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Hydrothermal reactions between 2,6-naphthalenedicarbox-
ylic acid (H2NDC), 1,10-phenanthroline (1,10-phen) or 2,2�-
bipyridine (2,2�-bpy), and transition metal acetates give rise
to four coordination polymers, namely [Cu3(NDC)3(2,2�-bpy)-
(H2O)2]n·nH2O (1), [Cu(NDC)(1,10-phen)]n (2), [Zn(NDC)-
(1,10-phen)]n (3), and [Zn4(OH)2(NDC)3(2,2�-bpy)2]n (4),
which show different two-dimensional layered architectures.
Compound 1 consists of three kinds of polymeric chains that
are interconnected to form an unusual two-dimensional lay-

Introduction

The construction of extended porous metal–organic
frameworks (MOFs) is of current interest in the fields of
supramolecular chemistry and crystal engineering, not only
because of their intriguing architectures but also because of
their unexpected properties for potential practical applica-
tions in a wide number of fields, such as gas storage, ex-
ploitable magnetics, photoluminescence, and molecular re-
cognition.[1–4] The self-assembly of MOFs using suitable li-
gands and metal centers has been proved to be an efficient
route for the formation of one- to three-dimensional net-
works with fascinating structural topologies. The selection
of organic ligands with appropriate coordination sites is the
key to the formation of MOFs with desirable physical and
chemical properties. Recently, the strategy using metal ions
and organic carboxylates as starting building blocks to gen-
erate extended networks has been of great interest.[5–14] For
example, 1,4-benzenedicarboxylate-(BDC-)bridged metal-
organic frameworks have been studied extensively.[15] Poly-
cyclic aromatic bidentate ligands such as 2,2�-bipyridine
and 1,10-phenanthroline are frequently used together with
polycarboxylates, leading to many novel architectures. Most
of the coordination polymers with BDC and 2,2�-bipyridine
or 1,10-phenanthroline ligands are often one-dimensional
structures.[16] We are currently interested in employing 2,6-
naphthalenedicarboxylate (NDC) as a bridging ligand since
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ered motif, while compound 4 features a two-dimensional
honeycomb network structure with a noninterpenetrating
ABCDABCD packing pattern. Compounds 2 and 3 show a
two-dimensional grid-type framework but have different
space-filling styles. The magnetic properties for 1 and 2 and
the solid-state emission spectra of 3 and 4 have also been
studied.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

this molecule is more rigid than BDC and might not only
establish bridges between several metal centers and exhibit
rich coordination modes but also be expected to form a
porous framework because of its rigidity and stability. On
the other hand, because the presence of conjugated aro-
matic rings causes its low solubility in aqueous media, quite
a few examples of polymeric structures containing both
NDC and other multipyridine ligands have been re-
ported.[17]

In the present work, we have selected CuII and ZnII cat-
ions as metal nodes and NDC as a rigid bridging ligand
and obtained four interesting 2D polymeric compounds,
namely [Cu3(NDC)3(2,2�-bpy)(H2O)2]n·nH2O (1),
[Cu(NDC)(1,10-phen)]n (2), [Zn(NDC)(1,10-phen)]n (3),
and [Zn4(OH)2(NDC)3(2,2�-bpy)2]n (4). Compound 1 con-
sists of three different chains that are interconnected to
form an unusual two-dimensional layered motif, while com-
pound 4 features a two-dimensional honeycomb network
structure with a noninterpenetrating ABCDABCD packing
pattern. Compounds 2 and 3 show a two-dimensional grid-
type framework but have different space-filling styles.

Results and Discussion

Synthesis

Although it is difficult to control and predict the crystal
structures under hydrothermal conditions, the hydrother-
mal reaction is still an optimum method for the synthesis of
some novel MOFs. We used CuII and ZnII salts and mixed
bridging ligands to obtain four 2D compounds with distinct
structures under hydrothermal conditions. Subtle adjust-
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ments of the conditions result in the formation of very dif-
ferent structures.

Crystal Structures

[Cu3(NDC)3(2,2�-bpy)(H2O)2]n·nH2O (1)

Compound 1 consists of three different chains that are
interconnected to form an unusual two-dimensional layered
motif − one is a zigzag chain and the other two are linear
chains. The NDC ligands in the zigzag chain act as the
junctions to link the two linear chains into a layered struc-
ture. As shown in Figure 1, the asymmetric unit contains
two crystallographically unique Cu centers. Each CuII cen-
ter has a quite different coordination environment: the first
one has a {CuO2N2} coordination sphere and is coordi-
nated by two nitrogen atoms from one 2,2�-bpy [Cu–N =
1.984(6) Å] and two oxygen atoms from two NDC ligands

Figure 1. ORTEP representation of the symmetry-expanded struc-
ture of 1, showing the coordination environments of the CuII atoms
(30% probability thermal ellipsoids; hydrogen atoms and solvent
molecules have been omitted for clarity).

Figure 2. Perspective view of the 2D layer structure of 1.
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[Cu–O = 1.966(5) Å] with O(N)–Cu–O(N) angles involving
the neighboring atoms ranging from 82.5(2) to 97.7(2)°,
showing a disordered square-planar structure, and the sec-
ond one has a {CuO4} square-planar coordination sphere
and is defined by three oxygen donors from three individual
NDC ligands [Cu–O = 1.932(5)–1.996(5) Å] and one from
a water molecule [Cu–O = 1.969(6) Å]. The trinuclear cop-
per unit formed can be taken as an isosceles triangular ar-
ray linked by the NDC ligands. The NDC ligands in com-
pound 1 exhibit two different coordination modes
(Scheme 1): one (NDC with O5) acts as a tetradentate li-
gand to link four copper() centers (mode I), while another
(NDC with O1) acts as a bidentate ligand connecting two
copper() centers in an anti fashion (mode II). As shown in
Figure 2, the bidentate carboxyl groups bridge the Cu(2)
atom to form linear chains running alone the b-axis, which
are parallel to each other. The tetradentate carboxyl groups
bridge the Cu(1) atom to form zigzag chains running along
the c-axis, which also link the neighboring copper atoms in

Scheme 1. Different kinds of coordination modes of the NDC li-
gand.
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linear chains to form a thick, trilayer network. Each zigzag
chain is parallel to the others, while the linear chains lo-
cated behind and ahead of the zigzag chain are parallel to
each other too.

The Cu···Cu distance within the zigzag chain bridged by
the NDC ligand is 13.022(1) Å, while the Cu···Cu distance
is 13.006(1) Å in the linear chain. The Cu···Cu distance be-
tween two neighboring linear chains is 5.638(8) Å, and the
Cu···Cu distance between zigzag and linear chains is
3.395(3) Å. It is notable that the lamellar framework is
made up by zigzag chains sandwiched between two adjacent
linear chains. To the best of our knowledge, no documented
example of such a layered structure has been reported.

[Cu(NDC)(1,10-phen)]n (2)

Compound 2 is a two-dimensional, square-grid network
structure. As shown in Figure 3, the copper() atom exhib-
its a square-pyramidal configuration, coordinated by two
nitrogen atoms of one 1,10-phen ligand [Cu–N = 2.029(2)–
2.050(2) Å] and three oxygen atoms of the carboxyl groups
from different NDC ligands [Cu–O = 1.9139(18)–
2.2421(17) Å]. The O–Cu–O bond angles range from
95.89(8) to 102.41(7)° and the O–Cu–N bond angles range

Figure 3. ORTEP representation of the symmetry-expanded struc-
ture of 2, showing the coordination environments of the CuII atoms
(30% probability thermal ellipsoids; hydrogen atoms have been
omitted for clarity).

Figure 4. a) Structure of 2, showing the 2D square grid. b) Space-filling representation of the stacking of 2D layers in 2.
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from 90.52(8) to 170.58(8)°. The NDC ligands in com-
pound 2 exhibit two different coordination modes
(Scheme 1): one (NDC with O3) acts as a tetradentate li-
gand to link four copper() centers (mode I), while another
(NDC with O1) acts as a bidentate ligand that connects two
copper() centers in a trans fashion (mode III). As shown
in Figure 4a, the carboxylate groups at both ends of the
NDC ligands doubly bridge the Cu dimers with a Cu···Cu
separation of 4.319(3) Å to yield an infinite chain running
along the a-axis, in which the four carboxylate oxygen
atoms and two Cu atoms form an O4Cu2 six-membered
ring. The 1D chains are stitched by the bis(monodentate)
bridges along the b-axis to form a 2D square-grid coordina-
tion polymer with dimensions of 13.801(1)×12.082(1) Å2,
of which the effective pore-size is partly diminished by the
phen ligands. Calculations with PLATON show that the
pores occupy about 47.0% of the crystal volume. Intramol-
ecular nonclassical weak hydrogen-bonding interactions be-
tween the carbon atoms of the 1,10-phen ligand and the
oxygen atoms of the carboxylate groups C(10)–H(10A)···
O(4) (–x, –y, –z) [3.063(3) Å] exist in compound 2. In ad-
dition, there are π–π stacking interactions between adjacent
aromatic rings of phen ligands, with a plane-to-plane sepa-
ration of about 3.528 Å in 2.

[Zn(NDC)(1,10-phen)]n (3)

The structure of 3 is also a two-dimensional square-grid
network. As shown in Figure 5, the zinc() atom exhibits
a distorted octahedral configuration, coordinated by two
nitrogen atoms of a 1,10-phen ligand [Zn–N = 2.109(6)–
2.173(7) Å] and four oxygen atoms of the carboxyl groups
from different NDC ligands. The Zn–O distances range
from 2.074(5) to 2.177(5) Å, the O–Zn–O bond angles
range from 60.8(2) to 155.1(2)°, and the O–Zn–N bond
angles range from 90.8(2) to 169.5(2)°. The NDC ligands in
compound 3 also exhibit two different coordination modes
(Scheme 1): one (NDC with O4) acts as a tetradentate li-
gand to link four zinc() atoms by two carboxylate oxygen
atoms on two side (mode IV), while another (NDC with
O1) bidentate NDC ligand chelates two zinc() centers
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(mode V). As shown in Figure 6a, the carboxylate groups
at both ends of the NDC ligands doubly bridge Zn dimers
with a Zn···Zn separation of 3.207(2) Å to yield an infinite
chain in which the two carboxylate oxygen atoms and two
Zn atoms form O2Zn2 four-membered rings. These chains
are stitched by the bis(bidentate) bridges to give a 2D layer
architecture. It is interesting to note that the adjacent layers
possess large channels with approximate dimensions of
12.899(7)×11.147(10) Å2, with the phen ligands inserted in-
side such grids. Calculations with PLATON show that the
pores occupy about 39.2% of the crystal volume. Intramol-
ecular nonclassical weak hydrogen-bonding interactions be-
tween the carbon atoms of the 1,10-phen ligand and the
oxygen atoms of the carboxylate groups C(1)–H(1A)···O(3)
(–x + 1, –y + 1, –z + 2) [3.281(12) Å] also exist in com-
pound 3. In addition, there are π–π stacking interactions
between adjacent aromatic rings of the phen ligands, with
a plane-to-plane separation of about 3.568 Å in 3.

Figure 5. ORTEP representation of the symmetry-expanded struc-
ture in 3, showing the coordination environments of the ZnII atoms
(30% probability thermal ellipsoids; hydrogen atoms have been
omitted for clarity).

Comparing the different space-filling styles between
compounds 2 and 3, we find that the phen ligands fill the
grids, resulting in the different space-filling frameworks. In
compound 2, the phen ligands align above and below one
sheet and protrude into the cavities of neighboring net-
works. Two adjacent square grids are stacked parallel but
in a staggered manner to each other along the c-direction.
This arrangement ultimately leads to an ABAB repeat
pattern of layers (Figure 4b). The phen ligands are inserted
into the square grids like guest molecules in compound 3,

Figure 6. a) Structure of 3, showing the 2D square grid. b) Space-filling representation of the 2D nanosized channels (2,2�-bpy ligands
omitted) in 3.
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leading to an AA stacking pattern in the bc plane (Fig-
ure 6b).

[Zn4(OH)2(NDC)3(2,2�-bpy)2]n (4)

Compound 4 is a two-dimensional honeycomb network
structure with a Zn2O core as building block that is bridged
by a hydroxy group. As shown in Figure 7, the ZnII atoms
comprise two different coordination environments: Zn(1) is
coordinated by four oxygen atoms in a disordered tetrahe-
dral geometry, with three oxygen donors from individual
NDC ligands [Zn(1)–O = 1.932(2)–2.005(2) Å] and one
from a hydroxy group [Zn(1)–O = 1.918(2) Å], while Zn(2)
is five-coordinated by two 2,2�-bpy nitrogen atoms [Zn(2)–
N = 2.078(5)–2.203(6) Å], two oxygen atoms of NDC li-
gands [Zn(2)–O = 2.028(2)–2.065(3) Å], and one hydroxy
group [Zn(2)–O(5) = 1.918(2) Å] to furnish a square-pyra-
midally coordinated environment. The carboxylate groups
exhibit two different coordinating modes (Scheme 1): one
(NDC with O1) acts as a tridentate ligand to link three
zinc() centers (mode VI), while another (NDC with O3)

Figure 7. ORTEP representation of the symmetry-expanded struc-
ture of compound 4, showing the coordination environments of the
ZnII atoms (30% probability thermal ellipsoids; hydrogen atoms
and one disordered bipy have been omitted for clarity).
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Figure 8. View of the 2D hexagonal grid (2,2�-bpy ligands omitted) of compound 4.

acts as a tetradentate ligand to link four zinc() centers
(mode I).

The Zn2O building units are bridged by four tridentate
and two tetradentate NDC ligands to form a hexagon with
dimensions of 18.9×26.1 Å2 (Figure 8). To the best of our
knowledge, the simultaneous presence of two coordination
modes of NDC ligands to form a hexagon has not been
reported until now. Each hexagon shares six edges with six
adjacent hexagons to form a 2D framework. It is note-
worthy that the topology of compound 4 can be simplified
as a (6,3) network.

Other examples of honeycomb compounds often form
interpenetrated networks − one 3D fourfold interpen-
etrated[18] and one 2D twofold interpenetrated[19] supramo-
lecular architectures have been reported. In contrast, com-
pound 4 is an unusual example of a 2D noninterpenetrated
honeycomb structure in which these 2D honeycomb net-
works are stacked together in an ABCDABCD packing
mode along the c-axis (Figure 9), which is different to that
of the other reported noninterpenetrated networks.[20,21] To
the best our knowledge, compound 4 is the first example
of a 2D noninterpenetrated honeycomb structure with an
ABCDABCD packing pattern.

The NDC ligands possess rich coordination modes in the
above four 2D structures, which results in the formation of
four interesting compounds. The aromatic and rigid part of
naphthalene may help the growth of high-quality crystals.
Polycyclic N-heterocyclic ligands such as 2,2�-bipyridine or
1,10-phenanthroline might affect the structures due to steric
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Figure 9. View of the stacking of sheets along the c-axis of com-
pound 4 (different shades of gray represent distinct sheets).

factors. Finally, the different metal cations may also play
important roles in the synthesis of novel multidimensional
open-framework materials due to their intrinsic ability to
form diverse geometric structures.

Thermogravimetric Analysis

To study the thermal stabilities of these polymers, the
thermogravimetric analyses (TGA) of compounds 2–4 were
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performed. The TGA diagram of 2 shows two main weight-
loss steps. From 30 to 260 °C compound 2 is stable. In the
temperature range of 260–327 °C, the observed weight loss
of 39.11% is attributed to the elimination of the phen li-
gands (calcd. 39.35%). The second step is attributed to the
further decomposition of NDC ligands. The TGA diagram
of 3 is similar to that of 2, as compound 3 is stable up to
385 °C. In the temperature range of 385–444 °C, the weight
loss of 39.21% is attributed to the elimination of phen li-
gands (calcd. 39.20%). The next step is attributed to the
further decomposition of the NDC ligands. The TGA dia-
gram of 4 also indicates two main weight-loss steps. The
observed weight loss of 25.54% (322–412 °C) is attributed
to the elimination of bpy ligands (calcd. 24.98%), while the
second step is attributed to the further decomposition of
NDC ligands and the hydroxy group. The stabilities of 3
and 4 make them potential candidates for practical applica-
tions.

Magnetic Properties

The magnetic susceptibilities, χM, of compound 1 were
measured between 5 and 300 K in a 5 kOe applied magnetic
field and all data were corrected for diamagnetism of the
ligands estimated from Pascal’s constants.[22] The plots of
µeff and χM vs. T of compound 1 are shown in Figure 10.
The µeff value is 3.28 µB at room temperature, which slightly
exceeds the value expected for three independent copper()
ions (3.00 µB). The value of µeff decreases upon cooling,
reaching a value of 2.07 µB at 5 K. A number of trinuclear
copper compounds have been reported and classified from
a structural point of view as linear,[23] isosceles triangle,[24]

equilateral triangle,[25] and angular trinuclear.[26] The trinu-
clear copper center in compound 1 can be taken as an isos-
celes triangle array, therefore an equation that uses two dif-
ferent J values was tried. In this case, the exchange Hamil-
tonian takes on the form H = –2J1(S1S2 + S1S3) – 2J2S2S3.
As can be seen from the crystal structure of 1, there is no
magnetic exchange interaction between atoms Cu2 and

Figure 10. Temperature-dependent experimental molar suscep-
tibility (χM) and effective magnetic moment (µeff) of compound 1.
The solid lines represent the calculated values.
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Cu2A, and therefore we can ignore this interaction (J2 = 0)
(Scheme 2). The corresponding molar magnetic suscep-
tibility is expressed by Equation (1), in which a Weiss-like
parameter was considered. The symbols in that equation
have their usual meaning. It is assumed that the g values
for all three copper atoms are equal.

(1)

Scheme 2. Different J values for compound 1.

A satisfactory least-squares fitting of the observed data
at 5–300 K leads to g = 2.20, J1 = –4.36 cm–1, J2 = 0, and
θ = 0.04 K with the agreement factor R = Σ(χMobs

– χMcalcd.
)2/

Σ(χMobs
)2 = 8.37×10–7. The value of J1 indicates that an

antiferromagnetic Cu1···Cu2 exchange interaction occurs
through the bridging carboxylate groups of the NDC li-
gand, while the θ value indicates very weak ferromagnetic
interactions between the trinuclear units through the tetra-
dentate bridging carboxylate groups of the NDC ligand.

From the plots of µeff and χM vs. T of 2 (Figure 11), it
can be seen that the µeff value at room temperature is
1.64 µB, which is close to the spin-only value of 1.73 µB for
the CuII center (S = 1/2). To quantitatively interpret the
magnetic behavior of the compound, its magnetic data were
analyzed by the theoretical expression by using the HDDV
model (H = –2J1S1S2). The corresponding molar magnetic
susceptibility is expressed by Equation (2), in which a
Weiss-like parameter was considered. The symbols in this
equation have their usual meaning.

(2)

Figure 11. Temperature-dependent experimental molar suscep-
tibility (χM) and effective magnetic moment (µeff) of compound 2.
The solid lines represent the calculated values.

A satisfactory least-squares fitting of the observed data
at 5–300 K leads to g = 2.02, J = –2.04, and θ = 1.21 with
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the agreement factor R = Σ(χMobs

– χMcalcd.
)2/Σ(χMobs

)2 =
3.50×10–7. The J value indicates that an antiferromagnetic
Cu···Cu exchange interaction occurs through the bidentate
bridging carboxylate groups of the NDC ligand, while the
θ value indicates that the dinuclear unit presents ferromag-
netic interactions through the bis(monodentate) bridging
carboxylate groups of the NDC ligand.

Photoluminescent Properties

We also investigated the photoluminescent properties of
compounds 3 and 4. The emission spectra of compounds 3
and 4 in the solid state at room temperature are shown in
Figure 12. It can be seen that compound 3 exhibits an in-
tense blue photoluminescence upon photoexcitation at
386 nm. The emission peak is located at 488 nm for 3,
which means that it is bathochromically shifted by about
20 nm relative to that of the free NDC ligand, probably
due to ligand-to-metal charge transfer (LMCT). The blue
fluorescent emission of 3 suggests that it might be used as
a new blue-light-emitting material. Compound 4 exhibits
intense green photoluminescence upon photoexcitation at
380 nm. The emission peak is located at 549 nm for 4, and
compared with the NDC ligand a clearly bathochromic
shift occurs in 4, which might also be attributed to
LMCT.[27–29]

Figure 12. Emission spectra of 3 (broken line) and 4 measured in
the solid state at room temperature.

Conclusions

Despite the extensive use of organic carboxylate ligands
in the construction of new MOFs, combining both 2,6-
naphthalenedicarboxylic acid and some other N-heteroaro-
matic ligands is a fairly small subset of MOFs. Four two-
dimensional layer coordination compounds bridged by 2,6-
naphthalenedicarboxylate and N-heteroaromatic ligands
have been prepared and characterized. Substitution of me-
tal cations or N-heteroaromatic ligands results in significant
different frameworks. Compound 1 consists of three dif-
ferent chains that are interconnected to form an unusual
two-dimensional layered motif, while compound 4 features
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a two-dimensional honeycomb network structure with a
noninterpenetrated ABCDABCD packing pattern. Com-
pounds 2 and 3 show a two-dimensional grid-type frame-
work but with different space-filling styles. The magnetic
studies indicate antiferromagnetic interactions transferred
by the carboxylate groups of the NDC ligand in com-
pounds 1 and 2. Compounds 3 and 4 display strong fluores-
cence emission at different wavelengths.

Experimental Section
General Remarks: The syntheses were performed in Teflon-lined
stainless steel autoclaves under autogenous pressure. Reagents were
purchased commercially and were used without further purifica-
tion. Elemental analyses of C and H were performed with an
EA1110 CHNS-0 CE elemental analyzer. The IR (KBr pellet) spec-
tra were recorded with a Nicolet Magna 750FT-IR spectrometer.
TGA analyses were carried out under nitrogen at a heating rate of
10 °Cmin–1 with an STA449C integration thermal analyzer. Vari-
able-temperature (5–300 K) magnetic susceptibility measurements
were carried out with a Quantum Design MPMS-7 SQUID magne-
tometer at a magnetic field of 5 T using the SQUID method. The
fluorescent data were collected with an Edinburgh FL-FS920
TCSPC system.

[Cu3(NDC)3(2,2�-bpy)(H2O)2]n·nH2O (1): A mixture of Cu(CH3-

COO)2·H2O (0.20 g, 1 mmol), NDC (0.26 g, 1 mmol), 2,2�-bpy
(0.16 g, 1 mmol), and triethylamine (0.28 mL, 2 mmol) in H2O
(18 mL) was heated at 170 °C for 5 d in a sealed 30-mL Teflon-
lined stainless steel vessel under autogenous pressure. Slow cooling
of the reaction mixture to room temperature gave green crystals
(yield: 0.19 g, 56% based on Cu). C46H32Cu3N2O15 (1043.4): calcd.
C 52.95, H 3.09, N 2.68; found C 53.13, H 2.95, N 2.54. IR (solid
KBr pellet): ν̃ = 3649 m, 3076 m, 1606 s, 1545 s, 1498 m, 1477 m,
1404 s, 1350 s, 1194 m, 931 w, 910 w, 843 w, 791 s, 775 s, 727 m,
650 w, 582 w, 513 w, 480 m, 447 w cm–1.

[Cu(NDC)(1,10-phen)]n (2): A mixture of Cu(CH3COO)2·H2O
(0.30 g, 1.5 mmol), NDC (0.13 g, 0.5 mmol), 1,10-phen (0.20 g,
1 mmol), and triethylamine (0.28 mL, 2 mmol) in H2O (18 mL) was
heated at 160 °C for 3 d in a sealed 30-mL Teflon-lined stainless
steel vessel under autogenous pressure. Slow cooling of the reaction
mixture to room temperature gave blue crystals (yield: 0.28 g, 62%
based on Cu). C24H14CuN2O4 (457.93): calcd. C 62.95, H 3.08, N
6.12; found C 62.73, H 3.14, N 6.26. IR (solid KBr pellet): ν̃ =
1633 s, 1616 s, 1587 s, 1518 m, 1493 m, 1425 m, 1390 s, 1350 sh,
1298 m, 1196 m, 1178 m, 1136 w, 1105 w, 937 w, 872 w, 852 s, 791
sh, 739 m, 723 s, 648 m, 577 m, 494 w, 430 w cm–1.

[Zn(NDC)(1,10-phen)]n (3): Compound 3 was synthesized in an
analogous manner to 2 except that Zn(CH3COO)2·2H2O (0.22 g,
1 mmol) was used instead of Cu(CH3COO)2·H2O. The reaction
mixture was cooled, which led to the formation of yellow crystals
of 3 (yield: 0.24 g, 52% based on Zn). C24H14N2O4Zn (459.77):
calcd. C 62.70, H 3.07, N 6.09; found C 62.65, H 3.02, N 6.46. IR
(solid KBr pellet): ν̃ = 1628 s, 1603 m, 1556 s, 1520 m, 1495 m,
1435 s, 1421 s, 1331 s, 1296 s, 1178 m, 1132 m, 1105 w, 1047 w, 924
w, 843 m, 795 s, 768 m, 725 s, 642 w, 557 m, 540 w, 488 w, 424 w
cm–1.

[Zn4(OH)2(NDC)3(2,2�-bpy)2]n (4): Compound 4 was synthesized in
a similar manner to 3 except that 2,2�-bpy (0.16 g, 1 mmol) was
used instead of 1,10-phen. The reaction mixture was cooled, which
led to the formation of light yellow crystals of 4 (yield: 0.12 g, 40%
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based on Zn). C56H36N4O14Zn4 (1250.4): calcd. C 53.79, H 2.90,
N 4.48; found C 53.36, H 2.68, N 4.23. IR (solid KBr pellet): ν̃ =
3521 m, 3088 w, 1616 s, 1581 s, 1493 m, 1471 m, 1444 m, 1400 s,
1360 s, 1192 m, 1155 m, 1097 w, 1024 w, 924 w, 839 w, 785 s, 735
w, 667 m, 652 w, 580 w, 486 w cm–1.

X-ray Crystallographic Study: Suitable single crystals with dimen-
sions of 0.56×0.24×0.14 mm (1), 0.50×0.35×0.20 mm (2),
0.36×0.32×0.16 mm (3), and 0.35×0.25×0.20 mm (4) were glued

Table 1. Crystal data and structures refinement for compounds 1–4.

1 2 3 4

Empirical formula C46H32Cu3N2O15 C24H14CuN2O4 C24H14N2O4Zn C56H36N4O14Zn4

Formula mass 1043.36 457.91 459.74 1250.37
Crystal system monoclinic monoclinic triclinic monoclinic
Space group C2/c P21/n P1̄ P21/c
a [Å] 21.3745(6) 12.0819(11) 9.22740(10) 8.5939(5)
b [Å] 13.0065(2) 13.8007(11) 11.0681(2) 20.5943(13)
c [Å] 15.5522(2) 12.1050(10) 11.06780(10) 14.0052(11)
α [°] 90 90 119.5250(10) 90
β [°] 115.452(2) 103.563(4) 91.5900(10) 96.317(3)
γ(°) 90 90 104.6890(10) 90
V [Å3] 3904.00(13) 1962.1(3) 935.63(2) 2463.7(3)
Z 4 4 2 2
Dcalcd. [g cm–3] 1.765 1.550 1.632 1.686
F(000) 2116 932 468 1264
µ [mm–1] 1.702 1.149 1.350 2.000
GOF 1.062 1.003 1.048 1.071
R1, wR2 [I � 2σ(I)][a] 0.0820, 0.1975 0.0420, 0.1251 0.0847, 0.1778 0.0427, 0.0925
R1, wR2 (all data) 0.1159, 0.2278 0.0504, 0.1334 0.0917, 0.1827 0.0503, 0.0968

[a] R1 = ∑(|Fo| – |Fc|)/∑|Fo|; wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]0.5.

Table 2. Selected bond lengths [Å] and angles [°] for compounds 1–4.

Eur. J. Inorg. Chem. 2005, 4598–4606 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4605

to thin glass fibers with epoxy resin. Crystal structure measure-
ments for compounds 1–4 were performed with a Rigaku Mercury
CCD diffractometer with graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å) at room temperature. A total of 3394, 4479,
3271, and 5639 unique reflections were collected by the ω/2θ scan
mode for 1–4, respectively. The structures were solved by direct
methods and refined on F2 with the SHELXL-97 program.[30] All
non-hydrogen atoms were refined with anisotropic displacement
parameters, and the hydrogen atoms were treated as riding atoms
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using the SHELX-97 default parameters. For 1, the hydrogen
atoms of the water molecules were neither found nor calculated.
For 4, the 2,2�-bpy ring was found to be disordered and was mod-
eled in two positions with occupancies of 51.2 and 48.8%. The
crystal data and details of refinements for the compounds are sum-
marized in Table 1, while their selected bond lengths and angles are
listed in Table 2. CCDC-271318 (1), -255855 (2), -271317 (3), and
-271319 (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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