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The structural features of metal-organic frameworks (MOFs) can be analyzed based on network structure
(net) topology, composed of nodes and linkers. The connectivity and site symmetry of a node are
probably the most important factors affecting the net topology of MOFs. Many MOFs with multiple
nodes of different connectivity and site symmetry have complicated net topologies. However, the
underlying net topology of some complicated MOFs could be analyzed using a hierarchical simplification
approach. The underlying net topology of complicated MOFs with multi-connected nodes could be
analyzed using a metal-organic polyhedron composed of multiple nodes as either a secondary building
unit or a tertiary building unit. The simplified net topology provides better insight into the structural
features of the complicated MOF structures and could be utilized in designing new MOF structures with

known and/or unprecedented net topologies.

Introduction

Metal-organic framework (MOF)! are of an interesting class of
materials because of inherent diversities in their structures and
properties coming from the infinite number of combinations of
organic and inorganic building blocks. The structural features of
the MOFs can be analyzed based on the net topology composed
of nodes (vertices) and linkers (edges), where metal ions (or
metal clusters) and organic and inorganic ligands usually serve as
secondary building units (SBUs).2

The prediction of the structure and net topology of an MOF
from building components under a given reaction condition is not
of an easy task because of both the variability of metal
coordination geometry and the diverse interconnectivities
between the building components.® Reactions of the same metal
ions and organic ligands under slightly different reaction
conditions often lead to MOFs of completely different structures
and net topologies." When the building units have strong
tendency to form some specific metal centers such as the p*-oxo
tetranuclear Zn(l1) cluster, [Zn,O0(COQ)],° as an octahedral 6-
connected SBU and a Cu(Il) paddle-wheel cluster, [Cu,(COO),],°
as a square planar 4-connected SBU, reticular chemistry afforded
a certain degree of success predicting the final MOF.’

The structure of a network is affected by several factors such
as building blocks, solvent, temperature, pH and so on and its
topology is mainly dependent on the connectivity and the
symmetry of the metal ions (or metal clusters) and organic
nodes.® Not only the number of possible network structures is
infinite but even the number of possible net topologies is infinite
because the number of the topologically different vertices and the
way of the linkages of the vertices are infinite. The enormous
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number of the network structures with diverse and complicated
net topologies was already reported in the past two decades. The
net topologies of many of those MOFs could be analyzed by the
use of hierarchical approach.® The hierarchical simplification
approach could help us to comprehend and to generalize the
underlying net topology of complicated 3-D MOFs assembled
from various building nodes.

The focus of this review is on providing a better understanding
of complicated MOFs based on metal-organic polyhedra (MOPs)
as SBUs or TBUs comprising multiple organic and inorganic
nodes (Figure 1).2° Hierarchical analysis of the net topology of
the MOFs could provide the topological characteristics of the
networks and their underlying topologies, and the relationships
between the net topologies. Besides the connectivity and
symmetry properties of organic and inorganic building
components, the connectivity and symmetry properties of the
MOPs could also provide new insights into the factors playing
important roles in the determination of the MOF structures, which
could be utilized for the design of new MOFs based on various
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Figure 1. Topologies of MOPs. (a) Tetrahedral MOPs of a 3* face symbol
and a 6* face symbol. (b) A heterocubic MOP of a 4° face symbol. (c)
Cubic MOPs of a 4° face symbol and an 8° face symbol. (d) Octahedral
MOPs of a 3* face symbol and a 6° face symbol. (e) Cuboctahedral MOPs
of a 3%4% face symbol and a 6°.8° face symbol. (f) Two rhombic
dodecahedral MOPs of the same 4'? face symbol and the other rhombic
dodecahedral MOP of an 8'? face symbol. (g) Truncated octahedral MOP
(sod cage) of a 4°.6% face symbol. (h) Partially truncated rhombic
dodecahedral MOP of a 4°.6'" face symbol. (i) Truncated cuboctahedral
MOP (Ita cage) of a 4'2.6% 8° face symbol.

It is well known that MOF-5% and its isoreticular structures®
of pcu topology''t can be obtained by interconnecting the
[Zn,O(CO0)] SBUs as a 6-¢c octahedral node using various rigid
linear organic ligands as a 2-c linker. When planar 4-c
[Cu,(COO0),] paddle-wheel SBUs are interconnected via various
planar 3-c organic linkers, HKUST-1%% and its isoreticular
structures®° can be obtained as a 3,4-c net of tbo topology.
Although HKUST-1 of tbo topology is quite different from
MOF-5 of pcu topology, HKUST-1 could be considered as a net
of pcu underlying topology. In the network of HKUST-1, the
topological tetrahedral metal-organic polyhedron (MOP)
consisting of four trinodal organic nodes and six shared tetratopic
nodes (4-c shared-edge-centers) as a supermolecular building
block serves as a tertiary building unit (TBU) and the tetrahedral
MOP shares its edge-centers with the six neighboring MOPs in a
primitive cubic packing arrangement. The underlying topology of
the network is pcu. On the other hand, the other 3,4-c network of
bor topology, [Cus(TPT)4](ClO,); (TPT = 2,4,6-tri(4-pyridyl)-
1,3,5-triazine), can be obtained via the combination of the planar
3-c organic node, TPT, and the tetrahedral [Cu(l)(Npyriay)a] 4-C
inorganic node instead of the planar [Cu,(COO),] 4-c node in the
network structure of tbo topology.'? The network structure of bor
topology is also based on the tetrahedral MOP consisting of four
trinodal organic nodes and six shared tetratopic nodes as a MOP,
and the MOPs in a primitive cubic packing arrangement are
interconnected via edge-center-sharing of the MOPs, and the
underlying topology of the network is again pcu. The network
structures of tho and bor topologies are dictated by the symmetry
properties of the 4-c nodes at the shared-edge-centers of the
tetrahedral MOPs. When the shared-edge-center of the tetrahedral
MOP is a planar 4-c node of D,, (mmm) point symmetry, the net
of tbo topology could be obtained. On the other hand, when the
shared-edge-center of the tetrahedral MOP is a tetrahedral 4-c
node of D,y (-42m) point symmetry, the net of bor topology
could be obtained. Table 1 lists all the MOFs covered in this
review with their originally reported topologies and the
underlying topologies analyzed using an MOP composed of
multiple nodes as either an SBU or a TBU.

MOFs based on MOPs as SBU or TBU
Networks based on tetrahedral MOP

Networks based on corner linkage of tetrahedral MOP

A 4-c net of dia-a topology. A 4-c net based on a corner-linked
tetrahedral MOP could have dia-a topology. The network
[Cd4(SPh)s](SPh), (SPh = benzenethiolate) is an example having
dia-a topology, where the tetrahedral MOP consisting of four
corner-linked 4-c [Cu(l)(Spp)4] nodes in a tetrahedral arrangement
serves as a 4-c SBU, and the MOPs corner-shared in a staggered

conformation are interconnected to a dia-a topology via the other
bridging SPh group as a 2-c linker (Figure 2).*® In the network,

0 the 2-c SPh ligand serves both as the edges of the tetrahedral
MOP and as a linker between the MOPs. The network of dia-a
net topology has a supercage of a truncated tetrahedral geometry
(a polyhedron of a 3*.12* face symbol).

Figure 2. A 3-D network of dia-a topology based on the tetrahedral MOP

65 [Cd4(SPh)g]. (a) The tetrahedral MOP serves as a 4-c SBU through four
outer SPh bridging ligands. (b) The adamantine cage of dia underlying
topology based on the tetrahedral MOP. (c¢) The adamantinoid supercage
of truncated tetrahedral geometry.

Networks based on corner-shared tetrahedral MOP

A 6-c net of crs (dia-e) topology. A crs (dia-e: an edge net of
dia topology) net is a uninodal 6-c net based on a corner-shared
tetrahedral MOP, where the MOPs are corner-shared in a
staggered fashion. A lanthanide-based network, [Pr(im)s(Him)]
(HIM = imidazole), has crs topology, where the Pr(ll1) serves as
75 a 6-c node of D3y (-3m) point symmetry and the imidazolate as a
linker between the nodes (Figure 3).** In the network, the
tetrahedral [Pr,(im)g] units are corner-shared in a staggered
fashion, and the net is dia-e topology. The network of dia-e (crs)
topology has a supercage of truncated tetrahedral geometry (a
polyhedron of a 3%.6* face symbol).

(a)

7
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Figure 3. A 3-D network of dia-e topology. (a) The tetrahedral MOP
[Pry(im)g]. (b) The 6-c crs net based on the tetrahedral MOP as a corner-
shared SBU. (c) The truncated tetrahedral supercage.

A 6-c net of crs (dia-b-¢) topology. An Fe-based network, MOF-
g5 500, is also a net of crs topology with an [Fes0(COO);(py)s] unit
as a trigonal antiprismatic 6-c SBU, where the SBUs form two
different kinds of corner-shared tetrahedral MOPs in a staggered
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fashion (Figure 4)." In the network, the 6-c [Fe;0(COO)3(Npy)a]
SBUs of Cj, (3m) point symmetry are interconnected via two
different kinds of 2-c nodes, three 2-c bpdc ligands (H,bpdc =
4,4’-biphenyldicarboxylic acid) and three 2-c bpe ligands (bpe =
s 1,2-bis-4-pyridylethane). Four corner-shared 6-c SBUs are
interconnected via six bpdc ligands to a tetrahedral MOP, and the
other four corner-shared 6-c SBUs are similarly interconnected
via six bpe ligands to another tetrahedral MOP. These two
different kinds of tetrahedral MOPs are corner-shared in a
10 staggered fashion, and the topology of the network is dia-b-e (an
edge net of dia-b (binary dia)). The net of dia-b-e topology has
two different supercages of the same truncated tetrahedral
geometry (a polyhedron of a 3*.6* face symbol) (Figure 4).

(e) 7\1

Figure 4. A 3-D network of dia-b-e topology based on two kinds of

15 tetrahedral MOPs. (a) The trinuclear [(Fe;O(COO);(py)s)] SBU. (b) The
side view of the 6-c trigonal antiprismatic SBU of Cs, (3m) point
symmetry. (c) The tetrahedral MOP made of six bpe ligands. (d) The
tetrahedral MOP made of six bpdc ligands. (e) The two kinds of
tetrahedral MOPs are corner-shared to a net of dia-b underlying topology.

20 (f) and (g) The two different supercages of a truncated tetrahedral
geometry.

A 6,6,6,6-c net of mtn-e topology. A Cr(Fe,Al)-based extended
framework, MIL-101, is a network containing an [M;O(COO)g]
unit as a 6-c SBU (Figure 5).® The net topology of MIL-101

s could be analyzed as a network based on corner-shared
tetrahedral MOPs. The [M30(COOQ)s] SBUs are interconnected
via six 2-c 1,4-benzene dicarboxylate (BDC) ligands to a network
of 6,6,6,6-c mtn-e topology (Figure 5). In the network, the 6-c
SBUs are interconnected to a tetrahedral MOP via BDC ligands.

30 When the tetrahedral MOP is simplified as a 4-c tetrahedral TBU
corner-shared in an eclipsed fashion, the underlying topology of
the network is mtn. The net of mtn underlying topology contains
two different kinds of supercages: a dodecahedral cage of a 52
face symbol and an mtn cage of a 5*2.6* face symbol.

s In the network of mtn topology, a dodecahedral cage is face-
shared with four adjacent dodecahedral cages via 6-membered
hexagonal faces in dia underlying topology, and four face-

sharing mtn cages in a tetrahedral arrangement are in the
adamantinoid supercage (Figure 6).

40 Figure 5. A 3-D network of mtn-e topology based on a tetrahedral MOP.
(a) Four 6-¢ trinuclear [M;0(COO)s] SBUs are connected by six BDC
ligands to a corner-shared tetrahedral MOP. (b) The linkage between the
[M30(COO)s] SBUs. (c) The tetrahedral MOPs are corner-shared to a net
of mtn underlying topology.

45 Figure 6. (a) Ball-and-stick and (b) tile-and-net models of a net of mtn
topology with dodecahedral cages (blue) in dia underlying topology and
with the four mn cages (cyan) in adamantinoid supercage.

Networks based on edge-center-shared tetrahedral MOP
Network based on a planar 4-c node as a shared-edge-center of a
so tetrahedral MOP
A 34-c net of tbo topology. A Cu(ll)-based extended
framework, [Cuz(BTC),(H,0);] (BTC = 1,3,5-benzene
tricarboxylate) (HKUST-1), is a network of tbo topology
containing a [Cu,(COO0),] paddle-wheel unit as a planar 4-c SBU
ss 0of Dy, (mmm) point symmetry and BTC as a 3-c organic node of
Cs (3m) point symmetry.% In the network, six paddle-wheel
SBUs are interconnected to a tetrahedral MOP via four 3-c BTC
ligands (Figure 7a and b). The six edge-centers of the tetrahedral
MOP, the Cu paddle-wheel SBUs, are shared with the edge-
e centers of six adjacent MOPs in a primitive cubic packing
arrangement (Figure 7c¢). When the MOP is simplified as a 6-c
octahedral TBU, the net is pcu underlying topology. The
arrangement of the tetrahedral MOPs in two different, alternating,
orientations in the network generates two different supercages,
es supercage A and supercage B, of different topologies (Figure 7d
and e). Supercage A is a cube of an 8° face symbol, and
supercage B is a cuboctahedron of a 62.8° face symbol. Several
isoreticular networks of the same tbo net topology have been
reported using 3-c organic ligands of Cs, point symmetry and 4-c
70 planar inorganic nodes of Dy, point symmetry.®>¢t7
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The combination of a planar 4-c node of Dy, point symmetry
with a 3-c node of C; point symmetry (with no o, symmetry),
instead of a Cj, point symmetry, could also yield a net of tho
topology by adopting the alternating tetrahedral MOPs, MOP-A

s and MOP-B, either with the C; point symmetry ligands of a right-
handed C; rotational symmetry and a left-handed C; rotational
symmetry (Figure 8)'® or with disordered C; point symmetry
ligands of right- and left-handed C; rotational symmetry.'® Even
the combination with a flexible 3-c ligand (with no C; and o,

10 Symmetries) could also yield a net of tho topology by adopting
the alternating tetrahedral MOPs with the statistically disordered
3-c ligands at the Cs, point symmetry site.2’

(a)

A,

Figure 7. A 3-D network of tho topology based on a tetrahedral MOP. (a)

The BTC ligand as a 3-c vertex and the [Cu,(COO)4] SBU as a 4-c shared
15 edge-center of the tetrahedral MOP. The MOPs are corner-shared via the

[Cuy(COO0)s] SBU. (b) The planar BTC ligand is linked to three

[Cuy(COO0)4] SBUs. (c) The edge-center-shared tetrahedral MOPs with

3,4-c tbo topology could be considered as a net of pcu underlying

topology based on a tetrahedral MOP as a TBU. (d) and (e) The two kinds
20 of supercages of cubic and cuboctahedral geometries.

Comparison between the nets of tbo topology and pto
topology.t*?* While the reaction of the tricarboxylate ligand,
BTC, with the Cu(ll), having a strong preference for a planar 4-c
[Cu,(CO0),] SBU, led to Cu-HKUST-1 of a 3,4-c net of tho
25 topology, a similar reaction of the other tricarboxylate ligand,
1,3,5-benzenetribenzoate (BTB), with the Cu(ll) afforded MOF-
14 of another 3,4-c net of pto topology.? The net of tho topology
requires the point symmetry of its 3-c node as a C,, point
symmetry, and the planar BTC can satisfy the symmetry
20 requirement of the net of tho topology.?® On the other hand, the
BTB ligand of D5 point symmetry with three benzoate groups
twisted from the ligand plane lacks the symmetry property (m
(oy) symmetry) required for the 3-c node in the net of tbo
topology but it can satisfy the symmetry property of the 3-c node
35 of the net of pto topology: a D; point symmetry. MOF-14 of pto
topology could be obtained when the BTB ligand is combined

with the 4-c [Cu,(COO),] SBU.%

Figure 8. A 3-D network of tbo topology based on the 3-c node of Cs
point symmetry. (a) The alternating tetrahedral MOPs in the network of

40 tbo topology. (b) A view showing the C; point symmetry ligand of a
right-handed C; rotational symmetry in MOP-A. (c) A view showing the
C; point symmetry ligand of a left-handed C; rotational symmetry in
MOP-B.

Network based on a tetrahedral 4-c node as a shared-edge-center
ss Of a tetrahedral MOP
A 3,4-c net of bor topology. A Cu(l)-based extended framework,
[Cus(TPT)4](CIO,); (TPT = 2,4,6-tri(4-pyridyl)-1,3,5-triazine), is
a net of bor topology containing a tetrahedral Cu(l) as a 4-c node
of Dy (-42m) point symmetry and a TPT ligand as a 3-c organic
so node of Cy, (3m) point symmetry (Figure 9).>** In the network,
six Cu(l) centers are interconnected via four 3-c TPT ligands to
form a tetrahedral MOP. As in the networks of tho topology, six
tetrahedral 4-c Cu(l) centers as the six edge-centers of the
tetrahedral MOP are shared with the edge-centers of the six
ss adjacent MOPs in a primitive cubic packing arrangement.
Contrary to the Dy, (mmm) point symmetry of the 4-c node in tbo
topology, the point symmetry of the 4-c node in bor topology is
D,¢.2 When the MOP is simplified as a 6-c octahedral SBU, the
net of bor topology could be considered as a net of the same pcu
0 underlying topology as the net of tbo topology. The net of pcu
underlying topology generates a supercage of partially decorated
heterocubic geometry (a polyhedron of a 6*.8° face symbol) at the
body-center of the cube. Several isoreticular networks of the
same bor net topology have been reported using the 3-c nodes of
&5 Cgy point symmetry and the 4-c tetrahedral nodes of D,y point
symmetry.24¢
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Figure 9. A 3-D network of bor topology based on a tetrahedral MOP. (a) the primitive cubic packing arrangement. The supercage A is a
The tetrahedral MOP with a TPT ligand as a 3-c vertex and copper ions as polyhedron of a 78 85 face symbol, and the supercage B is a cube

a 4-c shared edge-center. (b) The planar 3-c ligand is linked to three 6 .
tetrahedral 4-c nodes. (¢) A 3,4-c bor net with the edge-center-shared of an 8 face symbol. When the two adjacent 3-c nodes (the

5 tetrahedral MOPs could be considered as a net of peu underlying biphenyl group of the ligand) are combined as a single 4-c node,
topology based on a tetrahedral MOP as a SBU. (d) The supercage of the network is a 3,4-c net of tho underlying topology.
partially truncated heterocubic geometry.

As in the 3,4-c net of tho topology, combination of the 4-c
tetrahedral nodes of D,y point symmetry with the 3-c nodes of Cs
10 point symmetry (with no o, symmetry), instead of a Cs, point
symmetry, could also yield a net of bor topology by adopting the
alternating tetrahedral MOPs, MOP-A and MOP-B, of the C;
point symmetry ligands with right-handed and left-handed C,
rotational symmetries, respectively (Figure 10).%°

Figure 11. A comparison of the two 3,4-c nets of (a) tho topology and (b)
50 bor topology based on the edge-center-shared tetrahedral MOPs.

15 Figure 10. A 3-D network of bor topology based on the 3-c node of Cs
point symmetry. (a) The alternating tetrahedral MOPs in the network of
bor topology. (b) A view showing the C; point symmetry ligand with a
right-handed C; rotational symmetry in MOP-A. (c) A view showing the
C; point symmetry ligand with a left-handed Cj rotational symmetry in

20 MOP-B.

Comparison between the nets of tbo topology and bor
topology. The networks of both tbo and bor topologies are based
on the edge-center-shared tetrahedral MOPs (Figure 11). While
the shared edge-center in the tbo net is a planar 4-c node of Dy,

25 point symmetry, the corresponding shared edge-center in the bor
net is a tetrahedral 4-c node of D,y point symmetry.

Networks based on edge-center-sharing and edge-sharing of a
tetrahedral MOP
A 3,3,4-net of lwg topology. The solvothermal reaction of the
Cu(ll) and the octacarboxylic acid 9,9',9",9""-([1,1'-biphenyl]-
3,3',5,5'-tetrayl)tetrakis(9H-carbazole-3,6-dicarboxylic acid)
(Hgbttcd), as a 3,3-c organic node, resulted in the 3,3,4-c network
(PCN-80) of lwy topology based on both tfle edge_center‘shamd Figure 12. A 3,3,4-c network of lwg topology based n a tetrahedral
and the edge-shared tetrahedral MOP of a 7" face symbol (Figure MOP. The tetrahedral MOP is interconnected via (a) edge-center-sharing
s 12).%% The tetrahedral MOP is connected to the six adjacent of a tetrahedral MOP and (b) edge-sharing of a tetrahedral MOP. (c) The
MOPs in a primitive cubic packing arrangement via edge-center- ligand consisting of two different kinds of six 3-c nodes (orange and pink
sharing of a 4-c inorganic node, [Cu,(COO),] SBU (represented % spheres) is connected to eight 4-c [Cuy(COO)4] inorganic nodes (green

by green spheres), and edge-sharing of two adjacent 3-c nodes spheres). (d) The MOP is interconnected to the six adjacent MOPs in a
y ' ) ! primitive cubic packing arrangement via edge-center-sharing and edge-

the biphenyl group of bttcd (represented by two pink spheres). sharing. (¢) The supercage A derived from a cubic cavity is a polyhedron
40 The net of lwg topology based on the MOP as a 6-c TBU is a net of a 7% 8% face symbol. (f) The supercage B derived from the other cubic

of pcu underlying topology. The network has two different kinds o cavity is a cube of an 8° face symbol. (g) and (h) When the two adjacent

of supercages, supercage A and supercage B, both derived from 3-c nodes of the ligand are simplified as one 4-c node, the 3,3,4-c net of
. ' ! . Iwg topology is a 3,4-c net of the topology.

the cubic geometry at the body-centers of the tetrahedral MOPs in § fopology PoTogy

@
S
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Networks based on cubic MOP

Networks based on corner-shared heterocubic MOP

A 3,6-c net of spn topology. Lin and co-workers reported a 3-D
Cd network, [Cd(3- ppp).] (3-ppp = 3-pyridylphosphonate), using
s 3-ppp as organic ligand.?” The topology of the network is a 3,6-c
spn net, where the Cd(ll) center is an octahedral 6-c node and the
tripodal 3-ppp is a 3-c organic node (Figure 13). The network
contains a partially corner-shared heterocubic MOP as a SBU,
where 3-c 3-ppp serves as an organic 3-c node and the Cd(Il)
w0 participates in the formation of another 3-c corner of the
heterocubic MOP. The corner-shared 6-c Cd(ll) ions are at the
edge-centers of the net of dia underlying topology based on the
heterocubic MOPs in a staggered fashion. The spn net is also an
edge net of dia underlying topology, where the vertex of the net
15 of dia topology is decorated by a heterocube rather than a
tetrahedron. The spn net has a supercage derived from
adamantinoid geometry (a polyhedron of a 4°.12* face symbol).

(@)

(b)lﬁj (c)

¢

Figure 13. A 3-D network of spn topology based on a heterocubic MOP.
(a) The partially corner-shared heterocubic MOPs, where the pink spheres

20 represent 3-c 3-ppp ligands and the green spheres represent corner-shared
6-c cadmium ions. (b) A net of the corner-shared heterocubic MOPs of
dia underlying topology. (c) The supercage of a 4°12* face symbol
derived from adamantinoid geometry.

Comparison between the nets of crs topology and spn
25 topology. The net of 3,6-c spn topology is closely related to the
net of 6-c crs topology. Both are nets of the same dia underlying
topology. While the net of crs topology is an edge net of dia
topology based on the corner-shared tetrahedron as a SUB or
TBU, the net of spn topology is an edge net of the same dia
2 topology but based on the alternatively corner-shared heterocube
(Figure 14).
A 3,3,3,3,3,3,6,6,6,6-c net of moo topology. Another Cr(Fe,Al)-
based extended network, MIL-100, could be analyzed as a
network containing an [M;O(COO)e] unit as a 6-c SBU and BTC
s as a 3-c organic node.? Topology analysis reveals that the MOF
is a net of extremely complex 3,3,3,3,3,3,6,6,6,6-c moo topology
with 10 topologically different vertices. In the network, four 6-c
SBUs are interconnected via four 3-c BTC ligands to a
heterocubic MOP (Figure 15). The heterocubic MOP in MIL-100
40 is composed of two different kinds of nodes, 3-c and corner-
shared 6-c nodes. The four corner-shared 6-c trigonal prismatic
nodes are interconnected to a heterocubic MOP via three 3-c

organic nodes, BTC ligands. When the heterocubic MOP is
simplified as an alternatively corner-shared 4-c heterocubic TBU

a5 in an eclipsed fashion, as in the case of MIL-101, the underlying
net topology of MIL-100 is the same as that of MIL-101, mtn.
The MIL-100 also has the two different kinds of mesoporous
supercages as in MIL-101.

Figure 14. A comparison between the nets of (a) crs topology and (b) spn
50 topology.

Figure 15. A 3-D network of moo topology based on a heterocubic MOP.
(a) The heterocubic MOPs are corner-shared, where the orange spheres
represent 3-c BTC ligands and the green spheres represent corner-shared
6-c SBUs. (b) The BTC ligand in the heterocubic MOP is linked to three

55 6-c SBUs. (c) The corner-shared heterocubic MOPs generate a net of mtn
underlying topology based on a heterocubic MOP as a TBU.

Comparison between MIL-101 and MIL-100. While the
trigonal prismatic 6-c [M30(COQ)s] SBUs in MIL-101 are
interconnected via a 2-c BDC linker to a network of mtn-e

60 topology, the same SBUs in MIL-100 are interconnected via a 3-c
BTC linker to a network of moo topology. Both MIL-101 and
MIL-100 contain MOPs made of four SBUs interconnected in a
tetrahedral arrangement. While in MIL-101 the corner-shared
tetrahedral MOPs are interconnected to the network of mtn

es underlying topology, in MIL-100 the alternatively corner-shared
heterocubic MOPs are interconnected to the networks of the same
mtn underlying topology (Figure 16).

6 | Journal Name, [year], [vol], 00-00
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Figure 16. A comparison between the nets of (a) mtn-e topology and (b)
moo topology.

Networks based on corner-linked cubic MOP
A 4-c net of pcb topology. The solvothermal reaction of Zn(ll),
s Him and 5-methylbenzimidazole (Hmbim) in the presence of (8-
2-amino-1-butanol and benzene yielded the zeolitic network TIF-
3 of pcb topology (ACO zeolite framework) based on the
[Zng(im)s(mbim)s]*~ cluster as a cubic MOP (Figure 17).%° In the
network, the eight tetrahedral 4-c [ZnN,] inorganic nodes in a
10 cubic arrangement are connected to a cubic MOP via the
combination of 12 im and mbim ligands as bent 2-c linkers,
where two 4-c inorganic nodes are the node of the [Zn(N;n).] co-
ordination environment, and the remaining six 4-c inorganic
nodes are the node of the [Zn(Nin)(Nmpim)2] coordination
s environment. The cubic MOP is further linked to eight
surrounding MOPs in a body-centered cubic packing arrangement
to a net of pcb (bcu-a) topology via the im ligand as another 2-c
linker.

Figure 17. A 4-c zeolitic network of pcb topology based on the cubic
20 MOP [Zng(im)g(mbim)e]*". (a) Two cubic MOPs are corner-linked via a
2-c im linker. (b) The two 4-c nodes in two different coordination
environments, the first tetrahedral 4-c node consists of two im ligands and
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two mbim ligands, and the second tetrahedral 4-c node consists of all four
im ligands (the imidazolate, drawn using broken bonds, is disordered in
the crystal structure). (c) The network based on corner-linked cubic
MOPs in beu underlying topology.

Networks based on single edge-center-linked cubic MOP

A 33c net of xaa topology. A  network,
Zn,Gg[Zng(imdc)g(Himdc),], based on an edge-center-linked
cubic MOP, could be prepared by the reaction of 4,5-
imidazoledicarboxylic acid (Hzimdc) and Zn(ll) in the presence
of a guanidinium cation (G*) (Figure 18).*° In the network, the
eight tripodal 3-c [Zn(ON)ingc)s] inorganic nodes in a cubic
arrangement are connected via the combination of 12 imdc and
Himdc ligands as a linear 2-c linker to a cubic MOP,
[Zng(imdc)g(Himdc),]*®.  The cubic MOP is  further
interconnected to 12 neighboring cubic MOPs in a cubic close
packing arrangement via edge-center linkages through a ditopic
[Zn(COO0),] linker. When the edge-center-linked cubic MOP is
considered as a 12-c node, the MOF is a net of fcu underlying
topology. The cubic close packing arrangement of the cubic
MOPs led to two different kinds of supercages derived from an
octahedron and a tetrahedron: a polyhedron of an 8%.9% face
symbol and a polyhedron of a 9* face symbol, respectively.

Figure 18. A network of xaa topology based on a cubic MOP. (a) The
cubic MOPs are interconnected via the edge-center through the ditopic
linker [Zn(COO),]. (b) The network of fcu underlying topology showing
the cubic close packing arrangement of the cubic MOPs. The two
different kinds of supercages of (c) a polyhedron of an 8°.9® face symbol
and (d) a polyhedron of a 9* face symbol.

Networks based on partial edge-center-linked cubic MOP

A 3,3,3-c net of rgz topology. Zou et al. reported another
network, Liyy(H20),0[Nig(imdc);,], based on an edge-center-
linked cubic MOP, [Nig(imdc);,]%", as a TBU.* In the network, a
Li* bridges two adjacent cubic MOPs via the four O atoms from
two edge-ligands of two adjacent cubic MOPs (Figure 19).
Among the 12 edges of the cubic MOP, only six alternative edges
are linked to the six adjacent cubic MOPs in a primitive cubic
packing arrangement by the Li* ions, leading to a 3,3,3-c net of
rgz topology. When the cubic MOP is considered as an
octahedral 6-c node, the network could be considered as a net of
pcu underlying topology. The primitive cubic packing
arrangement of the cubic MOPs led to a polyhedral supercage
derived from a cube, a polyhedron of an 18° face symbol.

This journal is © The Royal Society of Chemistry [year]
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Figure 19. A 3,3,3-c network of rqz topology based on a partially edge-
center-linked cubic MOP. (a) The cubic MOPs are linked via the edge-
centers of the cubic MOP. (b) The network of pcu underlying topology
showing the primitive cubic close packing arrangement of the cubic
MOPs. (c) The supercage of an 18° face symbol. The pink dotted lines
show the cubic geometry of the supercage.

Networks based on double edge-center-linked cubic MOP

A 3,3-c net of tfg/P topology. Chen et al. reported a 3,3-c
network of tfg/P topology (Figure 20).%2 The network, based on a
doubly edge-center-linked cubic MOP,
[Co(H,0)s]{Nag[Cog(Hmidc);,]}, is a net of pcu underlying
topology when the doubly linked cubic MOPs in a primitive
cubic packing arrangement are considered as a 6-c octahedral
node. The network contains a polyhedral supercage derived from
a cube at the body-center, a polyhedron of a 12° face symbol.

Figure 20. A 3,3-c network of tfg/P topology based on a doubly edge-
center-linked cubic MOP. (a) The cubic MOPs are doubly linked via the
edge-centers of the cubic MOP. (b) The network of pcu underlying
topology showing the primitive cubic close packing arrangement of the
cubic MOPs. (c) A supercage of a 12° face symbol.

Networks based on multiple edge-center-linked cubic MOP

A 3,4-c network based on a [Nig(imdc);,]** cluster as a cubic
MOP has been reported (Figure 21).3* The octahedral 3-c Ni(ll)
center as the corner of the cubic MOP is generated by three imdc
ligands in the (ON)in¢c chelating binding mode. In the network of
Na,g(H,0)28[Nig(imdc)y,], the eight tripodal 3-¢ [Ni((ON)imgc)s]
inorganic nodes in a cubic arrangement are connected via 12
imdc ligands to a cubic MOP, [Nig(imdc),,], and the cubic MOPs

are further linked to eight surrounding MOPs in a body-centered

30 cubic packing arrangement via multiple Na-O bonds to a 3,4-c

net topology. The network based on the cubic MOP as an 8-c
TBU is a net of bcu underlying topology.

Figure 21. A 3,4-c network based on the cubic MOP [Nig(imdc);,]*"". (a)
Two cubic MOPs are linked via multiple Na—O bonds. (b) An octahedral

35 3-c Ni(I) center. (c) The network based on the cubic MOPs in bcu

underlying topology.
Networks based on octahedral MOP

Networks based on corner-linked octahedral MOP
A 5-c net of cab topology. Zhou and co-workers reported an

40 octahedron-based MOF, [Cu,(cdc),(bipy)] (cdc = 9H-carbazole-

3,6-dicarboxylate, bipy = 4,4'-bipyridine).*®* The network,
adopting a net of cab-c (twofold catenated cab) topology,
contains an octahedral MOP based on cdc as a 2-c 90 <bent linker
and a square planar paddle-wheel cluster [Cu,(COO),] as a 4-c

ss SBU (Figure 22). The octahedral MOP is further interconnected

via a bipy linker to the network of cab (pcu-a) topology based on
the octahedral MOP as a 6-c octahedral TBU. The MOF of pcu
underlying topology has a truncated cubic supercage of a 3°.8°
face symbol.

s0 Figure 22. A 3-D network of cab topology based on an octahedral MOP.

(a) The octahedral MOP assembled from 12 cdc ligands as a 90°-bent 2-¢
linker and six [Cuy(COO)4] SBUs as a planar 4-c corner is corner-linked
via a linear 2-c bipy linker. (b) A 2-¢c 90°-bent linker. (c) Scheme of pcu-
a topology with the octahedral MOP as a TBU. (d) The truncated cubic

55 supercage of a 3*.8° face symbol.
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Networks based on corner-shared octahedral MOP

An 8-c net of reo (pcu-e) topology. Kaskel and co-workers
reported DUT-51(Zr) based on a [ZrgOg(OH),(COO0)g] cluster as
a uninodal 8-c SBU (Figure 23).*** The 8-c SBU of a D,, (mmm)
point symmetry interconnected via the linear ditopic dithieno[3,2-
b;20,30-d]-thiophene-2,6-dicarboxylate (dttdc) linker of a Cs (m)
point symmetry yields a network of a corner-shared octahedral
MOP that adopts an edge net of pcu underlying topology (pcu-e:
reo topology). The network of reo topology has a supercage of
cuboctahedral geometry (a polyhedron of a 3%.4° face symbol).
Isoreticular DUT-67(Zr) has the same 8-c SBU of a D,, point
symmetry, but the SBUs are interconnected via the other linear
ditopic linker, 2,5-thiophenedicarboxylate (tdc), of a Cs point
symmetry.34

Figure 23. A 3-D network of reo topology based on an octahedral MOP.
(a) An octahedral MOP based on six [ZrgOs(OH),(COO)s] clusters
interlinked via 12 2-c dttdc linkers. (b) Scheme of pcu-e topology with
the corner-shared octahedral MOP. (c) The cuboctahedral supercage of a
38 4° face symbol.

Networks based on edge-center-linked octahedral MOP

A 3,4-c net of tfb topology. Zaworotko and co-workers reported
another type of octahedron-based MOF, [Ni,(atc)(H,0)3] (Hjatc
= 3,5-dicarboxyl-(3',5'-dicarboxylazophenyl)benzene), of a 3,4-c
net of tfb topology, using the atc ligand containing two 1,3-
benzenedicarboxylate (1,3-BDC) units (Figure 24).% Twelve 1,3-
BDC groups of the atc ligands and six [Ni,(COO),] SBUs as 2-c
edges and 4-c corners, respectively, formed an octahedral MOP.
The MOP as a TBU was further interconnected to the 12
surrounding MOPs in a cubic close packing arrangement to the
3,4-c network of tfb topology via the diaza group of the atc
ligand through the 12 edge-centers of the octahedral MOP. When
the edge-center-linked octahedral MOP is considered as a 12-c
TBU, the network is a net of fcu underlying topology. The
network of fcu underlying topology contains two different kinds
of supercages, an octahedron of a 9% face symbol and a
polyhedron of a 6*.9* face symbol. The octahedral MOP of the 98
face symbol is based on the six paddle-wheel units as the 4-c
vertices of an octahedron connected by the 12 2-c atc ligands.
The second polyhedron of the 6%.9* face symbol is the decorated
tetrahedral cage with four 3-c corners replaced by the hexagons
formed by the alternating [Ni,(COO),] SBUs and the BDC units
of the ligands. Another isoreticular network of the same tfb net
topology was also reported using the other tetracarboxylate
ligand, benzoimidephenanthroline tetracarboxylate, containing
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two 1,3-BDC units and 4-c inorganic nodes.*®
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Figure 24. A 3-D network of tfb topology based on an edge-center-linked
octahedral MOP. (a) The octahedral MOP based on the [Niy(COO)4]
paddle wheel serves as a 12-c TBU interconnected via the diaza group of
the atc ligand. (b) Scheme of the net of fcu underlying topology with the
octahedral MOP as a TBU. The two different kinds of supercages are
derived from (c) an octahedron and (d) a tetrahedron.

Networks based on cuboctahedral MOP

Networks based on corner-linked cuboctahedral MOP

A 5-c net of ubt topology. It is well known that the reaction of a
ligand containing the 1,3-BDC unit with either the Cu(ll) or
Mo(ll) could lead to a cuboctahedral MOP based on the
[M,(COO0),] paddle-wheel SBU as a square planer 4-c vertex and
1,3- BDC as a 1202bent 2-c edge.*® The solvothermal reaction of
5-methyl-1,3-benzenedicarboxylic acid (H,MBDC) with Zn(Il) in
the presence of 1,4-diazabicyclo-[2.2.2]octane (dabco) led to a
cuboctahedron-based  Zn-MOF, [Zn4(MBDC),(dabco)(OH,),]
(Figure 25).%" In the network, the [Zn,(COOQ),] paddle wheel as
SBU was connected to a cuboctahedral MOP via MBDC ligands,
and the MOP is further linked via the ditopic dabco through the
12 corners of the cuboctahedral MOP. The network is an example
of a uninodal 5-c net based on the [Zn,(COO),] paddle wheel as a
5-c SBU, and the network is a net of ubt topology. When the
cuboctahedral MOPs in a cubic close packing arrangement are
treated as a 12-c TBU, the network is a net of fcu underlying
topology. The six adjacent cuboctahedral MOPs, which are
connected on the vertices of the square window of the
cuboctahedral MOP, generate a supercage of a truncated
octahedral geometry (a polyhedron of a 4°.68 face symbol). The
four adjacent cuboctahedral MOPs, which are connected to each
other on the vertices of the triangular face of the cuboctahedral
MOP, form a supercage of a truncated tetrahedral geometry (a
polyhedron of a 3%.6* face symbol). Several other isoreticular
networks of the same ubt net topology are also reported.

The networks based on either a corner-shared or a singly edge-
center-linked cuboctahedral MOP are yet to be reported. The
network based on a corner-shared cuboctahedral MOP might lead
to severe congestion of the MOPs around the shared 8-c corners.
For all the 24 edges of a cuboctahedral MOP to be singly
connected to the adjacent MOPs, the MOP must be surrounded
by 24 MOPs, which will cause severe congestion of the MOPs
unless they are connected by more than two different lengths of
linkers.

This journal is © The Royal Society of Chemistry [year]
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Figure 25. A 3-D network of ubt topology based on a cuboctahedral
MOP. (a) The cuboctahedral MOPs are interconnected to the corners of
the adjacent MOPs via 2-c dabco linkers. (b) Scheme of a net of feu
underlying topology with the corner-linked cuboctahedral MOP as a 12-c
TBU. (c) and (d) The two kinds of supercages with truncated octahedral
and truncated tetrahedral geometries, respectively.

3

Networks based on edge-center-linked cuboctahedral MOPs.
A 3/4-c network based on doubly edge-center-linked
cuboctahedral MOP

A 3,3,334,4,4,4-c net of gjm topology. Zaworotko and co-
workers reported the edge-center-linked cuboctahedron-based
MOF, [(Cuy)12(5-SO3-BDC);4(5-SO3H-BDC)g(4-
methoxypyridine)s(MeOH)15,(H,0)15 12x]** (5-SO3-BDC = 5-
sulfonatoisophthalate; 5-SO3H-BDC = 5-sulfoisophthalate), using
5-S0O3;-BDC/5-SO;H-BDC as the edge of the cuboctahedral
MOP.* In the network, 16 of the 24 edge-centers of the
cuboctahedral MOP are doubly interconnected to the edge-
centers of the eight adjacent MOPs via coordination of the
sulfonate group at an edge-center to a 2-C
[Cu(methoxypyridine),] node. When the MOP is considered as a
doubly linked 16-c TBU, the network is a net of bcu underlying
topology (Figure 26).
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Figure 26. A 3,3,3,3,4,4,4,4-c network of gjm topology based on a
cuboctahedral MOP. (a) The cuboctahedral MOP is doubly
25 interconnected to the adjacent MOP via edge-center linkages. (b) Scheme

of the net of beu underlying topology based on the cuboctahedral MOP as
a TBU.

Networks based on quadruply edge-center-linked cuboctahedral
MOP
3 A 3,3,4,4-c net of zmj topology. When a ligand containing two
1,3-BDC units linked via a flexible linker was combined with
Cu(ll), a network of zmj-c (catenated zmj) topology was reported
based on an quadruply edge-center-linked cuboctahedral MOP as
a TBU.®® A similar ligand containing a rigid bent linker, 1,3-
35 bis(3,5-dicarboxylphenylethynyl)benzene, also led to the
isoreticular twofold interpenetrated structure, PMOF-3.** In the
single network of PMOF-3, the cuboctahedral MOP is quadruply
interlinked to the six neighboring MOPs in a primitive cubic
packing arrangement via the 24 edge-centers of the MOP (Figure
20 27). In the network of zmj topology, two different kinds of
quadruple linkages, two AA-type linkages between the same two
square faces of the cuboctahedral MOPs (represented by purple
rods) and four BB-type linkages between the same two square
nodes of the cuboctahedral MOPs (represented by cyan rods)
45 were observed (Figure 28).*! The network based on the quadruple
edge-center-linked cuboctahedral MOP as a TBU is a net of pcu
underlying topology. The primitive cubic packing arrangement of
the MOPs contains a supercage at the body-center of the network,
a polyhedron of a 3*.6* face symbol derived from cubic geometry.

s0 Figure 27. A 3-D network of zmj topology based on a cuboctahedral
MOP. (a) Two different kinds of quadruple linkages between the
cuboctahedral MOPs (44-type linkage (purple rods) between the same
two square faces of the cuboctahedral MOPs and BB-type linkage (cyan
rods) between the same two square nodes of the cuboctahedral MOPs).
s5 (b) The ligands are involved in two different kinds of quadruple linkages,
where the ligand could be considered as two linked 3-c nodes
participating as the edges of the cuboctahedral MOPs. (c¢) Scheme of the
net of pcu underlying topology with the quadruply edge-center-linked

10 | Journal Name, [year], [vol], 00-00
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cuboctahedral MOPs as a TBU. (d) The cubic supercage of a 3*.6* face
symbol.

Figure 28. Three different kinds of quadruple linkages observed in the
cuboctahedron-based networks of peu underlying topology. (a) An AA4-

5 type (purple rods), (b) a BB-type (cyan rods) and (c) an AB-type (pink
rods).

A 33334444-c net of zhc topology. PCN-12 is a
3,3,3,3,4,4,4,4-c network of zhc topology containing a quadruply
edge-center-linked cuboctahedral MOP (Figure 29). Reaction of

10 the Cu(ll) with a ligand containing a short methylene linker
between the two 1,3-BDC residues yielded a network of zhc
topology.*? Although the net of zhc topology has the same pcu
underlying topology, based on the quadruply edge-center-linked
cuboctahedral MOP as the net of zmj topology, the kinds of

15 quadruple linkages in the zhc net are different from those in the
zmj net. While two different kinds of quadruple edge-center
linkages, AA-type and BB-type, were observed in the network of
zmj topology, only one kind of quadruple edge-center linkage,
AB-type, between the square face of the cuboctahedral MOP and

20 the square node of the cuboctahedral MOP was observed in the
network of zhc topology (Figure 29). The supercage at the body-
center of the pcu underlying net is a complicated cage of a 6°.8°
face symbol derived from a cube.

Figure 29. A 3-D network of zhc topology based on a cuboctahedral
25 MOP. (a) The cuboctahedral MOPs are quadruply linked via the edge-
centers of the cuboctahedral MOP. (b) Scheme of the net of pecu
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underlying topology with the cuboctahedral MOP as TBU. (c) The
supercage of a 6°.8° face symbol.

Networks based on cuboctahedral MOP edge-center-linked via a
3-c node

A 3,3,4-c net of ntt topology linked via a 3-c covalent node.
When a hexacarboxylate ligand containing three 1,3-BDC units
connected via a 3-c covalent node was combined with Zn(ll), a
3,3,4-c net of ntt topology could be obtained (Figure 30).** The
1,3-BDC unit combined with a Zn(ll) generates a 4-c
[Zn,(CO0),] square paddle-wheel SBU of a C,, (mm2) point
symmetry and the 12 4-c SBUs are linked via a 2-c BDC group to
an cuboctahedral MOP as a TBU.} The cuboctahedral MOP was
further interconnected to 12 adjacent cuboctahedral MOPs in a
cubic close packing arrangement via a 3-c covalent node of the
ligand through the 24 edge-centers of the cuboctahedral MOP.
When the cuboctahedral MOP is considered as a 24-c TBU
interconnected via the 3-c covalent node, the underlying net of
ntt topology is a 3,24-c rht topology. The cuboctahedral MOPs
in a cubic close packing arrangement lead to two different kinds
of supercages, a rhombic dodecahedron with the six 4-c corners
decorated by octagons (a polyhedron of an 88 face symbol) and a
heterocube with the four alternating 3-c corners decorated by
hexagons (a polyhedron of a 68 face symbol). Several
isoreticular networks of the same 3,24-c rht underlying topology
have been reported using similar hexacarboxylate ligands of a C,,
(or C3) point symmetry containing three 1,3-BDC units linked via
different 3-c covalent nodes.**

Figure 30. A 3,3,4-c network of ntt topology based on a cuboctahedral

55 MOP. (a) The three cuboctahedral MOPs are linked by the 3-c organic

node. (b) The ligand consisting of two different kinds of four 3-c nodes is
connected to six 4-c inorganic nodes. (¢) Scheme of a 3,24-c rht
underlying topology. (d) and (e) The two kinds of supercages derived
from an octahedron and a tetrahedron, respectively.

This journal is © The Royal Society of Chemistry [year]
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A 3,3,4-c net of ntt topology linked via a coordination 3-c
node and via a hydrogen bonding 3-c node. Another 3,3,4-c
network of ntt topology could be prepared by linking the edge-
centers of a cuboctahedral MOP via a 3-c coordination node.*®

s The solvothermal reaction of 5-tetrazolylisophthalic acid (H;TZI)
and Cu(ll) yielded a Cu-MOF,
[Cu30(H20)3]24[CU24(TZ1)24(H20)24]3(NO3)2s - (HsTZI = 5-
tetrazolylisophthalic acid). In the network, 24 1,3-BDC units of
TZI ligands as edges and 12 Cu paddle-wheel SBUs as 4-c nodes

10 self-assembled into a cuboctahedral MOP, and the MOPs as 24-c
TBUs are interconnected to a 3,24-c f rht underlying topology
via a 3-c node of coordination linkage, [CusO(tetrazole)s], of a
Ca,, point symmetry (Figure 31).

Figure 31. The three 24-c cuboctahedral MOPs in the net of ntt topology
15 are linked by a 3-c [Cu;O(tetrazole);] coordination linkage.

The other 3,3,4-c network of ntt topology could also be
prepared by linking the edge-centers of a cuboctahedral MOP via
a hydrogen-bonded 3-c node.*® The reaction of Cu(ll) with
sodium 5-sulfoisophthalate (Na(5-SO5-BDC)) in the presence of
20 guanidinium  (G") yielded the network {Gg[Cu,s(5-SO5-
BDC),4]}** of ntt topology based on the cuboctahedral MOP
interconnected via a hydrogen-bonded 3-c G cation of a Cj,
point symmetry (Figure 32).

Figure 32. The three 24-c cuboctahedral MOPs in the net of ntt topology
25 are linked by a 3-¢ (G")...(SO5"); hydrogen bond linkage.

Networks based on the combination of quadruple edge-center
linkages and edge-center-to-corner linkages of cuboctahedral
MOP
A 3,3,5-c net of pzh topology. Zhang et al. reported a 3,3,5-c
30 network of pzh topology using a ligand resembling 1,3-bis(3,5-
dicarboxylphenylethynyl)benzene used for PMOF-3 of zmj
topology but containing a pyridyl group at the site of the central
benzene ring (Figure 33).*” The cuboctahedral MOP in the
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network is connected via the 24 edge-centers and the 12 corners
of the MOP as a 36-c TBU and the pyridyl unit of the ligand as a
3-c organic node, and the network was described as a 3,36-C net
of txt topology.'! The network could alternatively be described as
a 3,3,5-c net of pzh topology, where the ligand is considered as a
3,3,3-c node consisting of two different kinds of three 3-c nodes
and the [Cu,(COO),(pyridyl)] cluster as a 5-c node.® The
cuboctahedral MOP in the network is interconnected to six
adjacent MOPs in primitive cubic arrangement via quadruple
edge-center linkages as in the networks of PMOF-3 of zmj
topology and of PCN-12 of zhc topology. However, the
quadruple linkages between the cuboctahedral MOPs are
different from those observed in the networks of zmj and zhc
topologies. All six quadruple linkages in the network are of AA-
type, with the linkage between the same two square faces of the
cuboctahedral MOPs (Figure 33). This 3,4-c subnet based on the
quadruple edge-center linkages is a net of ucp topology proposed
by O’Keeffe and Yaghi.?® In the 3,3,5-c net of pzh topology, the
3,4-c subnets of ucp topology are twofold interpenetrated, and
the central 2-c pyridyl group at the edge-center of one subnet is
further linked to the 4-c [Cu,(COO),] paddle-wheel corner of the
MOP of the other subnet (Figure 33).

Figure 33. (a) The cuboctahedral MOPs with the A4-type quadruple edge-
center linkage and the edge-center-to-corner linkage between the pyridyl
group of the ligand and the corner of the MOP from the other
interpenetrated network. (b) The ligand contains two linked 3-c nodes
participating as the edges of the cuboctahedral MOPs and has a pyridyl
residue between the two 3-c nodes as an additional linkage site. (c) The
net shows the interconnection (cyan rods) between the twofold
interpenetrated subnets of uep topology.

Networks based on cuboctahedral MOPs interconnected via
the combination of a 3-c edge-center linkage and a corner
linkage

A 3,3,5-c net of nut topology. Sun et al. reported an anionic

3,3,5-c network of nut topology, [(Cd,Cl)3(TATPT),*
(HeTATPT = 2,4,6-tris(2,5-dicarboxylphenylamino)-1,3,5-
triazine), containing a cuboctahedral MOP, using the

hexacarboxylate ligand, TATPT, as a 3,3-c organic node
containing two different kinds of four 3-c nodes (Figure 34).%
The net of nut topology contains the characteristics of the nets of
ubt and ntt topologies at the same time. The cuboctahedral MOP
in the network consists of the BDC unit of the TATPT ligand as
an edge and the [Cd(COO),] metal center as a corner. The
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[Cd(CO0),] centers of the cuboctahedral MOP are
interconnected to the 12 cuboctahedral MOPs in a cubic close
packing arrangement via CI™ bridging anions as in the network of
the ubt topology, and the three adjacent cuboctahedral MOPs in
s the network are further interconnected via a 3-c tris(amino)-1,3,5-
triazine unit of the ligand as in the network of ntt topology.&The
cubic close packing arrangement of the cuboctahedral MOPs in
the net of nut topology contains two different kinds of
supercages. The supercage at the octahedral cavity of the cubic
w close packing arrangement of the cuboctahedral MOPs is a
polyhedron of a 5%4.8° face symbol, and the other supercage at the
tetrahedral cavity is an mcp-d polyhedron of a 5%.6* face symbol.

Figure 34. A 3,3,5-c network of nut topology based on a cuboctahedral
MORP. (a) Three adjacent cuboctahedral MOPs in a cubic close packing

15 arrangement are linked by a 3-c tris(amino)-1,3,5-triazine unit through the
24 edge-centers of the MOP and are also linked by a 2-c¢ CI” through the
12 corners of the MOP. (b) A supercage of a 5**.8° face symbol at the
octahedral cavity. (c) The other mep-d polyhedral supercage of a 5'2.6*
face symbol at the tetrahedral cavity.

The net of nut topology could alternatively be described as a
net based on edge-shared mcp-d MOPs in a primitive cubic
packing arrangement (Figure 35). When a 3,3-c node of the
TATPT ligand is simplified as a 3-c node and the [Cd(COO0),].ClI
metal cluster as a 4-c node, the network of nut topology is a net
25 of tho underlying topology, as originally described.*
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Figure 35. A 3,3,5-c network of nut topology based on an edge-shared
mcp-d polyhedral MOP. (a) The mcp-d polyhedral MOP with pink and
orange spheres representing two different kinds of 3-c nodes in the ligand
and green spheres representing 5-c [Cd(COO)4] centers is linked to the
adjacent MOPs in a primitive cubic packing arrangement via edge-
sharing. (b) When the TATPT ligand of two different kinds of four 3-c
nodes is simplified as the ligand of one 3-c organic node, [Cd(COO)4],Cl
metal cluster, the two Cl-linked [Cd(COO),] centers, is a 4-c inorganic
node. (c) The 3,3,5-c net of nut topology based on an edge-shared mep-d
polyhedral MOP. (d) The 3,3,5-c net of nut topology could be simplified
as a 3,4-c net of tho underlying topology.

A 3,5,6-c net of ott topology. Lian et al. reported a 3,5,6-C
network of ott topology,
[Cu,4(CN)4(BTC),5(dabco)e(H,0)6].8(NO3), containing a
cuboctahedral MOP (Figure 36).° The ott net also contains the
characteristics of the nets of ubt and ntt topologies, and of nut
topology, at the same time. The 1,3-BDC unit of a BTC ligand as
an edge and a [Cu,(COO),] paddle-wheel cluster as a 4-c SBU
form a cuboctahedral MOP as a TBU. The 4-c [Cuy(COO),]
paddle-wheel clusters of the cuboctahedral MOP are
interconnected to the 12 cuboctahedral MOPs in a cubic close
packing arrangement via a dabco linker as in the network of ubt
topology, and the three adjacent cuboctahedral MOPs in the
network are further interconnected via a 3-c [Cuz(CN)(COO);]
cluster as in the network of ntt topology. In addition to the 3,3,5-
¢ net of nut topology, the eight [Cu3(CN)(COO);] clusters at the
corners of a cube are further interlinked via dabco linkers to a
cubic cage at the octahedral cavity of the cubic close packing
arrangement of the cuboctahedral MOPs, leading to a 3,5,6-c net
of ott topology (Figure 36¢). The other supercage at the
tetrahedral cavity of the cubic close packing arrangement of the
cuboctahedral MOPs is an mcp-d polyhedron of a 5'2.6* face
symbol as in the net of nut topology.

Figure 36. (a) Three adjacent cuboctahedral MOPs in a cubic close

60 packing arrangement are linked by a [Cu3(CN)(COO);] coordination

linkage through the 24 edge-centers of the MOP and are also linked by a
2-c dabco through the 12 corners of the MOP as a 36-c TBU. (b) The
[Cu3(CN)(COO);] cluster is further linked to the other three
[Cus(CN)(COO);] clusters by 2-c dabco linkers. (c) A cubic cage at the

65 octahedral cavity of the cubic close packing arrangement of the

cuboctahedral MOPs. (d) An mcp-d polyhedral cage at the tetrahedral
cavity of the cubic close packing arrangement of the cuboctahedral
MOPs.

Comparison of the nets of ntt topology, ubt topology, nut

70 topology and ott topology. All the nets of ntt, ubt, nut and ott
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topologies are based on the same cuboctahedra in cubic close
packing arrangement as a TBU (Figure 37). While the three
cuboctahedra in close contact in the 3,3,4-c net of ntt topology
are interconnected via a 3-c node through the edge-centers of the
cuboctahedron (Figure 37a), the three cuboctahedra in the 5-c net
of ubt topology are interconnected via a 2-c node through the
corners of the cuboctahedron (Figure 37b). In the 3,3,5-c net of
nut topology, the three cuboctahedra are interconnected via both
a 3-c node through the edge-centers of the cuboctahedron and a 2-
¢ node through the corners of the cuboctahedron (Figure 37c). In
the 3,5,6-c net of ott topology, in addition to the two different
kinds of linkages between the cuboctahedra in the net of nut
topology, the eight 3-c nodes in a cubic arrangement at the
octahedral cavity of the cubic close packing arrangement of the
cuboctahedra are further interconnected via 2-c nodes (Figure
38d).
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linked by a 3-c node through the 24 edge-centers of the MOP. (b) Three
adjacent cuboctahedra in a net of ubt topology are linked by a 2-c node
through the 12 corners of the MOP. (c) The cuboctahedra in a net of nut
topology are linked both by a 3-c node and a 2-c node. (d) In the net of ott
topology, the 3-c nodes in the net of nut topology are further linked to the
other 3-c nodes by 2-c linkers.
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Networks based on rhombic dodecahedral MOP

Networks based on corner-linked rhombic dodecahedral
MOP

A 3,5-c net of jjp topology. The combination of a 3-c organic
node and a 4-c node could lead to an MOP of a 3,4-c rhombic
dodecahedral geometry.®® When the 4-c node of the MOP is
further linked via an additional 2-c linker, the network based on a
corner-linked rhombic dodecahedral MOP as a SBU could be
achieved (Figure 38). Combination of the organic ligand N,NN "~
tris(3-pyridinyl)-1,3,5-benzenetricarboxamide (tpbc) or N,N’N"~
tris(4-pyridinylmethyl)-1,3,5-benzenetricarboxamide (tpmbc) as a
3-c node and a Cu(ll) as a 4-c corner component leads to a 3,4-c
rhombic dodecahedral MOP as a SBU. The SBU could be further
interconnected by a nitrate anion through the 4-c Cu(ll) ion to a
twofold interpenetrated 3,5-c network of jjp topology. When the
rhombic dodecahedral MOP is considered as a 6-c SBU, the
network is a net of pcu underlying topology. The supercage at the
body-center of the MOPs in the primitive cubic arrangement is a
polyhedron of cubic geometry (a polyhedron of a 12° face
symbol).
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Networks based on corner-sharing of rhombic dodecahedral
s MOP
A 3,8-c net of the topology. Ma and Zhou reported the 3,8-c
network of the topology, PCN-9. The solvothermal reaction of
4,4' 4"-s-triazine-2,4,6-triyltribenzoate  (TATB) and Co(ll)
yielded a 3,8-c network based on the [Co,(z*-O)(COO)g] cluster
s0as an 8-c SBU and the TATB ligand as a 3-c organic node
(Figure 39).%! In the network, six 8-c SBUs of Dy, (4/mmm) point
symmetry and eight 3-c organic nodes of Cs, (3m) point
symmetry form a corner-shared rhombic dodecahedral MOP as a
6-c TBU in the net of pcu underlying topology. The supercage at
ss the body-center of the MOPs in the primitive cubic packing
arrangement is a polyhedron of cubic geometry (a polyhedron of
an 8° face symbol). Several isoreticular networks of the same the
net topology have been reported using 3-c organic ligands and 8-c
inorganic nodes.>

60 Figure 38. A 3,5-c network of jjp topology based on a partially corner-
linked rhombic dodecahedral MOP. (a) Rhombic dodecahedral MOP with
orange vertices representing 3-c organic nodes and green vertices
representing 4-c copper ions is interlinked via the 4-c corners of the MOP.
(b) The MOP as a 6-¢c SBU is connected via a 2-c nitrate anion to a net of

65 peu underlying topology. (c) The supercage of a cubic geometry.

Figure 39. A 3,8-c network of the topology based on a partially corner-
shared rhombic dodecahedral MOP. (a) Rhombic dodecahedral MOP with
orange vertices representing 3-c organic nodes and green vertices
representing cobalt clusters is interlinked via the 4-c corners of the MOP.

70 (b) The MOPs are corner-shared via the 8-c SBU to a net of pcu
underlying topology. (c) The supercage of cubic geometry.

A 3,6-c net of edq topology. The reaction of H,ABTC and In(lll)
in a DMF/CH,CN solution in the presence of piperazine yields a
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3-D MOF, [InO0(ABTC);5(H,0);] (ABTC = 3,3°,5,5-
azobenzenetetracarboxylate).>® When the ligand is considered as
a 3,3-c organic node and the trigonal prismatic
[In30(C0O,)6(H,0)3] cluster is considered as a 6-c inorganic SBU,
the network is a 3,6-c net of edq topology (Figure 40). In the
network, eight 6-c SBUs as corners are combined with six 3,3-c
organic nodes as faces to a cuboidal MOP (topologically
dodecahedral MOP), and the cuboidal MOPs are corner-shared
with eight adjacent cuboidal MOPs in a body-centered cubic
packing arrangement. When the 3,3-c ligand is simplified as a 4-c
organic node, the dodecahedral MOP could be considered as a
rhombic dodecahedral MOP, and the network is a 4,6-c net of soc
topology based on the corner-shared rhombic dodecahedral MOP.
In the net of soc topology, the eight 3-c corners of the rhombic
dodecahedral MOP are corner-shared to the eight adjacent
rhombic dodecahedral MOPs in a body-centered cubic packing
arrangement to a net of bcu underlying topology. On the other
hand, in the net of the topology, the six 4-c corners of the
rhombic dodecahedral MOP are corner-shared to the six adjacent
20 rhombic dodecahedral MOPs in a primitive cubic arrangement to
a net of pcu underlying topology.
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Figure 40. A 3,6-c network of edq topology based on a corner-shared
cuboidal MOP (topologically dodecahedral MOP). (a) The topological
dodecahedral MOP with orange spheres representing 3-c¢ nodes and green

25 spheres representing 6-c¢ [In;O(CO,)s] SBUs is interlinked via the 6-c
shared-corners of the MOP. (b) The 6-c shared-corner of the MOP. (c)
The atc ligand of two adjacent 3-c nodes could be simplified as a ligand
of one 4-c organic node. (d) The 3,6-c net of edq topology based on the
partially corner-shared dodecahedral MOP as an 8-c TBU is a net of beu

30 underlying topology. (¢) The 4,6-c net of soc topology based on the
partially corner-shared rhombic dodecahedral MOP as an 8-c TBU is a
net of the same beu underlying topology.

Networks based on quadruple edge-center linkage of rhombic

dodecahedral MOP
35 A 3,3,4-c net of zjz topology. Zhang et al. reported a network
based on a quadruply edge-center-linked rhombic dodecahedral
MOP (Figure 41).%* The network was prepared by a solvothermal
reaction of the Zn(ll) with the ligand containing two 1,3-BDC
groups linked via the bent rigid organic residue (N-phenyl-N"'-
phenylbicyclo[2,2,2]oct-7-ene-2,3,5,6-tetracarboxdiimide
tetracarboxylic acid). In the network, the rhombic dodecahedral
MOP was built using six [Zn,(COO),] clusters as a 4-c SBU,
eight [Zn,(COO)5] (or Zn(COO)s,) clusters as a 3-c SBU and the

I
3

1,3-BDC groups as the 24 edges of the rhombic dodecahedral
45 MOP. The network based on rhombic dodecahedral MOP is a
3,3,4-c net of a zjz topology, where the rhombic dodecahedral
MOPs are quadruply interconnected to six neighboring MOPs in
a primitive cubic packing arrangement to a net of pcu underlying
topology. This network differs from those of similar 3,3,4,4-c
so networks: PMOF-3 of a net of zmj topology and PCN-12 of a net
of zhc topology. While the quadruple linkages in the nets of zmj
and zhc topologies are between the cuboctahedral MOPs, the
quadruple linkage in the net of zjz topology is between the
rhombic dodecahedral MOPs. The type of the all linkages in the
ss nets of zjz topology is the BB-type linkage between the same two
square nodes of the rhombic dodecahedral MOPs. The net of pcu
underlying topology contains the supercage of cubic geometry (a
polyhedron of an 8° face symbol) at the body-center of the MOPs
in the primitive cubic arrangement (Figure 41). Two other
e0 isoreticular networks of a zjz topology have been reported using
tetracarboxylate ligands containing two 1,3-BDC units linked via
bent residues.®

Figure 41. A 3,3,4-c network of zjz topology based on a rhombic

dodecahedral MOP. (a) Rhombic dodecahedral MOPs are quadruply
65 linked via edge-centers of the MOP, where the 3-c organic nodes are
represented by orange spheres, 3-c inorganic nodes, [Zny(COO);], are
represented by cyan spheres and 4-c inorganic nodes, [Zn,(COO)s], are
represented by green spheres. (b) The two adjacent 3-c nodes of the
ligand are interconnected to 3-c and 4-c inorganic nodes. (c) The rhombic
dodecahedral MOP as a 6-c TBU is quadruply edge-center-linked to six
neighboring MOPs in a primitive cubic packing arrangement to a net of
pcu underlying topology. (d) The supercage of a cubic geometry.

K

=}

Networks based on multiple edge-center-sharing of rhombic
dodecahedral MOP

s A 3,3,4-c net of tfe topology. It is well known that the
solvothermal reaction of the BTC ligand with the Cu(ll) leads to
Cu-HKUST-1, a 3,4-c network of tbo topology, based on the
BTC ligand as organic 3-c node and the [Cu,(COOQ),] cluster as
inorganic 4-c SBU. However, similar reactions of the same BTC

s ligand with the Zn(ll) lead to either the 3-c networks of srs
topology based on both the BTC ligand and [Zn,(COO);] cluster
as 3-c node® or a 3,4-c network of Zn-HKUST-1,%" which is
isostructural to Cu-HKUST-1, based on the [Zn,(COO),] cluster

This journal is © The Royal Society of Chemistry [year]
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as an inorganic 4-c node instead of [Cu,(COOQ),] in Cu-HKUST-
1. A 3,3,4-c network of tfe topology was also reported based on
the BTC ligand as a 3-c organic node and both [Zn,(COQ);] and
[Zn,(CO0),] clusters as 3-c and 4-c inorganic SBUs (Figure
42).%8 As in the network of a 3,3,4-c net of zjz topology, the
rhombic dodecahedral MOP was built using six [Zn,(COO),]
clusters as a 4-c SBU, eight [Zn,(COO0);] (or Zn(COO)s) clusters
as a 3-c SBU and the 1,3-BDC part of the BTC ligand as the 24
edges of the rhombic dodecahedral MOP. In the network of zjz
topology, the edge-centers of the rhombic dodecahedral MOPs
are quadruply edge-center-linked to the adjacent rhombic
dodecahedral MOPs. On the other hand, a 4-c SBU and four
surrounding edge-centers are shared with the adjacent rhombic
dodecahedral MOPs in the network of tfe topology. The 3,3,4-c
net of tfe topology could also be considered as a net of multiple
edge-center-shared rhombic dodecahedral MOPs in a primitive
cubic packing arrangement of pcu underlying topology. The net
of pcu underlying topology contains the supercage of cubic
geometry (a polyhedron of an 8° face symbol) at the body-center
20 of the MOPs in the primitive cubic arrangement.

Figure 42. A 3,3,4-c network of tfe topology based on a rhombic
dodecahedral MOP. (a) Rhombic dodecahedral MOPs are linked via
multiple edge-center-sharing of the MOP, where 3-c organic nodes are
represented by orange spheres, 3-c inorganic nodes, [Zn,(COO);], are
represented by cyan spheres and 4-c inorganic nodes, [Zn,(COO),], are
represented by green spheres. (b) The 3-c node of the ligand is
interconnected to two 3-c inorganic nodes and one 4-c inorganic node. (c)
The rhombic dodecahedral MOP as a 6-c TBU is quadruply edge-center-
shared to six neighboring MOPs in a primitive cubic packing arrangement
to a net of pcu underlying topology. (d) The supercage of cubic geometry.

Another 3,3,4-c network of tfe topology has been reported
based on the flexible hexacarboxylate ligand, 5,5',5"-(2,4,6-
trimethylbenzene-1,3,5-triyl) trismethylene-trisoxy-triisophthalic
acid, containing three 1,3-BDC units (Figure 43).° The
solvothermal reaction of the hexacarboxylate ligand with the
Zn(11) in DMSO vyielded a network containing both [Zn,(COO);]
and [Zn,(COO0),] clusters as 3-c and 4-c inorganic SBUs,
respectively. The network has two different kinds of multiply
edge-center-shared rhombic dodecahedral MOPs. One rhombic
40 dodecahedral MOP was built using six [Zn,(COQ),] clusters as a

4-¢c SBU, eight [Zn,(COOQ)] clusters as a 3-c SBU and the 1,3-
BDC part of the ligand as the 24 edges of the rhombic
dodecahedral MOP. On the other hand, while the same
[Zn,(CO0),] clusters are used as a 4-¢c SBU of the other rhombic

s dodecahedral MOP, the 5,5,5"-(2,4,6-trimethylbenzene-1,3,5-

triyl) trismethylene-trisoxy unit of the ligand was employed as a
3-c organic node instead of the [Zny(COO);] clusters. The
network could be considered as a net of the alternating
dodecahedral MOPs in a primitive cubic packing arrangement of

so pcu underlying topology and contains the supercage of cubic

geometry (a polyhedron of an 8° face symbol). The 3,3,4-c
network of tfe topology could also be considered as a 3,24-c
underlying net of rht topology. All the 24 edge-centers of the
rhombic dodecahedral MOP based on the [Zn,(COO),] clusters as

s5 a 4-C inorganic node and [Zn,(COO)s] clusters as a 3-c inorganic

node are interconnected via the 5,5',5"-(2,4,6-trimethylbenzene-
1,3,5-triyl) trismethylene-trisoxy unit of the ligand as a 3-c
organic node (Figure 43e).

Figure 43. A 3,3,4-c network of tfe topology based on two different kinds

60 of multiply edge-center-shared rhombic dodecahedral MOPs. (a) Two

different kinds of rhombic dodecahedral MOPs are linked via multiple
edge-center-sharing of the MOPs, where two different 3-c organic nodes
of the ligand are represented by orange spheres and pink spheres,
respectively; the 3-c inorganic nodes, [Zn,(COO);], are represented by

65 cyan spheres and the 4-c inorganic nodes, [Zn,(COO),], are represented

by green spheres. (b) The central 3-c node of the ligand is linked to three
1,3-BDC units, and each 1,3-BDC unit is further interconnected to both a
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3-c inorganic node and a 4-c inorganic node. (c) The alternating rhombic
dodecahedral MOPs as a 6-¢c TBU are quadruply edge-center-shared to six
neighboring MOPs in a primitive cubic packing arrangement to a net of
pcu underlying topology. (d) The supercage of cubic geometry. (¢) The

5 three rhombic dodecahedral MOPs serving as a 24-c node are linked by
the 3-c organic node of Cj3, point symmetry.

Networks based on face-shared partially augmented rhombic
dodecahedral MOP
A 3,4-c net of tfg topology. Batten et al. reported a network
10 based on a face-shared partially augmented rhombic dodecahedral
MOP (a polyhedron of a 4°.62 face symbol).%° The reaction of a
trigonal 3-c ligand, 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT), with
the Zn(Il) in the presence of tetraethylammonium cyanide
resulted in a twofold interpenetrated 3-D  network,
15 [Zn3(CN)3(NO3)3(TPT),]. The single network is a 3,4-c net of tfg
topology based on the ligand as a 3-c organic node and the
[Zn(CN)2(Npyrigyr)2] unit as a 4-c inorganic node (Figure 44a). In
the network, the partially augmented rhombic dodecahedral MOP
in a primitive cubic packing arrangement is face-shared to the
20 adjacent MOPs in a primitive cubic packing arrangement via the
augmented 4-membered ring with the four 4-c nodes in a square
arrangement. The network of tfg topology contains a supercage
derived from a cubic cavity, a cube of an 8° face symbol. When
the four 4-c inorganic nodes in a square arrangement are
2s combined to the metal cluster [Zn,(CN)4(Npyriay1)s] as an 8-c TBU
of a Dy, point symmetry, the 8-c TBU is connected via the 3-c
TPT ligand of a Cs, point symmetry to a 3,8-c net of the topology
(Figure 44). In the network of the underlying topology, eight TPT
ligands as a 3-c node and six 8-c TBUs as a shared-corner form a
30 network based on a partially corner-shared rhombic dodecahedral
MOP (Figure 44e). The network with the rhombic dodecahedral
MORPs in a primitive cubic arrangement could again be simplified
as a net of pcu underlying topology, and the net also contains a
supercage derived from a cubic cavity, a cube of an 8° face
35 symbol.
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Figure 44. A 3,4-c network of tfg topology based on a partially
augmented rhombic dodecahedral MOP. (a) The MOP is interconnected
via face-sharing of the MOP, where the orange spheres represent the 3-c
organic nodes and the green spheres represent the 4-c tetrahedral
inorganic nodes, [Zn(CN),(Nywian)2]. (b) The 3-c organic ligand is
connected to three tetrahedral 4-c inorganic nodes. (c) In the net of tfg
topology, the MOP is interlinked to six adjacent MOPs in a primitive
cubic packing arrangement via sharing of the four 4-c nodes in a square
arrangement. (d) A supercage of an 8 face symbol. (e) The four 4-c
nodes in a square arrangement are simplified as one corner-shared 8-c
node. () A 3,8-c net of the underlying topology.

Networks based on truncated octahedral MOP

Networks based
octahedral MOP
A 4-c net of sod topology. While the reaction of a simple
imidazole (Him) with divalent metal ions often leads to densely
packed M(I1)(im), networks,®® reaction of the 2-methyl-
substituted ligand 2-methylimidazole (Hmeim) with Zn(OH),, in
the presence of ammonia, yielded the zeolitic network of sod
topology, [Zn(meim),], based on [Zn(Neim)4] as a tetrahedral 4-c
node and the meim ligand as a bent 2-c linker, corresponding to
the —~O- linker in zeolite networks (Figure 45).%2 In the network, a
truncated octahedron (sod cage) is involved in the face-sharing
with the six sod cages in a primitive cubic arrangement via the six
4-membered rings of the sod cage. The net of sod topology
contains the same sod cage at the body-center of the face-shared
sod cages in a primitive cubic arrangement. The 2-methyl group
of the ligand plays the role of the structure directing agent for the
network of sod topology.

The zeolitic network of sod topology, (H,im)[In(Himdc),],
could also be prepared via a solvothermal reaction using Hzimdc
as a 2-c linker and the In(lll) as a potential 4-c node in the
presence of imidazole (Him) as a template.®® In the network, the
In(111) center with four ligands in chelating binding mode serves
as a tetrahedral 4-c node, and the ligand serves as a bent 2-c
linker. While the zeolitic network based on [Zn(meim),] is a
neutral network, the zeolitic network based on [In(Himdc),] is an
anionic framework. The protonated form of the imidazole is used
as a template. H,im serves as a charge-balancing counter
monocation.

on multiple edge-shared truncated

Figure 45. A 4-c zeolitic net of sod topology. (a) The meim or the Himdc
ligand serves as a 2-c node and the [Zn(Nmeim),] unit or the In(III) center
serves as a tetrahedral 4-c node. (b) The two truncated octahedral MOPs
(sod cages) are interlinked via face-sharing of the four square-nodes of
the sod cages in a square arrangement (4R linkage). (c¢) The net contains
the same sod cage at the body-center of the face-shared sod cages.
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Networks based on quadruple corner-linked truncated
octahedral MOP

A 4-c net of Ita topology. The zeolitic networks of Ita topology,
[Zn(pur),] (ZIF-20), [Co(pur),] (ZIF-21) and [Zn(abim),] (ZIF-
22), were prepared by a solvothermal reaction of Zn(1l) or Co(ll)
and an excess of purine (Hpur) or 5-azabenzimidazole (Habim)
(Figure 46).% The nitrogen atom at the 5-position of the purinate
or 5-azabenzimidazolate linker is involved in a dipole—dipole
interaction. Such an interaction is proposed for the favourable
formation of the quadruple corner linkage (d4R cage) at the early
stage of the crystallization of the network of Ita topology.

Figure 46. A 4-c zeolitic net of Ita topology. (a) The pur ligand serves as
a 2-c node and the [Zn(N,,)4] unit serves as tetrahedral 4-c node. (b) The
two truncated octahedral MOPs (sod cages) are interconnected via
quadruple corner linkage between the four 4-c nodes of the sod cages in a
square arrangement (d4R linkage). (c) In the network, the sod cages in a
primitive cubic arrangement are interconnected via quadruple corner
linkages to a net of pcu underlying topology. (d) The net contains an /ta
cage at the body-center.

Networks based on truncated cuboctahedral MOP

Networks based on corner-linked truncated

cuboctahedral MOP

A 4-c net of rho topology. While the reaction of 2-
methylimidazole with the Zn(Il) results in the zeolitic network of
sod topology, [Zn(meim),], a similar reaction using 2-
ethylimidazole (Heim) as a ligand yielded another type of zeolitic
network; namely, a net of rho topology, as a minor product,
where a truncated cuboctahedron (Ita cage) is octuply corner-
linked via the six 8-membered rings (d8R cage) with the six Ita
cages in a primitive cubic arrangement (Figure 47).°®® The net of
rho topology contains the same Ita cage at the body-center of the
octuply corner-linked Ita cages in a primitive cubic arrangement.
Another zeolitic network of rho topology, [In(phim),], could be
prepared as a pure form via a solvothermal reaction using
benzimidazole (Hphim) as a 2-c linker instead of purine (Hpur) or
Habim and the Zn(l1) (or Co(ll)) as a potential 4-c node.®”® The
phenyl residue of the benzimidazole that lacks the nitrogen atom
at the 5-position of the ligand, unlike Hpur or Habim, only led to
the zeolitic network of rho topology.

The other  zeolitic network of rho topology,
(Hshpp)os[In(Himdc),], could also be prepared via a solvothermal
reaction using 4,5-imidazoledicarboxylic acid (Hsimdc) as a 2-c
linker and the In(ll1) as a potential 4-c node in the presence of
1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine (hpp) as a
structure-directing agent.% In the anionic framework, the doubly

octuple

protonated form of the structure-directing hpp, Hohpp, serves as a
charge-balancing counter dication.

Figure 47. A 4-c zeolitic net of rho topology. (a) The eim or the phim or
the Himdc ligand serves as a 2-c node and the [Zn(Nem)s] or the

50 [Zn(Nphim)a] or the [In((N~O)gimac)4] unit serves as a tetrahedral 4-c node.

(b) The two lta cages are interconnected via octupule corner linkage
between the eight 4-c nodes of the /ta cages in an octagonal arrangement
(d8R linkage). (¢) The net contains the same /ta cage at the body-center.

Conclusions

ss Connectivity and site symmetry of a node are probably the most

important factors affecting the network structures of MOFs.
Many MOFs with multiple nodes of different connectivity and of
different site symmetry have complicated net topologies. Some of
these MOFs can be analyzed as networks having simple

60 underlying net topologies when the MOPs composed of multiple

nodes are considered as TBUSs, using a hierarchical simplification
approach.

When a MOP in a network is a uninodal TBU, the connectivity
and site symmetry of the MOP play major roles in determining

es the underlying net topology. When 4-c tetrahedral MOPs are

corner-linked or corner-shared in the networks, the networks can
have a variety of net topologies depending on the topology of the
MOPs and the type of connectivity between the MOPs. They can
be simplified either as a net of dia topology or as nets of zeolitic

70 topology. When MOFs have an edge-center-shared tetrahedral

MOP or corner-linked octahedral/rhombic dodecahedral MOP or
corner-shared rhombic dodecahedral MOP, a variety of net
topologies are observed. However, all of them can be simplified
as a net of pcu underlying topology when the TBU in the

75 networks has a 6-c octahedral (Op) site symmetry. Similarly,

MOPs as an 8-c node have been encountered in networks that can
be simplified as a net of bcu underlying topology, and MOPs as a
12-c node have been encountered in networks that can be
simplified as a net of fcu underlying topology. More than 200

18 | Journal Name, [year], [vol], 00-00
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zeolitic net topologies have been reported;® however, only a few

have been realized in MOFs. Further investigations into MOFs

with zeolitic net topologies, especially zeolitic MOFs augmented
by tetrahedral MOPs as TBUs, are required.

Network interpenetration is very important for control of the
pore size and shape of MOFs; it is also related to the network
stability. The MOFs of self-dual net topology generated with long
and rigid linkers are prone to interpenetration because the centers
of the pores (tiles) of a network can be occupied by nodes of the
other interpenetrating dual network of the same net topology, and
these nodes are interconnected through the centers of the faces of
the network. The MOFs of an underlying self-dual net topology
with large enough supercages will be susceptible to
interpenetration.

15 In this review, we have analyzed the underlying net topologies
of complicated MOFs using hierarchical simplification. The
simplified net topology provides better insight into the structural
features of complicated MOF structures and could be utilized in
designing new MOF structures with known and/or unprecedented

20 net topologies.
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Table 1. MOFs with their reported topologies and the underlying topologies analyzed using an MOP as SBU or TBU.

Underlying Related

a .
Network Reported topology Topology in this work topology  sphere packing Ref.
Tetrahedral MOP as SBU or TBU

[Cd4(SPh)g](SPh), - 4-c dia-a 4-c dia 13a
[Pr(im)s(Him)] - 6-c crs (dia-e) 4-c dia 14
Fe1,04(BPDC)s(SO1)12(BPE)s [NHz(CHs)s]s (MOF-500) related to 6-c crs (dia-b-e) 4 dia 15

12 s>z G s 08 B-cristobalite structure

[CrsF(H,0);0(BDC):] (MIL-101) MTN 6,6,6,6-C mtn-e 4,4,4-c mtn diaggﬂ?n‘g ke 16
[Cus(BTC)2(H20)s] (HKUST-1) - 3,4-c tho 6-c pcu 6a
[Cus(TATB),(H:0);] (PCN-6) interpenetrated 3,4-c net 3,4-c tho-c 6-c pcu-c 6b
[Cus(TATB),(H20)s] (PCN-6") twisted boracite 3,4-c tho 6-c pcu 6¢
[(Co(SCN),)s(TPT).] - 3,4-c tho 6-c pcu gg

[Cus(LY)(DMF)3(H,0)sS] (tbo-MOF-1)
[Cu4(L?)(DMF)3(H,0)3S] (tbo-MOF-2) tho 3,4-c tho 6-c pcu 17c
[Cu4(L®)(DMF)3(H,0)3S] (tbo-MOF-3)

[Fe12(BTC)gS12]Cls-x(FeTMPyPCls) (porph@MOM-4)

[C012(BTC)sS12]- XCoTMPYPClI, (porph@MOM-5)

[Mn12(BTC)gS12] xMnTMPYPCls (porph@MOM-6)

[Ni1o(BTC)gS2] XNiTMPYP-(H30)(4—45 (POrph@MOM-7) tbo 3,4-c tho 6-c pcu 17d
[Mgw(BTC)gSZ4] XMgTM PyP~(H30)(474X) (porph@MOM-B)

[Zn18(OH)4(BTC)12S15] XZNTMPYP-(H30) (4 4)

(porph@MOM-9)

[Cus(TATAB),(H;0)s] (mesoMOF-1) twisted boracite 3,4-c tho 6-Cc pcu 18a
[Cus(TTCA)2(H:0)s] (PCN-20) twisted boracite 3,4-c tho 6-c pcu 18b
[Cus(BBC),(H:0)s] (MOF-399) tho 3,4-c tho 6-c pcu 19

[Cus(L*)2(H;0)s] (ZJU-35)

[Cus(L9)a(H:0)s] (2JU-36) tho 3,4-c tho 6-c pcu 20
Cus(BTB),(H20); (MOF-14) pto 3,4-c pto 6-Cc pcu 22
[Cus(TPT)4](C104)s (6)4(6°8%); 3,4-c bor 6-C pcu 24a
[{(N H4)2[Cd1784(SPhM9'3)24(SPhMe'3)4/2]3 - _ .
[CdlrS4(SPhMe-3)ss(SPhMe-3)s(SPhMe-3) 3] boracite type 3,4-c bor 6-c pcu 24b
Zn3(BTPCA)2(H,0)3 rimitive cubic network 3,4-c bor 6-c pcu 24c
[Zns( p p
Zns(tib)s] (NOs)s - 3,4-c bor 6-c pcu 25a
[Zns( p
[Cu31CI4(H1_55ath)24](SO4)3
[CuzBrs(Hy s5amtz)24] (SO4)s bor 3,4-c bor 6-c pcu 25b
[CU31|4(H1.5sath)z4](SO4)g
related to

Na,Zn3(C0O3)4-3H,0 diamond type structure 3,4-c bor 6-c pcu 25¢

3,3,4-c network 3,4-c tho
[Cua(bttcd)] (PCN-80) (4.8-c scu) 3,3,4-c lwg (6-c peu) 26
Cubic/heterocubic MOP as SBU or TBU
[Cd(3-ppp):] - 3,6-c spn 4-c dia 27
[CrsF(H,0);0(BTC);] (MIL-100) MNT 3333336666-c moo 444cmin TN og
[Zn(Im)(MBim),], (x +y =2) (TIF-3) ACO 4-c pcb 8-c bcu 29
[Zn12(guanidinium)s(imdc)s(Himdc)s(DMF)s(H20)s] AST-like 3,3-C xaa 12-c fcu 30
Lizo(H20)20[Nig(imdc)i2] - 3,3,3-crgz 6-Cc pcu 31
[Co(H:0)e]{Nas[Cos(Hmidc):2] } - 3,3-c tfg/P 6-Cc pcu 32
Nazo(Hzo)zg[Nig(ide)lz] - - 8-c bcu 31
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Table 1. Continued.

Underlying

Related

Network Reported topology Topology in this work topology _ sphere packing Ref.
Octahedral MOP as SBU or TBU
[Cux(CDC)(bipy)(DMA)(EtOH)]s pcu-a 5-c cab 6-c pcu 33
[Zrs0s(OH)(DTTDC)4(BC)(DMF)g] (DUT-51(Zr)) ) ) ) .
[Hf:0(OH)2(DTTDC).(BC)2(DMF)e] (DUT-51(H) 8-creo 8-c reo (pcu-e) 6-c peu 34a
[Zrs06(OH),(tdc)a(Ac),] (DUT-67(Zr)) } § . }
[HF.06(OH)2(tdc)s(AC),] (DUT-67(H) 8-c reo 8-c reo (pcu-e) 6-c pcu 34b
[Nix(atc)(H20)s] augmented fcu-like 3,4-c tfb 12-c fcu 35
Cuboctahedral MOP as SBU or TBU
[Zn4(MBDC),(dabco)(OH):] e O e Roon 5-c ubt 12c feu 37
[Cu24(ABDC),4(bipy)s(H20)12] fcu net 5-c ubt 12-c fcu 38
[(Cuz)12(5-SO5-BDC)14(5-SOsH-BDC)s i e qi .
(4-methoxypyridine)s(MeOH)1ox(H20)15-12x]** 3,3,334444-cgim 8-c beu 39
U24(L")12(H20)16(DMSO)s rimitive cubic networl ,3,4,4-c zm -C pcu 4
[Cu24(L®)15(H20)16(DMSO)g] primiti bi k 33 lj 6-c p 0
CuzL"15(DMF)g(H;0):6] (PMOF-3) simple cubic network 3,3,4,4,-c zmj 6-c pcu 41
us(mdip)s(H.0)e] (PCN-1. - ,3,3,3,4,4,4,4-c zhc -C pcu 4
[Cus(mdip)s(H20)s] (PCN-12) 33,33 h 6-c p 2
[ZN24(L®)s(H20)24] (PMOF-1(Zn)) 3,24-¢ network ) ) cubic 43
[Cuze(TPBTM)s(H:0)z4] 3,24-c rht 334-cnt 324-Cr0t  \oce packing  44j
[Zn21L°(H:0)2] (PMOF-2(Zn) cbic 44
[CuzL%(H20)24] (PMOF-2(Cu)) 3,24-c network 3,3,4-c ntt 3,24-c rht close packin 44a
[Cus(btei)(H20)s] (PCN-61) p 9 a4
. cubic
[Cus(ntei)(H20)s] (PCN-66) 3,24-c network 3,3,4-c ntt 3,24-c rht close packing 44b
[Cus(ptei)(H20)s] (PCN-68) ) ) ) cubic
[Cus(ttei)(H,0)s] (PCN-610) 3,24-c network 3,3,4-cntt 3,24-c rht close packing 44c
10 - } ) ) cubic
[Cus(L™)(H20)s] (NU-100) 3,24-c network 3,3,4-c ntt 3,24-c rht close packing 44d
[CusL*(H,0)5] (NU-109) ) ) ) cubic
[CusL(H,0)s] (NU-110) 3,24-c rht 3,3,4-c ntt 3,24-c rht close packing 44e
13 - } ) ) cubic
[Cus(L*)(H,0)s] (NU-111) 3,24-c rht 3,3,4-c ntt 324-crht vacking 44§
14 - ) ) ) cubic
[Cus(L*)(H,0)5)] (NOTT-112) 3,3,4-c ntt 324-crht o packing 44g
3,24-c network cubic
[Cus(BTTI)(H20)s] (NOTT-122) (ubt type) 3,3,4-c ntt 324crht vacking 44h
cubic .
[Cus(TDPAT)(H,0)s] (Cu-TDPAT) 3,24-c rht 3,3,4-c ntt 324-crht packing 44
cubic
[CusO(TZ1)3(H;0)9(NO3)] 3,24-c rht 3,3,4-c ntt 3,24-c rht close packing 45
2 - } ) cubic
N312G4[CU24L 24G8(H20)24] 3,24 ¢ network 3,3,4 C ntt 3,24 ¢ rht close packing 46
Proposed network 3,4-c ucp 3,4-c ucp 6-c pcu 8b
[Cuz4(L™)15(H20)12] 3,36-c network 3,3,5-c pzh 3.36-C txt simple .cub|c 47
packing
cubic
[Cu24(CN)4(BTC)12(dabco)g(H20)6] (NO3)s 3,5,6-C net 3,5,6-c ott close packing 49
cubic
[(CHz)NH2]:s[(Cd:Cl)o(TATPT)] 34-c tho 3,3,5-cnut close packing 2
mcp-d MOP as SBU or TBU
[(CH3):NHZ]1s[(CdCl)s(TATPT),] 3,4-c tho 3,3,5-c nut (36400ptct$ 18
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Table 1. Continued.

Underlying

Related

Network Reported topology Topology in this work topology _ sphere packing Ref.
Rhombic dodecahedral MOP as SBU or TBU
[Cus(L)6](NO3)s, twofold interpenetrated e i
[Cus(L*®)g](NO3)1, simple cubic net 35-ciip 6-cpeu 50
H[Co/O(TATB)gs] (PCN-9) twofold interpenetrated 3.8-c the 6-c peu 51
3,8-C net
H[Cu(DMF)g][(Cu4Cl)s(btt)s(H20)12] 3,8-c network 3,8-c the 6-c pcu 52a
Cdy5(H30)3[(CdsO)s(hett)s] 3,8-c network 3,8-c the 6-Cc pcu 52b
Fe4(p3-o)2(BTB)3/3(DMF)z(HzO)z'(DM F)m(HzO)z 3,8-Cc the 3,8-c the 6-C pcu 52¢
(Mi2(H20)12(12-(H:0)s) (BTB)s(dioxane)s) (MIL-123) MOfO'dF;:éerEirt‘etrated 3,8-c the 6- pcu 52d
3
4,6-c soc
[IN30(ABTC)1.5(Hz0)s](NOs) 4,6-c soc 3,6-ceda (8-c beu) >3
[Zn7(L*)3(H20)71[Zns(L %)s(H20)s] pcu-like net 3,3,4-c zjz 6-C pcu 54
[Zn28L%°12(H20)26] (NO3)s (PMOF-4) . .
3,3,4-c zjz 3,3,4-c zjz 6-Cc pcu 55
[Zn23L2112(H20)28] (NO3)3 (PMOF'S) 1 1 P
primitive cubic
6-c pcu packing
[Zn2(BTC)1.3335:]12 - 3,3,4-c tfe or or 58
3,24-crht cubic
close packing
simple cubic
6,6,12,12-c net 6-c pcu packing
[Zn7L?,(OH),(H0)q] or 3,3,4-c tfe or or 59
3,4,6-c net 3,24-c rht cubic
close packing
cubic arrangement of 3.8-c the
[Zn(CN)(NO3)(TPT)2s3] eight partially augmented 3,4-c tfg ( é-c cu) 60
rhombic dodecahedra P
Truncated octahedral MOP as SBU or TBU
Zn(PhIM); (ZIF-7)
Zn(MelM), (ZIF-8) 4-c sod 4-c sod 6-c pcu 62
Co(PhIM), (ZIF-9)
In(imdc),(C3sN,Hs)(DMF)4(CH3;CN)(H:0). (sod-ZMOF) 4-c sod 4-c sod 6-c pcu 63
Zn(Pur),:(DMF)g.75(H20)15 (ZIF-20) i ) )
Co(Pun)» (DMF)(H,0) (ZIF-21) 4-c lta 4-c lta 6-c pcu 64
Truncated cuboctahedral MOP as SBU or TBU
Zn(PhIM), (ZIF-11),
Co(PhIM),, (ZIF-12) 4-crho 4-crho 6-c pcu 62
Zn(eim/mim),
|n4a(ide)gs(C7N3H15)z4(DMF)se(Hzo)wz (rho—ZMOF) 4-c rho 4-c rho 6-Cc pcu 63

* ABDC = 5-amino-1,3-benzenedicarboxylate; abim = 5-azabenzimidazolate; ABTC = 3,3°,5,5’-azobenzenetetracarboxylate; Ac = actate; amtz = 3-
3,5-dicarboxyl-(3',5'-dicarboxylazophenyl)benzene;

amino-5-mercapto-1,2,4-triazolate; atc =

BBC =

4,4' 4"-(benzene-1,3,5-triyl-tris(benzene-4,1-

diyl))tribenzate; BC = benzoate; BDC = 1,4-benzene dicarboxylate; biyp = 4,4'-bipyridine; BPDC = 4,4’-biphenyldicarboxylate; BPE = cis-1,2-bis-4-
pyridylethane; BTB = benzene-1,3,5-tribenzoate; BTC = 1,3,5-benzene tricarboxylate; btei = L° = 55'5"- benzene-1,3,5-triyltris(1-ethynyl-2-
isophthalate); BTPCA = 1,1'1"-(benzene-1,3,5-triyl)tripiperidine-4-carboxylate; btted = 9,9°,9°,9°”’-([1,1°-biphenyl]-3,3°,5,5 -tetrayl)tetrakis(9H-
carbazole-3,6-dicarboxylate);  btt=benzene-1,3,5-tris(tetrazol-5-ylate); BTTI =  5,5'5"-(4,4',4"-(benzene-1,3,5-triyl)tris(1H-1,2,3-triazole-4,1-
diyl))triisophthalate; CDC = 9H-carbazole-3,6-dicarboxylate; dabco = 1,4-diazabicyclo-[2.2.2]octane; DTTDC = dithieno[3,2-h;2',3'-d]thiophene-2,6-
dicarboxylate; eim = 2-ethylimidazolate; G = guanidinium; hett = 5,5',10,10',15,15'-hexaethayltruxene-2,7,12-tricarboxylate; Him = imidazole; im =
imidazolate; i = 4,5-imidazoledicarboxylate; MBDC = 5-methy-1,3-benzenedicarboxylate; Mbim = 5-methylbenzimidazole; mdip = 5,5’-methylene
diisophthalate; MelM = 2-methylimidazolate; midc = 2-methyl-1H-imidazole-4,5-dicarboxylate; mim = 2-methylimidazolate; ntei= 5,5',5"-(4,4',4"-
nitrilotris(benzene-4,1-diyl)tris(ethyne-2,1-diyl))triisophthalate; PhIM = benzimidazolate; 3-ppp = 3-pyridylphosphonate; ptei = 5,5'-((5'-(4-((3,5-
dicarboxyphenyl)ethynyl)phenyl)-[1,1":3',1"-terphenyl]-4,4"-diyl)-bis(ethyne-2,1-diyl))diisophthalate; Pur = purinate; S = solvent; 5-SO3-BDC = 5-
sulfonatoisophthalate; 5-SO;H-BDC = 5-sulfoisophthalate; SPh = benzenethiolate; SPhMe-3 = 3-methylbenzenethiol; TATAB = 4,4' 4"-s-triazine-1,3,5-
triyltri-p-aminobenzoate; TATB = 4,4'4"-s-triazine-2,4,6-triyltribenzoate; TBA = tetrabutylammonium; tdc = 2,5-thiophenedicarboxylate; TDPAT =
2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-triazine; tib = 1,3,5-tris(1-imidazolyl) benzene; TMPYP = meso-tetra(N-methyl-4-pyridyl)porphine
tetratosylate; TPBTM = L® = N,N’, N’ -Tris(isophthalyl)-1,3,5-benzenetricarboxamide; TPT = 2,4,6-tri(4-pyridyl)-1,3,5-triazine; TTCA = triphenylene-
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2,6,10-tricarboxylate; ttei = 5,5'5"-(((benzene-1,3,5-triyltris(ethyne-2,1-diyl))tris(benzene-4,1-diyl))tris-(ethyne-2,1-diyl))triisophthalate; TZI = 5-
tetrazolylisophthalate; L' = 55 55"[1,24,5-phenyltetraphenyltetramethoxy]tetraisophthalate; > = 55%5"5"5"5""[1,2,345,6-
phenylhexamethoxy]hexaisophthalate; L® = 5,5',5",5"'-[1,2,4,5-benzenetetrakis(4-methylemethyleneoxyphenylazo)]tetra-isophthalate; L* = dimethyl 5-(3-
methoxy-3-oxoprop-1-enyl)isophthalate; L® = dimethyl 3,3’-[5-(methoxycarbonyl)-1,3-phenylene]diacrylate; L® = 1,3-bis(5-methoxy-1,3-benzene

s dicarboxylic  acid)benzene; L7 = 1,3-bis(3,5-dicarboxylphenylethynyl)benzene; L® = 5,5'5"-[1,3,5-benzenetriyltris(carbonylimino)]tris-1,3-
benzenedicarboxylic acid; L° = 1,3,5-tris(3,5-dicarboxylphenylethynyl)benzene; L' = 1,3,5-tris[(1,3-carboxylic acid-5-(4-(ethynyl)phenyl))ethynyl]-
benzene; LY = 1,35-tris[(1,3-carboxylic  acid-5-(4-(ethynyl)phenyl))butadiynyl]-benzene; L*?* = 1,3,5-tris[((1,3-carboxylic  acid-5-(4-

(ethynyl)phenyl))ethynyl)phenyl]-benzene; L* = 1,3,5-tris[(1,3-carboxylic acid-5-(4-(ethynyl)phenyl))butadiynyl]-benzene; L* = 1,35-tris(3'5'-
dicarboxy[1,1'-biphenyl]-4-yl)benzene; L*® = 5-sulfoisophthalate; L'® = 1, 3-bis (3,5-dicarboxylphenylethynyl) pyridine; L = N,N',N"-Tris(3-pyridinyl)-
10 1,3,5-benzenetricarboxamide; L*® = N,N',N"-tris(4-pyridinylmethyl)-1,3,5-benzenetricarboxamide; L* = N-phenyl-N'-phenyl bicyclo[2,2,2]oct-7-ene-
2,3,5,6-tetracarboxdiimide tetracarboxylic acid; L?* = 55'-(1,3-Phenylenedi-2,1-ethynediyl)bis(1,3-benzenedicarboxylic acid); L* = 55'-(1,3-
phenylenedi-2,1-ethynediyl) bis(1,3-benzenedicarboxylic acid); L* = 5,5' 5"-(2,4,6-trimethylbenzene-1,3,5-triyl) trismethylene-trisoxy-triisophthalic acid
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