structures makes use of the fact that the 
number of bond distances and angles in a 
network type structure is invariably greater 
than the number of atom coordinates. 
These can therefore be adjusted to fit pre- 
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scribed distances and angles within the con- 
straints imposed by the space group sym- 
metry and other possible specifications (like 

FER 

LTL 
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cell dimensions, etc.) using the well-known 
least-squares method. The available com- 
puter program, DLS-76 (II), is very versa- 

CAN 

OFF 

MEL 

FIG. 3. Tubular building units (having at least eight-ring apertures). 
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FIG. 4. Cubic 42@82 net. 

tile and can also accommodate subsidiary 
conditions, such as the interdependence of 
T-O distances and T-O-T angles in sili- 
cates (12). Hypothetical zeolite networks 
which cannot be satisfactorily optimized by 
DLS can be safely discarded. This potential 
aid has been applied in many structure de- 
terminations of zeolites, including that of 
ZSM-5 (13). 

OS l pt 
FIG. 5. Tetragonal 4*84 net (adapted from 2). 

In order to illustrate the use of DLS in 
deriving possible zeolite networks, two in- 
teresting four-connected nets shown in 
Figs. 4 and 5 are considered briefly. The 
immediate question is simply: is it geome- 
trically possible to build these nets from 
reasonably regular, corner-sharing tetrahe- 
dra and, if so, are critical distances and an- 
gular distortions within acceptable limits? 
The necessary model building to answer the 
questions is, in such cases, best done by 
computer simulation using DLS. 

DLS refinement of the tetrahedral frame- 
work corresponding to the cubic 426282 net 
shown in Fig. 4 does in fact lead to a highly 
satisfactory solution with a mean residual 
p, of less than 0.001 A, provided the space 
group symmetry Zu3d (the maximum topo- 
logical symmetry of the net) is lowered at 
least to the tetragonal subgroup Z4,lacd 
(14). It is remarkable that customary 
models of this framework made of tetrahe- 
dra joined by flexible connecting tubes (rep- 
resenting T-O-T bridges) look so strained 
that the structure appears hardly plausible, 
and yet it is the structure of one of the most 
common zeolites, that of analcime. It is 
even more remarkable that this zeolite 
structure, which is one of the most difficult 
to depict, was the very first one to be 
solved-a feat accomplished by W. H. Tay- 
lor (15) in 1930! 

In evaluating the tetragonal 4284 net of 
PtS (Fig. 5) as a tetrahedral network type, 
in which both Pt and S are replaced by T- 
atoms, it is quite apparent that the symme- 
try has to be lowered substantially. The 
DLS test was therefore carried out in the 
space group PI with 4 T-atoms per unit cell 
and unconstrained cell dimensions. Refine- 
ment proceeded to a /5, value of 0.028 8, (as 
compared with values of ~0.005 8, for ob- 
served zeolite networks). The tetrahedra of 
the resultant structure are rather less dis- 
torted than one would expect, with 0 -T-O 
angles ranging from 104 to 118” for former 
Pt sites and 106 to 112” for former S sites, 
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while the T-O-T angles are all below 121”. 
It is mostly because of these unacceptably 
small T-O-T angles that this tetrahedral 
network can be ruled out as a possible sili- 
cate type framework. 

Conformational parameters which have 
not been considered so far in the study of 
silicate frameworks include torsion angles 
describing the relative orientation of linked 
tetrahedra. Visual examination of wire 
models of all the known zeolite framework 
types seemed to indicate that neighboring 
tetrahedra in these nets more often form a 
“staggered” rather than an “eclipsed” ar- 
rangement. A number of representative and 
carefully analyzed zeolite structures was, 
therefore, examined quantitatively with re- 
spect to relevant conformational parame- 
ters, which could conceivably provide addi- 
tional criteria for evaluating hypothetical 
structures. 

Since neighboring tetrahedra in zeolite 
frameworks are not normally connected by 
a straight T-O-T bridge, their relative ori- 
entation cannot be described by a single 
torsion angle o (defined by four atoms A, B, 
C, D in projection along B-C). Rather than 

kT,OT, plane 

FIG. 6. Definition of twist (A) and directional angle ’ If the tetrahedra are somewhat distorted, the val- 
(6). ues of A and 6 can fall slightly outside these ranges. 
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A=60°, 6=30° 

FIG. 7. Specific conformations of corner-sharing tet- 
rahedra (e stands for eclipsed and s for staggered). 

using two torsion angles w. and o1 to ex- 
press the degree of twisting of two corner- 
sharing tetrahedra (Fig. 6), we have chosen 
the angular parameters A and 6. The twist 
angle A is defined as 

A = Iwo + co11 

in which o. refers to /o[,~,, and w1 is chosen 
such that loo + wll is minimal. As shown in 
Fig. 6 the directional angle 6 is then defined 
as 

Since we are not concerned with stereoiso- 
mers in the present context, only the magni- 
tudes of A and 6 have to be considered for 

OIA56cP and 0 5 6 I 6OO.l 

For T-O-T angles of 180” the twist angle A 
turns into a torsion angle and 6 is no longer 
defined. 

Specific conformations of paired tetrahe- 
dra are shown in Fig. 7. In a theoretical 
study of the electronic structure of disilox- 
ane, (SiH&O, the relative stability of these 
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FIG. 8. A,6 plots for typical cage-type zeolites in- 
cluding CAN (17), CHA (18), ERI (19), FAU (20), 
GME (21), LTA (22), LTL (23), OFF (24), and SOD 
(25) type zeolites. 

conformers was shown to follow the order 
C, > C, > C,, (16). This result was also 
noted to agree with the finding that in soro- 
silicates the conformation C, (A = 0; 6 = 
60”) is observed much more often than C,, 
(A = 0; 6 = 0). 

Conformational parameters, such as A 
and 6, can be expected to be more con- 
strained in zeolite frameworks composed of 
cage units. The A,6 data, which were de- 
rived for a representative number of rea- 
sonably well-refined zeolite structures, are 
accordingly displayed separately (Fig. 8 for 
cage-type and Fig. 9 for other zeolite struc- 
tures). A,6 parameters are spread more 
evenly for zeolites which do not have the 
configurational constraints imposed by 
cages (combined with high symmetry in 
general). Representative A,6 plots of zeo- 
lites with WA1 - 1 have also been com- 
pared with such diagrams prepared for sil- 
ica polymorphs but no significant 
differences in the distribution of these angu- 
lar parameters could be found (6).2 All 

2 Nor could a dependance of the A,6 distribution on 
the T-O-T andes be observed. 

these diagrams provide further evidence 
that C, tends to be a somewhat favored 
conformation. The available data seem to 
indicate, however, that these conforma- 
tional parameters play at best a secondary 
role in determining the “permissibility” of 
a zeolite network. 

Conclusions 

Known zeolite networks provide a natu- 
ral basis for deriving a very large number of 
interesting four-connected three-dimen- 
sional nets on purely topological grounds. 
The number of “permissible” types of zeo- 
lite frameworks is evidently limited, how- 
ever, by conformational constraints. These 
must be investigated more extensively in 
order to gain a better understanding before 
the “permissibility” of hypothetical zeolite 
networks can be predicted reliably. There 
is little or no evidence that simple rules ap- 
ply. Frequently observed deviations from 
ideal symmetry must at least in part be at- 
tributed to conformational requirements of 
the silicate framework. The role of confor- 
mational parameters in determining likely 
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FIG. 9. A,6 plots for zeolites made of units other 
than cages. Included are FER (6), GIS (26), LAU 
(27), MFI (13), MOR (28), NAT (29) ST1 (30), and 
YUG (31) type zeolites. 
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configurations is not sufficiently appreci- 
ated yet in zeolite structural chemistry. 
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