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Abstract: To investigate the relation-
ship between network connectivity and
metal nuclearity, we designed and syn-
thesized a series of three-dimensional
(3D) entangled coordination frame-
works based on different metal cores,
namely [Zn,(bdc),(L),]2H,O (1), [Zn-
(bde)(L)os] (2), [Zn(oba)(L),s] (3) and
[Cds(bde)s(L),(H,0),] (4) by self-as-
sembly of d'° metal salts with the flexi-
ble long-chain ligand 1,4-bis(1,2,4-tri-
azol-1-yl)butane (L), and with the rigid
and nonrigid aromatic dicarboxylate li-
gands 1,4-benzenedicarboxylate (bdc)
and 4,4’-oxybis(benzoate) (oba). Com-
pound 1 exhibits a threefold interpene-
trated diamondoid array typically
based on a tetrahedral second building

trated a-polonium-type network that is
built from bimetallic cores as six-con-
nected vertices. The structure of 3 also
consists of dinuclear units; it comprises
a novel (3,4)-connected threefold inter-
penetrated net with complex (4-6:10)-
(4-6>10%) topology when single zinc
centers act as four-connected nodes (or
the a-Po topology if dinuclear units are
considered as six-connected nodes).
Compound 4, derived from a cross-
linked fivefold interpenetrated dia-
mond-like substructure, is an unusual
example of a self-penetrating coordina-
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tion framework displaying an unprece-
dented eight-connected 4%°6® topology
with trinuclear cadmium clusters as
eight-connected nodes which, to our
knowledge, not only defines a new top-
ology for eight-connected coordination
networks, but also represents the high-
est connected topology presently
known for self-penetrating systems.
Detailed structural comparison of these
complexes indicates that the increase
in metal nuclearity induces the progres-
sive increase in the connectivities of
the ultimate nets: that is, the metal nu-
clearity plays a significant role in
tuning the connectivity of a specific
network. The thermal and luminescent
properties of these compounds are dis-

unit (SBU) at a single Zn center. Com-
pound 2 adopts a threefold interpene-

Introduction

Current interest in polymeric coordination networks is rap-
idly expanding owing to their intriguing architectures and
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cussed.

supramolecular chemistry

potential applications,? although true crystal engineering
of coordination polymers (that is, prediction of the precise
solid-state structure) still remains a long-term challenge for
the crystal engineer. Entangled systems, one of the major
themes of supramolecular chemistry, are common in biolo-
gy—as seen in catenanes, rotaxanes, and molecular
knotsPl—and have attracted considerable attention due to
their aesthetic and often complicated architectures and top-
ologies.”! There are two comprehensive reviews by Robson
and Batten®' of interpenetration, which has been the most
investigated type of entanglement. More recently, all the 3D
interpenetrated structures contained in the CSD database
underwent a complete analysis with a rationalization and
classification of the topology of the interpenetration.’] Ac-
cording to Batten and Robson, interpenetrating network
structures, which “can be regarded as infinite, ordered poly-
catenanes or polyrotaxanes”,! are characterized by the
presence of two or more independent networks that are in-
extricably entangled through the rings belonging to one
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framework. Remarkably, if n-fold interpenetrating networks
are connected through bridging molecules, another intrigu-
ing type of entanglement can be achieved, that is, self-pene-
tration, which, in contrast to interpenetrating nets, is a
single network having the peculiarity that the smallest topo-
logical rings are catenated by other shorter rings belonging
to the same net. This feature is not very common within co-
ordination polymers and only a limited number of self-pene-
trated nets have been reported to date.”

Apart from their intrinsic aesthetic appeal, interest in en-
tangled structures has been heightened by the fact that their
resulting overall architectures are more flexible than the
usual networks based entirely on coordination bonds™®. This
is a functional property that has potential applications rang-
ing from drug delivery vehicles to sensor devices.”’ There-
fore, the exploitation of such species will not only increase
the vast structural diversity for coordination polymers, but
also provide new insights into the study of the relationships
between structure and function in these materials.

Ongoing research in our laboratory has been directed
toward the design and synthesis of novel entangled net-
works.""! Conformationally nonrigid ligands are usually the
typical building elements for the assembly of interesting en-
tangled structures, thanks to their varied geometries."! As
an extension of our previous work, for our synthetic strategy
we first chose a flexible long-chain ligand, 1,4-bis(1,2,4-tri-
azol-1-yl)butane (L), whose coordination chemistry, to the

szdC

best of our knowledge, had not
been investigated previously.
However, the construction of
polynuclear metal clusters
through the hydrolysis of metal
salts in the presence of carbox-
ylate ligands has been of con-
current interest.'? Topological-
ly these metal clusters have
great potential in building
highly connected metal-organ-
ic frameworks, since they are
larger and have more coordi-
nation sites but cause less
steric hindrance when coordi-
nated with organic ligands. Un-
fortunately, although quite fas-
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cinating metal-cluster-based 3D structures have been docu-
mented,™ no systematic investigation of the relationship be-
tween network connectivity and metal nuclearity has yet
been reported. An understanding of the effect induced by
metal nuclearity may therefore assist toward the rational
design of diversely connected metal-organic frameworks.
For this purpose, comparison of a series of related structures
based on different nuclear metals is required. Fortunately,
this has been achieved successfully for four entangled coor-
dination polymers by simultaneous use of the flexible long-
chain ligand L and aromatic dicarboxylate ligands having
bridging ability (bdc = 1,4-benzenedicarboxylate; oba =
4,4'-oxybis(benzoate)), namely, [Zn,(bdc),(L),]2H,O (1),
[Zn(bde)(L)os] (2). [Zn(oba)(L)ys] (3), and [Cds(bde)(L),-
(H,0),] (4) built upon mono-, bi- and trimetallic cores, re-
spectively. The crystal structures of these compounds and
topological analyses, along with the systematic investigation
of the modulated effect of metal nuclearity and coordination
modes of carboxylate ligands on the ultimate framework
topologies, will be represented and discussed in this paper.

Results

Crystal structures: Single-crystal X-ray structural analysis re-
veals that the structure of 1 contains two crystallographically
unique (but chemically and topologically identical) Zn
atoms, two bdc, and two L ligands. The ORTEP view of the
local coordination geometries around the Zn atoms is
shown in Figure 1. Each Zn" lies on a center of symmetry
and is coordinated with two frans L ligands via nitrogen
atoms (Zn—N 2.009(4)-2.059(4) A) and two trans bdc li-
gands via carboxylic oxygen atoms (Zn—O 1.936(4)-
2.002(5) A). The bridges formed by L and bdc ligands do
not sit in a plane; based on the second building unit (SBU)
concept, two carboxylate oxygen atoms and two triazolyl ni-
trogen atoms in each Zn center constitute a tetrahedral
SBU (Figure 2, left). The extension of the structure into a
3D network is accomplished by connecting four linear li-

Figure 1. ORTEP diagram showing the coordination environments for Zn atoms in 1.
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Figure 2. Schematic representation of inorganic SBUs.

gands to the tetrahedral building block (see Figure S1 in the
Supporting information). The topological analysis of 1 re-
veals that it is a typically diamondoid framework containing
large adamantanoid cages; Figure 3 also shows a single cage

Figure 3. Single adamantanoid cages (left) and a schematic view of a
single diamond-like framework (right).

delimited by four cyclohexane-like windows in chair confor-
mation. As can be seen, the adamantanoid cages are elon-
gated significantly in one direction, and exhibit maximum
dimensions (corresponding to the longest intracage Zn-Zn
distances) of 17.54 A x38.05 A x18.29 A. Because of the spa-
cious nature of the single network, it allows two identical di-
amondoid networks to interpenetrate it in a normal mode
giving rise to a threefold interpenetrating dia array (see
Figure 4), with isolated water molecules occupying the neu-
tral channels (see Figure S2 in the Supporting information).
The L ligands in 1 display three distinct conformations
owing to the long and flexible alkyl chain, giving three pairs
of different N-N and metal-metal distances (N-N 8.79 A,
Zn-Zn 1241 A;N-N 856 A, Zn-Zn 11.64 A; N-N 840 A,
Zn-Zn 1128 A). This flexible coordination feature has
been observed in two polymeric complexes with a related
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ligand  1,3-bis(1,2,4-triazol-1-
yl)propane (btp),'¥ Cu(btp),-
(CH;CN)(H,0)](CF;S0;),,

and  [Co(btp),(NCS),],, in
which btp ligands bridge metal
atoms in 1D or 2D structures
rather than 3D frameworks
due to the introduction of cap-
ping groups. An analysis of the
topology of interpenetration
according to a recent classifica-
tion!® reveals that 1 belongs to
Class Ia (all the interpenetrat-
ed nets are generated only by
translation and the translating
vector is [010] (11.32) A). As
often observed in interpene-

8-connect
decahedral SBU

Figure 4. a) Three interpenetrating diamond-like nets in 1; b) three inter-
penetrating adamantanoid cages; c) space-filling diagram of the three in-
terpenetrating adamantanoid cages.

trated diamondoid network structures, close i—m contacts!'
occur between triazolyl and aromatic rings (parallel stacking
with distances face-face of 3.38 A and 3.52 A, centroid—
centroid of 3.90 A and 3.98 A, and lateral offset of 1.78 A
and 1.97 A), whereby they stabilize the solid-state struc-
tures.

Compound 2, obtained by changing the reaction condi-
tions, adopts a threefold interpenetrated 3D network struc-
ture of a-Po topology that is built from dinuclear Zn, units
with a paddle-wheel structure. Figure 5 illustrates the coor-
dination environment of the Zn atoms and the sixfold con-
nectivity of the bimetallic unit. Each Zn" atom in the dinu-
clear motif is coordinated by four carboxylic oxygen atoms
of bdc ligands (Zn—O 2.0445(16)-2.0670(16) A) and one ni-
trogen atom of an L ligand (Zn—N 2.0145(18) A) to furnish
a square-pyramidal geometry. Two crystallographically
equivalent Zn" atoms are bridged by four carboxylates
bonded in the bridging bis(bidentate) fashion to give a
paddle-wheel shaped [Zn,(CO,),] fragment in which the
Zn-Zn distance is 2.980(3) A. The axis sites of each Zn,
paddle wheel are occupied by two additional L ligands

Chem. Eur. J. 2006, 12, 2680-2691
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Figure 5. ORTEP diagram showing the coordination environment for a paddle-wheel cluster in 2.

bonded to each Zn center via a nitrogen atom. Thus, an ar-
rangement where the carboxylate carbon atoms and triazolyl
nitrogen atoms are linked in turn constitutes an octahedral
SBU [Zny(CO,),N,] (Figure 2, middle). Each octahedral
SBU, which acts as a node, is connected to six others
through four bridging bdc and two L ligands (see Figure S3
in the Supporting information) to generate an extended neu-
tral 3D network (see Figure S4 in the Supporting informa-
tion), which can also be considered as being constructed
from distorted 2D square-grid (4,4) layers of composition
[Zn(bdc)] pillared by the long L ligands (Figure 6). The
overall topology of the 3D frame is best described as a com-
pressed a-Po net based on three intersecting (4,4) nets that
possesses large distorted cube-like cavities of approximately
11 Ax11 Ax17 A (Figure 7). The large voids formed by a
single 3D network allow incorporation of other two identical
networks, thus giving a threefold interpenetrated o-Po-relat-
ed network that belongs to Class Ia (all the interpenetrated
nets are generated only by translation and the translating
vector is [100] (7.66 A)), as shown in Figure 8. The essence
of the interpenetration is that the second and third nets are
located, equally spaced, along the rhombohedral “solid diag-
onal” of a distorted cube of the first net. Given that the a-
Po net is self-dual,'®! it is not surprising to find pairs of such
nets interpenetrating. However, we noticed that among the
currently known examples of a-Po topology the majority are

Figure 6. Side and front views of one (4,4) layer (left and middle) and a single 3D network pillared by L li-

gands in 2 (right).
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twofold,"” and only a few
threefold interpenetrated
frameworks have been identi-
fied until now.['¥!

When oba, a flexible dicar-
boxylate ligand, is used instead
of rigid bdc, a new (3,4)-con-
nected 3D interpenetrating
network with an unprecedent-
ed topology is produced. In the
crystal structure of 3, there is
one Zn"" atom, one oba ligand,
and half an L ligand in the
asymmetric unit. Each Zn"
atom in 3 is bonded by two

~

11A

11A
174

Figure 7. A single distorted cube-like unit of a single o-Po net in 2 with
the relative dimensions 11x11x17 A®.

oxygen atoms from the two p-carboxylate ends of two oba
ligands (Zn—0O 1.966(3) and 1.990(3) A), two oxygen atoms
of one chelating carboxylate end of one oba ligand (Zn—O
2.029(3) and 2.266(3) A), and one nitrogen atom (Zn—N
2.026(3) A) of an L ligand to furnish an approximately trigo-
nal bipyramidal geometry (Figure 9). Two Zn atoms related
by a twofold axis are bridged by a pair of the oba p-carboxy-
late ends into a dinuclear unit with a Zn--Zn distance of
3.553(3) A. A face-to-face distance of 3.35 A between a pair
of oba ligands coordinated to
the two Zn" atoms is observed,
showing significant intramolec-
ular m—m interactions (see Fig-
ure S5 in the Supporting infor-
mation). The V-shaped oba li-
gands (dihedral angle =~76°
between two phenyl rings) link
the adjacent dinuclear units in
the chelate-bidentate coordi-
nation mode (see Figure 10d)
into a neutral layer of compo-
sition [Zn(oba)] (Figure 11a).
Considering the Zn atoms and
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Figure 8. a) Perspective and b) schematic views of the threefold inter-
penetrating a-Po network of 2.

Figure 9. ORTEP diagram showing the coordination environment for a
dinuclear zinc unit in 3.

the C atoms of the p-carboxylate groups as nodes, we can
see that the layers comprise honeycomb-like meshes with a
three-connected (4-10%) topology that is rare if compared
with layers that show the more common square (4*) or hex-
agonal (6) topologies (Figure 11b). Just like 2, these 2D
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Figure 10. Coordination modes of aromatic dicarboxylic ligands in 1-4.

Figure 11. A neutral three-connected layer of composition [Zn(oba)]: a)
with a (4-10%) topology b) in 3.

sheets are further connected together in the third dimension
by axially coordinating L ligands to give a unique (3,4)-con-
nected 3D framework (see Figure S6 in the Supporting in-
formation) with an unprecedented topology of (4-6-10)-
(4-6*10°%), though a large number of possible (3,4)-connected
3D nets have been reported. No fewer than 30 topologically
nonuniform examples were listed by Wells."”! In this simpli-
fication the four-connected nodes are the single metals and
the three-connected ones are the carbon atoms of the oba li-
gands bridging on the bimetallic unit (see Figure 12, route I,
and Figure S7 in the Supporting information). Interestingly,
an individual 3D framework possesses three-directional
open channels of approximately 13.9 Ax14.7 A along the a
axis, of 83 Ax13.9 A along the b axis, and of 8.3 Ax83A
along the c-axis (see Figure S8 in the Supporting informa-
tion). As a consequence of Mother Nature’s horror vacui, 3
adopts threefold interpenetration to avoid extremely large
void spaces, with a translation vector corresponding to the
crystallographic ¢ axis (11.39 A) (Figure 13). Significant
intra- (mentioned above) and internetwork mi—m (interplanar
distance 3.65A) and C—H-m (edge-to-face separation
3.77 A) supramolecular interactions between the aromatic
rings contained in this structure presumably help to stabilize
the structure adopted. However, in spite of interpenetration,
3 still possesses free void space in the [001] direction esti-
mated to be about 1011.5 A3, that is, 24.1% of the crystal
volume (Figure 14).

Chem. Eur. J. 2006, 12, 2680-2691
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When Zn" is replaced with
Cd", which is larger, a particu-
larly fascinating structure is
obtained. Compound 4 exhibits
the rare 3D self-penetrating
network with an unprecedent-
ed 4%6° topology. The structure
of 4 consists of trinuclear cad-
mium clusters, in which 1.5
crystallographically independ-
ent Cd" atoms exhibit different
coordination spheres, although
both are eight-coordinate. One
Cd" center (Cdl) lies on a
center of symmetry and is co-
ordinated to six carboxylic
oxygen atoms from six differ-
ent bdc ligands (Cd—O

2.2666(19)-2.3152(16) A)

Figure 12. The two simplified models applied in the topological analysis of 3. I: single metal as a four-connect- Fi 1
igure 15). Th her

ed node and oba ligand as three-connected node. II: bimetallic unit as a six-connected node and all ligands as ( gure 5) ¢ other Cd

linear linkers.

oba

Zn2

oba

center (Cd2) is ligated with
four carboxylic oxygen atoms
(Cd—O 2.2256(19)-
2.4417(17) A) from three bdc ligands, one nitrogen atom
from an L ligand (Cd—N 2.281(2) A), and an aqua ligand

Figure 13. a) Perspective and b) schematic views of the threefold inter-
penetrating (3,4)-connected net of (4-6:10)(4-6>10°) topology of 3.

Interestingly, if the dinuclear units are drastically simpli-
fied to their baricenters (new six-connected nodes) joined
by four oba and two L ligands (new linear links), an alterna-
tive rationalization is possible that is closely related to that
of 2, a threefold interpenetrated six-connected net with a-

Po topology (see Figure 12, route II, and Figures S7 and S9 Figure 15. ORTEP diagram showing the coordination environments
in the Supporting information). around the cadmium atoms in 4.
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(Cd—0,, 2.308(2) A). The octahedrally coordinated Cd1 is
connected to two adjacent Cd2 centers in a corner-sharing
mode to form a [Cd;(us-O),]°* core via ps-carboxylate
atoms (O1) with a nonbonding Cd--Cd distance of
3.6102(11) A (Figure 2, right). As far as we know, only a few
[Cd;(us-OH)**+ cores have been reported to date.””! As il-
lustrated in Figure 16, there are eight organic ligands (six

Figure 16. Perspective (left) and simplified (right) views of the eight-con-
necting trinuclear cadmium cluster. The symbols of three types of linkers
are 1 (20.33 A), II (11.82 A), and III (10.87 A), respectively.

bdc and two L) surrounding each Cd; unit. This, therefore,
defines an eight-connected node which is further linked to
eight nearest neighbors at distances of 10.87-20.33 A
through eight bridging ligands. This process, when repeated,
results in a unique 3D uninodal framework of 4%%6® topology
with eight-connecting trinuclear cadmium clusters as nodes
(Figure 17). The eight-connecting framework topology, to

Figure 17. Topological representation of 4 showing the 4°6® topology.
The trinuclear cadmium clusters are represented by balls.

our knowledge, is completely new within coordination poly-
mer chemistry. The discovery of this new topology is useful
at the basic level in the crystal engineering of coordination
networks. According to the new approaches to the analysis
of highly connected frameworks proposed by Hill et al.,*!]
namely visualization of the structures as combinations of in-
terconnected 2D subnet tectons, the eightfold connectivity
of the structure of 4 can be described as being formed from
parallel 4* nets (in the crystallographic (001) plane with a
node-node distance of 10.87 A), with each center providing
four links (11.82 and 20.33 A long) to four different centers
in adjacent nets, two on each side (Figure 17).
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Notably, the structure of 4 is completely different from
that of the familiar body-centered cubic lattice (bcu).?? As
shown in Figure 18, the parallel (4,4) nets of both bcu and 4
are crosslinked by zigzag chains; however, the detailed con-

Figure 18. Schematic representations illustrating the different links be-
tween the 4* nets in the eight-connected nets of beu (left) and 4 (right).
The self-penetrating shortest circuits are highlighted.

nection modes are different. In bcu the zigzag chain in the
interlayer region bridges across the diagonal of a single
window in the (4,4) net (Figure 18, left). In 4, however, it
bridges the diagonal of six windows (Figure 18, right). Such
an unusual linkage mode is also distinct from a previously
known non-bcu eight-connected net,™ in which the zigzag
chains bridge the edges of one (4,4) net and the diagonal of
the next. As a result of this unique bridging of parallel
layers, the catenated four-membered shortest rings (that is,
each four-membered ring is interlocked with four others of
different sizes at one time) are observed at the intersection
of the crossing of two-dimensional layers (Figure 17, and
Figure S10 in the Supporting information). Therefore, the
resulting array is a single eight-connected self-penetrating
network.

A better insight into the nature of this intricate architec-
ture can be achieved if one can imagine removing one at a
time from the three types of links of different lengths (see
Figure 16, right). On removing typel (20.33 A) or II
(11.82 A), both of the remainders are three-dimensional six-
connected frames with the distorted a-Po topology (Figur-
e 19a,b). However, elimination of type III (10.87 A) leaves a
three-dimensional four-connected frame based upon tetra-
hedral nodes, exhibiting an intriguing fivefold interpenetrat-
ing diamond-like substructure (Figure 19¢, and Figure S11 in
the Supporting information). For any n-fold interpenetrated
net, it is always true that if the extra edges that could con-
nect all the n-fold interpenetrated nets together are added,
a single self-penetrating net with higher connectivity/coordi-
nation will be obtained. Therefore, the overall framework of
4 is clearly a self-penetrating net and can be considered as
derived from five interpenetrating diamond-like nets that
are crosslinked by four extra connections (namely type III)
parallel to the (001) plane from each node (see Figure 20
and Figure S12 in the Supporting information).

As stated by O’Keeffe, “MOFs based on nets with coordi-
nation numbers = 8P are rare and we do not expect struc-
tures built from SBUs with eight vertices to be very
common.”®! To our knowledge, the very few known eight-
connected species within coordination polymers are either
single/%+*! or interpenetrating.”**“! The sole eight-connect-

Chem. Eur. J. 2006, 12, 2680 -2691
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Figure 19. a, b) The results of eliminating type I or II linkers that leave
three-dimensional frames with the a-Po topology; c) the result of remov-
ing type III that leads to a fivefold interpenetrating diamondoid-like
frame.

b)

Figure 20. a) The eight-connected self-penetrating net derived from five
interpenetrating diamondoid nets; b) the amplified links crossing the five
interpenetrating diamondoid nets.

ed self-penetrating network entirely sustained by the coordi-
native bonds is the complex [Zns(ps-OH),(bdc),(phen),]
(phen = 1,10-phenanthroline) reported by us very recent-
ly,*" in which two interpenetrating a-Po nets are crosslinked

Chem. Eur. J. 2006, 12, 2680-2691
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by two extra connections from each node along the cube di-
agonals (Figure S13 in the Supporting information). The
topology (4**5-6%) is significantly different from that of the
coordination polymer described here. Therefore, to the best
of our knowledge, the framework reported herein defines a
new topology for eight-connected coordination networks,
and represents the highest connected topology at present
known for self-penetrating systems.

Thermal properties: To study the thermal stability of 1-4,
thermogravimetric (TG) analyses were performed on poly-
crystalline samples under a nitrogen atmosphere (Figur-
es S14-S17 in the Supporting information). Complex 1 first
lost weight corresponding to two isolated water molecules
(observed 4.19 %, calculated 4.07 %) from 85 to 140°C, leav-
ing a framework of Zn,(bdc),(L),. This framework was
stable up to 350°C; decomposition of organic components
occurred between 350°C and 800°C (obsd 76.56 %, calcd
77.06 %). The remaining weight (19.25%) indicated that the
final product was ZnO (calcd 18.87%).

The TG curves of 2 and 3 are very alike, consistently with
their similar structural skeleton. No weight losses were ob-
served for either compound up to 345°C; above 345°C, sig-
nificant weight losses occurred and ended at ~530°C, indi-
cating complete decomposition of the complexes to form
ZnO as a final product. This conclusion is supported by the
percentages of the residues (26.04% for 2 and 19.58 % for
3), which are in accordance with the expected values
(25.53% and 19.91 % for 2 and 3, respectively).

The TG curve of 4 exhibits three well-separated weight
loss stages. The first, of 3.16% from 190 to 220°C, corre-
sponds to the loss of two coordinated water molecules
(caled 3.40%). The second, of 15.53% from 220 to 320°C, is
equivalent to the loss of one bdc ligand (calcd 15.48 % ). The
third, of 44.21% from 345 to 600°C, is consistent with re-
moval of the remaining two bdc and two L ligands (calcd
45.05%). The remaining weight (36.26%) corresponds to
the percentage (36.91%) of Cd and O components in CdO,
indicating that this is the final product.

Luminescent properties: Upon excitation of 1-4 in the solid
state at room temperature, intense bands in the emission
spectra are observed at 475nm (i, = 422nm) for 1,
465 nm (A, = 420 nm) for 2, 462 nm (4., = 425 nm) for 3,
and 435 nm (A, = 370 nm) for 4 (Figure 21). As reported
previously,”™ solid H,oba and H,bdc ligands are nearly non-
fluorescent in the range 400-800 nm for excitation wave-
lengths between 360 and 450 nm at ambient temperature. To
understand more thoroughly the nature of the emission
band, investigation revealed that the ligand L displayed no
luminescence. From the theoretical viewpoint, because of
the impact of the relativistic effect, the coordination struc-
tures, and electron correlation effects, the (n+1) s orbitals of
the d° metals contract and therefore have lower ener-
gies.¥ In these complexes, the highest occupied molecular
orbitals (HOMOs) are presumably associated with the -
bonding orbitals from aromatic rings, whereas the lowest un-
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Figure 21. Emission spectra of 1-4 in the solid state at room temperature.

occupied molecular orbitals (LUMOSs) are associated mainly
with the Zn/Cd—O(carboxy) o'-antibonding orbitals, local-
ized more on the metal centers. Thus the origin of the emis-
sion might be attributable to ligand-to-metal charge transfer
(LMCT).PY The enhancement of luminescence in d'° com-
plexes may be attributed to ligand chelation to the metal
center which effectively increases the rigidity of the ligand
and reduces the loss of energy by radiationless decay.*?
These observations indicate that these condensed polymeric
materials may be excellent candidates for potential photoac-
tive materials, since they are thermally stable and insoluble
in common polar and nonpolar solvents.

Discussion

As shown above, the simultaneous use of the flexible long-
chain ligand L and aromatic dicarboxylate ligands affords
various entangled architectures. Although we are unable to
propose definitive reasons as to why each compound adopts
a different topology with our present state of knowledge,
some of the general trends observed are discussed below.

Effect of metal nuclearity: The connectivities of the four
compounds are strongly related to the metal nuclearity. The
following discussion offers a qualitative explanation for this
conclusion. As described above, in 1 all the metal atoms
exist only in a mononuclear fashion and are coordinated by
four nonplanar bridging ligands to serve as four-connected
nodes, finally resulting in a typically four-connected dia-
mondoid network. In contrast to 1, 2, and 3 both contain di-
nuclear metal units. When considered as a whole, they act as
six-connected nodes to form three-dimensional six-connect-
ed frameworks, whereas in 4 single metal atoms are substi-
tuted by trinuclear metal clusters to form eight-connected
nodes, giving an unusual eight-connected framework. From
the regular trend observed for 1-4, we can see that the in-
crease in metal nuclearity (from 1 to 3) induces the progres-
sive increase in connectivity of the ultimate net (from 4 to
8); in other words, the metal nuclearity plays a significant
role in tuning the connectivity of a specific network because
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metal-cluster based nodes generally have larger surface
areas (sometimes even nanoscale) and therefore they can
accommodate the steric demands of organic linkers more
readily. In a very loose and general sense, the higher the nu-
clearity of a metal cluster, the more likely is it that a highly
connected net is obtained. This therefore provides a promis-
ing pathway toward the generation of metal-organic frame-
works with unusually high connectivities.

Effect of coordination modes of carboxylate ligands: Multi-
dentate carboxylate ligands have proven to be good candi-
dates for building metal-organic frameworks, owing to their
diverse coordination modes.”™ It is instructive to compare
the coordination modes of carboxylate ligands in these com-
pounds. In 1, bdc adopts a bridging syn—anti bis(monoden-
tate) coordination mode (Figure 10a), which determines
that each metal atom has no choice but to exist in a single-
nuclear fashion. In 2 and 3, whether for the rigid bdc or for
the flexible oba ligand, there exists a bis(bidentate) coordi-
nation mode, as shown in Figure 10b,d. This mode is essen-
tial in chelating metal ions and locking their positions into
M-O-C clusters.” The most popular is the “paddle-wheel*
cluster in which a metal dimer is bridged by four bis(mono-
dentate) carboxylates. Therefore, the formation of the dinu-
clear units in the two compounds might reasonably be at-
tributed to the bridging syn—syn bidentate ends of dicarbox-
ylate ligands, whereas in 4, apart from the bis(bidentate)
binding mode that tends to favor the formation of a dimeric
unit, there is a tridentate bridge that is rare in metal—car-
boxylate complexes (Figure 10c).’ Such a tridentate bridge
mode is postulated to be an important intermediate in “car-
boxylate-shift chemistry™ and is a key factor for the for-
mation of the trinuclear metal cluster. Thus the coordination
modes of carboxylate ligands influence the metal nuclearity
and hence the connectivity of the resulting net.

Additional factors, such as the size of metal ions, the stoi-
chiometric ratio of the reactive materials, the reaction pH,
and the versatility of the metal coordination geometry, play
fundamental roles in the formation of the final product.
Since these factors work together to affect the structures, it
is difficult to separate and rationalize them.

Conclusion

The simultaneous use of the flexible long-chain ligand L and
aromatic dicarboxylate ligands to react with d'° metals af-
fords a variety of interesting self-assembled polymeric archi-
tectures providing new examples of entangled systems, illus-
trating again the aesthetic diversity of coordinative network
chemistry. Topological analyses of the four complexes indi-
cate that symmetrical and simple SBUs such as tetrahedra
in 1 and octahedra in 2 and 3 are liable to lead to predicta-
ble topologies, whereas complex and uncommon SBUs as in
4 tend to form previously unobserved topologies. Although
it is still difficult to predict the structures accurately, given
the well-defined topologies and rigid backbone structures of
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metal-cluster based SBUs, we expect assembly of 3D struc-
tures to happen in a more controllable manner. The progres-
sive tendency of the connectivity observed for these com-
plexes with an increase in metal nuclearity shows that
tuning of metal nuclearity via the coordination modes of
carboxylate ligands can influence the connectivity of the re-
sulting networks. It is believed that the preliminary results
presented here may also provide a promising pathway to ra-
tional design of diversely connected metal-organic frame-
works, a goal that we are pursuing actively.

Experimental Section

Materials and physical measurements: All chemicals were purchased
commercially and used without further purification. Elemental analyses
(C, H, and N) were performed on a Perkin-Elmer 2400 CHN elemental
analyzer. IR spectra were recorded in the range 400-4000 cm™ on an
Alpha Centaurt FT/IR spectrophotometer using KBr pellets. TG analyses
were performed on a Perkin-Elmer TGA?7 instrument in flowing N, with
a heating rate of 10°Cmin~'. Excitation and emission spectra were ob-
tained on a SPEX FL-2T2 spectrofluorimeter equipped with a 450 W
xenon lamp as the excitation source.

Syntheses

[Zny(bdc),(L),]-2H,0 (1): A mixture of Zn(NO;),6H,0 (149 mg,
0.5 mmol), H,bde (83 mg, 0.5 mmol), L (96 mg, 0.5 mmol), and water
(10 mL) was placed in a Teflon reactor (23 mL). The pH was adjusted to
5.0 by addition of triethylamine, the mixture was heated at 160°C for
three days, and then it was cooled to room temperature at 10°Ch™". Col-
orless crystals of 1 were obtained in 68 % yield based on Zn (150 mg). El-
emental analysis (%) caled: C 43.50, H 4.56, N 19.03; found: C 43.58, H
4.49, N 19.13; IR (KBr): # = 3446 (br), 3121(m), 3047(w), 2957(w),
2876(w), 1631(s), 1599(s), 1530(m), 1505(m), 1392(s), 1300(w), 1281(s),
1217(w), 1136(s), 1089(w), 999(s), 895(m), 876(w), 826(s), 792(w), 755(s),
674(m), 657(m), 543(s), 458(w) cm .

[Zn(bdc)(L)os] (2): A mixture of Zn(NOs),-6H,O (149 mg, 0.5 mmol),
H,bdc (83 mg, 0.5 mmol), L (48 mg, 0.25 mmol), and water (10 mL) was
placed in a Teflon reactor(23 mL). The pH was adjusted to 7.5 by addi-

Table 1. Crystal data and structure refinements for complexes 1-4.
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tion of triethylamine, the mixture was heated at 160°C for three days,
and then it was cooled to room temperature at 10°Ch~". Colorless crys-
tals of 2 were obtained in 52% yield based on Zn (85 mg). Elemental
analysis (%) caled: C 44.13, H 3.39, N 12.87; found: C 44.07; H 3.31; N
12.90; IR (KBr): # = 3153(m), 3112(w), 3057(w), 2930(w), 2882(w),
1618(s), 1552(s), 1520(m), 1470(m), 1401(s), 1324(m), 1281(s), 1206(w),
1136(s), 1114(w), 989(s), 893(m), 868(w), 832(m), 783(w), 757(s), 673(m),
652(m), 538(s), 462(w) cm ™.

[Zn(oba)(L)ys] (3): Compound 3 was prepared as for 2 by using H,oba
instead of H,bdc. Colorless crystals of 3 were obtained in 64% yield
based on Zn (134 mg). Elemental analysis (%) caled: C 51.63, H 3.61, N
10.04; found: C 51.66, H 3.54, N 10.10; IR (KBr): % = 3153(m), 3067(w),
2996(w), 2929(w), 2870(w), 1620(s), 1598(s), 1573(m), 1540(m), 1504(m),
1467(w), 1405(s), 1305(w), 1284(w), 1252(s), 1159(s), 1131(s), 1097(m),
1011(m), 998(s), 884(s), 865(w), 801(m), 776(s), 754(w), 737(w), 709(w),
698(m), 674(w), 663(m), 653(m), 631(w), 618(w), 526(m), 499(w),
444(m) cm ™.

[Cds(bdc);(L),(H,0),] (4): A mixture of Cd(NO;),4H,0 (154 mg,
0.5 mmol), H,bdc (83 mg, 0.5 mmol), L (58 mg, 0.3 mmol), and water
(10 mL) was placed in a Teflon reactor (23 mL). The pH was adjusted to
8.0 by addition of triethylamine, the mixture was heated at 160°C for
three days, and then it was cooled to room temperature at 10°Ch~". Col-
orless crystals of 4 were obtained in 48 % yield based on Cd (85 mg). Ele-
mental analysis (%) calcd: C 36.26, H 2.85, N 7.93; found: C 36.34, H
2.89, N 7.87; IR (KBr): # = 3387 (br), 3412(w), 3112(w), 3067(w),
2948(w), 2881(w), 2667(w), 2552(w), 1678(w), 1649(w), 1573(s), 1521(w),
1505(m), 1374(s), 1318(w), 1286(s), 1208(w), 1136(s), 1113(w), 1091(w),
1116(m), 998(m), 944(w), 898(m), 868(w), 856(w), 833(m), 819(m),
781(m), 747(s), 673(m), 684(m), 530(s), 462(m) cm .

Crystal structure determination: Intensity data were collected on a
Rigaku R-Axis Rapid IP diffractometer with Moy, monochromated radi-
ation (1 = 0.71073 A) at 293 K. Empirical absorption correction was ap-
plied. The structures of 1-4 were solved by the direct method and refined
by the full-matrix least squares on F* using the SHELXL-97 software.
All of the non-hydrogen atoms were refined anisotropically. The organic
hydrogen atoms were generated geometrically; the aqua hydrogen atoms
were located from difference maps and refined with isotropic tempera-
ture factors. Crystal data and structure refinement for 1-4 are summar-
ized in Table 1. Selected bond lengths and angels of 1-4 are listed in
Table 2.

1 2 3 4
formula C5,HyoN,O49Zn, C,H;;N;0,Zn CisHsN;05Zn C5,H3N:0,,Cd;
M, [g] 883.50 326.61 418.70 1059.82
crystal system triclinic monoclinic monoclinic monoclinic
space group Pl P2,/n C2/c C2/c
a[A] 9.6551(19) 7.6645(15) 14.747(3) 7.9993(16)
b [A] 11.322(2) 15.508(3) 25.414(5) 20.206(4)
c[A] 18.200(4) 11.242(2) 11.387(2) 21.281(4)
a[°] 98.90(3) 90 90 90
BI°] 91.04(3) 103.68(3) 100.65(3) 91.19(3)
v [°] 111.01(3) 90 90 90
V[AY] 1829.0(6) 1298.4(4) 4194.2(15) 3439.0(12)
V4 2 4 8 4
Peatea [gem™] 1.604 1.671 1.326 2.047
u [mm™] 1.386 1.908 1.201 1.919
collected reflections 14183 12559 19991 16730
unique reflections (R;,) 6370(0.0535) 2967(0.0401) 4773(0.0597) 3932(0.0276)
observed reflections [/>20([)] 4246 2635 3819 3681
refined parameters 505 181 244 251
goodness of fit 1.063 0.882 1.030 1.079
RMwRM [I>20(D)] 0.0619/0.1482 0.0291/0.0707 0.0495/0.1603 0.0213/0.0489
R“wR," (all data) 0.0961/0.1689 0.0342/0.0739 0.0622/0.1701 0.0236/0.0495
largest residuals [e A~ 1.207/-0.557 0.371/-0.494 0.857/—0.444 0.546/-0.557
[a] R, = Z||Fy| — | F.||/Z]| Fy|. [b] wRy = Z[w(F>—F2)X[w(F?)*".
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Table 2. Selected bond lengths [A] and angles [°] for 1-4.1

complex 1
Znl-04 1.963(4) Zn2-07 1.936(4)
Zn1-02 2.002(5) Zn2—05 1.986(4)
Znl—-N7 2.009(4) Zn2—N4 2.017(4)
Znl—-N10 2.059(4) Zn2—-N3 2.046(4)
04-Zn1-02 111.1(2) 04-Zn1-N7 120.52(19)
02-Zn1-N7 113.9(2) 04-Zn1-N10 100.46(18)
02-Znl1-N10 96.1(2) N7-Zn1-N10 111.00(18)
07-Zn2-05 104.08(19) O7-Zn2-N4 96.81(18)
05-Zn2-N4 126.12(19) 0O7-Zn2-N3 120.4(2)
05-Zn2-N3 99.14(18) N4-Zn2-N3 111.92(18)
Complex 2
Znl—-N1 2.0145(18) Znl-03A 2.0445(16)
Znl-02B 2.0498(16) Znl-04C 2.0516(16)
Znl-01 2.0670(16)
N1-Zn1-O3A 100.40(7) N1-Zn1-O2B 104.02(7)
0O3A-Znl-O2B 87.60(7) N1-Zn1-04C 101.54(7)
0O3A-Znl-0O4C 158.06(7) 0O2B-Zn1-04C 87.05(7)
N1-Zn1-O1 97.47(7) 03A-Znl-01 90.10(7)
0O2B-Zn1-01 158.45(7) 04C-Zn1-01 87.14(7)
complex 3
Znl-0O5A 1.966(3) Znl-04B 1.990(2)
Znl—-N1 2.026(3) Znl-02 2.029(3)
Znl-01 2.266(3)
O5A-Zn1-O4B 102.10(13) O5A-Znl-N1 105.97(13)
O4B-Zn1-N1 96.71(12) O5A-Zn1-02 131.58(14)
04B-Zn1-02 102.57(11) N1-Zn1-O02 111.67(13)
O5A-Zn1-01 89.44(13) 04B-Zn1-01 163.44(12)
N1-Zn1-O1 91.37(13) 02-Zn1-01 60.93(11)
complex 4
Cd1-06 2.2572(17) Cd1-O6A 2.2573(17)
Cd1—-0O3B 2.2666(19) Cd1-03C 2.2666(19)
Cd1-01 2.3151(16) Cd1-O1A 2.3152(16)
Cd2—04C 2.2256(19) Cd2—-05 2.2295(17)
Cd2—-N1 2.281(2) Cd2—-01W 2.308(2)
Cd2—-02 2.3394(18) Cd2—-01 2.4417(17)
06-Cd1-O6A 148.00(12) 06-Cd1-O3B 85.85(8)
06-Cd1-01 82.13(7) 06A-Cd1-01 82.32(7)
0O3B-Cd1-01 151.66(7) 03C-Cd1-01 82.09(7)
01-Cd1-O1A 121.24(8) 04C-Cd2-0(5) 95.00(8)
04C-Cd2-N1 89.50(8) 05-Cd2-N1 95.04(7)
N1-Cd2-01W 90.10(8) 04C-Cd2-02 162.60(7)
05-Cd2-02 88.09(7) N1-Cd2-02 107.31(7)
O1W-Cd2-0O1 80.63(7) 02-Cd2-01 54.66(6)

[a] Symmetry operations: for 2: A) —x—'%, y+'4, —z4+°%; B) —x, —y+2,
—2+1; ) xt'fs, —y+), 2= for 3: A) —x+h, y—"o 2+ B) x='15,
y="h z; for 41 A) —x+2, y, —z+h; B) x+'fo, y="1o, 2; C) —x+, y='15,

—z4+.

CCDC-285598 (1), CCDC-285599 (2), CCDC-285600 (3), and CCDC-
285601 (4) 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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