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One-dimensional manganese(II) complex, [Mn2(5-nbdc)2(imH)6] � 2H2O (1) (5-nbdcH2¼ 5-nitro-
1,3-benzenedicarboxylic acid and imH¼ imidazole), has been hydrothermally synthesized and
structurally characterized by X-ray crystallography with the following data: orthorhombic,
space group Pna2(1), Mr¼ 972.63 for Mn2C34H34N14O14, a¼ 13.3391(12) Å, b¼ 16.4657(15) Å,
c¼ 18.2177(16) Å; V¼ 4001.3(6) Å3, Z¼ 4, Dcalcd 1.615 g cm�3, m¼ 0.718mm�1, the final
R¼ 0.0490 and wR¼ 0.1277 for 7278 observed reflections (I42�(I)). Complex 1 exhibits very
weak intra-chain ferromagnetic coupling (J k�1¼ 0.001K) with g¼ 1.930. The magnetism of a
one-dimensional cobalt(II) complex [Co(5-nbdc)2(imH)2]n (2) indicates weak intra-chain anti-
ferromagnetic coupling (J k�1¼�0.067K) with g¼ 2.0791.
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1. Introduction

The design and synthesis of coordination polymers is a developing field in both chemistry
and material science due to structural diversity and physical properties such as gas
adsorption [1–3], photoluminescence [4, 5], non-linear optics [6] and light-weight
molecular-based magnets [7–9]. Magnetic systems extending along one-dimension, with
linear magnetic response, are excellent examples to develop models for better under-
standing of exchange interactions in extended structures. In order to build a well-defined
framework, bridging ligands play an important role in connecting paramagnetic metal
centers, mediating super-exchange interactions, and supporting the molecular arrange-
ment in a crystal. 5-nitro-1,3-benzenedicarboxylate is an excellent bridging ligand, which
has been efficiently used for creating solid-state architecture with transition metal ions
through its versatile binding modes and flexible conformation as well as through specific
and directional hydrogen bonds increasing the molecular dimensionality [10, 11]. Here
we report two one-dimensional coordination polymers, [Mn2(5-nbdc)2(imH)6]�2H2O (1)
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and [Co(5-nbdc)2(imH)2]n (2) (5-nbdcH2¼ 5-nitro-1,3-benzenedicarboxylic acid and
imH¼ imidazole), and investigate their magnetic properties.

2. Experimental

2.1. Preparation

Synthesis of [Mn2(5-nbdc)2(imH)6] � 2H2O (1). Complex 1 was obtained by hydro-
thermal reaction from a mixture of manganese chloride tetrahydrate, 5-nitro-1,3-
benzenedicarboxylic acid, imidazole and water in a polyfluoroethylene lined stainless
steel bomb (25mL capacity) under autogenous pressure. Yellow crystals were grown at
433K for three days in 55% yield. A mixture containing manganese chloride
tetrahydrate (0.198 g, 1.0mmol), 5-nitro-1,3-benzenedicarboxylic acid (0.211 g,
1.0mmol), imidazole (0.2044 g, 3.0mmol) and 10mL of water in a 25mL Teflon
container was stirred and then heated at 150�C for four days. After decreasing to room
temperature slowly, yellow crystals suitable for X-ray analysis were obtained. IR data
(cm�1): 3213(s), 1619(vs), 1537(s), 1453(m), 1428(s), 1370(vs), 1326(m), 1255(w),
1098(w), 1066(vs), 789(m), 729(s), 657(s). Elemental analysis, found: C, 33.78; H, 1.99;
N, 10.92; O, 29.02. Calcd for Mn2C34H34N14O14: C, 33.92; H, 2.07; N, 10.79; O, 28.75.

Synthesis of [Co(5-nbdc)2(imH)2]n (2). Complex 2 was prepared according to our
reported method [17].

2.2. X-ray single crystal structure determination

Crystallographic analysis for Mn2C34H34N14O14: Fw¼ 972.63, T¼ 173(2)K,
Orthorhombic, space group Pna2(1), a¼ 13.3391(12) Å, b¼ 16.4657(15) Å,
c¼ 18.2177(16) Å; V¼ 4001.3(6) Å3, Z¼ 4, crystal color yellow, crystal size 0.48�
0.33� 0.22mm3, Dcalcd 1.615 g cm�3, R1¼ 0.0490, wR2¼ 0.1277, 2.265�526.98�,
reflections collected 22961, data/restraints/parameters 7278/7/577, residual maximum
and minimum in the final Fourier difference maps were 0.8580 and 0.7244 Å�3.
Diffraction data were collected on a Bruker Smart 1000 CCD diffractometer using an
!–2� scan mode. The data were corrected with SADABS programs and refined on F2

with SHELXL software [12]. The structure was solved by direct methods and refined by
using full-matrix least-squares difference Fourier techniques with the SHELXS-97 and
SHELXL-97 program packages [12, 13]. All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms of the ligand were placed at
idealized positions and refined as riding atoms with the relative isotropic parameters of
the heavy atoms to which they are attached. The drawings were produced with
SHELXTL [14]. CCDC reference numbers: 646193 for 1.

3. Results and discussion

In the infrared spectra of 1, the �N–H characteristic vibrations for terminal coordinate
imidazole molecules are at 3213 cm�1. One strong �as(COO�) characteristic band at
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1619 cm�1 and two other strong �s(COO�) bands at 1428 cm�1 and 1370 cm�1,

respectively, confirm that the tridentate bridging ligand, �-O3-5-nitro-1,3-benzenedi-

carboxylate, exists in 1 (��¼ �as(COO�)� �s(COO�)¼ 191 and 249 cm�1) [15, 16]. Two

medium-intensity bands at 1537 cm�1 and 1345 cm�1 are assigned to the asymmetric

and symmetric stretching frequencies of NO2 group on the phenyl.
The X-ray diffraction analysis indicates that 1 is neutral polymeric chains

[Mn2(5-nbdc)2(imH)6]n and lattice water molecules. The coordination environment

around Mn(II) with atom-numbering scheme is depicted in figure 1. There are two

independent Mn(II) centers (Mn1 and Mn2) in the repeat unit of 1. Three oxygen

donors from two 5-nitro-1,3-benzenedicarboxylic acid ligands and three nitrogen

donors from imidazole molecules define the distorted octahedral coordination

environment of Mn(II). Three oxygen atoms from two different �-O3-5-nitro-1,3-

benzenedicarboxylates and a nitrogen from a coordinated imidazole are in the

equatorial positions and two nitrogens from coordinated imidazoles occupy axial sites.

For Mn1, the axial Mn–N bond distances [2.221(3) and 2.224(4) Å] are significantly

longer than the equatorial Mn–N bond distance [2.186(4) Å]; the equatorial Mn–O

bond distance [2.150(3) Å] from the monodentate �-O3-5-nitro-1,3-benzenedicarbox-

ylate group is significantly shorter than that [2.330(3) and 2.375(3) Å] from the

bidentate �-O3-5-nitro-1,3-benzenedicarboxylate group. The bond angles around Mn1

change from 56.13(11) to 97.48(12)�. Similar to Mn1, Mn2 shows longer axial Mn–N

bond distances [2.227(3) and 2.230(3) Å] than equatorial and the equatorial Mn2–O

bond distance [2.118(3) Å] for the monodentate group is somewhat shorter than that

[2.227(3) and 2.488(3) Å] from the bidentate one. Both Mn1 and Mn2 exhibit similar

coordination environments but different bond parameters. Mn1 and Mn2 are bonded

to six nitrogens of imidazole and bridged by an �-O3-5-nitro-1,3-benzenedicarboxylate

group forming a dimer Mn2(5-nbdc)(imH)6 with a Mn1–Mn2 distance of 8.752 Å;

Figure 1. Perspective view of the one-dimensional chain of 1. Selected bond lengths (Å) and angles (�):
Mn1–O1 2.375(3), Mn1–O2 2.330(3), Mn1–O7 2.150(3), Mn1–N3 2.186(4), Mn1–N5 2.224(4), Mn1–N7
2.221(3), Mn2–O3 2.118(3), Mn2–O9a 2.488(3), Mn2–O10a 2.227(3), Mn2–N9 2.230(3), Mn2–N11 2.227(3),
Mn2–N13 2.182(4), O7–Mn1–N3 99.11(14), O7–Mn1–N7 88.51(12), N3–Mn1–N7 92.85(12), O7–Mn1–N5
86.94(12), N3–Mn1–N5 97.48(12), N7–Mn1–N5 169.26(14), O7–Mn1–O2 111.69(12), N3–Mn1–O2
148.82(13), N7–Mn1–O2 83.54(11), N5–Mn1–O2 89.11(11), O7–Mn1–O1 167.32(12), N3–Mn1–O1
93.36(13), N7–Mn1–O1 93.18(12), N5–Mn1–O1 89.19(11), O2–Mn1–O1 56.13(11), O3–Mn2–N13
99.22(14), O3–Mn2–O10a 161.96(12), N13–Mn2–O10a 98.80(13), O3–Mn2–N11 88.32(12), N13–Mn2–N11
94.91(12), O10a–Mn2–N11 91.02(12), O3–Mn2–N9 87.57(12), N13–Mn2–N9 93.73(12), O10a–Mn2–N9
90.39(12), N11–Mn2–N9 170.92(14), O3–Mn2–O9a 106.25(11), N13–Mn2–O9a 154.47(13), O10a–Mn2–O9a
55.77(11), N11–Mn2–O9a 84.30(10), N9–Mn2–O9a 89.09(10) (symmetry code: a, x, yþ 1, z).

2152 H.-J. Chen and Y.-G. Li

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



adjacent dimers are further linked by �-O3-5-nitro-1,3-benzenedicarboxylate groups

generating the neutral polymeric chain [Mn2(5-nbdc)2(imH)6] with a Mn2–Mn1a

separation of 8.991 Å, showing a syn–anti geometry. Finally, adjacent chains are further

linked by weak hydrogen bonds (hydrogen bond N6–H� � �O4i¼ 2.843(4),

N8–H� � �O9ii¼ 2.918(5) Å; symmetry code: i, xþ 1/2, �yþ 3/2, z; ii, x� 1/2,

�yþ 1/2, z) extending into an infinite two-dimensional network with Mn–Mn

separation of 8.106 Å (figure 2).
The X-ray crystal structure analysis shows that [Co(5-nbdc)2(imH)2]n (2) is a

one-dimensional neutral chain with syn–syn geometry [17]. Adjacent cobalt(II) atoms

with the same coordination environment lay along a straight line with a Co–Co

separation of 9.525 Å.
The magnetic susceptibilities (�M) were measured at 10 kOe in the variable-

temperature range 2–300K and the �M and �MT versus T plots for 1 are given in

figure 3. The �M value increases slowly in the temperature range 300–50K and increases

quickly up to 3.20 cm3
�mol�1 at 2.0K. The �mT product at room temperature is

4.40 cm3mol�1K, in agreement with that expected for spin-only (4.38 cm3mol–1K) of

one magnetically uncoupled manganese(II) [18]. Upon cooling, the �mT value decreases

slowly in the temperature range 300–20K. In the temperature range 20–15K there is an

approximate plateau with �mT¼ 4.06 cm3mol–1K. Below 15K, the �mT value

decreases slowly to 3.98 cm3mol�1K as the zero field splitting (ZFS) of the ground

state of the manganese(II). The overall magnetic behavior of the complex suggests very

weak ferromagnetic interaction between the spin carriers and resembles that of related

infinite chain model compounds [19].
The X-ray crystal structure analysis of 1 shows that the polymeric chain is composed

of a Mn1–Mn2 dimer linked by �-O3-5-nitro-1,3-benzenedicarboxylate bridges with

Mn–Mn separations of 8.752 and 8.991 Å. In order to simplify the calculation, the spin

Figure 2. Perspective view of the two-dimensional hydrogen bond network of 1 running along the ab plane.
Hydrogen atoms and lattice water molecules are omitted for clarity. Hydrogen bond N6–H� � �O4i¼ 2.843(4),
N8–H� � �O9ii¼ 2.918(5) Å. Symmetry code: i, xþ 1/2, �yþ 3/2, z; ii, x� 1/2, �yþ 1/2, z).
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Hamiltonian appropriate for describing the linear chain is given in equation (1). The

magnetic susceptibility deduced from the Hamiltonian for local spin values S¼ 5/2 is as

in equation (2), where J denotes the exchange parameter between adjacent manganese

atoms in the chain [20, 21].

H ¼ �J�SiSiþ1 ð1Þ

�chain ¼
Ng2�2

B

kBT
�

2:9167þ 208:04x2

1þ 15:453xþ 2707:2x3
:

�
x ¼

J

kT

� ð2Þ

The magnetic data of 1 were analyzed by means of the analytical expression based on

the Hamiltonian (1) for local spin values S¼ 5/2 [22, 23]. The experimental data were

fitted by least-squares and the resulting parameters are J/k¼ 0.001K, g¼ 1.93 and

R¼ 3.03� 10�6 (R¼�[(�m)obs�(�m)calcd]
2/�[(�m)obs]

2). The small J value suggests

almost no ferromagnetic coupling along the chain in the coordination polymer [23].
The temperature dependence of �MT product measured at 10 kOe for 2 in the

variable-temperature range 2–300K is shown in figure 4. The overall magnetic

behavior of the complex is dominated by anti-ferromagnetic interaction between the

spin carriers and resembles that of related infinite chain model compounds [24–26].

The �mT product at room temperature is about 2.18 cm3mol–1K, somewhat higher
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Figure 3. Temperature dependence of �MT for 1 measured at 10 kOe. The solid line corresponds to the best
theoretical fit for the data in the 2–300K range.
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than that expected for one magnetically uncoupled cobalt ion (1.95 cm3mol�1K).

Upon cooling, the �mT value decreases slowly in the temperature range 300–25K

from the anti-ferromagnetic interaction between the cobalt(II) ions within the chain.

Below 25K the �mT value decreases quickly down to 1.30 cm3mol�1K as the zero

field splitting of the ground state of cobalt(II).
In 2, adjacent cobalt(II) atoms with the same coordination environment lay along

a straight line with a Co–Co separation of 9.525 Å, similar to that of a cobalt(II)

chain [25]. The magnetic susceptibility deduced from the Hamiltonian for local spin

values S¼ 3/2 is given in equation (3).

�chain ¼
Ng2�2

B

kBT
�

1:2500þ 17:041x2

1þ 6:7360xþ 238:47x3
:

x ¼
jJj

kBT

ð3Þ

The overall magnetic behavior of 2 corresponds to an anti-ferromagnetic coupled

system. The magnetic data of 2 were analyzed by means of the analytical expression (1)

for the magnetic susceptibility of an infinite chain with local spin values S¼ 3/2. The

experimental data were fitted by least-squares and the resulting parameters are

J/k¼�0.067K, g¼ 2.0791 and R¼ 1.00� 10�5 (R¼�[(�m)obs�(�m)calcd]
2/�[(�m)obs]

2).

The small J value suggests that 2 shows very weak anti-ferromagnetic coupling along

the chain in the coordination polymer.
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Figure 4. Temperature dependence of �MT for 2 measured at 10 kOe. The solid line corresponds to the best
theoretical fit for the data in the 2–300K range.
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