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Reactions of mixed ligands succinic acid (H2suc) and bent
dipyridines, such as 2,5-bis(3-pyridyl)-1,3,4-oxadiazole (3-
bpo) and its 4-N-donor analog (4-bpo), with inorganic CuII,
NiII, and CdII salts yield three new metal-organic coordina-
tion frameworks {[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1),
{[Ni(suc)(4-bpo)(H2O)2]·(H2O)5}n (3), and {[Cd2(suc)2(3-bpo)2-
(H2O)2]·(H2O)6.75}n (4), in which the metal centers are linked
by bridging ligands 3-bpo/4-bpo and suc2– along two direc-
tions to form 2D infinite networks. The corrugated 2D nets of
1 and 4, obtained under hydrothermal conditions, align in an
interdigitated manner with the presence of significant aro-
matic-stacking interactions to result in similar 3D architec-
tures. The 2D sheets in 3 are extended by interlayer hydro-
gen bonds to afford a 3D structure. However, when succinic
acid is replaced by fumaric acid (H2fum) in the reaction with

Introduction

Research on metal-organic supramolecular chemistry has
rapidly developed to produce new materials with interesting
structural features and potential applications, and is also
one of the most active branches in current coordination
chemistry.[1,2] By self-assembly of well-designed organic li-
gands and metal ions under appropriate conditions, a vari-
ety of novel metallosupramolecular architectures, such as
coordination polymers and host-guest compounds, have
been achieved so far.[1,2] Previous reports have revealed that
bifunctional building blocks such as dicarboxylate and di-
pyridine can bind and bridge metal centers well,[3] and to
some extent, it is now possible to predict the target materi-
als based on such ligands containing specific structural and
functional information. On the other hand, metal-carboxyl-
ate complexes are of great interest in several fields including
bioinorganic chemistry,[4] molecular magnetism,[5] and crys-
tal engineering.[6]

Nowadays, the combination of two or more predeter-
mined organic building blocks within a structure has proven
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3-bpo and CuII salt, a metallacyclophane [Cu(Hfum)2(3-bpo)-
(H2O)]2·(3-bpo)2·(H2O)6 (2) is generated. The binuclear coor-
dinated motifs are hydrogen-bonded to the lattice water
chains to furnish a unique 3D channel-like framework, in
which the guest 3-bpo molecules are accommodated. The
thermal stabilities of these new materials were investigated
by thermogravimetric analysis (TGA) of mass loss. The mag-
netic coupling in complexes 1–3 is antiferromagnetic and
very small, which is as expected considering the long organic
bridges between the paramagnetic centers. The solid-state
luminescence properties of 4 reveal an intense fluorescence
emission at 378 nm.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

to be a powerful synthetic approach to generate functional
metal-organic frameworks.[2b,7] Succinic acid (H2suc) is an
effective linking ligand that has been extensively used, to-
gether with 4,4�-bipyridine (bipy), to construct mixed-li-
gand polymeric arrays such as a 1D chain [Zn(suc)-
(bipy)],[8a] a 3D open framework [Cu(suc)(bipy)(H2O)2]·
2H2O,[8a] a 3D pillar-layered network [Mn(suc)(bipy)(H2O)]·
0.5bipy,[8b] a twofold interpenetrated 3D pillar-layered
structure [Cd(suc)(bipy)]·0.25H2O,[8c] and a unique twisting
chiral net [Co(suc)(bipy)(H2O)2]·2H2O.[8d] Recently, a dipy-
ridyl exo-bidentate heterocyclic ligand, somewhat structur-
ally similar to bipy but with a bent backbone, 2,5-bis(4-
pyridyl)-1,3,4-oxadiazole (4-bpo) and its 3-N-donor analog
(3-bpo) have been involved considerably in our investi-
gations, and a series of interesting discrete/infinite coordi-
nation frameworks[9] and organic cocrystalline materials[10]

have been generated utilizing their advantage as linking
units with the potential ability for coordination, hydrogen-
bonding, and/or aromatic-stacking interactions. As an ex-
tension of this research, our current work has been focused
on simultaneous employment of such N-donor ligands in
cooperation with dicarboxylates to assemble new coordina-
tion frameworks.[11] In this context, we describe here the
preparation, crystal structures, and properties of the mixed-
ligand systems {[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1),
[Cu(Hfum)2(3-bpo)(H2O)]2·(3-bpo)2·(H2O)6 (2), {[Ni(suc)-
(4-bpo)(H2O)2]·(H2O)5}n (3), and {[Cd2(suc)2(3-bpo)2-
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(H2O)2]·(H2O)6.75}n (4), where H2fum refers to fumaric
acid. Complexes 1, 3, and 4 are 2D coordination polymers,
while the dinuclear metallacyclophane 2 represents an un-
usual inclusion compound containing 1D water chains. The
magnetic and fluorescence properties of these new materials
were also studied.

Results and Discussion

Preparation and Thermal Stabilities of Complexes 1–4

Coordination polymers 1 and 4 were obtained by hydro-
thermal synthesis, and complexes 2 and 3 were prepared
under ambient conditions. In the case of 3, suitable crystals
for X-ray diffraction were achieved by diffusion method in
order to facilitate the slow growth of larger single crystals.
During the preparation of coordination polymers 1, 3, and
4, the pH environments of the reaction systems were ad-
justed by triethylamine to promote the complete deproton-
ation of succinic acid. As a consequence, in the resultant
crystalline materials, the succinate dianions act as the bridg-
ing blocks to extend the 1D metal-bpo arrays to 2D infinite
frameworks. Notably, in the dinuclear complex 2 with the
unusual 3D inclusion architecture, the fumaric acid is found
in its uncommon mono-deprotonation form and adopts the
unprecedented terminal coordination mode with copper.
This result is probably related to the fact that the reaction
system leading to the generation of 2 does not include a
sufficiently strong base. Presumably, the level of deproton-
ation of the dicarboxylic acid is of great relevance to the
final structure of 2. All complexes are air-stable and insolu-
ble in common organic solvents and water, which is consis-
tent with their polymeric and neutral nature. Thermogravi-
metric experiments were carried out to explore their ther-
mal stabilities. The TGA curve of 1 shows an obvious
weight loss of 6.33% in the range of 46–148 °C (peak:
123 °C), corresponding to the release of the lattice water
molecules (calculated: 6.68%). The decomposition of the
residuary [Cu(suc)(3-bpo)(H2O)2] moiety starts at 187 °C,
and then there are three consecutive steps of weight losses
ending at 396 °C (peaks: 253, 273, and 358 °C). Further
heating to 800 °C reveals no weight loss. Complex 2 remains
intact until heating to ca. 100 °C, and then there are three
consecutive steps of weight losses (peaks: 182, 260, and
282 °C) concluding at 370 °C. Further heating to 800 °C re-
veals a continuous and slow weight loss. The TGA curve of
3 suggests that the first weight loss of 17.88% in the range
110–159 °C (peak: 133 °C) corresponds to the expulsion of
the lattice water molecules (calculated: 17.14%). Then the
coordination framework starts to decompose beyond
195 °C with a series of complicated weight losses, and does
not end until heating to 800 °C. For complex 4, the first
step of weight loss (15.59%) in the 62–122 °C range corre-
lates to the elimination of coordinated and lattice water
molecules (calculated: 14.82%). The remaining substance
does not lose weight upon further heating until two consec-
utive weight losses (peaks: 276 and 422 °C) occur in the
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temperature range of 196–478 °C. Further heating to
800 °C reveals no weight loss.

Structural Analysis of Complexes 1–4

{[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1)

Single-crystal X-ray diffraction analysis reveals that com-
plex 1 is a 2D metal-organic coordination network in which
the metal centers are linked by bidentate suc2– and 3-bpo
ligands. Each CuII atom, located at an inversion center, has
an octahedral geometry by virtue of two suc2– oxygen
atoms, two 3-bpo nitrogen atoms, and two aqua ligands
[Figure 1 (a)], and as expected, the geometry shows Jahn–
Teller elongation with two Cu–Owater bond distances

Figure 1. (a) A portion view of 1 with atom labeling of the asym-
metric unit and the coordination sphere of copper (all hydrogen
atoms are omitted for clarity). (b) A perspective view of the 2D
CuII network with mixed ligands suc2– and 3-bpo, which are simpli-
fied as rods and flexuous motifs, respectively. (c) A packing dia-
gram of 1 showing the interdigitation of the 2D networks.
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[2.621(7) Å] being significantly longer than those of the
other four Cu–O/Cu–N bond lengths [1.947(2)/2.030(3) Å].
The carboxylate group is binding to copper through O(2)
in a monodentate fashion, resulting in a longer bond length
of C(7)–O(2) than that of C(7)–O(3). Detailed bond param-
eters are listed in Table 1. Both 3-bpo and suc2– bridging
components adopt a trans arrangement around copper. As
depicted in Figure 1 (b), the 3-bpo molecules connect the
CuII ions to produce a 1D sinusoidal chain, and a similar
motif is also observed in {[Cu2(3-bpo)2(H2O)6(SO4)2]-
(H2O)6}n.[9b] The adjacent chains are arranged in an A(-A)
A(-A) sequence and are further interlinked by suc2– ligands
in a trans bi-monodentate manner to generate a 2D (4,4)
network. The distances between the CuII centers separated
by 3-bpo and suc2– are 8.302(3) and 9.499(2) Å, respectively.
There also exist intralayer O–H···O hydrogen bonds
[O(5)–H(5A)···O(3), H···O and O···O distances: 1.87 and
2.726(4) Å, O–H···O angle: 164°; O(5)–H(5B)···O(3)i (i =
–x + 3/2, –y + 1/2, –z + 1), H···O and O···O distances: 2.06
and 2.904(5) Å; O–H···O angle: 158°], which further stabi-
lize this framework.

Table 1. Selected bond lengths [Å] and angles [°] for complex 1.[a]

Bond lengths

Cu(1)–O(2) 1.947(2) Cu(1)–N(1) 2.030(3)
Cu(1)–O(5) 2.621(7) O(2)–C(7) 1.277(4)
O(3)–C(7) 1.231(4)

Bond angles

O(2)–Cu(1)–N(1) 89.29(10) O(2)–Cu(1)–N(1A) 90.71(10)
O(2)–Cu(1)–O(5) 81.51(10) O(2)–Cu(1)–O(5A) 98.49(10)
N(1)–Cu(1)–O(5A) 87.89(11) N(1)–Cu(1)–O(5) 92.11(11)

[a] Symmetry codes: A: –x + 3/2, –y +1/2, –z.

The most interesting structural feature of 1 is the packing
mode of the 2D networks. As illustrated in Figure 1 (c), the
3-bpo segments lie up and down each 2D sheet, and as a
consequence, these 2D arrays are interdigitated with the
presence of interlayer π–π stacking interactions between the
adjacent 3-bpo molecules. The center-to-center and center-
to-plane distances of two antiparallel oxadiazole rings are
4.14 and 3.65 Å, respectively, and those for the pyridyl
planes (with a dihedral angle of 4.7°) are 4.15 and 3.70/
3.60 Å, respectively. Similar examples with such interdigi-
tation alignment have been documented, which suggest that
the stacking interactions can play an important role in ex-
tending the structural dimensionality of metallosupra-
molecular networks.[12]

[Cu(Hfum)2(3-bpo)(H2O)]2·(3-bpo)2·(H2O)6 (2)

When succinic acid was replaced by the more rigid fu-
maric acid under different reaction conditions, a distinct
complex 2 was produced. It consists of a centrosymmetrical
binuclear unit [Cu(Hfum)2(3-bpo)(H2O)]2, two 3-bpo guests,
and lattice water molecules. As shown in Figure 2 (a),
in the binuclear entity, each CuII atom is in a distorted
square-pyramidal geometry with a τ parameter of 0.244.[13]

Two 3-bpo nitrogen atoms and two carboxylate oxygen
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atoms of Hfum– occupy the basal plane, and a water ligand
is located at the axial position with a significantly longer
Cu–O bond distance of 2.219(3) Å. Selected bond lengths
and angles for 2 are listed in Table 2. The two Cu atoms
are linked by a pair of 3-bpo molecules to afford a bimetal-
lic ring motif with an intramolecular Cu···Cu distance of
8.385(3) Å. Similar bimetallic macrocycles [Cu2(3-bpo)2-
(H2O)6](ClO4)4(H2O)4 and [Cu(3-bpo)(NO3)2]2(CH3CN)2

were reported recently.[9b] Remarkably, the mono-deproton-
ated fumaric acid moieties coordinate to CuII in a uniden-
tate fashion and locate above and below the metallocycle
plane. In most documented cases, fumaric acid serves as a
dianionic fum bridge using both carboxylate groups,[14] and
thus such a unidentate coordination mode of Hfum– and/
or fum2– is quite unique.[15,16] In this structure, as expected,
the C–O bonds of the carboxylate groups binding to copper

Figure 2. (a) Bimetallic macrocycle of 2 with atom labeling of the
asymmetric unit and the coordination sphere of copper (all hydro-
gen atoms, guest 3-bpo, and lattice water molecules are omitted for
clarity). (b) A representation of the 1D water chain linked by water-
water interactions. (c) A perspective view of the 3D channel-like
hydrogen-bonded network with the accommodation of guest 3-bpo
molecules.
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have longer lengths than those of the carboxylate groups
not binding to copper, and the C–O bonds connecting with
the hydrogen atoms of the carboxyl groups are also signifi-
cant longer (see Table 2 for details). Another unique struc-
tural feature of 2 is that the 3-bpo molecules adopt the
different cisoid-I and cisoid-II conformations[9a,17] when
present as the bridging ligand and free guest molecule,
respectively.

Table 2. Selected bond lengths [Å] and angles [°] for complex 2.[a]

Bond lengths

Cu(1)–O(3) 1.935(3) Cu(1)–O(7) 1.966(3)
Cu(1)–O(11) 2.219(3) Cu(1)–N(1) 2.043(4)
Cu(1)–N(4A) 2.034(4) O(3)–C(25) 1.263(5)
O(4)–C(25) 1.231(5) O(5)–C(28) 1.315(5)
O(6)–C(28) 1.198(5) O(7)–C(29) 1.263(6)
O(8)–C(29) 1.233(6) O(9)–C(32) 1.301(6)
O(10)–C(32) 1.204(6)

Bond angles

O(3)–Cu(1)–O(7) 176.15(13) O(3)–Cu(1)–N(4A) 85.93(13)
O(7)–Cu(1)–N(4A) 92.03(13) O(3)–Cu(1)–N(1) 88.30(13)
O(7)–Cu(1)–N(1) 92.65(13) N(4A)–Cu(1)–N(1) 161.51(14)
O(3)–Cu(1)–O(11) 95.42(13) O(7)–Cu(1)–O(11) 88.07(13)
N(4A)–Cu(1)–O(11) 97.64(14) N(1)–Cu(1)–O(11) 100.39(14)

[a] Symmetry codes: A: – x, 1 – y, 1 – z.

Interestingly, the O(14)–H(14B)···O(13) and O(13)–
H(13B)···O(14) hydrogen bonds between the lattice water
molecules result in the formation of a 1D water chain along
the c axis [see Figure 2 (b)], around which the lattice O(12)
and coordinated O(11) water molecules are fixed by ad-
ditional O(13)–H(13A)···O(12) and O(11)–H(11B)···O(13)
interactions. Detailed hydrogen-bonding geometries are
listed in Table 3. The binuclear subunits and the water
chains are extended to a 2D layered structure along the
crystallographic (011) plane by O(14)–H(14A)···O(7) and
above water–water [O(11)···O(13)] interactions, and the
structure is also stabilized by the O(11)–H(11A)···O(4) and
O(5)–H(5)···O(8) bonds within each binuclear macrocycle.
As shown in Figure 2 (c), these 2D arrays are further linked
to afford a 3D channel-like network by interlayer O(12)–
H(12B)···O(10) interactions, among which the guest 3-bpo
entities are accommodated. Hydrogen-bonding interactions
such as O(9)–H(9)···N(5) and O(12)–H(12A)···N(8) can be

Table 3. Hydrogen bond geometries in the crystal structure of complex 2.

D–H···A D···A [Å] H···A [Å] D–H···A [°] Symmetry codes

O(5)–H(5)···O(8) 2.555(5) 1.74 176 –x, –y + 1, –z + 1
O(9)–H(9)···N(5) 2.627(5) 1.81 171
O(11)–H(11A)···O(4) 2.679(5) 1.86 162
O(11)–H(11B)···O(13) 2.796(6) 1.96 169 x – 1, y, z
O(12)–H(12A)···N(8) 2.863(6) 2.02 173 –x + 1, –y + 2, –z + 1
O(12)–H(12B)···O(10) 2.967(8) 2.15 160
O(13)–H(13A)···O(12) 2.697(7) 1.99 140
O(13)–H(13B)···O(14) 2.803(7) 1.96 175 x, –y + 3/2, z + 1/2
O(14)–H(14A)···O(7) 2.864(5) 2.04 164 x + 1, y, z
O(14)–H(14B)···O(13) 2.815(6) 2.04 152
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detected between the guest molecules and the host frame-
work. Additionally, significant π–π stacking interactions ex-
ist between the adjacent 3-bpo moieties of the dimeric units
within each 2D hydrogen-bonded layer, as well as between
the neighboring guest 3-bpo molecules located in the cavi-
ties, with center-to-center and center-to-face separations of
the aromatic rings in the range of 3.27–4.01 and 3.26–
3.57 Å, respectively. Presumably, these supramolecular
forces could consolidate this interesting host-guest inclusion
system.

The significant structural difference between complexes
1 and 2 may be attributed to the intrinsic structural features
of the suc2– and Hfum– ligands. We have clearly demon-
strated that the structures of CuII complexes with 3-bpo are
solely dependent on the nature of the inorganic
counteranions (for example, ClO4

–, NO3
–, SO4

2–, and
OAc–),[9b] which afford two types of coordinated motifs
such as the 1D sinusoidal chain and binuclear macrocycle
(being similar to the cases of 1 and 2, respectively) when 3-
bpo takes the cisoid-I conformation. In this work, we can
extend this conclusion to organic anions, which are also
critical in determining the molecular assembly of the result-
ant polymeric networks.

{[Ni(suc)(4-bpo)(H2O)2]·(H2O)5}n (3)

The 2D-layered polymeric network of complex 3 was re-
vealed by X-ray single-crystal diffraction determination. As
illustrated in Figure 3 (a), each NiII center lies on an inversion
site and is six-coordinate by binding to a pair of unidentate
suc2– ligands, two aqua molecules, and two 4-bpo nitrogen
atoms. Important bond lengths and angles are listed in
Table 4. Two C–O bond lengths of the monodentate carbox-
ylate group are similar, probably a result of the formation of
hydrogen bonds as described later. The octahedral NiII atoms
are interconnected by 4-bpo ligands to afford a wavelike 1D
chain running along the crystallographic [010] direction. Ad-
jacent chains are further held together by trans bis-mono-
dentate suc dianions, leading to the generation of a 2D undu-
lating (4,4) layer, with the dimensions of the rectangle grid
unit of 13.756(1)×8.934(1) Å2 [see Figure 3 (b)]. As illus-
trated in Figure 3 (c), intralayer O(4)–H(4B)···O(3)i (i = –x,
–y + 1, –z + 1) and interlayer O(4)–H(4A)···O(3)ii (ii = –x +
1/2, –y + 1, z – 1/2) interactions between the aqua ligands and
uncoordinated carboxylate oxygen atoms are observed.
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These afford two types of 6-membered and 13-membered hy-
drogen-bonded rings, with H···O/O···O distances of 1.85/
2.659(4) and 1.87/2.711(4) Å, respectively, and O–H···O
angles of 159 and 170°, respectively. Further analysis of the
crystal packing indicates that these 2D waved layers take the
parallel stacking mode with some offset, and are further
linked to afford a 3D network by interlayer hydrogen bonds
as stated earlier. Notably, allowing for the volume of the in-
cluded disordered water molecules in this 3D open frame-
work, there still remains 190.0 Å3 of void space in the unit
cell.[18]

Figure 3. (a) A portion view of 3 with atom labeling of the asym-
metric unit and the coordination sphere of nickel (all hydrogen
atoms are omitted for clarity). (b) 2D metal-organic network con-
structed from suc2–/4-bpo and NiII. (c) A view showing the inter-
layer and intralayer hydrogen bonds (4-bpo moieties are omitted
for clarity).
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Table 4. Selected bond lengths [Å] and angles [°] for complex 3.[a]

Bond lengths

Ni(1)–O(2) 2.024(4) Ni(1)–O(4) 2.068(3)
Ni(1)–N(1) 2.107(3) O(2)–C(7) 1.250(5)
O(3)–C(7) 1.244(5)

Bond angles

O(2)–Ni(1)–O(4) 87.48(9) O(4)–Ni(1)–N(1) 93.22(12)
O(2)–Ni(1)–N(1) 88.63(12) O(2)–Ni(1)–O(4A) 92.52(9)
O(2)–Ni(1)–N(1A) 91.37(12) O(4)–Ni(1)–N(1A) 86.78(12)

[a] Symmetry codes: A: – x, 1 – y, 1 – z.

Figure 4. (a) A portion view of 4 with atom labeling of the asym-
metric unit and the coordination spheres of cadmium (all hydrogen
atoms are omitted for clarity). (b) A perspective view of the 2D
CdII network with mixed ligands suc2– and 3-bpo, which are simpli-
fied as rods and flexuous motifs, respectively. (c) A packing dia-
gram of 3 showing the interdigitation of the 2D networks.
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{[Cd2(suc)2(3-bpo)2(H2O)2]·(H2O)6.75}n (4)

Complex 4 is also a 2D network, constructed from CdII

and the mixed bridging ligands suc2– and 3-bpo. The local
coordination environments around two crystallographically
independent CdII centers are similar, and can be best de-
scribed as a pentagonal-bipyramidal geometry (CdN2O5).
The equatorial plane is composed of two chelating carbox-
ylate groups from a pair of suc2– ligands and one oxygen-
donor aqua ligand [Cd–O: 2.259(6)–2.485(6) Å], and the ax-
ial positions are occupied by two 3-bpo nitrogen atoms
[Cd–N: 2.345(8)–2.382(8) Å], as shown in Figure 4 (a). Im-
portant bonds lengths and angles are listed in Table 5. Most
of the C–O bond lengths of the carboxylate groups are
nearly equivalent as a result of their chelated coordination.
Similar to the structure of complex 1, the CdII ions are con-
nected by 3-bpo and suc2– ligands to furnish a 2D frame-
work with common (4,4) topology [see Figure 4 (b)], and
these 2D motifs interdigitate to result in a 3D crystal pack-
ing managed by aromatic stacking between 3-bpo moieties
[see Figure 4 (c)]. The center-to-center and center-to-face
distances between the neighboring 3-bpo molecules are in
the range of 3.65–3.78 and 3.35–3.58 Å, respectively. Also,
intralayer O(11)–H(11A)···O(4)i (i = –x + 1, –y, –z + 1) and
O(12)–H(12B)···O(6) bonds [H···O/O···O distances: 1.95/

Table 5. Selected bond lengths [Å] and angles [°] for complex 4.[a]

Bond lengths

Cd(1)–O(11) 2.259(6) Cd(1)–O(3) 2.316(5)
Cd(1)–N(5) 2.345(8) Cd(1)–N(1) 2.373(8)
Cd(1)–O(7) 2.407(6) Cd(1)–O(8) 2.436(6)
Cd(1)–O(4) 2.485(6) Cd(2)–O(12) 2.275(6)
Cd(2)–N(4A) 2.382(8) Cd(2)–O(5B) 2.343(6)
Cd(2)–N(8) 2.351(7) Cd(2)–O(10) 2.379(6)
Cd(2)–O(9) 2.390(6) Cd(2)–O(6B) 2.445(6)
O(3)–C(25) 1.255(9) O(4)–C(25) 1.251(10)
O(5)–C(28) 1.255(10) O(6)–C(28) 1.270(10)
O(7)–C(29) 1.251(12) O(8)–C(29) 1.220(12)
O(9)–C(31) 1.255(11) O(10)–C(31) 1.266(11)

Bond angles

O(11)–Cd(1)–O(3) 131.1(2) O(11)–Cd(1)–N(5) 91.5(3)
O(3)–Cd(1)–N(5) 91.8(2) O(11)–Cd(1)–N(1) 93.1(3)
O(3)–Cd(1)–N(1) 93.5(3) N(5)–Cd(1)–N(1) 168.1(3)
O(11)–Cd(1)–O(7) 85.7(2) O(3)–Cd(1)–O(7) 143.2(2)
N(5)–Cd(1)–O(7) 85.7(2) N(1)–Cd(1)–O(7) 83.6(3)
O(11)–Cd(1)–O(8) 138.7(2) O(3)–Cd(1)–O(8) 90.2(2)
N(5)–Cd(1)–O(8) 86.8(3) N(1)–Cd(1)–O(8) 82.5(3)
O(7)–Cd(1)–O(8) 53.0(2) O(11)–Cd(1)–O(4) 77.5(2)
O(3)–Cd(1)–O(4) 53.90(19) N(5)–Cd(1)–O(4) 100.1(2)
N(1)–Cd(1)–O(4) 91.7(3) O(7)–Cd(1)–O(4) 162.3(2)
O(8)–Cd(1)–O(4) 143.4(2) O(12)–Cd(2)–O(5B) 133.3(2)
O(12)–Cd(2)–N(8) 93.7(3) O(5B)–Cd(2)–N(8) 91.9(3)
O(12)–Cd(2)–N(4A) 91.0(3) O(5B)–Cd(2)–N(4A) 92.9(3)
N(8)–Cd(2)–N(4A) 168.0(2) O(12)–Cd(2)–O(10) 139.5(2)
O(5B)–Cd(2)–O(10) 87.1(2) N(8)–Cd(2)–O(10) 86.6(2)
N(4A)–Cd(2)–O(10) 82.7(3) O(12)–Cd(2)–O(9) 84.6(2)
O(5B)–Cd(2)–O(9) 142.1(2) N(8)–Cd(2)–O(9) 87.0(3)
N(4A)–Cd(2)–O(9) 82.5(3) O(10)–Cd(2)–O(9) 55.0(2)
O(12)–Cd(2)–O(6B) 79.0(2) O(5B)–Cd(2)–O(6B) 54.4(2)
N(8)–Cd(2)–O(6B) 93.0(2) N(4A)–Cd(2)–O(6B) 98.7(2)
O(10)–Cd(2)–O(6B) 141.5(2) O(9)–Cd(2)–O(6B) 163.5(2)

[a] Symmetry codes: A: x – 1, y + 1, z; B: –x, –y + 1, –z + 1.
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2.795(9) and 1.89/2.732(8) Å, O–H···O angles: 169 and
172°] can be detected between the aqua ligands and carbox-
ylate groups to further support this structure. However, the
arrangement of 3-bpo in 4 is somewhat flexuous, rather
than the complanate style as in 1 [see Figure 4 (c)]. This can
be attributed to the dissimilar coordination tendency of bpo
to CuII and CdII metal centers, reflected by the difference
in N–M–N angles of 180° for 1 and 168.0(2)/168.1(3)°
for 4.

A comparison of the three 2D suc/bpo-bridged coordina-
tion polymers 1, 3, and 4 also reveals the different align-
ment fashions of the 1D metal–bpo chains. As described
earlier, such polymeric chains array in antiparallel [A(-A)
A(-A), for 1] and parallel [AAAA, for 3] sequences in the
resultant 2D networks by further linkage of suc dianions.
However, the 1D structures take an A(-A)(-A�)A� manner
in the 2D framework of 4 [see Figure 4 (b)], due to its lower
crystallographic symmetry.

Magnetic Properties of Complexes 1–3

The magnetic properties of 1 are shown in Figure 5 (a).
The χMT value (χM is the molar magnetic susceptibility for
one CuII ion) at 300 K is 0.40 cm3 mol–1 K, which is as ex-
pected for one magnetically quasi-isolated spin doublet
(g � 2.00). Starting from room temperature, χMT values
smoothly decrease to 50 K and then quickly decrease to
0.09 cm3 mol–1 K at 2 K. The overall trend is characteristic
of weak antiferromagnetic interactions. The reduced molar

Figure 5. Plot of χMT vs. T for (a) complex 1 and (b) complex 2.
Solid line represents the best fit. Inset: Plot of the reduced magne-
tization (M/Nβ) at 2 K for (a) complex 1 and (b) complex 2 (solid
line represents the Brillouin function for g = 2.22).
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magnetization at 2 K [see inset in Figure 5 (a)] clearly indi-
cates that the antiferromagnetic coupling is not negligible.
The M/Nβ value at 5 T is close to 0.5 electrons and the
shape of the curve does not follow the Brillouin law.

Complex 1 is actually a 2D entity in which the CuII ions
are linked by suc2– and 3-bpo ligands. Both ligands are very
long, and thus a small antiferromagnetic coupling is ex-
pected. Layers can be considered as pseudoquadratic. Con-
sidering these structural features, we have fitted the suscep-
tibility data by the expression given by Rushbrooke and
Wood for a Heisenberg square-planar system.[19] The expres-
sion was deduced by taking into account the S = ½ value for
the CuII ion, based on the spin Hamiltonian H = –2JΣijSiSj.

In this expression x = kT/J, and N, β, and k have the
usual meanings. The values obtained for the exchange
parameters are J = –1.06±0.01 cm–1, g = 2.10±0.01,
and R = 4×10–5 (R is the agreement factor defined as
Σi[(χMT)obs – (χMT)calc]2/Σ[(χMT)obs]2 in this and the subse-
quent cases). This small J value can be interpreted as a
consequence of the weak overlap between the CuII ions
through the long organic ligands.

The magnetic properties of 2 as a χMT versus T plot (χM

is the molar magnetic susceptibility for two CuII ions) and
the reduced magnetization (M/Nβ versus H, inset) are
shown in Figure 5 (b). The value of χMT at 300 K is
0.93 cm3 mol–1 K, which is as expected for two isolated CuII

ions without coupling (g � 2.00). Starting from room tem-
perature, χMT values are practically constant to 50 K, and
below 50 K they quickly decrease to 0.78 cm3 mol–1 K at
2 K. This feature is characteristic of very weak antiferro-
magnetic interactions between the CuII ions, which is also
clearly corroborated by the reduced molar magnetization at
2 K. The M/Nβ value at 5 T is close to 1.8 electrons and
the curve is below the theoretical Brillouin function for g =
2.22. The fit of the susceptibility data of the dinuclear CuII

complex 2 was carried out by application of the Bleaney–
Bowers formula.[20] The best-fit parameters obtained are J
= –0.90±0.01 cm–1, g = 2.22±0.01, and R = 6.1×10–5. The
small J value can be interpreted as a consequence of the
almost nil overlap between the two CuII ions through the
long 3-bpo bridging ligand.[9]

On comparison of the χMT curves for complexes 1 and
2, it is worth noting their quite different scales [see Figure 5
(a) and (b), respectively]. The χMT range (300–2 K) for 1 is
approximately 0.4 to 0.1 cm3 mol–1 K, whereas the range for
2 is only 0.93 to 0.78 cm3 mol–1 K. This feature corresponds
to the different behaviors of the reduced magnetization for
both complexes, indicating that the antiferromagnetic coup-
ling is smaller in complex 2.

The plot of χMT versus T for one NiII ion (complex 3) is
shown in Figure 6 (a). From room temperature to 50 K,
χMT values are constantly close to ca. 1.20 cm3 mol–1 K,
which is typical for one isolated NiII ion with g � 2.00.
There is a small decrease down to 40 K, and then to
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0.75 cm3 mol–1 K at 2 K, indicating a very small antiferro-
magnetic coupling or the logical existence of the zero-field
splitting (ZFS) of NiII ions. The plot of the reduced magne-
tization (M/Nβ) for 3 is also shown in the inset in Figure 6
(a). The expected value of reduced magnetization for two
unpaired electrons at saturation would be 2.3 (assuming g
= 2.15, which is the g value obtained from magnetic mea-
surements, see later). The experimental value is close to 1.8
electrons at 2 K and 50000 Gauss. In the same figure we
have represented the Brillouin function for S = 1 and g =
2.15. The experimental data are below the theoretical curve,
indicating either the presence of weak antiferromagnetic in-
teractions or, most likely, the signature of single-ion ZFS
(D) of NiII.

Figure 6. (a) Plot of χMT vs. T for complex 3. Solid line represents
the best fit. Inset: Plot of the reduced magnetization (M/Nβ) at 2 K
(solid line represents the Brillouin function at 2 K for g = 2.15).
(b) Plot of the low temperature χMT region, assuming isolated NiII

ions with zero-field splitting (D parameter). Solid line represents
the best fit.

The structure of 3 is also a 2D case, which is difficult
to fit, mainly due to small J values. Therefore, in the first
approach, we can assume that the long 3-bpo ligand does
not create any coupling, and thus the small experimental
coupling is due to the suc2– ligand. With this hypothesis, we
can assume that complex 3 behaves as a 1D system. For
systems of this kind, isotropic 1D S = 1, the temperature-
dependence of the susceptibility extrapolated from calcula-
tions performed on ring systems of increasing length has
been given by Weng,[21] which is valid only for antiferro-
magnetic coupling. Neither ZFS nor the Haldane gap ef-
fect[22] is taken into account in this expression. The best-fit
parameters for 3 are J = –0.38±0.01 cm–1, g = 2.14±0.01,
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and R = 2.0×10–4. As indicated earlier, the small decrease
in χMT values from 40 to 2 K could also be attributed to
the typical single-ion ZFS for isolated NiII ions, which is
usually very great and of the order of 4–6 cm–1.[23] For this
reason we have also fitted the low temperature region as-
suming isolated NiII ions (without any coupling), applying
the formula given by Kahn for this S = 1 case.[20] It is im-
portant to emphasize that with this method it is only pos-
sible to calculate the absolute value of D, that is |D|, not its
sign.[20] With this hypothesis, the best fit was obtained with
the parameters |D| = 3.9 cm–1 and g = 2.14 [see Figure 6
(b)]. The calculated D value lies in the order of magnitude
typical for isolated NiII ions, as indicated earlier.[23]

As a conclusion, we must emphasize that the two phe-
nomena (small coupling and single-ion ZFS) may be active
in this type of nickel complex. It is impossible to separate
both components with these standard measurements. In any
case, the antiferromagnetic coupling must be very small, as
expected for the length of the bridging ligands.

Luminescence Study of Complex 4

Solid-state luminescence properties of the polymeric CdII

(d10 metal) complex 4 with the aromatic ligand 3-bpo were
investigated (λex = 320 nm). The free 3-bpo molecule dis-
plays an emission maximum at 364 nm, whereas a broad
and intense emission band at 378 nm is observed for com-
plex 4. Hence, the fluorescence wavelength of 3-bpo is con-
siderably affected by the incorporation of metal-coordina-
tion interactions. This significant red-shift phenomenon
may be assigned to the ligand-to-metal charge transfer
(LMCT). The intense fluorescence emission also shows that
the coordination polymer 4 could have roles as potential
photoactive inorganic-organic hybrid material.

Conclusions

Three 2D metal-organic coordination polymers and a
unique 3D metallosupramolecular inclusion complex have
been achieved through self-assembly of metal ions and
mixed organic ligands under different conditions. These
new crystalline materials also display such useful properties
as magnetism and fluorescence. This study clearly indicates
that 3-bpo/4-bpo and suc2– ligands could act as excellent
bridging spacers to construct programmed coordination
polymers, and such a mixed-ligand synthetic strategy may
further flourish this attractive chemistry. Further studies of
the design and preparation of new metal-organic coordina-
tion frameworks with the bent exo-dipyridyl building
blocks and other organic carboxylic acids (for example, the
commonly used terephthalic, trimesic, and pyromellitic ac-
ids) are underway in our laboratory.

Experimental Section
General Materials and Methods: All the reagents and solvents for
synthesis and analysis were commercially available and used as re-
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ceived, except for 3-bpo and 4-bpo, which were prepared according
to literature procedures.[24] FTIR spectra (KBr pellets) were re-
corded with an AVATAR-370 (Nicolet) spectrometer. Carbon, hy-
drogen, and nitrogen analyses were performed with a CE-440 (Lee-
manlabs) analyzer. TGA experiments were carried out with a Du-
pont thermal analyzer from room temp. to 800 °C under nitrogen
at a heating rate of 10 °C/min. Fluorescence spectra were recorded
with a Cary Eclipse spectrofluorimeter (Varian) equipped with a
xenon lamp and quartz carrier at room temp.

Magnetic Studies: The variable-temp. magnetic susceptibilities were
measured in the “Servei de Magnetoquímica (Universitat de Barce-
lona)” on polycrystalline samples (30 mg) with a Quantum Design
SQUID MPMS-XL susceptometer, operating in the temp. range of
2–300 K and a magnetic field of 0.1 T. The diamagnetic corrections
were evaluated from Pascal’s constants for all constituent atoms.

Syntheses of the Complexes

{[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1): A mixture of succinic acid
(17.2 mg, 0.15 mmol), Cu(OAc)2·H2O (23.5 mg, 0.12 mmol), 3-bpo
(26.4 mg, 0.12 mmol), and triethylamine (0.2 mL) in water (10 mL)
was sealed in a Teflon-lined stainless steel vessel (20 mL), which
was heated at 140 °C for 5 d and then cooled to room temp. at a
rate of 5 °C/h. Blue prism crystals were collected in 42% yield
(24.0 mg, based on 3-bpo). C16H19.5CuN4O8.75 (471.40): calcd. C
40.76, H 4.17, N 11.88; found C 40.50, H 3.55, N 11.47. IR (KBr):
ν̃ = 3407 (br), 1616 (vs), 1556 (vs), 1482 (s), 1417 (vs), 1390 (vs),
1338 (s), 1284 (m), 1230 (s), 1194 (m), 1127 (m), 1083 (m),
1052 (m), 964 (m), 825 (s), 732 (s), 690 (vs) cm–1.

[Cu(Hfum)2(3-bpo)(H2O)]2·(3-bpo)2·(H2O)6 (2): A mixture of fu-
maric acid (59.6 mg, 0.51 mmol) and Cu(OAc)2·H2O (38.9 mg,
0.19 mmol) in CH3OH/H2O (10 mL, v:v = 1:1) was stirred for
10 min and the resultant blue precipitate was filtered. A solution
of 3-bpo (23.6 mg, 0.10 mmol) in CH3OH (10 mL) was added to
the filtrate with constant stirring for 30 min and then left to stand
at room temp., producing blue block crystals after a period of 1
week in 12% yield (5.1 mg, based on 3-bpo). C64H60Cu2N16O28

(1628.36): calcd. C 47.20, H 3.71, N 13.76; found C 47.42, H 3.84,
N 13.72. IR (KBr): ν̃ = 3432 (s), 3074 (s), 1720 (s), 1600 (vs),
1481 (m), 1413 (s), 1390 (vs), 1330 (s), 1282 (vs), 1251 (s), 1201 (s),
1164 (s), 1081 (m), 1042 (m), 975 (s), 829 (m), 730 (s), 695 (vs),
652 (s) cm–1.

{[Ni(suc)(4-bpo)(H2O)2]·(H2O)5}n (3): The pH of a CH3OH/H2O
(5 mL, v:v = 1:1) solution containing succinic acid (14.5 mg,
0.12 mmol) and Ni(ClO4)2·6H2O (47.5 mg, 0.13 mmol) was ad-
justed to 7 with triethylamine. The resultant mixture was then care-
fully layered onto a buffer of glycol (2 mL), below which a solution
of 4-bpo (23.4 mg, 0.11 mmol) in CHCl3 (2 mL) was placed in a
straight glass tube. Upon slow evaporation of the solvents over 2
weeks, green lamellar single crystals suitable for X-ray analysis were
obtained in 26% yield (15.0 mg, based on 4-bpo). C16H26N4NiO12

(525.12): calcd. C 36.59, H 4.99, N 10.67; found: C 35.98, H 4.07,
N 11.15. IR (KBr): ν̃ = 3100 (br), 1546 (vs), 1489 (s), 1420 (vs),
1278 (w), 1224 (m), 1120 (w), 1063 (m), 1017 (w), 970 (w), 842 (s),
753 (s), 716 (s), 677 (s), 511 (m) cm–1.

{[Cd2(suc)2(3-bpo)2(H2O)2]·(H2O)6.75}n (4): The same hydrothermal
procedure as for 1 was used except that Cu(OAc)2·H2O was re-
placed by Cd(OAc)2·2H2O, affording colorless block crystals of 4
in 58% yield (37.2 mg, based on 3-bpo). C32H41.5Cd2N8O18.75

(1063.03): calcd. C 36.15, H 3.94, N 10.54; found: C 35.55, H 4.04,
N 10.04. IR (KBr): ν̃ = 3412 (br), 1581 (vs), 1548 (s), 1466 (m),
1415 (vs), 1292 (s), 1233 (w), 1192 (m), 1084 (m), 1029 (m),
900 (m), 815 (m), 732 (s), 692 (s), 639 (m) cm–1.
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Table 6. Crystallographic data and structure refinement summary for complexes 1–4.

1 2 3 4

Empirical formula C16H19.5CuN4O8.75 C64H60Cu2N16O28 C16H26N4NiO12 C32H41.5Cd2N8O18.75

Mr 471.40 1628.36 525.12 1063.03
Crystal size [mm] 0.22×0.20×0.16 0.24×0.20×0.12 0.49×0.30×0.08 0.20×0.16×0.14
Crystal system monoclinic monoclinic orthorhombic triclinic
Space group C2/c P21/c Pnma P1̄
a [Å] 16.031(6) 12.576(4) 8.9342(9) 11.971(4)
b [Å] 16.249(6) 32.497(11) 27.512(3) 13.116(4)
c [Å] 7.829(3) 9.226(3) 11.7133(12) 15.075(5)
α [°] 90 90 90 75.672(5)
β [°] 99.777(6) 107.843(6) 90 77.826(5)
γ [°] 90 90 90 88.422(6)
V [Å3] 2009.7(13) 3589(2) 2879.1(5) 2241.0(13)
Z 4 2 4 2
Dc [g cm–3] 1.558 1.507 1.211 1.575
µ [mm–1] 1.142 0.689 0.728 1.028
F(000) 970 1676 1096 1071
Total/independent 5148/1783 18445/6309 14632/2601 11725/7874
Reflections
Parameters 148 498 204 586
Rint 0.0360 0.0673 0.0251 0.0393
R,[a] Rw

[b] 0.0437, 0.0982 0.0575, 0.1272 0.0530, 0.1840 0.0536, 0.1328
GOF[c] 1.115 1.108 1.080 1.028
Residuals [eÅ–3] 0.374, –0.310 0.515, –0.396 0.761, –0.430 0.941, –0.555

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] Rw = [Σ[w(Fo
2 – Fc

2)2]/Σw(Fo
2)2]1/2. [c] GOF = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2.

Caution! Perchlorate complexes of metal ions in the presence of
organic ligands are potentially explosive. Only a small amount of
material should be handled and with care.

X-ray Crystallography: Single-crystal X-ray diffraction data for
complexes 1–4 were collected with a Bruker Apex II CCD dif-
fractometer at 293(2) K with Mo-Kα radiation (λ = 0.71073 Å) by
ω scan mode. There was no evidence of crystal decay during data
collection. A semiempirical absorption correction was applied
using the SADABS program, and the program SAINT was used
for integration of the diffraction profiles.[25] The structures were
solved by direct methods using the SHELXS program of the
SHELXTL package and refined with SHELXL.[26] The final refine-
ment was performed by full-matrix least-squares methods with an-
isotropic thermal parameters for all non-hydrogen atoms on F2.
Hydrogen atoms bonded to carbon were placed geometrically and
allowed to ride during subsequent refinement with an isotropic dis-
placement parameter fixed at 1.2 times Ueq of the parent atoms.
Hydrogen atoms of the aqua ligands in all structures and the lattice
water molecules in 2 were first located in difference Fourier maps,
and then placed at calculated positions and included in the final
refinement. The lattice water in the structures of 1, 3, and 4 were
treated using the disordered model and their hydrogen atoms not
located. Starting positions for carboxyl hydrogen atoms in the
structure of 2 were located in difference syntheses, and refinement
was performed using rigid O–H groups allowed to rotate but not
tip, with the bond length of 0.82 Å. Further crystallographic data
and structure refinement parameters of complexes 1–4 are summa-
rized in Table 6.

CCDC-284066 to -284069 (for 1–4, respectively) contain the sup-
plementary 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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