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a b s t r a c t

Two manganese coordination polymers, [Mn2(ip)2(dmf)] �dmf (1) and [Mn4(ip)4(dmf)6] �2dmf (2)

(ip¼ isophthalate; dmf¼N,N-dimethylformamide), have been synthesized and characterized. X-ray

crystal structural data reveal that compound 1 crystallizes in triclinic space group P�1, a¼9.716(3) Å,

b¼12.193(3) Å, c¼12.576(3) Å, a¼62.19(2)1, b¼66.423(17)1, g¼72.72(2)1, Z¼2, while compound 2
crystallizes in monoclinic space group Cc, a¼19.80(3) Å, b¼20.20(2) Å, c¼18.01(3) Å, b¼108.40(4)1,

Z¼4. Variable-temperature magnetic susceptibilities of compounds 1 and 2 exhibit overall weak

antiferromagnetic coupling between the adjacent Mn(II) ions.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Porous coordination polymers (PCPs) or metal organic frame-
works (MOFs) have attracted extensive interests in the past two
decades because of their intriguing structural diversity and potential
applications as functional materials in gas storage, separation
processes, magnetism, drug delivery, catalysis, and chemical sensing
[1–6]. This class of materials can be easily obtained through self-
assembly of multidentate organic ligands as linkers and metal ions
or metal clusters as connecting nodes. A great number of PCPs
prepared using carboxylic acids with two or more carboxylate arms
have been reported in this burgeoning field [7], and several of them
(such as HKUST-1 and MIL-53) are available commercially. As part
of ongoing research work on the PCPs of polycarboxylates in our
group, several metal carboxylates with interesting properties have
been successfully prepared [8]. Such interesting results have intri-
gued us to continue to explore the construction of PCPs based on
other polycarboxylates, especially those possessing magnetic prop-
erties. A typical aromatic polycarboxylate ligand, isophthalic acid
(H2ip) has been widely used to construct PCPs. It features two
excellent characteristics as follows: (i) it has two carboxyl groups
with a 1201 angle between them, and thus can present versatile
coordination modes and yield predetermined networks, and (ii) its
carboxylate and phenyl groups can function as mediator for trans-
mitting exchange interaction between paramagnetic metal centers.
On the other hand, among the most commonly used transition
ll rights reserved.
metal elements in the realm of PCPs, manganese is attracting
considerable attention because of its ability to function as a binder
for constructing the coordination framework and as a progenitor
of novel magnetic molecular materials. In the current paper, we
report two manganese isophthalates, [Mn2(ip)2(dmf)] �dmf (1) and
[Mn4(ip)4(dmf)6] �2dmf (2) (ip¼ isophthalate), which are solvother-
mally and liquid–liquid diffusion synthesized, respectively. Crystal
structural data reveal that compound 1 adopts a three-dimensional
structure containing (MnO)n inorganic chains, while compound 2
adopts a two-dimensional layered feature consisting of dimeric Mn2

building block units. Variable-temperature magnetic susceptibility
measurements exhibit weak antiferromagnetic interactions between
the Mn(II) ions in both compounds.
2. Experimental

2.1. Materials and general methods

All solvents and reagents were obtained from Aldrich or TCI and
used without further purification. C, H, and N elemental micro-
analysis data were obtained using a Vario EL elemental analyzer. FT-
IR spectra (KBr) were recorded in the range of 4000–400 cm�1 on a
Bruker IFS 66v/S Fourier-transform infrared spectrometer.

2.2. Syntheses

2.2.1. Synthesis of [Mn2(ip)2(dmf)] � dmf (1)

H2ip (1.00 mmol, 0.166 g), MnCl2 �4H2O (1.00 mmol, 0.198 g),
and dmf (8.0 mL) were successively added to a 23 mL Teflon
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autoclave, and the formed mixture was then heated to 150 1C in
2 h and kept at this temperature for 3 days. After heating, it was
allowed to cool to room temperature at a rate of 5 1C per hour. A
product in light yellow platelets was separated through filtration
with yield of 75% based on the ligand. Anal. Calcd for
C22H22Mn2N2O10 (%) C 45.18, N 4.79, H 3.77. Found: C 44.83, N
4.58, H 4.01. IR data (KBr, cm�1): 3064w, 2939m, 2814w, 1669s,
1614m, 1492m, 1396s, 1259m, 1195m, 978w, and 930m.
2.2.2. Synthesis of [Mn4(ip)4(dmf)6] � 2dmf (2)

Compound 2 was prepared through liquid–liquid diffusion at
room temperature. H2ip (1.00 mmol, 0.166 g) and MnCl2 �4H2O
(1.00 mmol, 0.198 g) were dissolved in dmf (15.0 mL), into which
a solution mixture of triethylamine (0.2 mL) and dmf (2.0 mL)
was allowed to diffuse slowly. After 2 weeks, compound 2 was
isolated as light yellow needle-like crystals with yield of 58%
based on ligand from the reaction mixture. Anal. Calcd for
C56H72Mn4N8O24 (%): C 46.00, N 7.67, H 4.93. Found: C 45.66, N
7.44, H 5.18. IR data (KBr, cm�1) 3064w, 2935m, 2810w, 1671s,
1605m, 1496m, 1396s, 1259m, 1124m, 978w, and 934m.
2.3. Crystallographic data collection and structures

X-ray diffraction measurements for compounds 1 and 2 were
carried out on a Rigaku Mercury CCD in the y range of 3.19–27.481
for 1 and 2.02–30.271 for 2 at 293 K, using graphite-monochro-
mated Mo Ka radiation (l¼0.7107 Å). Their structures were
solved with direct methods using SIR 97. All compounds were
expanded using Fourier techniques. All non-hydrogen atoms were
refined anisotropically with the full-matrix least-squares method
on F2. The hydrogen atoms were generated geometrically. All
calculations were carried out on a SGI workstation using the
teXsan crystallographic software package of Molecular Structure
Corporation. The crystal parameters, data collection, and refine-
ment results for compounds 1 and 2 are summarized in Table 1.
Selected bond lengths and angles are listed in Table 2.
Table 1
Crystal data and structure refinement for compounds 1

1

Empirical formula C22H22Mn2N2O

Formula weight 584.30

Crystal size (mm) 0.2�0.2�0.3

Crystal system Triclinic

Space group P�1

a (Å) 9.716(3)

b (Å) 12.193(3)

c (Å) 12.576(3)

a (deg.) 62.19(2)

b (deg.) 66.423(17)

g (deg.) 72.72(2)

V (Å3) 1196.4(5)

Z 2

D(calcd) (g m�3) 1.622

m (mm�1) 1.115

y range for data collection (deg.) 3.19–27.48

Reflections collected/unique 9391/5211 [R(i

Data/restraints/parameters 5211/0/328

Goodness-of-fit on F2 1.089

Final R indices [I42s (I)] R1,¼0.0462a, w

R indices (all data) R1,¼0.0492a, w

Largest diff. peak and hole (Å�3) 1.918 and �0.7

a R¼SjjF0j�jFcjjXSjF0j.
b wR (F2)¼[Sw(F0

2
�Fc

2)2/Sw(F0
2)2]1/2.Weighting: w¼

0)þ2 Fc
2)/3 for 1. w¼1/[s2(Fo

2)þ( 0.0647P)2
þ0.00P ], w
2.4. Magnetic susceptibility measurements

Direct current (dc) magnetic measurements for powder crys-
talline samples of 1 and 2 were made on a Quantum Design
MPMS-XL SQUID magnetometer in the temperature range of 2–
300 K and with an applied field of 10 kOe. Samples were packed
in a gelatin capsule for the measurements. Magnetic susceptibility
of the gelatin capsule was subtracted from the raw data in each
sample. Diamagnetic susceptibility of the sample was corrected
with the conventional Pascal method.
3. Results and discussion

3.1. Crystal structures

Single-crystal X-ray analysis indicates that complex 1 adopts a
three-dimensional (3D) porous structure consisting of five-coor-
dinate and six-coordinate manganese(II) atoms. As shown in
Fig. 1, the asymmetric unit comprises of two halves of an
octahedrally coordinated MnO6 unit that has crystallographically
imposed inversion, one five-coordinate MnO5 unit, one m2-brid-
ging dmf molecule, two isophthalate ligands, and one uncoordi-
nated free dmf molecule. The trigonal–bipyramidal geometry of
Mn(1)O5 unit has one dmf O donor (O(9)) and four carboxyl O
donors (O(1), O(3)#2, O(5) and O(8)#1) from two different ip
moieties (symmetry operations: #1: �xþ2, �yþ1, �zþ1; #2:
x�1, y, z). The Mn(2)O6 unit is composed of six carboxylate O
donors (O(2), O(2)#3, O(4)#2, O(4)#4, O(5) and O(5)#3), while the
Mn(3)O6 unit consists of four carboxylate O donors (O(6), O(6)#6,
O(7)#1 and O(7)#5) and two dmf O donors (O(9) and O(9)#6)
(symmetry operations: #3: �xþ2, �y, �zþ2; #4: �xþ3, �y,
�zþ2; #5: x, y, zþ1; #6: �xþ2, �yþ1, �zþ2). The O(9) and
O(5) donors are bridged between Mn(1) and Mn(3), and
Mn(1) and Mn(2), respectively, in a m2–O fashion. In the lattice,
infinite (MnO)n inorganic chains run parallel to the b axis and are
interconnected by the organic ligands into a 3D structure to form
and 2.

2

10 C56H72Mn4N8O24

1460.98

0.25�0.25�0.4

Monoclinic

Cc

19.80(3)

20.20(2)

18.01(3)

90

108.40(4)

90

6839(16)

4

1.419

0.802

2.02–30.27

nt)¼0.0288] 25,162/15,791 [R(int)¼0.0230]

15791/2/ 829

1.013

R2¼0.1329b R1,¼0.0405a, wR2¼0.1056b

R2¼0.1372b R1,¼0.0444a, wR2¼0.1116b

35e 0.984 and �0.488e

1/[s2(Fo
2)þ( 0.0573P)2

þ1.29P ], where P¼(Max (Fo
2,

here P¼(Max (Fo
2, 0 )þ2 Fc

2 )/3 for 2.



Table 2

Selective bond lengths (Å) and angles (deg.) for compound 1 and 2.

Compound 1

Bond lengths (Å)

Mn(1)–O(1) 2.103(2) Mn(1)–O(9) 2.461(2) Mn(3)–O(6) 2.2286(19)

Mn(1)–O(3)#2 2.133(2) Mn(2)–O(2) 2.0875(19) Mn(3)–O(7)#1 2.1079(19)

Mn(1)–O(5) 2.1745(19) Mn(2)–O(4)#2 2.141(2) Mn(3)–O(9) 2.257(2)

Mn(1)–O(8)#1 2.052(2) Mn(2)–O(5) 2.3357(19)

Angles (deg.)

O(1)–Mn(1)–O(3)#2 96.67(9) O(2)–Mn(2)–O(2)#3 180.000 O(6)–Mn(3)–O(6)#6 180.000

O(1)–Mn(1)–O(5) 94.32(8) O(2)–Mn(2)–O(4)#2 92.75(9) O(6)–Mn(3)–O(7)#1 91.85(8)

O(1)–Mn(1)–O(8)#1 88.66(8) O(2)–Mn(2)–O(4)#4 87.25(9) O(6)–Mn(3)–O(7)#5 88.15(8)

O(1)–Mn(1)–O(9) 178.16(8) O(2)–Mn(2)–O(5) 88.96(8) O(6)–Mn(3)–O(9) 83.16(8)

O(3)#2–Mn(1)–O(5) 120.50(9) O(2)–Mn(2)–O(5)#3 91.04(8) O(6)–Mn(3)–O(9)#6 96.84(8)

O(3)#2–Mn(1)–O(8)#1 101.30(9) O(4)#2–Mn(2)–O(4)#4 180.000 O(7)#1–Mn(3)–O(7)#5 180.000

O(3)#2–Mn(1)–O(9) 84.61(8) O(4)#2–Mn(2)–O(5) 78.14(9) O(7)#1–Mn(3)–O(9) 91.18(8)

O(5)–Mn(1)–O(8)#1 137.32(8) O(4)#2–Mn(2)–O(5)#3 101.86(9) O(7)#1–Mn(3)–O(9)#6 88.82(8)

O(5)–Mn(1)–O(9) 86.16(7) O(5)–Mn(2)–O(5)#3 180.000 O(9)–Mn(3)–O(9)#6 180.000

O(8)#1–Mn(1)–O(9) 89.78(8)

Mn(1)–O(5)–Mn(2) 102.89(7) Mn(1)–O(9)–Mn(3) 98.52(8)

Compound 2

Bond lengths (Å)

Mn(1)–O(1) 2.137(3) Mn(2)–O(7) 2.230(3) Mn(3)–O(13) 2.185(3)

Mn(1)–O(2) 2.225(3) Mn(2)–O(8) 2.243(3) Mn(3)–O(21)#2 2.129(3)

Mn(1)–O(3)#1 2.129(3) Mn(2)–O(16) 2.315(4) Mn(4)–O(10) 2.089(3)

Mn(1)–O(4) 2.208(3) Mn(2)–O(19)#1 2.106(3) Mn(4)–O(14) 2.102(4)

Mn(1)–O(5) 2.166(4) Mn(3)–O(9) 2.130(4) Mn(4)–O(15)#2 2.202(3)

Mn(1)–O(22) 2.166(4) Mn(3)–O(10) 2.206(3) Mn(4)–O(17)#3 2.263(3)

Mn(2)–O(4) 2.279(3) Mn(3)–O(11) 2.171(4) Mn(4)–O(18)#3 2.285(4)

Mn(2)–O(6) 2.089(3) Mn(3)–O(12) 2.149(4) Mn(4)–O(20) 2.307(4)

Angles (deg.)

O(1)–Mn(1)–O(2) 83.91(11) O(6)–Mn(2)–O(7) 91.38(13) O(11)–Mn(3)–O(13) 94.58(12)

O(1)–Mn(1)–O(3)#1 96.73(12) O(6)–Mn(2)–O(8) 149.68(10) O(11)–Mn(3)–O(21)#2 171.38(10)

O(1)–Mn(1)–O(4) 94.40(11) O(6)–Mn(2)–O(16) 98.45(10) O(12)–Mn(3)–O(13) 89.77(12)

O(1)–Mn(1)–O(5) 88.02(13) O(6)–Mn(2)–O(19)#1 96.23(11) O(12)–Mn(3)–O(21)#2 85.82(11)

O(1)–Mn(1)–O(22) 168.09(10) O(7)–Mn(2)–O(8) 58.30(10) O(13)–Mn(3)–O(21)#2 89.64(12)

O(2)–Mn(1)–O(3)#1 88.60(11) O(7)–Mn(2)–O(16) 97.87(11) O(10)–Mn(4)–O(14) 111.25(11)

O(2)–Mn(1)–O(4) 172.98(9) O(7)–Mn(2)–O(19)#1 111.12(13) O(10)–Mn(4)–O(15)#2 90.44(11)

O(2)–Mn(1)–O(5) 98.26(11) O(8)–Mn(2)–O(16) 86.85(11) O(10)–Mn(4)–O(17)#3 95.43(8)

O(2)–Mn(1)–O(22) 86.78(11) O(8)–Mn(2)–O(19)#1 95.09(11) O(10)–Mn(4)–O(18)#3 144.91(9)

O(3)#1–Mn(1)–O(4) 84.82(10) O(16)–Mn(2)–O(19)#1 147.04(10) O(10)–Mn(4)–O(20) 57.38(8)

O(3)#1–Mn(1)–O(5) 172.05(10) O(9)–Mn(3)–O(10) 91.05(11) O(14)–Mn(4)–O(15)#2 97.22(10)

O(3)#1–Mn(1)–O(22) 90.42(12) O(9)–Mn(3)–O(11) 89.66(12) O(14)–Mn(4)–O(17)#3 151.69(9)

O(4)–Mn(1)–O(5) 88.47(10) O(9)–Mn(3)–O(12) 175.57(11) O(14)–Mn(4)–O(18)#3 93.19(13)

O(4)–Mn(1)–O(22) 95.71(10) O(9)–Mn(3)–O(13) 88.03(12) O(14)–Mn(4)–O(20) 98.47(10)

O(5)–Mn(1)–O(22) 86.00(13) O(9)–Mn(3)–O(21) #2 98.00(11) O(15)#2–Mn(4)–O(17)#3 91.66(9)

O(4)–Mn(2)–O(6) 108.40(11) O(10)–Mn(3)–O(11) 91.67(11) O(15)#2–Mn(4)–O(18)#3 111.75(10)

O(4)–Mn(2)–O(7) 149.43(9) O(10)–Mn(3)–O(12) 91.56(10) O(15)#2–Mn(4)–O(20) 147.55(11)

O(4)–Mn(2)–O(8) 99.59(9) O(10)–Mn(3)–O(13) 173.67(9) O(17)#3–Mn(4)–O(18)#3 58.63(9)

O(4)–Mn(2)–O(16) 57.19(11) O(10)–Mn(3)–O(21) #2 84.28(11) O(17)#3–Mn(4)–O(20) 87.79(9)

O(4)–Mn(2)–O(19)#1 90.18(14) O(11)–Mn(3)–O(12) 86.69(12) O(18)#3–Mn(4)–O(20) 95.54(11)

Mn(1)–O(4)–Mn(2) 105.39(9) Mn(3)–O(10)–Mn(4) 105.16(9)

Symmetry transformations used to generate equivalent atoms: #1, �xþ2, �yþ1, �zþ1; #2, x�1, y, z; #3, �xþ2, �y, �zþ2; #4,�xþ3, �y, �zþ2; #5, x, y, zþ1; #6,

�xþ2, �yþ1, �zþ2 for 1; #1, x, �yþ1, z�1/2; #2, x, �y, zþ1/2; #3, x, y�1, z for 2.
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an open 1D channels (Fig. 2). According to Cheetham’s classifica-
tion, complex 1 is herein referred to as I1O2 (I¼ inorganic;
O¼organic) [9]. The free space accommodates one dmf molecule
per formula unit. The void volume that may be generated after
the removal of the coordinating dmf molecules is 23.6% (282.0 Å3

out of the 1196.4 Å3 unit cell volume) of the total volume as
estimated by PLATON [10]. In spite of the porosity, the adsorption
isotherm of N2 showed only surface adsorption at 77 K.

The asymmetric unit of complex 2 contains four octahedrally
coordinated MnO6 units together with four isophthalate ligands,
six coordinated dmf molecules, and two uncoordinated dmf
molecules (Fig. 3). Both Mn(1)O6 and Mn(3)O6 units have three
dmf O donors (O(2), O(5) and O(22) for Mn(1), O(11), O(12) and
O(13) for Mn(3)) and three carboxyl O donors (O(1), O(3)#1 and
O(4) for Mn(1), O(9), O(10) and O(21)#2 for Mn(3)) from two
different ip moieties, while Mn(2)O6 and Mn(4)O6 units have six
carboxyl O donors from four different ip moieties (O(4), O(6),
O(7), O(8), O(16) and O(19)#1 for Mn(2), O(10), O(14), O(15)#2,
O(17)#3, O(18)#3 and O(20) for Mn(4)) (symmetry operations: #1:
x, �yþ1, z�1/2; #2: x, �y, zþ1/2; #3: x, y�1, z). Mn(1) and
Mn(2), also Mn(3) and Mn(4), are bridged between two carbox-
ylate groups in the combination of syn–syn bidentate and mono-
dentate m2–O bridging modes, and the dimer units are linked by
ip moieties with nearest interdimer separation of 8.175 Å. The
crosslinking of the MnO6 units via the benzene rings results in a
2D layered structure (Fig. 4). Complex 2 would be a (I0O2) system.

3.2. Magnetic properties

The magnetic behaviors of compounds 1 and 2, shown in
Figs. 5 and 6, respectively, are characterized by wMT and wM in
function of T. Magnetic measurements were carried out on
powdered samples of 1 and 2 under an applied field of 10 kOe
in the temperature range of 2–300 K. The wMT value is



Fig. 2. View of the 1-D channels along the crystallographic b axis in compound 1.
Guest dmf molecules are omitted for clarity.

Fig. 3. View of the coordination environments of the Mn atoms in compound 2.

Hydrogen atoms and guest dmf molecules are omitted for clarity. Symmetry

codes: #1, x, �yþ1, z�1/2; #2, x, �y, zþ1/2; #3, x, y�1, z.

Fig. 4. View of the 2-D layered structure in compound 2. Guest dmf molecules are

omitted for clarity.
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Fig. 1. View of the coordination environments of the Mn atoms in compound 1.

Hydrogen atoms and guest dmf molecules are omitted for clarity. Symmetry
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16.78 emu kmol�1 at 300 K for compound 1. As the temperature
decreases, the wM product increases, whereas the wMT product
decreases continuously to a minimum value of 2.64 emu kmol�1

at 2 K. It is linear above 20 K in the 1/wM vs. T plot of 1, where
the Curie–Weiss law governs with C¼17.18 emu kmol�1 and
y¼�10.4 K. The negative value of y and an initial decrease in
wMT should be attributed to the overall antiferromagnetic cou-
pling between the Mn(II) ions in compound 1. The magnetic
behavior of 1 could not be analyzed theoretically because of its
complicate bridging structure including syn–syn, ant–anti and
syn–anti types of carboxylate bridges and m2–O bridge. Similarly,
the wMT value for compound 2 is 15.0 emu kmol�1 at 300 K. With
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decreasing temperature, the wM vs. T curve shows a peak at 9 K,
while the wMT product decreases continuously to a minimum
value of 0.68 emu kmol�1 at 2 K. The 1/wM vs. T plot of 2 stays
linear above 30 K and is subject to the Curie–Weiss law with
C¼17.06 emu kmol�1 and y¼�32.7 K. The negative value of y
and an initial decrease in wMT should also be attributed to the
overall antiferromagnetic coupling between the Mn(II) ions of
compound 2. The magnetic behavior of 2 could be well analyzed
using a dimer-of-dimers model for S¼(5/2þ5/2)2. Because the
bridging structures of Mn(1)Mn(2) and Mn(3)Mn(4) dinuclear
units are essentially the same, the spin Hamiltonian for the
system is given by H¼�2J(S1S2þS3S4), where J is the exchange
interaction in the dinuclear units. Magnetic analysis was carried
out using the following equation:

wM ¼
4Ng2b2

kðT�yÞ
55x30þ30x20þ14x12þ5x6þx2

11x30þ9x20þ7x12þ5x6þ3x2þ1
ð1�rÞþ 35

12
r

� �

with x¼exp(J/kT). In this equation, r is the fraction of Mn(II)
paramagnetic impurity, y is the correction term including inter-
dimer interaction, and the remaining symbols have their usual
physical meanings. As shown in Fig. 6, the magnetic behavior of 2
is well simulated with the following parameters, J¼�1.68 cm�1,
g¼1.93, r¼0.018, and y¼0.00 K. Although the g value is slightly
small, the simulation suggests that a weak intra-dimer antiferro-
magnetic interaction operates between Mn(II) ions and the dimer
units are magnetically independent of each other.
4. Conclusions

We have successfully and selectively synthesized two coordi-
nation polymers of manganese isophthalate, namely, [Mn2(ip)2

(dmf)] �dmf (1) and [Mn4(ip)4(dmf)6] �2dmf (2) with solvothermal
or liquid–liquid diffusion methods. X-ray crystallographic studies
reveal these compounds 1 and 2 form a 3D framework with 1D
channel and a 2D layered structure, respectively. Variable-tem-
perature magnetic susceptibility measurements exhibit overall
weak antiferromagnetic interactions between the Mn(II) ions in
both compounds.
Supporting information available

X-ray Crystallographic data for compounds 1 and 2 in CIF form.
CCDC 837897 and 837898 contain the crystallographic data for the
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Data Center, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (inter-
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