Framework Design with Molecular Blocks

Design of Frameworks with Mixed Triangular and
Octahedral Building Blocks Exemplified by the
Structure of [Zn,0(TCA),] Having the Pyrite
Topology **
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A prerequisite to the design of crystalline materials is the
knowledge of the possible structures that potentially may
form by linking together specific molecular shapes. In this
context, we recently argued that, from the large number of
possible structures that could in principle be assembled from
various molecular shapes, those with the highest symmetry
are most likely to form in practice. Thus it is particularly
important to identify these special structures since they
represent the default structures for the assembly of shapes.[!!

This approach has been useful in the chemistry of
extended metal-organic frameworks (MOFs) in which 3D
structures assembled entirely from triangles? squares,”
tetrahedra,”! or octahedra® usually form structures based
on the SrSi,, NbO, diamond and primitive cubic nets,
respectively. Indeed, these have the highest possible symme-
try for their respective building block shapes and have
become as important to crystal designers as the Platonic
solids are to molecular chemists. Herein we point out that the
FeS, (pyrite) net found in [Zn,O(TCA),]-(DMF);(H,0),
(hereafter MOF-150; TCA =4,4'4"-Tricarboxytriphenyl-
amine, DMF = N,N'-dimethylforamide), is the most regular
net (and the most likely to form) for linking together triangles
and octahedra and that it has some additional net properties
that lead to its classification as a default net.

We use TCA and [Zn,O(CO,)] as secondary building
units (SBUs) (Figure 1a) to provide three- and six-coordi-
nated vertices, respectively. The SBUs are produced by
employing previously determined reaction parameters to
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Figure 1. a) ATCA unit linked to three octahedral SBUs. Zn blue,

O red, N green, C black. b) One net of MOF-150 with ZnO, tetrahedra
(blue) filled in c) as (b) but stylized. d) Two intergrown nets as (c).

e) Tiles of the pyrite net.

effect their formation in situ.*® Thus, the reaction of zinc
nitrate and TCA in DMF/EtOH/H,0 resulted in the forma-
tion of light brown truncated crystals, which were formulated
by elemental microanalysis and single crystal X-ray diffrac-
tion studies.!

The structure consists of two identical interpenetrating
nets, one of which is shown in Figure 1b. In this structure, the
basic zinc acetate octahedral SBUs, each composed of four
ZnO, tetrahedra sharing a common corner, are linked by the
tritopic TCA to form a 6,3-coordinated net shown in stylized
form in Figure 1c. The two interpenetrating frameworks are
depicted in Figure 1d. The underlying 6,3-coordinated frame-
work has symmetry Pa3, and the two interpenetrating frame-
works have symmetry /a3 (as found in the crystal, Figure 1d).
The topology of each framework is related to the structure of
the pyrite form of FeS,; it has the same topology if the S—S
bonding in pyrite is ignored, so we call it the pyrite net.”) It
has been observed, not interpenetrating, in a [Hg(TPT),]*"
(TPT = 2,4,6-tri(4-pyridyl)-1,3,5-triazine) framework.®! A cy-
anide with the pyrite topology (but now with the S—S link
included) was also reported, again not interpenetrating.”” We
believe MOF-150 is the first example of a fully catenated
structure (one in which all rings of one net are mechanically
linked to rings of the other and vice versa) with mixed
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coordination. Interpenetration of nets of mixed coordination
is well known,*®1% but they are never fully catenated.

Three DMF and three water molecules per formula unit
fill the space remaining after interpenetration in the crystal.
This space is calculated to be 52 % of the crystal volume and it
is in the form of small capsules of 7-8 A diameter that are
interconnected by 4 A openings. The solvent guests can be
removed from the pores in air: A sample (18.526 mg) heated
at 10°Cmin~" in air from 30 to 700°C showed a weight loss
(20.9 %) step at 240°C corresponding to the loss of all guests
(21.0% calcd for three DMF and three H,O molecules per
unit formula).

MOF-150 is important both in its intrinsic net properties
and in the fact that it led to the identification of the pyrite net
as the default structure for the assembly of triangles and
octahedra. It is instructive to discuss the topology of the net in
terms of tilings of space."'! Figure 1e shows space-filling tiles
(cages) that underlie the pyrite net. The tiling is composed of
trihedral tiles (green) and hexahedral tiles (red) in the ratio
2:1 and the vertices and edges of the tiling are the vertices and
edges of the pyrite net. The tiling is an example of a natural
tiling in that all the rings of the net are faces of the tiles and
vice versa.l'”l Tilings are characterized by a transitivity pgrs
which signifies that there are p kinds of vertex, g kinds of
edge, r kinds of face (ring), and s kinds of tile."® The simple
cubic network, which is derived from a tiling of space with
congruent cubes, is an example of a net with transitivity 1111
(all vertices, edges, faces and tiles related by symmetry). The
most regular net with two kinds of vertex is that of the fluorite
(CaF,) structure which has transitivity 2111; we believe that it
is the only net in this class.'”

The next most regular tilings with two kinds of vertex have
transitivity 2112 and pyrite is a member of this very small
class. The dual structure is obtained by placing new vertices
inside the original tiles and allowing new edges to connect
these new vertices in the interior of adjacent tiles. It should be
clear that a net and its dual are fully catenated, and that for a
net with transitivity pqrs, the dual has transitivity srgp. For a
net to be self-dual the transitivity must be palindromic; and
indeed the pyrite net is self-dual.

The pyrite net has other interesting properties that it
shares only with the diamond net. All the rings are 6-rings and
all are related by symmetry. There are two 6-rings per vertex
and the average coordination number is four.

It is our thesis that unless specific information in the form
of low-symmetry features of the SBU is provided, the default
net will form for a given connectivity and indeed this is
overwhelmingly the case.l'! Thus it might be expected that for
6,3-coordination the pyrite net would be the default net.
However most framework materials with this connectivity
reported to date have the rutile topology and in fact this was
identified as the default structure,'l but rutile is significantly
less symmetric than pyrite having two kinds of edge and three
kinds of ring (transitivity 2232). Most of the rutile-structured
materials reported have been cyanides with interpenetrating,
partly catenated, frameworks such as {M[C(CN),],};"*" in
some instances the three-coordinated vertex has more than
one kind of link as in compounds with a {M[N(CN),],}
framework, so the appearance of a less-symmetrical network
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is less surprising in this instance.”® The occurrence of the
rutile net in bis(isonicotinate) Fe' is understandable on the
same grounds."”! We also note that in the case of MOF-150,
the “octahedral” SBU actually has tetrahedral (7)) symmetry
with the planes of opposite carboxylate groups at 90°.
However, as can be seen from Figure 1c, opposite triangular
groups have to be coplanar. TCA is flexible enough to provide
the twist angle of 45° needed between the carboxylates and
triangles. With less-flexible linkers we might expect to find
other, less-symmetrical nets; we are exploring this possibility.

Experimental Section

A mixture DMF/C,H;OH/H,O (1.00/0.25/0.25 mL) containing the
acid form of TCA (H;TCA)' (0.005g, 1.32x107°mol) and
Zn(NO;),-6 H,0 (0.017 g, 5.71 x 107> mol) was sealed under vacuum
in a quartz tube (10 mm external diameter, 15cm length, 6 mL
capacity) and heated (0.5°Cmin ') to 90°C for 20 h, then cooled at
0.1°Cmin™" to room temperature. The light brown truncated
octahedral crystals were washed with a DMF/ethanol mixture (3-
4 mL) to give MOF-150 (0.01 g 55 % yield). Elemental analysis calcd
(%) for C5H5,0yNsZn,=[Zn,O(TCA),]-(DMF);:(H,0);: C47.14,
H 3.96, N 5.39; found C 47.98, H 3.84, N 5.40.
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