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The combinatorial-topological modeling of 3D periodic packings of layers composed of
T,, polyhedral clusters (t-hpr tiles in the form of hexagonal prisms) was carried out. The
T, clusters are among the most abundant units in the crystal structures of zeolites. The layers
were produced by decoration of the vertices of the square and hexagonal (graphite-like) nets
with T}, clusters. All combinatorially possible patterns of 3D frameworks, which were con-
structed based on packings of decorated square nets, correspond to known zeolite structures:
CHA (mineral chabazite, Cag(H,0)4Al,5i,407,), AEI (AIPO-18, Aly4P,409¢), SAV
((C1gH4Ng)»,(H,0);MgsAl gP»409¢), and KFI (Naso(H,0)g3Al5(Sig6019;). The modeling us-
ing the same scheme and a decorated hexagonal net gave rise to the frameworks of three known
zeolites, GME (gmelinite, (Ca,Na),(H,0),4AlgSi14045), AFX (SAPO-56, H3Al,3Si5P5(Oq),
and AFT (AIPO-52, Al3cP3c0,44), as well as of one previously unknown hypothetical zeolite
ISC-2 with the unit cell parameters a = 13.90 A, ¢ = 30.00 A, V'=5019.7 A3, sp. gr. P6m2.
Zeolite ISC-2 contains a cavity with a new t-isc-2 topology [42!.62.8!3], which is responsible for
its unique framework. An analysis of the specially created database of topological types of
molecules (TTM collection) containing geometric and topological characteristics of more than
300000 different molecules suggested an organic structure-directing agent, which stabilizes the
t-isc-2 cavity and which can be used for the synthesis of ISC-2.
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composed of tetrahedrally coordinated atoms (T nets) as
the structural model. The construction of each new frame-
work type presents a challenge. Not more than 3—5 new
zeolite frameworks are synthesized annually worldwide.
Therefore, the modeling of the self-assembly of zeolite
structures from known polyhedral building units is of
utmost importance.1=5 According to the statistical data,4—7
the T, polyhedral cluster in the form of the hexagonal
prism t-hpr is most frequently observed in 3D zeolite
T-nets. In some crystal structures of zeolites, the T, clus-
ter contains all crystallographically independent T-nodes
of the framework and it is the only structural building unit,
the packing of which is completely responsible for the
topology of the overall 3D zeolite net.5—2 Earlier, we have
considered the following models of the cluster self-assem-
bly of the zeolite structure: with the CHA framework
(chabazite, CagAl;,Si,407,(H,0)49 and willhendersonite,
Ca,K,AlSic0,,(H,0),,) from templated T, clusters,3
with the PAU framework (paulingite,
Na3CazsK¢gBa; 5)Al 55Si5500 344 WH,0) from three
clusters, Tg, T4, and T,,,° with the LTN framework
(Na384A1384Si384O1536(H20)422) from two Clusters, T24
and T,4,1% and with the CAN framework (cancrinite,
Nag(AlgGeg0,4)Ge(OH)4(H,0), and Cs,Nag
(AlgGeg0,4)Ge(OH)) from Ty clusters.!! The modeling
of zeolites3—! resulted in the reconstruction of the
following symmetrical-topological code of the self-assem-
bly processes of 3D structures from clusters: 1D primary
chain — 2D microlayer — 3D microframework.

The aim of the present study was to perform for the
first time the combinatorial-topological modeling of the
packings from symmetry-related T, polyhedral clusters
taking the shape of hexagonal prisms that form symmetri-
cally nonequivalent 2D layers, which are then assembled
to the zeolite framework. This modeling would provide an
explanation of the known zeolite structures and predict
the possibility of the formation of new framework types.
An organic structure-directing agent is proposed for a new
zeolite framework type. This agent can be used in the
synthesis of the latter zeolite.

The present study is a continuation of investigations8—19
in the field of geometric and topological analysis of the
structures of crystalline phases and the modeling of the
self-organization of chemical systems by means of mod-
ern computer methods.2?

Results and Discussion

Geometric and topological modeling of the packings
assembled from T, clusters (hexagonal prisms)

The T, polyhedral cluster in the form of a hexagonal
prism serves as a topological model of the cluster structure
composed of 12 T-tetrahedra (Fig. 1).

Fig. 1. The T, cluster monomers; a, a topological model of the
structure represented as a 12-node hexagonal prism; b, a cluster
comprising 12 TO, tetrahedra.

The symmetry of the T, cluster is described by the
symmetry point group 6m2. The T, clusters are connect-
ed to each other by T—O—T bridges to form supraclus-
ters. Therefore, any supracluster is a packing of connected
clusters, which do not share T-nodes. Let us consider the
topological mechanisms of the formation of supraclusters
of different complexity giving rise to the overall zeolite
framework.

Supracluster dimer (T,),. The T, clusters are involved
in the primary (random) connection to each other to form
dimers or primary chains (Fig. 2). The T, + T, clusters
can be connected in the following ways characterized by
the local connectivity index P, the value of which is
equal to the number of bridges between the clusters:

— via six lateral edges of the prism (P, = 2);

— via twelve edges in the base of the prism (P, = 2);

— via six lateral square faces of the prism (P}, = 4);

— via six lateral square faces of the prism followed by
the rotation and formation of two additional linkages be-
tween the clusters (P, =4 + 2 = 6);

— via two hexagonal faces lying in the base of the
prism (P}, = 6).

The presence of two, four, and six bridges in the dimers
that held the T;, + T, monomers in a certain position
serves as the basis for the unambiguous classification of
these interactions with an indication of the point symme-
try of the dimer (g = m, —1, or 2).

Supraclusters as 2D microlayers based on underlying
square nets and their packings in 3D frameworks. The next
hierarchical level in the self-assembly process of the zeo-
lite framework in terms of the model under consideration
involves the assembly of dimers to form (T ;)4 tetramers
as fragments of layered supraclusters. Such microlayers
can be produced by decoration of the underlying square
2D net. There are the following three combinatorially pos-
sible ways of formation of such microlayers:

1. The L1 microlayer (—1,—1). Centrosymmetric di-
mers (g = —1) are related by a center of symmetry. The
unit cell of the microlayer is characterized by equal vec-
tors of two independent translations (Fig. 3, a).

2. The L2 microlayer (—1, m). Centrosymmetric dimers
are related by a mirror plane m. In this case, the unit cell of
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Fig. 2. Dimers T1,+Tj,.

the microlayer has a doubled translation vector perpen-
dicular to the mirror plane (see Fig. 3, b).

3. The L3 microlayer (m, m). In this case, the mono-
mers in the dimers, as well as the dimers by themselves,
are related by mirror planes, and both translation vectors
of the unit cell of this microlayer are doubled (see Fig. 3, ¢).

A microlayer, in which dimers having a mirror plane
are related by a center of symmetry is equivalent to the L2
microlayer.

Let us consider the combinatorially possible ways of
self-assembly of 3D microframeworks (octamers) from
two equivalent L1, L2, or L3 2D microlayers. It should be
noted that the connectivity mode of two microlayers in
a microframework can be characterized by a secondary
microlayer perpendicular to the former two microlayers,
which can always be distinguished in such microframe-
works. As it is shown below, this layer is in all cases topo-
logically equivalent to one of the underlying L1—L3
microlayers. The correspondence of the structures

a

L3

b

L.

Fig. 3. The (T,), microlayers derived by decoration of the underlying square 2D net 4.4.4.4: a, L1 microlayer (—1,

(=1, m); ¢, L3 microlayer (m, m).
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to known zeolites (Table 1) was established using the
ToposPro program package.2?

The FR-1 microframework was produced by the self-
assembly of the L1 microlayers related by a center of sym-
metry g = 1 (Fig. 4, a); it topologically corresponds to the
framework of zeolite CHA (mineral chabazite,
Cag(H,0)40Al},Si5407,).1 The secondary microlayer also
has the L1 topology. The unit cell of the 3D framework is
characterized by equal translation vectors, and its volume
has the minimum possible value (V.. = V) (see Fig. 4, a,
Table 1).

The FR-2 microframework was generated by assem-
bling the L1 microlayers related by a mirror plane (see
Fig. 4, b). It corresponds to synthetic zeolite AEI (AIPO-18,
AlyyP»,046),! the secondary microlayer having the L2
topology.

The FR-3 microframework was produced by the self-
assembly of the L3 microlayers related by a center of sym-
metry (see Fig. 4, ¢); the secondary microlayer has the L2

b

L.

—1); b, L2 microlayer
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Table 1. Crystal-structural data for the frameworks, the type and symmetry of the crystal-

forming structural units

Framework Symmetry Symmetry Note
t
vpe group Ty, cluster Cchain L microlayer
CHA family
CHA R3m 3m (3a) C2,g= I Ll,g= I Veen = Vo
AEI Cmem 2/m (4a) C2,g=1 Ll,g=1 Veen =2 Vg
SAV PA/nmm 2/m (4d) C3,g=m L3,g=m Veen =4V,
KFI Im3m 3m (8¢) C3,g=m L3,g=m Veen =8 Vg
GME family
GME P65 /mmc 6m2 (2d) Cs8 L12 1L-polytype
AFX P65 /mmc 62 (2a, 2c) C8 L12 2L-polytype
AFT P6,/mmc 62 (2b), C8 L12 3L-polytype
B _ 3m(4)
FR-8 (ISC-2) P6m2 6m2 (1b, 1¢), C8 L12 3L-polytype
3m (2h, 2i)

topology. There is an equivalent self-assembly pattern for

this framework from the L2 layers related by the plane m.
The framework corresponds to synthetic zeolite SAV
((C13H45Ng),(H,0)7MgsAl gP5,Og6)! (see Table 1).

The FR-4 microframework was generated by the self-
assembly of the L3 microlayers related by a mirror plane
(see Fig. 4, d); the secondary layer is topologically also
equivalent to L3. The structural model of the frame-

Fig. 4. Self-assembly of the frameworks from two (T,), microlayers: a, L1 (cha, —1, —1), FR-1 framework, CHA structure type; b, L1
(cha, —1, —1), FR-2 framework, AEI structure type; ¢, FR-3 framework, SAV structure type; d, FR-4 framework, KFI structure type.
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Fig. 5. The (T ;)4 cluster hexamer (two projections).

work corresponds to synthetic zeolite KFI (Na3,(H,O0)gg-
AlySigeO192)! (see Table 1). Therefore, all combinato-
rially possible structures of zeolite frameworks composed
of layers based on underlying square nets correspond to
real zeolite structures.

Supraclusters as of 2D microlayers based on underlying
hexagonal nets and their packings in 3D frameworks. Let us
consider the formation of microlayers having hexagonal
symmetry, which can be produced by decoration of graph-
ite-like nets and are composed of six T, clusters (Fig. 5).

The formation of an infinite number of polytype struc-
tures is theoretically possible due to different types of
the complementary arrangement of the layers connect-
ed to each other. Figure 6 shows three possible con-
nectivity modes for (T,)¢ hexamers. These modes are
characterized by the sum-connectivity index (Pg,,,), which
is equal to the number of linkages that are formed be-

tween the microlayers upon self-assembly of the micro-
framework:

1) the upper (T;,)¢ hexamer is located above the lower
hexamer without displacement (P, = 12);

2) the upper (T ;)¢ hexamer is located above the lower
hexamer with displacement (Pg,,, = 10), the T, cluster
located above the center of the lower cluster having no
linkages with it;

3) the upper (T,)¢ hexamer is located above the lower
hexamer with displacement (P, = 10), the T, cluster
located above the center of the lower cluster forming link-
ages with it.

The above-considered arrangement patterns of the mi-
crolayers give rise to the following types of microframe-
works.

The FR-5 microframework is produced from the (T ;)
hexamers located one above another according to pattern
1 and contains through channels (Fig. 7). The model
corresponds to the GME framework (gmelinite,
(Ca,Na)4(H,0),4Al5Si;4049)! (see Table 1). In the crystal
structure, the microlayers are related by translations
(c = 10 A). The GME structure type can be classified as
asingle-layer 1L structure serving as the basis of the abun-
dant family of NL-polytype structures with the hexagonal
unit cell parameters: a = 13.75 A, ¢ = N-10 A.

The FR-6 microframework was generated by the self-
assembly of (T,,)s hexamers with displacement according
to arrangement pattern 2 (Fig. 8). The structural model
of the framework corresponds to the AFX framework
(SAPO-56, H3Al,3SisP,;Oqg)! (see Table 1), which is clas-
sified as the 2L-polytype of the GME family; ¢ = 2-10 A.

The FR-7 microframework was generated by the self-
assembly of (T;,)s hexamers with displacement according
to arrangement patterns 2 and 3 (Fig. 9). The structural
model of the framework corresponds to the AFT frame-
work (AIPO-52, Al;¢P+40,44)! (see Table 1). This is the
3L-polytype of the GME family with the translation
c=3-10A.

Finally, the FR-8 microframework can be produced by
a combination of arrangement patterns 1 and 3 (Fig. 10).
The structural model of this framework, which we called

Fig. 6. Mechanism of assembling of (T,)s hexamers: a, pattern 1,

wm = 12; b, pattern 2, Py, = 10; ¢, pattern 3, Py, = 10.
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Fig. 7. Self-assembly of the FR-5 framework, the GME structure Fig. 8. Self-assembly of the FR-6 framework, the AFX structure
type (a single-layer 1L structure). type (two-layer packages, a 2L structure).

Fig. 9. Self-assembly of the FR-7 framework, the AFT structure type (three-layer packages, a 3L structure).
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T

Fig. 10. Self-assembly of the FR-8 framework (three-layer packages of hexamers, 3L-polytype). Projections of the framework along
the b (a, b) and c (c, d) axes; the representation as connected T, polyhedral 12-node clusters (a, c) and suprapolyhedral T clusters (b, d).

Table 2. Zeolite FR-8 (ISC-2) with the T,0,44 framework. The coordinates and crystallographic positions of T and O atoms in the

unit cell
Atom  Wyckoff Atomic coordinates Atom  Wyckoff Atomic coordinates

position position

x y z x y z

T(1) 120 0.11000 0.44000 0.39000 0(8) 6n —0.22000 0.56000 0.78000
T(2) 120 0.11000 0.44000 0.28000 0(©9) 6n —0.22000 0.56000 0.89000
T(3) 120 0.11000 0.44000 0.05000 0(10) 6n —0.44500 0.44500 0.89000
T(4) 120 0.00000 0.23000 0.45000 O(11) 120 0.11000 0.67000 0.66500
T(5) 120 0.44000 0.11000 0.22000 0(12) 6n 0.22000 0.78000 0.61000
T(6) 120 0.44000 0.11000 0.11000 0(13) 6n 0.22000 0.78000 0.72000
Oo(1) 61 —0.89000 —0.33000 1.00000 0(14) 6n 0.44500 0.89000 0.72000
0(2) 6n —0.78000 —0.22000 0.95000 0O(15) 6n 0.44500 0.89000 0.61000
0(3) 120 —0.61500 0.00000 0.92000 0(16) 120 0.05500 —0.28000 0.58000
04) 6n —0.55500 —0.11000 0.95000 Oo(17) 6m —0.23000 0 0.50000
0o(5) 120 —0.56000 0.33000 0.83500 0(18) 6n —0.11500 0.11500 0.55000
0(6) 6n —0.44500 0.44500 0.78000 0(19) 6n —0.23000 —0.11500 0.45000
o(7) 120 —0.00000 0.61500 0.75000
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Fig. 11. The net of T atoms of hypothetical zeolite projected onto the (001) (a), (110) (), and (100) (c) planes and the corresponding

fragments of the framework (d—f).

Note. Figures 11—15 are available in full color in the on-line version of the journal (http://www.link.springer.com).

ISC-2, has no topological analogs among known zeolite
frameworks. The crystallographic data for the ISC-2 zeo-
lite structure are as follows: a = 13.75 A, ¢ = 30.00 A,
V'=14912.0 A3, sp. gr. P6m2 (No. 187). The coordinates
and the crystallographic positions of the T and O atoms in
the unit cell are given in Table 2. In the structure, the
three-layer packages are related by translations along the z
axis. Zeolite ISC-2 is the 3L-polytype of the GME family.

A further analysis showed that 225 known framework
types do not include more complex NL-polytypes of the
GME family.

Analysis of a system of cavities in the ISC-2 structure

Initially, hypothetical zeolite ISC-2 was modeled using
the framework of the AIPO, composition. Then we con-
structed a three-periodic net with a given topology, the
nodes of which were occupied by the corresponding atoms
(Al, P, O). The geometry of the resulting framework was
optimized (Fig. 11) by molecular mechanics implemented
in the GULP program.?! The standard potentials from the
CATLOW library?? were used as interatomic potentials.

The cavities and channels in the hypothetical zeolite
were analyzed by means of the partition of the crystal
space into certain polygons (tiles), which form the so-
called natural tiling,23 using the ToposPro program pack-
age.2® From the physical point of view, tiles are the mini-
mum intraframework cavities. The natural tiling is con-
structed using the following rules:23

1) the symmetry of the tiling should be the same as that
of the net;

Fig. 12. Natural tiling of the net of hypothetical zeolite ISC-2.

2) the faces of the tiles are formed by strong rings, i.e., the
rings, which cannot be represented as a sum of smaller rings;

3) the tiles cannot include strong rings, which do not
intersect with the rings of the same type;

4) if the intersecting rings differ in size, the smaller
ring is taken as the face of the tile; if the intersecting rings
have an equal size, they are not taken into account in
choosing the faces of the tiles.

Currently, natural tilings are widely used for the search
for and the description of the building blocks, as well as
the schemes of assembling of zeolite frameworks.!

The partition of the net of the hypothetical zeolite
gives a natural tiling (Fig. 12) composed of four types of
tiles (Fig. 13, a—d): three tiles, which have been found
earlier in the frameworks of known zeolites* (t-hpr [40.62],

* The classification of the tiles in zeolite frameworks is given in
the study.4
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Fig. 13. The t-isc-2 (a), t-aft (b), t-gme (c), and t-hpr (d) tiles and the corresponding structural fragments containing vertices of
Voronoi—Dirichlet polyhedra (e—#/) and intraframework cavities (i—/). The vertices of Voronoi—Dirichlet polyhedra and the in-

traframework cavities are in black.

t-gme [4°.62.8%], and t-aft [415.62.8°]) and the tile with the
[4%1.62.815] topology, which has not been described earlier
(we called it t-isc-2) ina 6 : 4 : 1 : 1 ratio.

The face symbol of the [42!.62.813] tile indicates that
the tile has 21 four-membered rings, 2 six-membered rings,
and 15 eight-membered rings as faces. It should be not-
ed that the t-hpr tile is present in 30 framework types;
t-gme, in 10 framework types; t-aft, in 2 framework types
(AFT, AFX).4

The geometric characteristics of the cavities were cal-
culated using an algorithm based on the Voronoi—Di-
richlet partition.24 This is a normal (face-to-face) parti-
tion of the crystal space formed by Voronoi—Dirichlet
polyhedra (VDP) of all atoms of the structure. The VDP is
a convex polyhedron, the faces of which are perpendicular
to the segments connecting the central atom of the VDP
to the surrounding atoms, where each face divides the
corresponding segment into two halves. The algorithm of
the VDP partition is implemented in the Dirichlet pro-
gram of the ToposPro program package.

The algorithm of calculations of the geometric char-
acteristics of the cavities involves the analysis of the verti-
ces of VDPs constructed for atoms of the zeolite frame-
work. Earlier, it has been shown24 that the vertices of
VDPs have a clear physical meaning. Since, according to
the algorithm of the construction of VDPs, the latter oc-
cupy positions most remote from the atoms, VDPs can be
represented as centers of depleted electron density regions
(centers of elementary voids). It should be noted that this

method treats only such vertices of VDPs that belong to
a particular cavity in the framework corresponding to a cer-
tain tile (see Fig. 13, e—h).

The correspondence between the vertices of VDP (ele-
mentary voids) and the tile cavity is determined by the
condition that all central atoms of VDP incident with this
vertex belong to this tile.

In order to visualize and calculate the geometric pa-
rameters of the cavity, it is necessary, in turn, to construct
VDP for each of the elementary voids that characterize
the cavity taking into account both the atoms of the tile
and other elementary voids. Since, when estimating the
cavity size, we were interested in the opportunity of loca-
tion of a particular molecule (organic structure-directing
agent, OSDA) in this cavity, we used the modified method
for the construction of VDPs, which takes into account
the atom size. Thus, each face of VDP that separates the
center of the elementary void and the atom of the tile is at
a distance to this atom not smaller than the van der Waals
radius of the latter. This, in turn, means that one should
take into account only elementary voids that are at dis-
tances to the nearest framework atoms not smaller than
the van der Walls radius of the latter (Fig. 14). This proce-
dure gives the planes shown in Fig. 13, i—/.

The geometric characteristics of the cavity in the
framework correspond to the characteristics of VDPs (see
Fig. 13, i—I) calculated for the vertices of atomic VDPs,
which meet the above-mentioned conditions. Hence, we
calculated the volume and the shape (characterized by the
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Fig. 14. Structural fragment corresponding to the t-isc-2 tile. The vertices of Voronoi—Dirichlet polyhedra are colored in accordance
with the distance to the nearest framework atom after deducing its van der Waals radius.

parameter G; and by the ratio of the principal moments of
inertia of VDP, J,/J, and J,/J,) of all types of cavities in
this framework (Table 3).

The search for potential structure-directing agents for
the new type of the cavity, t-isc-2, was performed based
on the criteria of the match between the volume and shape
of the cavity and those of the structure-directing agent
molecule. For this purpose, we created a database of topo-
logical types of molecules (TTM collection) that includes
geometric and topological characteristics of more than
300000 different molecules obtained by analyzing the
Cambridge Structural Database.25 This approach revealed
one of potential structure-directing agents (Fig. 15), the

Fig. 15. Structure of the potential structure-directing agent
for ISC-2: a, 3,4,11,12-tetrakis(4-pyridyl)pentacyclo-
(12.2.2.269.02:5.010.13)icosane-1(16),6,8,14,17,19-hexaene mol-
ecule;26 p, its molecular Voronoi—Dirichlet polyhedron.

Table 3. Geometric characteristics of cavities in the frame-
work of hypothetical zeolite ISC-2

Cavity type  V/A3  V*/A3 G, A, S/,

t-isc-2 844 1006 0.174 0.169 0.992
t-aft 469 596 0.104 0.408 0.982
t-gme 122 125 0.096 0.655 0.733
t-hpr 20 22 0.080 0.781 0.795

* The volume of the cavity taking into account the channels
that link adjacent cavities.

geometric parameters of which (V= 712 A3, G; = 0.152,
Jo/J, =0.215, J,/J, = 0.966) are in good agreement with
the corresponding parameters of the cavity (see Table 3).

* k%

To summarize, we performed the combinatorial-topo-
logical modeling of the packings of symmetry-related T,
polyhedral clusters (hexagonal prisms), including the se-
lection of underlying 2D microlayers, which are involved
in the self-assembly of 3D framework structures of zeo-
lites described by four-connected square T nets. It was
found that all (four) combinatorially possible 3D frame-
work structures correspond to real zeolite structures: CHA
(mineral chabazite, Cag(H,0)40Al;,S1,407,), AEI (AIPO-18,
Al4P24096 ), SAV ((Ci5H4yN)2(H,0)7MgsAl 9P24Oy),
and KFI (Na30(H20)98A13Osi660192).

The modeling according to this scheme using a deco-
rated underlying hexagonal net gives a family of polytype
structures, the number of which is theoretically infinite
due to three dufferent modes of the complementary arran-
gement of the layers linked to each other. The simplest
1L-, 2L-, and 3L-polytypes of this family correspond to
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zeolites GME (gmelinite, (Ca,Na)4(H,0),4AlgS1,5043),
AFX (SAPO-56, H3Aly;SisP,0q4), and AFT (AIPO-52,
Al3gP340444). In addition, one 3L-polytype corresponds
to the new ISC-2 framework, and it seems to be possible
to produce the latter by selecting appropriate organic struc-
ture-directing agents (OSDA molecules) in order to stabi-
lize the local regions corresponding to the largest cavities
(t-isc-2 tile). The examples of OSDA molecules, which
were found using the specially created database of topo-
logical types of molecules (TTM collection), are given.
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