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Abstract: To systematically explore the
higher-dimensional network structures
with mixed connectivity, a series of
two-dimensional (2D) and three-di-
mensional (3D) metal-organic frame-
works (MOFs) with unusual (3,6)-con-
nected net topologies are presented.

These crystalline materials include
[{(Mn(btza),(FLO),I2H,0)] (1),
[{[Zn(btza),(H,0),]2H,0},] (2), [{[Cu-
(btza),]-H,0},] ~ (3), and  [{[Cd-

(btza),]-3H,0},] (4), which have been
successfully assembled through a pre-
designed three-connected organic com-
ponent bis(1,2,4-triazol-1-yl)acetate
(btza) with a variety of octahedral
metal cores based on the modular syn-
thetic methodology. The topological

the 2D CdCl,, 3D (4.6),(4*.6>.8".10°%),
and pyrite (pyr) types. That is, when
properly treated with the familiar first-
row divalent metal ions, btza may per-
fectly furnish the coordination spheres
for effective connectivity to result in
diverse (3,6)-connected nets. Beyond
this, a detailed analysis of network top-
ology for all known 3D (3,6)-connected
frameworks in both inorganic and inor-
ganic—organic hybrid materials is de-
scribed. Specific network connectivity
of these MOFs indicates that the metal
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centers represent the most significant
and alterable factor in structural as-
sembly, although they show reliable
and similar geometries. In this context,
the combination of the distinct d'* Ag'
ion with btza in different solvents af-
fords two isomorphous MOFs [{[Ag-
(btza)lglycoll,]  (5) and  [{[Ae-
(btza)]-CH;0H},] (6) with a binodal 4-
connected 3D SrAl, (sra) topology.
The network structures of MOFs 1-3
and 5 turn out to be more complicated
and interesting if one considers the hy-
drogen bonding between the host coor-
dination frameworks and the interca-
lated solvent molecules. Furthermore,
the role of the included solvents in the
generation and stabilization of MOFs

paradigms shown in this work cover

Introduction

Metal-organic frameworks (MOFs), also known as coordi-
nation polymers,"! represent a new class of metal-ligand co-
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1-6 is also investigated.

ordination compounds, in which the metal centers are inter-
connected by organic linkers to display a variety of infinite
supramolecular networks, and such useful properties as mag-
netic ordering, microporosity, and nonlinear optical activi-
ty.”! Synthetic strategies for the predicted assembly of
MOFs are of great importance for the desired new materi-
als, and a modular construction or building-block methodol-
ogy is proven to be efficient in the generation of premeditat-
ed frameworks, in which the connectivity information is en-
coded within the metal and ligand precursors.”) However, at
this stage, there are still great challenges to achieve a true
rational construction of desired MOFs by predetermined
molecular tectons, especially in designing new building
blocks that can act as a carrier of the structural and func-
tional information to be expressed in a specific target mate-
rial.?4

Network topology is an important and essential aspect of
the design and analysis of MOFs and also of an inherent in-
terest in understanding the supramolecular assembly. In this
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approach, complicated frameworks are simplified to simple
node-and-connection reference nets.”! New insights into the
development of approaches for the engineering of MOFs
are then possible on the basis of topological considera-
tions.*4 Therefore, new or unusual network topologies are
of considerable focus,”! particularly those deliberately con-
structed from the nodes with connectivity commonly dis-
played by typical metal ions and organic ligands used in
MOFs synthesis. Generally, they contain the required geo-
metrical information and the directional binding modes that
will facilitate the crystallization of MOFs with predesigned
topologies. In particular, nodes of 3-, 4-, and 6-connectivity
are of most relevance, and a variety of such uninodal net-
work topologies have been realized so far.! However, there
is an unfavorable lack of systematic investigation on higher-
dimensional networks with mixed connectivity,'** such as
(3,6)-, (4,6)-, and (4,8)-connected frameworks, which are
considered to be difficult to achieve.”! In this context, we
will describe herein a successful synthetic strategy of a series
of MOFs with unusual (3,6)-connected network topologies,
namely  [{[Mn(btza),(H,0),]-2H,0},] (1), [{[Zn(btza),-
(H;0),]2H,0},] (2), [{[Cu(btza),}H,0},] (3), and [{[Cd-
(btza),]-:3H,0},] (4). These MOFs are simply generated
from the solution-assembly of a new potential triconnected
ligand, bis(1,2,4-triazol-1-yl)acetic acid (Hbtza), with famili-
ar octahedral metal nodes such as Mn", Zn", Cu", and Cd™.
Metal-directed production of two isostructural 4-connected
frameworks with a SrAl, (sra) topology, namely [{[Ag-
(btza)]-glycol},] (5) and [{[Ag(btza)]-CH;OH]},] (6), is also
described when using the univalent silver ion as the tetrahe-
dral metal node (see Scheme 1 for details).

.
D
N

N
Hbtza

1: [{[Mn(btza)s(H,0)]-2H,0},]
2: [{[Zn(btza),(H,0),]-2H20},]
3: [{[Cu(btza),]-H20},]

4: [{{[Cd(btza),]-3H,0}]

5: [{[Ag(btza)]-glycol},]

6: [{[Ag(btza)]-CH3OH},]

Scheme 1.

Results and Discussion

Preparation and general characterization of MOFs 1-6: So-
lution-phase-directed assembly of the well-designed organic
linker Hbtza with equimolar inorganic Mn", Zn", Cu", Cd",
and Ag' salts leads to the formation of the corresponding
coordination polymers 1-6. The compositions of these
MOFs were determined by IR spectroscopy, single-crystal
X-ray diffraction, and microanalytical techniques. The phase
purities of the bulk samples were identified by powder X-
ray diffraction (see Figure S1 in the Supporting Information
for powder X-ray diffraction (PXRD) patterns). All com-
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plexes are stable in air and can retain their structural integ-
rity at room temperature, thus thermogravimetric analyses
were performed to determine their thermal stabilities (see
Figure S2 in the Supporting Information for TGA curves).
The first weight loss occurring in the range of 100-155°C for
1, 95-160°C for 2, 100-150°C for 3, and 40-105°C for 4 cor-
responds to the release of the lattice solvates, and the host
coordination frameworks of 1-4 remain intact upon further
heating to 190, 185, 185, and 240 °C, respectively. The loss of
the glycol guest in § is not observed before 170°C, where
the decomposition starts. Whereas for 6, the exclusion of the
captured methanol guest is detected in the temperature
range of 75-165°C, and the residual framework keeps stable
up to 275°C.

Preliminary design strategy: The design principles of MOFs
1-4 with mixed (3,6)-connected topologies are as follows: a)
the new ligand btza has three metal binding moieties and
the tripodal backbone, which will be potentially able to
behave as a triconnected node; b) the carboxylate group
generally makes the ligand anionic and thus eliminates the
requirement for charge balance of MOFs by inorganic coun-
ter anions, which may significantly influence the assembly
and thus make it untraceable for structural prediction; c)
the small steric size of the triazole ring and the coordinative
flexibility of the overall backbone of the ligand due to the
central sp’ carbon atom jointly help to avoid crowding at
the metal sphere and thus encourage the formation of high-
connectivity networks. Presumably, when btza is properly
coordinated to the first-row divalent metal cations, it is able
to satisfactorily complete the coordination spheres and, as a
consequence, lead to the generation of the (3,6)-connected
frameworks with a general formula of M(btza),.

Structural analysis and discussion: Reaction of Hbtza with
Mn(OACc),-4H,0 resulted in the crystals of [{[Mn(btza),-
(H,0),]:2H,0},] (1). The asymmetric unit contains one half-
occupied Mn" atom, which lies on an inversion center, one
unique btza anionic ligand, one coordinated and one inter-
calated water molecule. The Mn" center shows an octahe-
dral coordination (see the archived CIF file for detailed
bond parameters (CCDC-607346)), coordinating to four dif-
ferent btza ligands through triazole nitrogen atoms (Mn—N
2.273(2) and 2.263(2) A) in an equatorial fashion, and two
trans axial water ligands (Mn—O 2.149(2) A). The ligands in
turn coordinate to two metal atoms, through each of its tria-
zole pendants, and are hydrogen bonded to a water ligand
on a third metal through a carboxylate group (O4—
H4A--O2 (symmetry code: x, y—1, z), H--O/O--O distan-
ces: 1.855/2.674 A; angle: 161°). The overall 2D sheet
formed is shown in Figure 1a, with the schematic network
connectivity in Figure 1b. If just the coordination links are
taken into account, this structure has a simple (4,4) topolo-
gy, with square-planar Mn nodes and 2-connected btza li-
gands. However, if the strong hydrogen bonding is also con-
sidered, then the ligands are 3-connecting and the Mn-
(H,0), moieties act as the 6-connected nodes. Thus a (3,6)-
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a)

b)

Figure 1.a) A single sheet in the structure of [{[Mn(btza),-
(H,0),]-2H,0},] (1). Color code for atoms: metal: orange; nitrogen:
blue; carbon: green; oxygen: red; hydrogen atoms and intercalated water
moieties are omitted for clarity, and hydrogen bonds are depicted as the
striped bonds. b) A schematic diagram of the (3,6)-connected CdCl, top-
ology of the 2D sheet, with ligands represented by the central sp® carbon
atoms (blue spheres). Orange spheres again represent the metal atoms.
c) The bridging of two adjacent sheets through hydrogen bonds with in-
tercalated water molecules.
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connected network is formed, which has the CdCl, topology.
This 2D topology with the Schlifli symbol of (47),(4°.6°.8°) is
common for binary inorganic compounds, but quite rare for
metal-organic coordination polymers, although it has been
reported recently for some cyano-bridged ones.”! The inter-
calated water molecules lie between the sheets and connect
them through hydrogen-bonding interactions with carboxyl-
ate oxygen atoms and water ligands in adjoining sheets
(O3—H3B--0O1 (symmetry code: x—1/2, —y+3/2, z+1/2),
H--O/O--O distances: 1.866/2.694 A; angle: 169°; O4-
H4B--O3 (symmetry code: —x+1/2, y—1/2, —z+3/2), H---O/
0O distances: 1.847/2.694 A; angle: 174°), as depicted in
Figure 1c. If these further hydrogen-bonding interactions
are taken into account, then the structure of 1 turns into a
very complicated 3D (3,4,6)-connected trinodal network,
with the aqua ligands becoming 3-connecting nodes, btza 4-
connecting nodes, and the metal centers remaining 6-con-
necting nodes. Accordingly, the overall Schléfli symbol be-
comes (4.5.6),(4.5%.6%.7),(5*.6*7%.8%.9%.10).

The structure of [{[Zn(btza),(H,0),]-2H,0},] (2) is essen-
tially isostructural to 1, with similar cell dimensions and the
same gross structural features (see the archived CIF file for
detailed bond parameters (CCDC-607347)). This compound,
however, crystallizes in a noncentrosymmetric space group
P2,, whereas 1 is centrosymmetric (P2,/n). A close inspec-
tion reveals that the intercalated water molecules are impor-
tant in differentiating the two structures. In addition to the
hydrogen bonds described above, there is also a weaker in-
teraction between the intercalated water molecule and one
triazole nitrogen atom of the btza ligand. In 1, in which the
metal ions lie on the inversion centers, these are all equiva-
lent and rather weak (O3—H3A:--N5 (symmetry code: x—1/
2, —y+1/2, z+1/2), H--N/O--N distances: 2.428/3.104 A;
angle: 137°). In the structure of 2, however, there are two
crystallographically distinct btza ligands and intercalated
water guests. One of these water molecules makes a consid-
erably stronger hydrogen bond to the corresponding btza
(O8—HS8B+N8 (symmetry code: —x+1, y+1/2, —z+1),
H--N/O--N distances: 2.166/2.967 A; angle: 157°) than that
in 1 or for the other water molecule/btza ligand pairing in 2
(O7-H7B--N5 (symmetry code: x—1, y, z), H-~N/O--N dis-
tances: 2.607/3.073 A; angle: 116°). As a consequence, this
stronger hydrogen bond significantly twists the correspond-
ing btza triazole ring compared with the weaker bond to the
other ligand, or those in 1 (see Figure 2). These two distinct
btza ligands, containing formally equivalent triazole rings in
1 now twisting differently in 2, coordinate ftrans to each
other across the metal centers, and thus the center of sym-
metry in 2 is lost.

Reaction of Hbtza with Cu(OAc),-H,O gave single crys-
tals of MOF [{[Cu(btza),]-H,0},] (3). The asymmetric unit
contains a half-occupied Cu atom, which lies on an inversion
center, one btza ligand, and half a water molecule, which
lies on a twofold axis. Each octahedral Cu" ion is bound to
six separated btza ligands (see Figure 3a), coordinating to
four through triazole nitrogen atoms (Cu—N 2.008(2) and
2.019(2) A), and to two through carboxylate oxygen atoms
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Figure 2. a) Local geometry for the centrosymmetric 1, showing hydrogen
bonding between btza triazole rings and intercalated water molecules.
All btza ligands and intercalated water molecules are equivalent.
b) Local geometry for the noncentrosymmetric 2, showing hydrogen
bonding between btza triazole rings and intercalated water. There are
two crystallographically distinct btza ligands; those at the back and left
of Figure 2b (with C atoms in yellow) interact with the intercalated O8
water much more strongly than the other type (with C atoms in green),
which interact with the O7 water. This leads to a pronounced twisting of
the triazole ring at the back of the metal center.

(Cu—0 2.429(2) A). As expected, the Cu atom shows typical
Jahn-Teller distortion, with trans Cu—O bonds elongated rel-
ative to the Cu—N bonds. Each ligand in turn coordinates to
three Cu centers. Thus, the ligands and metals are combined
to generate a 3D (3,6)-connected network (see Figure 3b)
with the Schlifli symbol of (4.6),(4*.6%.87.10%). To the best of
our knowledge, there is only one known example for a
MOF with such a net topology,®™! despite its apparent sim-
plicity (with only one type of each node), and the common
occurrence of 3- and 6-connecting nodes in coordination
polymers. The intercalated water moiety is hydrogen
bonded to the uncoordinated carboxylate oxygen atoms
(O-+0 2.780 A) on two adjacent ligands, thus creating a hy-
drogen-bonded bridge. If this link is taken into account (as
shown in Figure 3b), then the ligands become 4-connecting,
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Figure 3. a) Local coordination geometry in the structure of [{[Cu-
(btza),]-H,0},] (3). Color code for atoms, see Figure 1; included water
molecules are omitted for clarity. b) A schematic view of the 3D (3,6)-
connected network of (42.6),(4*.62.87.10%) topology. For clarity, the hydro-
gen-bonded links (striped bonds) are shown at the bottom left only.

and the resultant (4,6)-connected net has the Schléfli symbol
(42.5°.6),(4*5%.6°.7%.8*9). Also, considering two 3-connected
ligands linked by the hydrogen bond as a 6-connected node,
we can get a new binodal 6-connected (4'°.6%)(4%.6°8) net-
work.

Other (3,6)-connected 3D topologies reported for MOFs
include the most frequent network, rutile (111,[8] Schlafli
symbol (4.6%),(42.61°.8%)),! as well as the sit net with the
same Schlifli symbol (4.6%),(4%.6'.8%),1 a self-penetrating
(4.6%),(4%.6'.8%) network,™ another self-penetrating net, this
time with a (4%.6)(6%)(4%.6*.8°) topology,'” the pyrite-like
network (FeS, with the S--S bond ignored, pyr, Schlifli
symbol (6),(6'2.8%)),! the qom net,' a (4°)(4.6%)(4".6".8%)
net,!™ a (4.6%),(4°.6°.8") net,’ a (4.6%),(4%.6".8%)-c net,!'s'
and an anatase net (ant, (42.6),(4*.62.8%10)).”) Recently, a
hydrogen-bonded (3,6)-connected network with
(4.8%),(42.8'.10%) topology has also been reported.'s! A
number of other (3,6)-connected networks have been identi-
fied in inorganic materials (as far as we know not yet ob-
served in MOFs),*™ including a-PbO, (apo, Schlifli symbol
(4.6%),(4%.6°.8"), ramsdellite (y-MnO,, (4.6%)(4%)(4*.6°8%)),
brookite (brk, Schlifli symbol (4.6%)(4%.6)(4".6°.8°)), and Prl,
(spm, Schlifli symbol (4%),(4°.12%)). Overall, only eleven 3D
(3,6)-connected topologies for MOFs plus a further four for
inorganic materials have been documented so far. Further-
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more, it should be specified that amongst these topologies,
only twofold interpenetrated examples are observed for the
(4.6%),(4%.6"°.8%)-c network (MOF),/2162% a5 well as spn and
¥-MnO, frameworks (inorganic material).*2!

Reaction of Hbtza with Cd(OAc),2H,0 produced crys-
tals of [{[Cd(btza),]-3H,0},] (4). The asymmetric unit con-
tains a half-occupied Cd" ion, which lies on an inversion
center, one ligand, and two unique water molecules (one of
which is half-occupied). As in the previous structure, each
octahedral Cd" coordinates to six separate btza ligands (see
Figure 4a), four through triazole nitrogen atoms (Cd—N
2.309(3) and 2.404(3) A), and two through carboxylate
oxygen atoms (Cd—O 2.387(2) A). In turn, each ligand coor-
dinates to three Cd" centers. One of the intercalated water
molecules is hydrogen bonded to both the coordinated car-
boxylate oxygen atom (O3—H3B--O1 (symmetry code: —1/2,
y, —z+3/2), H--O/O--O distances: 2.110/2.925 A; angle:
160°) and the other intercalated water moiety (O3—
H3A--0O4 (symmetry code: —x+1/2, —y+1, z+1/2), H---O/
0--O distances: 2.227/3.075 A; angle: 175°). An overall 3D
(3,6)-connected network is again formed (see Figure 4b),
however in this case the topology is that of the pyrite net
(pyr), and as stated in the above topology analysis, only a
small number of structures with this topology have been re-
ported hitherto.!!

Figure 4. (a) Local coordination geometry in the structure of [{[Cd-
(btza),]-3H,0},] (4). Color code for atoms, see Figure 1; included water
molecules are omitted for clarity. b) A schematic view of the pyrite-like
(pyr) 3D (3,6)-connected network.
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For MOFs 1-4, assembling a triangular building block
Hbtza with octahedral metals realizes the predesigned (3,6)-
mixed connectivity networks, which, however, display di-
verse topologies that cannot be accurately forecasted at this
stage. In particular, for 3 and 4, the ligand and metal nodes
have apparently similar binding modes, but distinct propaga-
tion in the crystal packing results in the formation of differ-
ent 3D frameworks. However, the subtle differences in the
binding modes of the ligand in 1-4 can be seen in Figures
Sa—e. In all these structures the uncoordinated 2-position ni-

a) b)

©)

d)

Figure 5. Ligand geometries viewed almost directly down the central C—
C bond. Color code for atoms, see Figure 1: a) 1; b) and ¢) 2; d) 3; e) 4;
f) 5, and g) 6.

trogen atoms on the two triazole rings point in opposite di-
rections. And thus the most significant differences between
the structures are not the ligand geometries (apart from
very small differences in the twist angles of the carboxylate
group), but the relative disposition of the groups bound to
the carboxylate oxygen atoms (either through hydrogen or
coordinative bonding). Notably, even the disposition of the
metal centers bonded to the triazole rings remains the same
in these structures.

Nonetheless, from a crystal engineering point of view, the
most significant and alterable parameter in the crystalliza-
tion processes of 1-4 is the metal ion, which plays a key role
in the final topology formation although they have very reli-
able and similar geometrical preferences. This observation
motivates us to further explore the metal-directed assembly
of MOFs with btza by using the adaptable silver(I) center,
which can afford a variety of coordination geometries, but
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mainly display the linear and tetrahedral ones.”” In the
structure of [{[Ag(btza)]-glycol},] (5), the asymmetric unit
contains one metal ion, one ligand anion, and one glycol
guest molecule. Each Ag atom is coordinated to four ligands
(see Figure 6a); one ligand coordinates in a bidentate fash-

a)

Figure 6. a) Local coordination geometry and hydrogen bonding (striped
bonds) to the intercalated glycol molecules in the structure of [{[Ag-
(btza)]-glycol},] (5). Color code for atom, see Figure 1. b) A schematic
view of the 3D 4-connected network with the SrAl, (sra) topology. For
clarity, the reinforcing hydrogen bonding is shown schematically in only
one channel.

ion through two triazole nitrogen atoms (Ag—N 2.348(3)
and 2.680(3) A), and thus the metal is pentacoordinated. It
coordinates to two other ligands through triazole nitrogen
atoms (Ag—N 2.298(3) and 2.319(3) A), and one other
through a carboxylate oxygen atom (Ag—O 2.580(3) A). The
ligands are thus pentadentate, but coordinate to only four
silver atoms. For comparison, the ligand geometry is depict-
ed in Figure 5f viewed from the same angle as the other
four structures; the most notable feature is the fact that the
2-position nitrogen atoms of two triazole rings are directed
to the same side of the ligand (and indeed chelate to a
single Ag center). The intercalated glycol moieties are hy-
drogen-bonded in pairs to the uncoordinated carboxylate
oxygen atoms of the adjoining molecules (O3—H3A--Ol1
(symmetry code: —x, —y+2, —z+1), H-~-O/O--O distances:
1.956/2.769 A; angle: 171°; O4—H4--O1 (symmetry code:
x+1, y, z+1), H-O/O--O distances: 1.951/2.757 A; angle:
167°). However, if one considers only the coordination
bonds, both the Ag atom and the ligand act as 4-connecting
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nodes. The overall 3D network is depicted in Figure 6b, and
the topology is SrAl, (sra). This topology is unusual in com-
parison to the more commonly observed 4-connected dia-
mond (dia) topology—a recent systematic survey found 233
diamondoid nets, but only 31 nets with a SrAl, (sra) topolo-
gyl The hydrogen-bonding connections through the inter-
calated ethylene glycol molecules further reinforce the 3D
network, as shown for one of the channels in Figure 6b. If
one takes into account the hydrogen bonded links, a new
(4,5)-connected network is generated (the ligands become 5-
connecting in this condition), which has a (42.6.7)(4%.6°.7°.8)
topology.

The structure of [{[Ag(btza)]-CH;OH},] (6) is isomor-
phous to 5 (see the archived CIF file for detailed bond pa-
rameters (CCDC-607350) and Figure Sg for ligand geome-
try). However, because the methanol guests occupy the simi-
lar positions in the lattice to the glycol molecules in §, they
each are hydrogen bonded to only one carboxylate oxygen
atom. In turn, each uncoordinated carboxylate oxygen atom
forms hydrogen bonds with only one methanol molecule,
and thus there are no hydrogen-bonded bridges across the
SrAl, (sra) network in this case.

Role of solvent guests in the generation and stabilization of
MOFs: From the above topological analysis of the network
structures, we could easily see that the intercalated solvent
molecules play a significant role in the construction of these
architectures. Observing the structures reveals that the
whole supramolecular networks of 1-3 and 5§ appear to be
more complicated if we consider the hydrogen-bonded inter-
actions between the host frameworks and the solvate guests
beyond the coordinative forces. For examples, a trinodal
(3,4,6)-connected 3D network is reformed for 1 and 2, a
(4,6)-connected net for 3, and a (4,5)-connected net for 5, in
which the solvates act as the hydrogen-bonding bridges to
further modify their network structures. In this context, one
may wonder what the nature of the host framework is, after
the removal of the clathrate solvates. Thus, a fresh sample
of 1-4 was placed in a quartz tube and dried under a high
vacuum at 170°C for 4 h to exclude the water molecules, ac-
cording to the results of the TGA experiments. The compo-
sition of the solid products seems to be the dehydrates of 1-
4, which is evidently testified by the weight loss of the sam-
ples (7.09% for 1, 6.65% for 2, 4.15% for 3, and 9.90% for
4) and microanalysis. However, the powder X-ray diffraction
(PXRD) patterns of these evacuated solids (see Figure S3 in
the Supporting Information) suggest that only the host
frameworks of 1 and 4 may be retained, and a framework
collapse or even (partial) loss of the crystallographic perio-
dicity occurs for 2 and 3. As for MOFs 5 and 6 with differ-
ent glycol or methanol guests, TGA experiment confirms
that glycol loss is extremely difficult and the guest is not re-
leased in a dividing weight-loss step before decomposition.
This may be ascribed to the higher boiling point of glycol as
well as the formation of strong hydrogen bonding. A similar
heating treatment of 5 and 6 at 140°C for 4 h indicates a
weight loss of 10.15% for 5§ and 9.47 % for 6. The mass loss
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of § under such a condition is understandable although it is
not fully consistent with the content of the total glycol. The
PXRD patterns of the resultant frameworks are essentially
identical to those of the intact crystalline materials for both
cases. These results also suggest that the solvates are impor-
tant in reinforcing these structures, especially a template
role in the formation of MOFs 2 and 3.

Conclusions and Perspectives

In summary, by taking advantage of the well-defined coordi-
nation geometries of metal nodes and the organic bridging
ligand bis(1,2,4-triazol-1-yl)acetate as suitable linkers, a
series of unusual (3,6)-connected topological paradigms in-
cluding 2D CdCl,, 3D (4%.6),(4*.6%.87.10%), and pyrite (pyr),
as well as a pair of 4-connected SrAl, (sra) nets (or a bino-
dal (4,5)-connected net for 5) have been artificially repro-
duced in coordination polymers 1-6. Moreover, network
structure analysis for all known 3D (3,6)-connected topolo-
gies in both MOFs and inorganic materials has also been
performed to further understand this issue. The design and
synthetic concept described here offers an exciting avenue
of research on metal-organic frameworks with mixed-con-
nected network topologies, and we anticipate it to be a gen-
eral and feasible strategy for other rational combinations of
different connectivities within a net structure, which may
promise great advance in crystal engineering. This work also
suggests that such a type of anionic modular component
(e.g., btza herein) is a useful building block in constructing a
framework with the desired topology, which may open up
new opportunities for further exploration of coordination
polymer chemistry.

Experimental Section

Materials and physical measurements: With the exception of the new
ligand bis(1,2,4-triazol-1-yl)acetic acid (Hbtza) which was synthesized as
described below, all starting materials and solvents were obtained com-
mercially and used as received. Fourier transform (FT)IR spectra (KBr
pellets) were taken by using an AVATAR-370 (Nicolet) spectrometer. El-
emental (carbon, hydrogen, and nitrogen) analyses were performed on a
CE-440 (Leemanlabs) analyzer. The melting point was recorded on a
WRS-1B digital thermal apparatus without correction. NMR spectra (‘H
and "C) were recorded on a Bruker AV300 spectrometer, and the chemi-
cal shifts were reported in ppm with respect to reference standards (inter-
nal SiMe,). Powder X-ray diffraction (PXRD) patterns were recorded on
a Rigaku RU200 diffractometer at 60 kV, 300 mA for Cuy, radiation (A=
1.5406 A), with a scan speed of 2°min~" and a step size of 0.02° in 26.
The calculated PXRD patterns were produced by using the PowderCell
program and single-crystal diffraction data. Thermogravimetric analysis
(TGA) experiments were carried out by using a Dupont thermal analyzer
in the temperature range of 25-700°C under nitrogen atmosphere at a

heating rate of 10°Cmin".

Synthesis of the ligand bis(1,2,4-triazol-1-yl)acetic acid (Hbtza): Dichlor-
oacetyl chloride (3.9 mL, 40 mmol), 1,2,4-triazole (8.3 g, 120 mmol),
KOH (8.2 g, 146 mmol), K,CO; (20.9 g, 151 mmol), and benzyltriethylam-
monium chloride (1.0 g, 4.4 mmol) were dissolved in THF (200 mL). The
mixture was stirred and refluxed for 10 h. After cooling to RT, the sol-
vents were removed under reduced pressure. The residue was redissolved
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in water (150 mL) and acidified to a pH value of 7 with HCI (6 molL™).
The water solution was extracted with diethyl ether (3x150 mL), and
then the organic phase was discarded to remove the excess triazole. The
water phase was further acidified to a pH value of 1 and extracted again
three times with a solvent mixture of diethyl ether/THF (120/40 mL).
The organic layers were combined and dried by anhydrous Na,SO,. After
the solvents had been removed under reduced pressure, the target prod-
uct was obtained as a white solid (1.9 g), which was recrystallized from
hot acetone/THF to afford a white microcrystalline solid in a yield of
25% (m.p. 175.4-177.8°C). '"H NMR (D,0): 6 =8.91 (s, 2H; triazol), 8.14
(s, 2H; triazol), 7.51 ppm (s, 1 H; =CH); "C NMR (D,0): 6 =165.95 (C=
0), 149.99, 145.36 (3- or 5-position carbon of triazole), 72.19 ppm (—CH);
IR: 7=3141 (s), 3118 (s), 2992 (m), 1709 (s), 1565 (w), 1504 (m), 1422
(m), 1363 (m), 1280 (m), 1186 (m), 1126 (m), 1010 (s), 878 (m), 831 (s),
786 (w), 747 (m), 682 (W), 653 (W), 628 cm™' (m); elemental analysis
caled (%) for CgH¢NgO,: C 37.11, H 3.09, N 43.30; found: C 36.98, H
3.15, N 43.37.

Preparation of MOFs 1-6:

[{{Mn(btza),(H,0),]-2H,0},] (1): Hbtza (58 mg, 0.3 mmol) and Mn-
(OAc),4H,0 (74 mg, 0.3 mmol) were mixed and dissolved in a H,O/
CH;OH solution (v/v=1:1, 10 mL) with stirring for 30 min. Then the so-
lution was filtered and left to stand under ambient conditions. Upon slow
evaporation of the solvents, colorless prismatic crystals suitable for X-ray
analysis were produced over two weeks in a yield of 52% (based on
Hbtza). IR: 7=3428 (b), 3115 (m), 2980 (m), 2851 (m), 2501 (w), 1665
(vs), 1593 (vs), 1517 (s), 1447 (m), 1362 (vs), 1278 (s), 1239 (w), 1207 (m),
1130 (vs), 1023 (m), 981 (s), 905 (m), 879 (m), 835 (s), 794 (m), 753 (s),
673 (s), 649 (m), 613 (w), 454 cm™' (w); elemental analysis calcd (%) for
C;,H;sMnN,,04: C 28.08, H 3.53, N 32.75; found: C 2825, H 3.87, N
32.47.

[{[Zn(btza),(H,0),]-2H,0},] (2): A similar synthetic procedure was ap-
plied as that for 1, except that Zn(OAc),-2H,0 was used instead of Mn-
(OACc),4H,0. Colourless brick-shaped crystals were collected in 62 %
yield (based on Hbtza) after a period of 1 month. IR: 7=3144 (b), 2960
(m), 1662 (s), 1521 (m), 1447 (m), 1371 (s), 1314 (w), 1286 (m), 1204 (m),
1130 (s), 1024 (w), 986 (m), 837 (m), 762 (m), 671 (m), 457 cm™" (w); ele-
mental analysis calcd (%) for C,HsN;,O5Zn: C 27.52, H 3.46, N 32.09;
found: C 27.25, H 3.25, N 31.84.

[{[Cu(btza),]-H,0},] (3): Hbtza (19 mg, 0.1 mmol) was dissolved in a hot
H,O/DMF solution (v/v=1:1, 6 mL), and a C,H;OH solution of triethyl-
amine was added with stirring to adjust the pH value to approximately 8.
The resulting solution was placed in a straight glass tube, to which a
methanol (5 mL) solution of Cu(OAc),-H,O (20 mg, 0.1 mmol) was care-
fully layered on. Blue prismatic crystals were observed on the tube wall
over a period of one week. Yield: 56% (based on Hbtza). IR: 7#=3435
(br), 3103 (m), 3038 (w), 2976 (m), 1660 (vs), 1529 (s), 1458 (m), 1359
(s), 1299 (m), 1274 (s), 1216 (m), 1126 (vs), 1026 (m), 1002 (m), 927 (w),
892 (m), 831 (s), 756 (s), 673 (s), 645 (w), 589 cm ™' (m); elemental analy-
sis caled (%) for C,,H,,CuN,05: C 30.81, H 2.59, N 35.93; found: C
30.59, H 2.56, N 35.87.

[{[Cd(btza),]-:3H,0},] (4): A similar synthetic procedure as that for 3 was
applied, except that Cu(OAc),sH,O was replaced by Cd(OAc),2H,0
(27 mg, 0.1 mmol), giving colorless lamellar crystals of 4 after one week
in 89% yield (based on Hbtza). IR: 7=3464 (b), 3140 (m), 2986 (m),
1656 (vs), 1515 (s), 1445 (m), 1366 (s), 1280 (s), 1188 (s), 1127 (vs), 1020
(5), 980 (s), 909 (W), 887 (m), 836 (s), 766 (s), 672 (s), 648 (m), 608 cm '
(m); elemental analysis calcd (%) for C;,H;(CdN,;,0;: C 26.08, H 2.92, N
30.41; found: C 26.06, H 2.56, N 30.38.

[{[Ag(btza)]-glycol},] (5): A CH;CN (5 mL) solution of AgBF,4 CH;CN
(36 mg, 0.1 mmol) was carefully layered onto a buffer layer of glycol
(2 mL), below which a solution of Hbtza (19 mg, 0.1 mmol) in CHCl,/
DMF (v/v=2:1, 6 mL) was placed in a straight glass tube. The mixture
system was allowed to stand at room temperature in the dark and color-
less lamellar crystals were observed on the tube wall over a period of
two weeks. Yield: 63%. IR: #=3398 (br), 3117 (w), 2951 (w), 2864 (w),
1662 (vs), 1510 (s), 1431 (m), 1368 (s), 1279 (s), 1203 (m), 1137 (s), 1086
(m), 1050 (w), 1019 (m), 964 (w), 882 (m), 833 (m), 761 (m), 678 cm™'
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Table 1. Crystal data and structural refinement summary for MOFs 1-6.

FULL PAPER

1 2 3 4 5 6
empirical formula C,H sMnN,,04 C,H sZnN,04 C;,H;,CuN,05 C,,H;(CdN,,0, CgH;;AgNO, C;HyAgN(O;
M, 513.32 523.75 467.88 552.71 363.10 333.07
crystal system monoclinic monoclinic monoclinic orthorhombic monoclinic monoclinic
space group P2,/n P2, C2/c Pbca P2,/c P2,/c
a[A] 7.7344(6) 7.681(1) 10.127(1) 10.094(1) 6.612(1) 6.6194(4)
b [A] 8.9675(7) 8.898(1) 13.037(2) 12.511(1) 10.960(2) 9.9578(6)
c[A] 15.146(1) 15.151(2) 13.304(2) 15.172(2) 16.952(3) 16.5323(1)
BI°] 93.174(1) 90.678(2) 105.085(2) 90 100.340(2) 99.137(1)
Vv [AY] 1048.9(1) 1035.4(2) 1695.9(4) 1915.9(4) 1208.5(4) 1075.9(1)
Z 2 2 4 4 4 4
Peatea [gEm™] 1.625 1.680 1.832 1.916 1.996 2.056
p [mm™] 0.699 1.256 1.350 1.209 1.690 1.882
F(000) 526 536 948 1104 720 656
total/independent reflns 5525/1840 5622/3584 4777/1490 10217/1677 6425/2124 5661/1897
parameters 151 298 138 151 174 146
Ry 0.0346 0.0145 0.0189 0.0316 0.0225 0.0136
RE R 0.0362, 0.1039 0.0310, 0.0744 0.0265, 0.0748 0.0281, 0.0942 0.0317, 0.0917 0.0240, 0.0615
GOF 1.078 1.036 1.086 1.026 1.087 1.087
residuals [e A~ 0.738, —0.439 0.215, —0.193 0.401, —0.215 0.555, —0.929 0.752, —0.592 0.776, —0.813

[a] R=S||F,| = | F| || F, |. [b] Ry=[S[w(Fo—FVSw(F,]"”. [c] GOF = {S[w(Fo—F)’ ) (n—p)}'™.

(m); elemental analysis caled (%) for CgH;;AgN:O,: C 26.46, H 3.05, N
23.15; found: C 26.78, H 2.81, N 23.25.

[{[Ag(btza)]-CH;0H},] (6): A solution of AgNO; (17 mg, 0.1 mmol) in
CH;0H (5 mL) was carefully layered onto a H,O/CH,;CN solution (v/v=
1:1, 6 mL) of Hbtza (39 mg, 0.2 mmol) in a straight glass tube. The mix-
ture was allowed to stand under ambient conditions in the dark and col-
orless block crystals were observed on the tube wall over a period of two
weeks in a yield of 68 %. IR: 7=3410 (m), 3114 (m), 2348 (w), 2257 (m),
2214 (w), 2148 (s), 1659 (s), 1508 (m), 1430 (m), 1367 (s), 1327 (w), 1277
(m), 1200 (m), 1136 (m), 1058 (w), 1016 (w), 961 (w), 832 (w), 760 (m),
677 (m), 587 (W), 524 (w), 485 (w), 420 cm™' (w); elemental analysis calcd
(%) for C,HgAg,N,04: C 25.63, H 1.23, N 25.62; found: C 25.45, H
1.25, N 25.47.

X-ray data collection and structure determinations: X-ray single-crystal
diffraction data for MOFs 1-6 were collected by using a Bruker Apex II
CCD diffractometer at 293(2) K with Moy, radiation (A=0.71073 A) by
o scan mode. There was no evidence of crystal decay during data collec-
tion in all cases. Semiempirical absorption corrections were applied by
using SADABS and the program SAINT was used for integration of the
diffraction profiles.”” All structures were solved by direct methods by
using the SHELXS program of the SHELXTL package and refined with
SHELXL™ by the full-matrix least-squares methods with anisotropic
thermal parameters for all non-hydrogen atoms on F°. Hydrogen atoms
bonded to C atoms were placed geometrically and partial solvated hydro-
gen atoms were first located in difference Fourier maps and then fixed in
the calculated sites. Further details for crystallographic data and structur-
al analysis are listed in Table 1. Figures were generated by using Crystal-
Maker ¥

CCDC-607346 (1), CCDC-607347 (2), CCDC-607348 (3), CCDC-607349
(4), CCDC-607350 (5), and CCDC-607351 (6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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