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A new complex has been synthesized and structurally characterized. The title compound shows 3D
porous network via the packing interactions. In addition, the magnetic property was discussed in
compounds 1 in detail.

A new complex, {[Mn3(oba)2(IP)2(CH3COO)2]·H2O}n (1) (H2oba = 4,4′-oxybis(benzoic acid), IP =
1-H-imidazo[4,5-f][1,10]-phenanthroline), has been synthesized and structurally characterized by
single-crystal diffraction analysis. The structural determination revealed that 1 has a 2-D grid motif,
which can be further linked into a 3-D porous network via packing interactions. The magnetic prop-
erties of 1 are discussed.

Keywords: Carboxylic acid; Layer; Magnetism

Introduction

Crystal engineering has provided a sound junction between esthetics of architectures and
their potential functions [1–4]. Ingenious designs of ligands and proper choice of metal ions
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are keys to achieve the resulting coordination polymers [5]. Flexible di- and poly-carboxylic
acids are good candidates for construction of new coordination polymers as the carboxyl
groups can form C–O–M–O cyclic mode with metal ions, improving the stability of transi-
tion metal complexes. Furthermore, such carboxylic acids have two or more carboxyl
groups that can be completely/partially deprotonated, which results in many interesting
structures with higher dimensions. 4,4′-Oxybis(benzoic acid) (H2oba) is a long, V-shaped,
flexible ligand; its coordination chemistry has been studied and several coordination poly-
mers have been obtained [6–8]. The magnetic strength and nature of the magnetic coupling
between metal centers can be determined by the bridging linkers. Carboxylate linkers have
been widely employed to shape molecular magnetic materials owing to their various bind-
ing modes that afford superexchange pathways. Design and synthesis of polynuclear metal–
carboxylate complexes with predictable magnetic properties are still a challenge in molecu-
lar magnetism [9–11].

A mixed-ligand strategy is a good choice for the construction of coordination polymers.
Chelating bipyridine-like ligands, such as 1,10-phenanthroline (phen) and 2,2′-bipyridine,
are important in maintaining the 1-D of coordination polymers and may provide potential
supramolecular recognition sites [12, 13]. Du et al. presented the key advances in the
design of coordination polymers using mixed-ligand synthetic strategy and discussed the
relationship between selected mixed organic ligands and the resulting MOFs [12(b)–(c)].
Herein, we report the synthesis and structure of a new coordination polymer,
{[Mn3(oba)2(IP)2(CH3COO)2]·H2O}n (1). The magnetic behavior of 1 was also explored.

Experimental

Materials and methods

All reagents were purchased from commercial sources and used as received. IR spectra
were recorded with a Perkin-Elmer Spectrum One spectrometer from 4000 to 400 cm−1

using KBr pellets. Thermogravimetric analysis (TGA) was carried out with a Mettler-Toledo
TA 50 in dry dinitrogen (60 mLmin−1) at a heating rate of 5 °C min−1. X-ray powder dif-
fraction (XRPD) data were recorded on a Rigaku RU200 diffractometer at 60 kV, 300 mA
for Cu Kα radiation (λ = 1.5406 Å) with a scan speed of 2 °C min−1 and a step size of
0.013° in 2θ. Magnetic susceptibility data of powdered sample restrained in parafilm were
measured on an Oxford Maglab 2000 magnetic measurement system in the temperature
range 300–1.8 K and at a field of 1 KOe.

X-ray crystallography

Single-crystal X-ray diffraction analysis of 1 was carried out on a Bruker SMART APEX II
CCD diffractometer equipped with graphite monochromated MoKα radiation (λ = 0.71073 Å)
using ϕ/ω scan technique at room temperature. Data were processed using the Bruker SAINT
package and the structure solution and refinement procedure were performed using SHELX-97
[14]. The structure was solved by direct methods and refined by full-matrix least-squares fitting
on F2. The hydrogens of organic ligands were placed in calculated positions and refined riding
on attached atoms with isotropic thermal parameters 1.2 times those of their carrier atoms. The
hydrogens of lattice waters in 1 were not located using the different Fourier method. The void
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volume is actually not that large (four times 132 Å3, which is four times 2% of the unit cell
volume). Awater molecule would need about 40 cubic Angstroms (see http://www.cryst.chem.
uu.nl/spek/platon/pl000302.html). The volume could thus have held three to four H2O mole-
cules. Squeeze does however show that the voids are mostly empty. Each void of 132 cubic
Angstroms holds about seven electrons, thus less than one H2O, not three to four. The water
molecule O8 in 1 has refined better with only two positions slightly off the twofold axis. Table 1
shows crystallographic data of 1. Selected bond distances and bond angles are listed in table 2.
CCDC: 933984.

Synthesis of {[Mn3(oba)2(IP)2(CH3COO)2]·H2O}n (1)

A mixture of MnSO4·H2O (0.0346 g), H2oba (0.0516 g), IP (0.0202 g), NaOAc (0.0178 g),
CH3CN (5 mL), and deionized water (5 mL) was stirred for 30 min in air. The pH of the
resulting solution was adjusted to 7 using dilute NaOH (1M L−1) and kept at 160 °C (oven)
for 72 h, and then cooled to 25 °C. The resulting crystals were filtered off, washed with
water, and dried in air. C58H40Mn3N8O15 (1253.80). Calcd: C, 55.56; H, 3.21; N, 8.94.
Found: C, 54.55; H, 3.17; N, 8.41. IR (KBr, cm−1): 3468(vs), 3098(s), 1605(vs), 1580(m),
1480(s), 1399(vs), 1355(m), 1150(s), 827(s), 647(s).

Table 1. Crystallographic data and structure
refinement details for 1.

Empirical formula C58H40Mn3N8O15

Formula mass 1253.80
Crystal system Monoclinic
Space group C2/c
a (Å) 15.456(10)
b (Å) 14.414(10)
c (Å) 26.684(17)
α (°) 90
β (°) 104.126(12)
γ (°) 90
V (Å3) 5765(7)
Z 4
DCalcd (g cm

−3) 1.445
μ (mm−1) 0.721
F (0 0 0) 2556
Reflections collected 18,714
Rint 0.0432
R1, wR2 [I > 2σ(I)] 0.0425, 0.0921
R1, wR2 (all data) 0.0714, 0.1001

Table 2. Selected bond distances (Å) and angles (°) for 1.

Mn1–O2#1 2.1241(19) Mn1–O7#1 2.1772(19)
Mn1–O4#2 2.1981(18) Mn2–O1 2.102(2)
Mn2–O6 2.167(2) Mn2–O4 2.2450(19)
Mn2–O5 2.329(2) Mn2–N2 2.303(2)
Mn2–N1 2.251(2) O2–Mn1–O2 180
O2–Mn1–O7 94.24(8) O7–Mn1–O7 180
O4–Mn1–O4 180 O4–Mn1–O7 88.90(7)
O4–Mn2–N1 155.26(7) O1–Mn2–N2 161.20(7)
O5–Mn2–O6 155.03(6) O1–Mn2–O5 96.44(9)

Note: Symmetric codes: #1: −x + 3/2, −y + 1/2, −z + 1; #2: −x + 3/2, y − 1/2, −z + 3/2.
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Results and discussion

{[Mn3(oba)2(IP)2(CH3COO)2]·H2O}n (1)

The structure contains three Mn(II) ions, two IP ligands, two oba ligands, two coordinated
acetates, and one lattice water (figure 1). The oba adopts (k1–k1)–(k1–k1)–μ4 mode. Mn(1) is
located at the inversion site and is coordinated by six trans-related carboxylate oxygens
from two different oba anions and two acetates in an octahedral geometry. The Mn(2) is
six-coordinate in a distorted geometry by four oxygens from three different carboxylic
ligands and two nitrogens from one IP molecule. The Mn–O/N bond lengths are within the
normal range [15]. The polyhedra of three metals are bridged by carboxylate groups and
give centrosymmetric trinuclear manganese(II) subunits (MnII3). The Mn(II)···Mn(II) dis-
tance within the trinuclear metal unit is 3.51 Å, slightly smaller than those in other carbox-
ylate-bridged trinuclear Mn(II) complexes [16–20]. The shortest distance of inter-MnII3
units is 7.02 Å.

Based on these connections, trinuclear manganese(II) subunits (MnII3) are bridged by
two carboxylates, thus, 2-D layers are formed along the bc plane, as shown in figure 2.
Interplanar distances between two neighboring aromatic rings of IP and between pyridyl
ring (C1, C2, C3, C4, C5, and N1) and imidazole ring (C11, C12, C13, N3, and N4) are ca.
3.88(2) Å, indicating the presence of face-to-face π–π stacking interaction. There is also a
π–π stacking interaction of 3.90(5) Å between pyridyl ring (C1, C2, C3, C4, C5, and N1)
and pyridyl ring (C1A, C2A, C3A, C4A, C5A, and N1A). A 3-D supramolecular motif is
formed via the weak interaction (figure 3) [21].

Lei and co-workers reported [Mn3(oba)3(2,2′-bipy)2]n, which shows a 3-D unusual (2,6)-
connectivity (812.123)(8)(3) topology. The manganese trimetallic unit bridged by six carbox-
ylic groups constitutes a trimetallic second building unit [Mn3(CO2)6] [22(a)]. A series of
mixed-ligand polymers with oba ligand in the presence of neutral N-donor ligands were

Figure 1. The coordination geometry of the metal centers and the ligand geometry in 1.

2274 L. Lu et al.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

15
 0

9 
D

ec
em

be
r 

20
14

 



prepared [22(a)]; this work indicates that different flexible and angular neutral ligands,
coordination geometries of metal centers and weak interactions are crucial factors for
formation of the different structures [22(b)]. Although two Cu-oba-bimb coordination
polymers were obtained from the same raw materials, the resulting nets are different due to
different reaction temperatures and different pH values [22(c)]. LaDuca reported a
[Co3(oba)3(bpmp)2]n coordination polymer possessing a 3-D self-catenated structure with an
unprecedented 8-connected uninodal 4451767 topology. The network is formed by the junc-
tion of {Co3O2} clusters into three different homo-chiral interlocked helical motifs [22(d)].
Three new zinc(II) coordination polymers, [Zn(imi)2(μ2-oba)]n·nH2O, [Zn(2,2′-bipy)(μ2-oba)
(H2O)]n·nH2O, and [Zn2(4,4′-bipy)(μ2oba)2(H2O)2(DMF)2]n·nDMF (imi = imidazole), have
1-D nano-dimensional pore and square grid structures, respectively [22(e)]. Four cobalt(II)
coordination polymers, [Co2(oba)2(1,2-bix)2]n, [Co(oba)(1,3-bix)]n, {[Co4(oba)4(1,4-bix)4]·6
H2O}n, and {[Co6(oba)6(1,4bix)6]·2H2oba·3DMF·11H2O}n, 1,n-bix = 1,n-bis(imidazol-l-yl-
methyl)benzene (n = 2, 3, 4), show 2-D grid net, 2-D structure with two distinct left- and
right-handed helical chains, 2-D doubly interpenetrated motif, and 1-D chains of rings,
respectively [22(f)]. A 2-D coordination polymer of [Co(oba)]n is negligibly magnetically
coupled to each other and the single-ion magnetic behavior of Co(II) in octahedral environ-
ment is dominant at low temperature [22(g)]. Comparing those structures, neutral bridging
ligands can link similar MII-oba units to form higher dimensional structures than neutral
terminal ligands. The resulting work can be modulated by the preference of metal centers.

Figure 2. View of a single 2-D layer in the structure of 1.

Figure 3. View of the 3-D supramolecular motif in 1.
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IR, TGA, and XRPD

The compound shows a broad band centered around 3468 cm−1 attributable to the O–H
stretching frequency of water in 1, as shown in Supplemental data. Asymmetric stretch
ν(COO–) appears at 1605 cm−1 and the symmetric stretch ν(COO–) at 1480 cm−1. For 1, the
difference between the asymmetric and symmetric stretches, Δνas(COO

_
)–νs(COO

_
), is

125 cm−1, indicating that carboxyl groups are coordinated bidentate, consistent with the
observed X-ray crystal structure of 1.

To study the stability of the polymer, TGA of 1 was performed (Supplemental data),
showing two weight loss steps. The first of 10.1% between 20 and 289 °C corresponds to
release of one crystallization water and two acetates per formula unit (Calcd 10.8%) and the
complex remains undecomposed up to 420 °C. The second decomposition finishes at about
700 °C, which can be attributed to elimination of organic ligands (Calcd 69.8%). Addition-
ally, to confirm the phase purity, the original sample was characterized by XRPD at room
temperature. The XRPD pattern of 1 is similar to that of the simulated phase, although
minor differences can be seen in the positions, intensities, and widths of some peaks, as
shown in Supplemental data.

Magnetism

The χmT versus T plots under 1 KOe are shown in figure 4. The χmT value at 300 K is
14.4 cm3KM−1, indicating all manganese(II) ions are in the high-spin state. On cooling,
χmT decreases to the minimum of 1.49 cm3KM−1 at 1.8 K, indicating that the dominating
interaction is antiferromagnetic [23]. When the structural data of 1 are obtained, three Mn
(II) ions are bridged by oba and CH3COO

–, forming linear MnII3 subunits. Assuming that
the exchange couplings within the cluster are J12 = J23 = J1 and J13 = J2, where J12 and J23
are the exchange interactions between central Mn(II) and terminal Mn(II); J2 is the
exchange interaction between terminal Mn(II) ions and intratrinuclear Mn(II)3); zJ′ is

Figure 4. Plots χMT vs. T for 1; red solid lines represent fits to the data. The inset shows a plot χMT vs. T in 1
(see http://dx.doi.org/10.1080/00958972.2014.941829 for color version).
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referring to the intercluster coupling constants. The variable-temperature magnetic
susceptibility data of Mn(II) trimers were fitted according to the equations [24]:

EðS; S0Þ ¼ �J1
2
SðS þ 1Þ � J2 � J1

2
S0ðS0 þ 1Þ (1)

FðJ1; J2; TÞ ¼ 1

3

P5
S0¼0

PS0þ5=2
S¼jS0�5=2j SðS þ 1Þð2S þ 1Þ exp � EðS;S0Þ

kT

h i

P5
S0¼0

PS0þ5=2
S¼jS0�5=2jð2S þ 1Þ exp � EðS;S0Þ

kT

h i (2)

v ¼ Ng2b2FðJ1; J2; TÞ
kT � zJ 0FðJ1; J2; TÞ (3)

The best fitting parameters were obtained as J1 =−0.47 cm−1, J2 = 0 cm−1 (fixed), g = 2.152,
and zJ′ = −0.99 cm−1 indicating an antiferromagnetic interaction between adjacent Mn(II) ions
in a trinuclear cluster. The discrepancy factor defined by R = Σ(χM,expT – χM,calT)

2/Σ(χM,expT)
2

is equal to 2.78 × 10−6. These values confirm the presence of antiferromagnetic interaction
between Mn2+ ions within a trinuclear subunit. The intercluster magnetic interaction (zJ′) is
rather small, indicating that the exchange interactions between two magnetic clusters are very
weak, due to the large separations (15.9 Å) between neighboring magnetic subunits. For
exchange interaction in these molecules, a superexchange mechanism prevails a main metal–
metal interaction, in which the electronic structure of the bridging of the O–C–O moiety
determines the magnitude of the antiferromagnetic interaction [24]. The parameter Φbend of
Mn–O–C–O–Mn is very important. The larger Φbend could generate a larger decrease in −J
because of reduced overlap of the dx2–y2 orbital with the 2px carboxylate oxygen orbital in the
symmetric HOMO [25]. In the case of 1, Φbend is 5.5(3)°, which is slightly smaller than that of
[Mn3(L)(DMA)·2DMA] (H6L = hexa[4-(carboxyphenyl)oxamethyl]-3-oxapentane acid) [23].
A triangular manganese compound {[Mn3O4(H2O)2(phen)4](NO3)4·3H2O}n with mono-μ-oxo
and di-μ-oxo mode shows strong antiferromagnetic coupling between metal ions with the
parameters of g = 1.99, J1 = 50.0 cm−1, and J2 = 90.2 cm−1 (where J1 describes the interaction
across the two mono-μ-oxo bridges and J2 is the exchange coupling across the di-μ-oxo bridge)
[26]. Liu et al. reported [Mn(hfac)2NIT(Ph-m-OPh)] consists of a 1-D chain with Mn(II)
bridged by NIT(Ph-m-OPh). The complex exhibits intramolecular antiferromagnetic interac-
tions between Mn(II) and NIT(Ph-m-OPh) [27]. A trinuclear Mn(II) compound,
[Mn3(Hbptc)2(2,2′-bpy)3(H2O)8]·2H2O (H4bptc = iphenyl-2,5,2′,5′-tetracarboxylic acid, 2,2′-
bpy = 2,2′-bipyridine), exhibits weak antiferromagnetic interaction. The authors infer that the
small Weiss value is indicative of weak antiferromagnetic interactions between neighboring
Mn(II) ions, possibly due to a long Mn⋯Mn distance of 6.801 Å [21(a)]. The magnetic
susceptibilities of {[Mn(μ1,3-N3)(phenCl)2]·(ClO4)n gave an antiferromagnetic interaction of J
= –5.99 cm−1, which is similar with the magnetic interactions in other Mn(II) complexes with
azide as single end–end bridge [28]. A dinuclear complex of manganese(II), [Mn(L)(μ1,5-dca)
(CH3OH)]2, with dicyanamide anion and (E)-3-hydroxy-N′-(pyridin-2-ylmethylene)-2-naph-
thohydrazide (HL) was synthesized. Magnetic measurements showed an antiferromagnetic
interaction between adjacent manganese ions in the dimer [29].
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Conclusion

We have presented a rational synthetic strategy for a new Mn(II) compound 1 with mixed
ligands. The magnetic behavior of 1 shows the presence of antiferromagnetic interaction
between the Mn2+ ions within a trinuclear subunit.
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