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A secondary building unit (SBU), [Ni(2,20-bipy)(5-npa)(H2O)]n [where 2,20-bipy¼
2,20-bipyridine, 5-npa¼ 5-nitroisophthalic dianion], was synthesized as starting material
of a polystep reaction. A ladderlike complex (LLC) Ni(II) coordination polymer,
{[Ni(2,20-bipy)(5-npa)(4,40bipy)0.5]�(H2O)}n, was constructed by polystep reaction using this
SBU. In LLC, two SBUs were cross-linked by 4,40-bipy [where 4,40-bipy¼ 4,40-bipyridine]
forming a 1-D ladderlike structure. The magnetic properties of the LLC and SBU are discussed.
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1. Introduction

Design and construction of inorganic–organic hybrid coordination complexes is a hot
topic due to their fascinating structural features and potential as functional materials
in magnetism, gas storage, ion exchange, catalysis, separations, electric conductivity,
and molecular recognition [1–4]. Coordination complexes based on self-assembly [5–8]
have been studied intensively. Owing to difficult prediction of either composition
or structure of the final product [9, 10], designing a target framework was limited.
The most effective approach is using secondary building units (SBUs) as the designing
material to obtain tailor-made structures with the required structures and properties
starting from well-characterized inorganic and organic species (SBUs) [11–14]. Many
coordination complexes have been prepared by multiple step reactions [13, 15]; under
some reaction conditions, solvent coordinated to metal [16–18]. Replacing the
coordinated solvent with a rigid linker could provide a method for synthesis
of predictable structures. Thus, coordination complexes with coordinated solvent
could act as starting materials for further reactions. By choosing appropriate rigid
linkers, target structures with predictable properties could be obtained by polystep
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reactions [19, 20], as those SBUs already had their own geometry conformation and

properties. Here, we report the synthesis of a ladderlike Ni(II) coordination polymer,

{[Ni(2,20-bipy)(5-npa)(4,40-bipy)0.5]�(H2O)}n [where 2,20-bipy¼ 2,20-bipyridine,

4,40-bipy¼ 4,40-bipyridine, 5-npa¼ 5-nitroiso phthalic dianion], by polystep reactions.

[Ni(2,20-bipy)(5-npa)(H2O)]n was synthesized for polystep reactions, in which the

coordinated water molecule had suitable position to be replaced by 4,40-bipy (figure 1).

2. Experimental

2.1. General information

Commercially available reagents were used as received without purification.

Single-crystal diffraction data were recorded on a Bruker Smart-1000 CCD

diffractometer. X-ray powder diffraction measurements were recorded on a Bruker

D8 ADVANCE diffractometer. IR spectra (KBr disk) were recorded on an

EQUINOX55 (Bruker) spectrophotometer. Temperature-dependent magnetic measure-

ments were determined on a Quantum Design SQUID-XL7 magnetometer. Thermal

gravimetric analysis from 40 to 500 �C was carried out under N2 at a heating rate

of 5 �Cmin�1 using a TA-Q600 instrument. Carbon, hydrogen, and nitrogen were

determined using an EA 1112 elemental analyzer.

Figure 1. ORTEPII plot of the title compounds showing 50% probability displacement ellipsoids. Only the
contents of the asymmetric unit are labeled: (a) SBU and (b) LLC.
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2.2. Synthesis of secondary building units

A mixture of NiSO4 � 6H2O (1mM, 267mg), 5-npa (1mM, 215.5mg), NaOH (200 mL,
10M), 2,20-bipy (1mM, 158mg), and H2O (5mL) was heated in a 25mL stainless steel
reactor with a Teflon liner at 150�C for 48 h. The blue crystalline product was filtered
and washed with water. Yield: 75% based on Ni. Anal. Calcd for C18H13N3NiO7:
C, 48.98; H, 2.95; N, 9.52. Found: C, 49.29; H, 2.99; N, 9.74. IR (KBr): 3407, 1721,
1640, 1609, 1541, 1451, 1397, and 1341 cm�1.

2.3. Synthesis of the ladderlike complex

A mixture of SBUs (1mM, 442mg), 4,40-bipy (0.5mM, 79mg), and H2O (10mL) was
heated in a 25mL stainless steel reactor with a Teflon liner at 150�C for 48 h. Navy blue
crystalline product was obtained, then filtered and washed with water. Yield: 490%
based on SBUs. Anal. Calcd for C46H32N8Ni2O13: C, 54.05; H, 3.16; N, 10.96. Found:
C, 54.16; H, 3.05; N, 11.02. IR (KBr): 3451, 1609, 1570, 1540, 1435, 1400, and
1354 cm�1.

2.4. X-ray crystallographic studies

Intensity data for SBU and LLC were measured on a Bruker Smart 1000 CCD
diffractometer with graphite-monochromated Mo K� radiation (�¼ 0.71073 Å) at
room temperature. All empirical absorption corrections were applied using SADABS
[21]. The structures for SBU and LLC were solved by direct methods and refined on F2

by full-matrix least squares using the SHELXL-97 program package [22]. The positions
of hydrogens were generated theoretically (C–H fixed at 0.93 Å), assigned isotropic
thermal parameters, and allowed to ride on their parent carbons before the final cycle
of refinement. Crystal data and structure determination summaries are summarized
in table 1.

3. Results and discussion

Designing a functional SBU with coordinated solvent was the most important step in
this polystep reaction. We chose nickel(II) sulfate hexahydrate, 5-npa, and 2,20-bipy as
reactants. Each Ni(II) was six coordinate with bonding to a water, a 2,20-bipy, and two
5-npa ligands forming a distorted octahedral geometry (figure 1). This coordination
could be found in most Ni coordination compounds [23–28]. 5-npa could coordinate
monodentate [29], but simultaneous chelating and monodentate coordination of the
same 5-npa led to a 1-D structure. There were strong intermolecular hydrogen bonds
and �–� interactions between chains. This coordination of carboxyl is also found in
Ni coordination complexes, but leads to a binuclear nickel(II) complex, not a chain [26].
The coordinated water had suitable volume to be replaced by 4,40-bipy. Chiral
chains (D- and �-chains) existed in neighboring holes, and they were racemic complexes
(figure 2). If the coordinated water was replaced by 4,40-bipy, a ladderlike coordination
polymer could be obtained (figure 3). The thermogravimetric analysis of the SBU
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(Supplementary material) shows the first step 150–175�C is loss of coordinated water
[30] (calculated for a coordinated water 4.07%, found 3.76%), indicating that
the coordinated water could be replaced by 4,40-bipy at hydrothermal conditions; this
substitution was successfully achieved in this article, and we obtained the LLC.

Figure 2. D- and �-chains of the title compounds: (a) Enantiotopic chains in the neighboring holes of SBUs
and (b) Enantiotopic chains in the same ladder of LLC.

Table 1. Crystallographic data and processing parameters for SBUs and LLC.

SBUs LLC

Empirical formula C18H13N3NiO7 C23H17N4NiO7

Formula weight 442.00 520.10
Temperature (K) 298(2) 296(2)
Crystal system Triclinic Triclinic
Space group P-1 P-1
Unit cell dimensions (Å, �)
a 8.4076(7) 7.439(2)
b 10.0247(11) 9.750(2)
c 12.0437(10) 15.670(4)
� 74.826(2) 78.11(3)
� 72.0690(10) 80.67(4)
� 65.2300(10) 69.68(3)
Volume (Å3), Z 866.51(14), 2 1037.9(5), 2
Calculated density (g cm�3) 1.694 1.664
Absorption coefficient (mm�1) 1.171 0.992
Final R indices [I4 2�(I)]a R1¼ 0.0332, wR2¼ 0.0842 R1¼ 0.0659, wR2¼ 0.1469
R indices (all data)a R1¼ 0.0366, wR2¼ 0.0862 R1¼ 0.1408, wR2¼ 0.1770

aR1 ¼ �jjFoj � jFcjj=�jFoj:wR2 ¼ ½�wðF 2
o � F 2

c Þ
2=�wðF 2

oÞ
2
�
1=2.
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Each Ni(II) was six coordinate in LLC with bonding to a 4,40-bipy molecule, a
2,20-bipy, and two 5-npa ligands; 4,40-bipy was a bridging ligand (figure 1). Two chains
were cross-linked by 4,40-bipy resulting in one-dimension (1-D) infinite chains adopting
a 1-D ladderlike structure motif assembled from edge-sharing rhombic squares [31].
The chains interacted by �–� stacking and hydrogen interactions [32]. There were also
some ladderlike coordination polymers of lanthanide [33].

It was difficult to synthesize the LLC starting with NiSO4 � 6H2O, 2,20-bipy, 4,40-bipy,
and 5-npa, as a difficult to separate mixture was obtained. By preparing the SBU,
we obtained pure LLC with high yield. As the SBUs already had its own geometry,
the structure of the LLC could be forecast. Cross-linking two chains of SBUs with
4,40-bipy, we constructed the ladderlike structure.

3.1. IR spectra

The IR spectra of SBUs and LLC were performed as KBr pellets from 4000
to 400 cm�1. These polymers showed asymmetric vibration bands of the carboxylates
[34–36] at 1640–1540 cm�1 for SBUs, 1609–1540 cm�1 for LLC, and the symmetric
vibration bands at 1457–1348 cm�1 for SBUs, 1430–1354 cm�1 for LLC. The values D
[�as(COO�)� �s(COO�)]¼ 89 cm�1 for SBUs, 110 cm�1 for LLC indicated chelating
carboxylate [34–36]. The IR asymmetric and symmetric (CO2) stretching vibrations
at 1541 and 1397 cm�1, 1341 cm�1 for SBUs, 1540, 1400, and 1354 cm�1 for LLC,
showed that 5-npa adopted both monodentate and chelating coordination [37].
The stretching vibration at 3407 cm�1 for SBUs showed the presence of coordinated
water, while at 3451 cm�1 for LLC showed the presence of guest water. A strong band
at 1571 cm�1 in the spectrum of LLC confirmed the presence 2,20-bipy and 4,40-bipy
ligands, which was consistent with the X-ray analysis.

3.2. Magnetic properties

Magnetic measurements were performed on samples of SBU and LLC. The tempera-
ture dependence of magnetic susceptibility of SBUs and LLC in the forms of 	M versus
T with 	MT versus T plot as an inset, and 1/	M(T ) versus T are displayed in figures 4
and 5, respectively.

Figure 3. Inserting 4,40-bipy into the neighboring chains of SBUs.
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Replacing coordinated water with 4,40-bipy, the magnetic properties were different
at higher temperature. In SBU, as the temperature cooled, 	MT slightly increased
then decreased, while in LLC, the value of 	MT first decreased and then slightly
increased. This may be attributed to the different donors such that replacement
of H2O by 4,40-bipy was accompanied by an increase of the weak antiferromagnetic
coupling [37].

The value of 	MT at 300K for SBU was 1.18 cm3KM�1, lower than the spin-only
value (for S¼ 1 of 2.24 cm3KM�1 with g¼ 2.2). The effective magnetic moment was
3.08 mB, close to the typical value of 3.03 mB for octahedral complexes of Ni, indicative
of a quenched orbital contribution. However, the value of 	MT at 300K for LLC was
2.61 cm3KM�1 and the effective magnetic moment was 4.57mB, both higher than the
spin-only values, indicative of an unquenched orbital contribution [38] typical of the
4T1g ground state. The different effective magnetic moments for SBUs and LLC may be
attributed to the different donors [37].

c m
 (

cm
3 .

m
o

l–1
)

c m–1
(m

o
l.c

m
–3

)

c m
T

(c
m

3 m
o

l–1
K

)

T (K )

T (K )T (K )

Figure 4. Magnetic susceptibility for SBU measured in an applied field of 5 kOe on a polycrystalline sample:
(a) 	M(T ) vs. T, the inset is the plot of 	MT vs. T and (b) Plot of 1/	M(T ) vs. T.
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Figure 5. Magnetic susceptibility for LLC measured in an applied field of 5 kOe on a polycrystalline sample:
(a) 	M(T ) vs. T, the inset is the plot of 	MT vs. T and (b) Plot of 1/	M(T ) vs. T.
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4. Conclusion

A ladderlike coordination polymer, {[Ni(2,20-bipy)(5-npa)(4,40-bipy)0.5]�(H2O)}n,
was synthesized based on [Ni(2,20-bipy)(5-npa)(H2O)]n by polystep reaction. When
4,40-bipy replaced the coordinated water of SBU, the target LLC was obtained with
different magnetic properties.

Supplementary material

CCDC-691708, 696825 contains the supplementary crystallographic data of SBUs
and LLC for this article. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge Crystallographic
Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: þ44-1223-336033;
Email: deposit@ccdc.cam.ac.uk].
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