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a b s t r a c t

One novel coordination polymer [Mn2(m-2,6-DCBA)3(m2-CH3CO2)2(2H2O)]$2H2O (2,6-DCBA ¼ 2,6-
dichlorobenzoato) (compound 1) has been synthesized by self-assembly of bridging ligand 2,6-
dichlorobenzoic acid and manganese acetate tetrahydrate. Single crystal X-ray diffraction analysis re-
veals that this compound crystallizes in space group P21/c with a ¼ 10.1547(7), b ¼ 24.5829(2),
c ¼ 12.6606(2) Å, b ¼ 93.707(3), V ¼ 3153.9(3) Å3 and Z ¼ 4. The Mn(II) ions are connected by 2,6-DCBA
and acetate group in m-bridging mode to form 1D chains. Two water molecules are in the inter-layer
space forming strong hydrogen bonds originating 2D layer structure. The preparation of this com-
pound is very sensitive to the synthesis conditions, mainly to the solution pH and solvent yielding other
two compounds 2 and 3. In compound 1 Mn(II) atoms in octahedral coordination are arranged in a zig
ezag chain, with a trimeric structure repeated periodically along the chain, giving two exchange pa-
rameters: J1 related to a synesyn bond; and J2 related to a bond of type antieanti. A theoretical model
was developed and then fitted to the magnetic susceptibility data, revealing an antiferromagnetic
arrangement along the chain.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays there is an intensive research in the field of molecular
magnets, in particular for that exhibiting fascinating applications
such as quantum computation devices using the high temperature
quantum entanglement effect [1e3], magnetic sensors and mag-
netic data storage [4]. These molecular magnets are structures
consisting of metal ions coordinated to inorganic or organic mol-
ecules; and are capable of forming zero dimension (cluster), one-
dimension (chain), two-dimension (layer) and three-dimension
structures, in which strongly affects the magnetic behavior.
Regarding the magnetic interest, chemists and physicists put their
knowledge together to understand in a systematic way, to what
extent the different structural and chemical parameters affect the
sign and magnitude of the magnetic interaction [5]. With this
purpose to better control material's magnetic characteristics, we
have beenworking in rational design and preparation of functional
transition metal compounds with intriguing structures and po-
tential applications in magnetism. We have successfully prepared
x: þ351 234 370 084.
two copper silicate: Na2Cu5Si4O14, Na2Cu2Si4O11$2H2O [6e8], three
isostructural compounds of type KNaMSi4O10 (M ¼ Mn, Fe or Cu)
[9] two copper germanates: (CaCuGeO4$H2O and BaCu2Ge3O9$H2O)
[10] and recently a di-iron compound [Fe2(m2-
oxo)(C3H4N2)6(C2O4)2] [11]. As a natural extension of this work,
aimed at finding novel molecular magnets and to better control
their magnetic properties, we choose the manganese as transition
metal because manganese compounds are expected to show
interesting magnetic properties as very well documented by
several authors [12e17].

When thinking about magnetic compounds and once the metal
is selected, one of the points to be seriously considered is the choice
of appropriate bridging ligands, which originates substantial
modifications in the magnetic exchange between the paramagnetic
adjacent metal centers [18]. As part of a work initially aimed at
preparing a multi-nuclear manganese (II) compounds, we choice as
bridging ligand the 2,6-dichlorobenzoic acid (2,6-DCBA) which
works as multidentate chelating ligand allowing multiple confor-
mation environments: synesyn, syn-anti, antieanti conformations
[19]. A particularly interesting case of conformation is the synesyn
originating shorter distances between metal centers. In this paper
Mn(II) compounds using 2,6-DCBA bridging ligand are synthesized
and their structures determined by single crystal X-ray diffraction.
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Table 1
Crystal data and refinement parameters of compound 1 [Mn2(m-2,6-DCBA)3(m2-
CH3CO2)(2H2O)]$2H2O, compound 2 Mn(H2O)6$2(2,6-DCBA) and compound 3
Mn(methanol)4(2,6-DCB)2.

Compound 1 Compound 2 Compound 3

Empirical formula C23H20Cl6Mn2O12 C14H18Cl4MnO10 C18H18Cl4MnO8

Mw 810.97 543.02 559.06
Crystal system Monoclinic Monoclinic Triclinic
Space group P21/c P21/c P1
a/Å 10.1547(7) 5.3901(3) 7.2648(7)
b/Å 24.58.29(2) 6.1979(3) 8.2983(7)
c/Å 12.6606(10) 30.7911(2) 10.8214(10)
a/� (90) (90) 95.368(3)
b/� 93.707(3) 91.942(3) 106.528(3)
g/� (90) (90) 108.074(3)
V/ Å3 3153.9(4) 1028.1(2) 5082.63(9)
Z 4 2 1
Dc/mg m�3 1.708 1.754 1.593
m/mm�1 1.367 1.212 1.066
Reflections collected 66,734 5544 6797
Unique reflections, Rin 12,039, 0.0578 2706,0.0839 3092, 0.0308
Final R indices
R1, wR2 [I > 2sI] 0.0422, 0.0986

[8371]
0.0507, 0.1238
[2068]

0.0367, 0.0926
[2543]

R1, wR2(all data) 0.0796, 0.1160 0.0635, 0.1308 0.0495, 0.1001

Fig. 1. (a) Molecular structure of [Mn2(m-2,6-DCBA)3(m2-CH3CO2)2H2O]$2H2O (com-
pound 1). Color scheme: orange, Mn; green, Cl; red, O and gray, C. (b) polyhedral
representation of the two independent manganese centers Mn(1) and Mn(2).Coordi-
nates of equivalent atomic positions: (a) x, 0.5 � y, 0.5 þ z; (b) x, 0.5 � y, �0.5 þ z. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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The magnetic properties were also investigated for one of these
compounds (compound 1), showing an antiferromagnetic behavior
in the system.

2. Experimental section

2.1. Synthesis

All reagents and chemicals were purchased from commercial
sources and used without further purification. Manganese acetate
tetrahydrate (99%), 2,6-dichlorobenzoic acid (99%) and ethanol
absolute (99%) were obtained from Jenssen Chimica and Fischer
Scientific, respectively.

2.1.1. Synthesis of compound 1
A mixture of manganese acetate (0.30 g; 1,25 mmol), 2,6-

dichlorobenzoic acid (0.24 g; 1,25 mmol) and ethanol absolute
(50 ml), were refluxed for three hours. A colorless plates crystal
were obtained. Phase purity was verified by comparing the powder
X-ray pattern of the bulk sample and simulated from the single
crystal X-ray data (see SI Fig. S1). Selected IR peaks (KBr disk, n,
cm�1): 1625, 1550 [yas(CO2

�)], 1460 [ys(CO2
�)], 1402, 1383 [ys(CeO)],

and 3420 [y(OeH)] (see SI, Fig. S2).

2.1.2. Synthesis of compound 2
Compound 2 was prepared using the same synthetic procedure

of compound 1 however solution pH was adjusted for values below
5 with HCl, giving a colorless plate like crystals. Phase purity was
checked by comparing the powder X-ray pattern of the bulk sample
and simulated from the single crystal X-ray data (see SI, Fig. S3).
Selected IR peaks (KBr disk, n, cm�1): 1616, 1558 [yas(CO2

�)], 1442
[ys(CO2

�)], 1402, 1383 [ys(CeO)], and 3200e3400 [y(OeH)] (see SI,
Fig. S4).

2.1.3. Synthesis of compound 3
Compound 3 was prepared using the same synthetic procedure

of compound 1 using methanol as solvent instead ethanol, giving a
colorless plate crystals. Compound 3 loses its crystallinity quickly
when removed from the mother liquor, because of that no powder
x-ray analysis was recorded.

2.2. Characterization

The thermogravimetry (TG) curves were collected with a Shi-
madzu TG-50 analyzer. The samples were heated under air with a
rate of 5 �C min�1 from room temperature to 700 �C. FTIR spectra
were recorded in transmittance mode on a Mattson Mod 7000
spectrophotometer, as KBr pellets, in the range 400e4000 cm�1.
The pellets were prepared by sample dispersion (0.2 mg) in a KBr
matrix (150 mg) and pressed. The spectra were typically an average
of 128 scans with 4 cm�1 resolution.

2.3. Crystallography

Powder X-ray diffraction data were collected at room tempera-
tureonaPanalytical Empyreandiffractometerwith a curvedgraphite
monochromator Cu-Ka radiation (l ¼ 1.54180 Å), in a Bragge-
Brentano para-focusing optics configuration. The sample was step-
scanned in 0.04� 2q steps with a counting time of 60 s per step.

The single crystal X-ray data of manganese compounds were
collected on a CCD Bruker (compound 2 at 150(2) K) and D8 Quest
(compounds 1 at 100(2) K and 3 at 180(2) K) at using graphite
monochromatized Mo-Ka radiation (l ¼ 0.71073 Å). The crystals
were positioned at 35 mm (compound 2) and 40 mm (compound 1
and 3) from the CCD and the spots were measured using a counting
time of 10 s (compounds 1 and 2) and 20 s (compound 3). Data
reduction including a multi-scan absorption correction was carried
out using the SAINT-NT software package from Bruker AXS [20].
Multi-scan absorption corrections were applied to all raw intensity



Fig. 2. Crystal packing of [Mn2(m-2,6-DCBA)3(m2-CH3CO2)2(2H2O)]$2H2O along a axis; dashed red lines represent OeH/O hydrogen bonds interactions and the orange polyhedra
represent the Mn centers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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data using the SADABS program [21]. The structures were solved by
a combination of direct methods with subsequent difference
Fourier syntheses and refined by full matrix least squares on F2

using the SHELX-97 suite [22]. The hydrogen atoms were inserted
at geometrical positions with exception of that from water mole-
cules, which were taken from a Fourier Map. Anisotropic thermal
parameters were used for all non-hydrogen atoms while the CeH
and OeH hydrogen atoms were refined with isotropic parameters
equivalent 1.2 times those of the atom to which they are bounded.
Molecular diagrams were drawn with Diamond software. The
crystal data and refinement details are summarized in Table 1.

2.3.1. Magnetic measurements
Magnetic susceptibility was acquired as a function of tempera-

ture (2e300 K) at 100 Oe in a SQUID magnetometer (Quantum
Design) at Physics Institute of Porto University.

3. Results and discussion

3.1. Structure description of compound 1 [Mn2(m-2,6-DCBA)3(m2-
CH3CO2)2H2O]·2H2O

Single crystal X-ray analysis indicates that the [Mn2(m-2,6-
DCBA)3(m2-CH3CO2)2H2O]$2H2O (compound 1) crystallizes in the
Fig. 3. TGA curve recorded in air of compound 1.
monoclinic system with P21/c symmetry. The asymmetric unit of
this manganese compound contains: two independent manganese
centers Mn(1) and Mn(2); three 2,6-DCBA; one acetate group; two
water molecules connected to the Mn centers; and two extra
lattice waters (Fig. 1(a)). Both Mn centers exhibit distorted octa-
hedral geometry as shown in Fig. 1(b), surrounded by 3 oxygens
from the 2,6-DCBA, 2 oxygens from acetate group and one water
molecule. The MneO distances lie in the 2.1060(2)e2.3753(2) Å
range, typical of a Mn(II) center bonded to oxygen donor atoms
[23]. Selected bond lengths and angles are listed in Table 1. Both
MnO6 octahedra share corners, which leads to the formation of
zigezag metallic chains of Mn (2b)-O-Mn(1)-O-Mn(2)-O-Mn(1a)
running along [1 0 0] direction. The metal-to-metal distances are
of Mn1/Mn2: 3.8906(4) Å, Mn1/Mn(2b): 3.6725(4) Å, and
MneOeMn angle of 118.6(6)� and 114.14(6), respectively. These
values are comparable with those published manganese com-
pounds [12e17].

Two Mn(II) ions are connected via oxygen atoms from 2,6-DCBA
ligand and from the acetate group in m-bridging mode to form
zigezag 1D chains. These chains of composition [Mn2(m-2,6-
DCBA)3(m2-CH3CO2)(2H2O)]∞ separated by two water molecules
establishing OeH/O hydrogens bonds with O/O distances be-
tween 2.711(3) and 3.006(2) Å, originating a 2D supramolecular
Fig. 4. Molecular structure of Mn(H2O)6$2(2,6-DCB) (compound 2). Color scheme:
orange, Mn; green, Cl; red, O and gray, C. Coordinates of equivalent atomic positions:
(a) �x, 1 � y, �z. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



Table 2
Selected bond distances (Å) and angles (�) of [Mn2(m-2,6-DCBA)3(m2-
CH3CO2)(2H2O)]$2H2O.

Bond lengths
Mn1eO1 2.1921(2) Mn2eO2a 2.1388(2)
Mn1eO2 2.2362(2) Mn2eO3 2.1481(2)
Mn1eO3 2.3753(2) Mn2eO7a 2.1558(2)
Mn1eO6 2.1057(2) Mn2eO16a 2.1575(2)
Mn1eO15 2.1356(2) Mn2eO25 2.1804(2)
Mn1eO24 2.1060(2) Mn2eO33 2.2013(2)
Bond angles
O1eMn1eO3 82.85(5) O3eMn2eO7a 85.34(5)
O3eMn1eO24 97.49(5) O7aeMn2eO16a 96.90(6)
O24eMn1eO15 93.66(6) O16aeMn2eO2a 87.46(5)
O15eMn1eO6 95.36(69 O2aeMn2eO33 94.58(6)
O6eMn1eO2 99.01(5) O33eMn2eO25 92.35(7)
O2eMn1eO1 86.21(6) O25eMn2eO3 93.86(6)

a x, 0.5 � y, 0.5 þ z.

Fig. 6. Molecular structure of Mn(methanol)4(2,6-DCB)2(compound 3). Color scheme:
orange, Mn; green, Cl; red, O and gray, C. Coordinates of equivalent atomic positions:
(a) 1 � x, 1 � y, �z. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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structure (Fig. 2). The detailed hydrogen-bond dimensions are lis-
ted in Table S1 in the Supporting information.

TGA curve in Fig. 3 shows one first weight loss (ca. 5%) in the
20e120 �C temperature range which is related to the removal of 2
crystallization H2O molecules per formula unit. One second weight
loss could be observed (ca.5%) between 120 �C and 280 �C assigned
to the removal of two water molecules bonded to the Mn centers.
Both weight lost are in good agreement with the crystal structure
determined by single crystal X-ray analysis (Fig. 1(a)). The third
weight lost observed in Fig. 3 (280e400 �C) is due to the crystal
structure collapse.

3.2. Synthesis conditions

The preparation of compound 1 strongly depends on variables
such as solution pH and solvent. The compound 1 was obtained in a
very narrow range of pH (5< pH< 7). For pHbelow5, compound 2 is
obtained, in which Mn metal center is not connected with the 2,6-
DCBA ligand. This compound with the molecular formula of
Mn(H2O)6$2(2,6-DCBA), crystallizes in themonoclinic system, space
group P21/c, with a ¼ 5.3901(3), b ¼ 6.1679(3), c ¼ 30.7911(2) Å,
b ¼ 91.94(0), V ¼ 1028.1(2) Å3 and Z ¼ 2. As shown in Fig. 4, the
asymmetric unit contains one 2,6-DCBAmolecule; one Mn (II) with
0.5 occupancy; and three water molecules. The Mn center has an
octahedral coordination environment composed of 6 water mole-
cules (MneO1(O1a) ¼ 2.1977(2), MneO2(O2a) ¼ 2.1589(2) and
MneO3(O3a) ¼ 2.1781(2) Å). The six oxygens from the water mol-
ecules interacts between each other and with the oxygens from
Fig. 5. Crystal packing of Mn(H2O)6$2(2,6-DCB) (compound 2) along a axis; dashed red lines
color in this figure legend, the reader is referred to the web version of this article.)
carboxylate group of 2,6-DCBA ligand. These form a network of
OeH/O hydrogen bonding with O/O distances ranging from
2.667(3) Å to 2.953(3) Å, corresponding angles of 165(3)o, and
154(3)� (Table 2), leading to the formation of a 2D network in [100]
and [010] directions (see Fig. 5). The detailed hydrogen-bond di-
mensions are listed in Table S1 in the Supporting Information.

For pH higher than 7 we obtained a clear solution, i.e., several
weeks after the synthesis no material was precipitated. The
solvent thus plays an important role in the preparation of com-
pound 1, which was prepared in the presence of ethanol. Using
methanol, compound 3 is obtained. This third compound con-
tains only one isolated Mn center connected to six oxygens; two
oxygens (O5 and O5a) from the 2,6-DCBA ligand (2.1066(2) Å);
and four oxygens (O1, O1a, O3 and O3a) from methanol mole-
cules (2.1909(2) Å and 2.2178(2) Å), forming a regular octahe-
dron (see Fig. 6). If we use water as solvent, any compound is
formed.
3.3. Magnetic properties

From the magnetic point of view, compound 1 is the most
interesting because it shows shorter interactions between metal
centers. From the crystal structure of compound 1, previously
described, it is possible to extract the magnetic structure, as shown
in Fig. 7.

In this structure, atoms are arranged in a zigezag chain, wherein
a trimeric structure is repeated periodically along the chain. This
represent OeH/O hydrogen bonds interactions. (For interpretation of the references to



Fig. 7. (a) Crystal structure of the compound 1 [Mn2(m-2,6-DCBA)3(m2-
CH3CO2)(2H2O)]$2H2O. Red, gray and orange circles are oxygen, carbon and manga-
nese ions, respectively. (b) Magnetic Structure: spins in a zigezag chain. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 9. Experimental (circles) and theoretical (solid line) cT. The solid line was ob-
tained using the software DAVE e MagProp.
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one has two exchange parameters: J1 related to a synesyn bond;
and J2, related to a bond of type antieanti [24].

Paramagnetic effective moment peff and the Curie temperature
qp were determined from the linear fit of jdc/dTj�1/2, in order to
avoid the diamagnetic contribution [25]. The value of peff¼ 6.1(1)mB
obtained experimentally is close to the theoretical one peff ¼ g
[J(J þ 1)]1/2 ¼ 5.92mB [24], considering g ¼ 2, S ¼ 5/2 and L ¼ 0
(J ¼ L þ S) and consistent with the literature for systems with
manganese isolated ions in octahedral symmetry [26,27] This is a
strong indication that the orbital contribution to the total angular
moment of the compound is almost negligible. The Curie temper-
ature qp ¼ �26.2(1) K obtained from fitting suggests that the
complex has an antiferromagnetic overall character. These results
are shown in Fig. 8.
Fig. 8. Data fitting by jdc/dTj�1/2 method with the Curie temperature (qp), and the
paramagnetic effective moment (peff).
One way to further understand the magnetic behavior of a
system is to analyze the cT quantity as a function of temperature, as
presented in Fig. 9. The positive derivative at lower temperatures is
in agreement with the antiferromagnetic behavior [24,27], previ-
ously proposed. Themagnetic structure of the compound is a chain,
however due to the huge Hilbert space dimension, inwhich leads to
a considerable computational cost, we propose an easier model of a
trimer. This type of approach, considering a chain as a small cluster,
has already successfully done [28]. This one forms an isosceles
triangle, which can be seen at Fig. 7(b) inside the dashed box. The
Hamiltonian expression of this system can be written as:

H ¼ �J1ðS1S2 þ S1S3Þ � J2S2S3 � gmBBSz (1)

where J1and J2 are exchange parameters, and Sz is the z component
of the total spin S ¼ S1 þ S2 þ S3. This model has a Hilbert space of
dimension 216. The fitting to the experimental data of cTwas done
using DAVE e MagProp, a software that analyzes and processes
magnetic data. The optimized parameter of the fitting are:
g ¼ 2.04(6); J1 ¼ �4.3(8) K; J2 ¼ �1.8(3) K, and the diamagnetic
contribution is �3.5 � 10�8mB/FU.Oe.

Larger clusters, like a tetramer, and a pentamer have been
tested, however the results were similar to this one, and the
computational cost required for data fitting and calculation of the
optimized parameters were extremely large due to the higher
dimensionality of Hilbert space, once these models had a larger
number of atoms. Indeed, as expected from the peff, the Land�e factor
has an almost pure spin contribution; and, in addition, from qp, the
overall magnetic interactions are negative, confirmed by the
negative value of those exchange parameters.

4. Conclusions

In conclusion, three novel Mn(II) compounds using 2,6 DCBA
ligand were synthesized and characterized. Their structures were
determined by single crystal X-ray diffraction. Compound 1 with
formula [Mn2(m-2,6-DCBA)3(m2-CH3CO2)(2H2O)]$2H2O showed an
interesting 1D structure composed of zigezag Mn chains with
distances metal to metal alternating between 3.8904(4) and
3.6725(4) Å. Magnetic susceptibility of compound 1 was measured
and analyzed by means of a theoretical model based on a regular
trimeric structure present in the chain. We found the Heisenberg
exchange parameters and these are negative, indicating the anti-
ferromagnetic arrangement along the chain. In addition, the Land�e
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factor close to 2 indicates that the system has an (almost) spin
contribution.
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Appendix A

CCDC-953671 (Mn2(m-2,6-DCBA)3(m2-CH3CO2)(2H2O)]$2H2O),
CCDC-953672 (Mn(H2O)6$2(2,6-DCBA) and CCDC-953673
(Mn(methanol)4(2,6-DCB)2 contain the supplementary crystallo-
graphic 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.

Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.matchemphys.2014.05.037.
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