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A metal-organic coordination polymer, [Mn(C6O6H10)(H2O)]n (1), has been synthesized and
characterized by elemental analysis, FT-IR spectroscopy, and single-crystal X-ray diffraction.
Thermogravimetric analysis and EPR spectrum of the compound have also been studied. Light
pink crystals of the complex are monoclinic, space group P21/c, with a¼ 7.9444(16) Å,
b¼ 9.0802(18) Å, c¼ 13.142(3) Å, �¼ 93.53(3)�, V¼ 946.2(3) Å3, Z¼ 4, and R1¼ 0.0212. The
compound is mononuclear and contains six-coordinate ions bound to bi- and tridentate
methoxyacetate molecules and water. Each manganese ion is connected with the neighboring
manganese via carboxylate bridges forming a polymeric chain of [Mn(C6O6H10)]n and water.
The 1-D manganese polymer chains are further hydrogen-bonded via the carboxyl groups
and water to produce a 3-D extended network. The FT-IR spectrum from 4000 to 400 cm�1

region confirms the bonding of water. Decomposition reaction takes place in the temperature
range 25–900�C in nitrogen. The temperature dependence of magnetic susceptibility reveals
weak antiferromagnetic coupling interaction (J¼�0.74 cm�1) between the Mn(II) sites.

Keywords: Manganese(II) complex; Methoxyacetic acid; X-ray crystal structure; Spectroscopic
data; Magnetic properties

1. Introduction

Continuous efforts have been devoted to design and synthesize manganese(II) complexes
because they are often present in active centers of enzymes, including, among others,
aminopeptidase [1], peroxidase [2], superoxide dismutase [3], sialyl and fucosyl
transferase [4–6], and different intergrins [7–9]. Biological role of Mn(II) ions seems to
be connected with an interaction with carboxylate ligands which can form dinuclear,
trinuclear, and higher nuclearity complexes exhibiting various oxidation states. Some
complexes of simple mono- and dicarboxylic acid homologues with Mn(II) ion have
been structurally established, e.g., manganese(II) acetate dihydrate [10], manganese(II)
propionate dihydrate [11], manganese(II) malonate dihydrate [12], manganese(II)
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glycolate dihydrate [13], manganese(II) L-lactate dihydrate [14], and other bridged
metal carboxylates [15–20]. Here, we turn our attention to methoxycarboxylic acid as
a prospective ligand for manganese(II).

Methoxyacetic acid (MAA) is the urinary metabolite of ethylene glycol dimethyl
ether (EGAE) which is widely utilized in the production of coatings, paints, lacquers, jet
printing inks, polish removers, and also as a solvent incorporated in the electrolyte
of lithium cells [21]. EGAE itself is not an active hemolytic agent, but its metabolite
(MAA) formed during metabolic activation in the liver and skin is a potent hemolysin
[22–27]. MAA has three oxygens which are potential coordination sites. These
carboxylic acid oxygens may be monodentate, bidentate or tridentate (bridging) as a
monoanion. The presence of an additional functional group, as a potential coordination
center in the carboxyl acid molecule, enables an increase in stability of its complexes
with metal ions. The main purpose of this work is to study Mn(II) interaction with
methoxyacetate anion, connected with the analysis of thermal, spectroscopic, and
magnetic properties of a new Mn(II) complex.

2. Experimental

2.1. Physical measurements and materials

All reagents were obtained from commercial sources and used without purification.
Elemental analyses of carbon and hydrogen were performed on a Perkin-Elmer 2400
Series II CHNS-O analyzer. The IR spectrum was recorded on an FT-IR Nicolet
Magna 560 spectrometer from 4000 to 400 cm�1 using KBr pellets. The thermal stability
of 1 was studied by thermogravimetric analysis (TGA) from 25�C to 900�C at a the
heating rate of 10�C min�1 in nitrogen using a Perkin-Elmer Pyris thermogravimetric
analyzer. The X-band electron paramagnetic resonance spectra (9.7GHz) were
recorded with a Bruker EMX spectrometer at room temperature. DPPH was used as
an internal field marker. For the EPR measurement, 0.1mL of the sample solution
was kept in closed quartz capillaries. The magnetic susceptibility measurement of a
crystalline sample was carried out from 10 to 300K at a magnetic field of 2 Tesla, using
a Quantum Design MPMS SQUID magnetometer.

2.2. Preparation of the complex

Manganese(II) carbonate (115mg, 1mmol) and methoxyacetic acid (180mg, 2mmol)
were stirred in 4mL of water until dissolved. The solution was filtered and the filtrate
was left to stand undisturbed. After 2 days, light pink single crystals suitable for
X-ray crystallographic analysis were collected and dried in air at room temperature
(58.7mg, 23.38% yield). Anal. Calcd for C6H12MnO7 (%): C, 28.70; H, 4.82. Found
(%): C, 28.52; H, 4.91.

2.3. X-ray crystallography

The intensity data for the compound were collected on an Oxford Diffraction kappa
diffractometer with a Sapphire3 CCD detector using Mo-K� radiation (�¼ 0.71073 Å)
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at 100K. Accurate cell parameters were determined and refined using the CrysAlis
CCD program [28]. The structure was solved by direct methods using SHELXS-97 [29],
and then the solution was refined by full matrix least-squares using SHELXL-97 [29].
Nonhydrogen atoms were refined with anisotropic displacement factors. All hydrogens
were treated as ‘‘riding’’ on their parent carbon atoms [d(C–H)¼ 0.99 Å for methylene
hydrogens, d(C–H)¼ 0.98 Å for methyl hydrogens, respectively] and had isotropic
displacement parameters assigned, equal to 1.2 and 1.5 times, the value of the
equivalent displacement parameter of the parent carbon atom. Hydrogens attached to
oxygen were located from different Fourier maps and refined using riding model with
Uiso(H) values of 1.5Ueq(O) of their parent atoms. The figures (figures 1–3) were drawn
using Ortep-3 [30] and Mercury programs [31]. Data collection and refinement
parameters are listed in table 1. Selected bond lengths and angles are listed in table 2.

3. Results and discussion

3.1. Description of the structure

A single crystal X-ray diffraction analysis of 1 reveals that the asymmetric unit contains
one manganese, three anionic methoxyacetate ligands and one water (figure 1). The
local geometry around each Mn(II) is octahedral, involving two methoxy and three
carboxylate oxygens from three different methoxyacetates, as well as one water. The
angles around Mn are considerably distorted from ideal octahedral values of 90/180�

(table 2). The main distortions are those of the chelate rings with narrow O–Mn–O
angles: O2–Mn1–O1¼ 71.13(3)�, O5–Mn1–O4¼ 72.60(3)�, O7–Mn1–O4¼ 168.31(2)�,

Figure 1. The coordination sphere of Mn(II) with atom-numbering scheme showing 50% probability
displacement ellipsoids. H atoms are shown as small spheres of arbitrary radius. Symmetry code: (a) 1� x,
�½þ y, ½� z; (b) 1� x, ½þ y, ½� z.
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O3–Mn1–O1¼ 155.54(2)�, and O5–Mn1–O2¼ 146.24(3)�. Similar distortions can be
found in manganese(II) glycolate dihydrate [13], manganese(II) L-lactate dihydrate [14]
or in tetra-aqua-bis(oxamato-O,O0)manganese(II) [32]. The equatorial positions around
Mn(II) are occupied by four oxygens, O1, O2, O5, and O3, from three methoxyacetates.
The axial positions are occupied by O4 of the methoxyacetate ligand and O7 of water.
Deviation of manganese(II) from the mean plane formed by the four equatorial atoms

Figure 3. View of the R4
4(24) graph-set motif forming a closed ring through O–H � � �O hydrogen bonds

between methoxyacetate and water.

Figure 2. View of the crystal structure of [Mn(C6O6H10)(H2O)]n along the a-axis showing the R2
4(8) rings.

The dashed lines indicate hydrogen-bonding interactions. For the sake of clarity, all H atoms bonded to
C atoms were omitted.
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is about 0.1624(3) Å and the maximum deviation of any equatorial atom (O2) from
the mean plane is about 0.2861(4) Å. The distance between the Mn � � �Mn centers in the
supramolecular network is 5.355 Å. The methoxyacetate exhibits a dual nature with
one CH3OCH2COO�, a bidentate ligand via methoxy and carboxylate oxygens, while
the remaining two are tridentate with one carboxylate oxygen and methoxy oxygen
coordinating to one Mn ion, whereas another carboxylic oxygen links an adjacent Mn.
The result of these connections is the formation of 1-D infinite chains of
[Mn(C6O6H10)]n, running approximately along the b-axis, separated by water molecules
(figure 1).

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

CCDC deposit no. 716104
Empirical formula C6H12MnO7

Formula weight 251.10
Crystal system Monoclinic
Space group P21/c
Temperature (K) 100(1)
Crystal size (mm3) 0.42� 0.11� 0.11
Crystal form Polyhedron
Crystal color Light pink
Unit cell dimensions (Å, �)

a 7.9444(16)
b 9.0802(18)
c 13.142(3)
� 93.53(3)

Volume (Å3), Z 946.2(3), 4
Calculated density (g cm� 3) 1.763
Radiation type, wavelength (�) Mo-K�, 0.71073
Absorption coefficient (mm�1) 1.405
F(000) 516
� range for data collection (�) 2.56–34.45
Final R indices [I4 2�(I)] R1¼ 0.0212, wR1¼ 0.0597
R indices (all data) R2¼ 0.0248, wR2¼ 0.0605
Reflections collected 11985
Independent reflections 3680 [Rint¼ 0.018]
Limiting indices �12� h� 12, �14� k� 7, �20� l� 20
Refinement method Full-matrix least-squares on F2

R[F 24 2�(F 2)], wR(F 2), S 0.0212, 0.0597, 0.996
Data/restraints/parameters 3680/0/129
Completeness to �¼ 25.00 (%) 99.1
(D/�)max 50.001
D�max, D�min (e Å�3) 0.533, �0.456

Table 2. Selected bond lengths (Å) and angles (�) for 1.

Mn1–O1 2.2842(8) O5–Mn1–O2 146.24(3)
Mn1–O2 2.1474(7) O7–Mn1–O2 104.22(3)
Mn1–O3 2.1280(8) O3–Mn1–O4 87.52(3)
Mn1–O4 2.2448(8) O5–Mn1–O4 72.60(3)
Mn1–O5 2.1388(7) O7–Mn1–O4 168.31(2)
Mn1–O7 2.1423(9) O2–Mn1–O4 87.09(3)
C5–O6 1.2503(10) O3–Mn1–O1 155.54(2)

O3–Mn1–O5 119.64(3) O5–Mn1–O1 84.42(3)
O3–Mn1–O7 90.50(3) O7–Mn1–O1 90.06(3)
O5–Mn1–O7 98.56(3) O2–Mn1–O1 71.13(3)
O3–Mn1–O2 85.05(3) O4–Mn1–O1 96.51(3)
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The Mn–O distances are in the range of 2.128–2.284 Å, where the longest occurs
between Mn1 and O1 of methoxy while the shortest corresponds to Mn1–O3 (table 2).
All Mn–O distances are similar to those commonly found in six-coordinate
manganese(II) complexes (ca 2.1–2.2 Å [33]). The C3–O1 (1.4292(11) Å) and C6–O4
(1.4306(11) Å) bond lengths are very close to the value specified by Allen et al. [34]
for the methoxy substituent (1.424 Å). The carboxylate C–O bond lengths in the bi- and
tridentate methoxyacetate groups are equivalent (C5–O5 1.2631(10) Å, C5–O6
1.2503(10) Å and C2–O2 1.2545(10) Å, C2–O3 1.2589(10) Å), and these C–O distances
are between the mean values given by Allen et al. (1987) for a variety of carboxylic
acid groups (C–OH¼ 1.308 Å and C¼O¼ 1.214 Å [34]).

The crystal structure of 1 is stabilized by medium-strength O–H � � �O hydrogen
bonds in which O7 of water at (x, y, z) acts as a hydrogen-bond donor to the carboxyl
oxygens of adjacent molecules at (x, ½� y, ½þ z) and (2� x, �½þ y, ½� z)
(figure 2). Thus, each water bridges two [Mn(C6O6H10)] molecules. In turn, each
carboxyl of [Mn(C6O6H10)] is hydrogen bonded to water ligands of two different
molecules. These interactions lead to the formation of a specific ring motif with binary
graph-set notation of R2

4(8) [35, 36]. This hydrogen-bond pattern results in a 3-D
network with graph-sets R4

4(24) and the formation of larger macrocycles (figure 3).
The H–O and O � � �O bond distances, as well the O–H � � �O angles in
[Mn(C6O6H10)(H2O)]n network [H7A � � �O6* 1.89 Å, O7 � � �O6* 2.7678(10) Å, and
O7–H7A � � �O6* 167.8�; and H7B � � �O6# 2.08 Å, O7 � � �O6# 2.6955(11) Å, and O7–
H7B � � �O6# 173.5�; symmetry code: (*) x, ½� y, ½þ z; (#) 2�x, �½þ y, ½� z],
are in the range of the values reported by Jeffrey (1997) and Steiner (2002) [37, 38]
for medium-strength hydrogen bonds [H � � �O 1.5–2.2 Å, O � � �O 2.5–3.2 Å, and
O–H � � �O4 130�, respectively].

3.2. FT-IR spectrum of 1

The infrared spectrum of [Mn(C6O6H10)(H2O)]n confirms the structural analysis
(Supplementary material). The most intense band with maximum at 1586 cm�1

corresponds to the anti-symmetric C–O vibration and shifts to lower frequencies
when compared to the free ligand (	as 1747 cm

�1). The symmetric stretch of carboxylate
is located at 1423 cm�1. The difference between these peaks, D	¼ 163 cm�1, is
considerably smaller than observed with the corresponding acid (D	acid¼ 322 cm�1)
and indicates bidentate coordination of the carboxylate to manganese(II) [39–41].
A narrow absorption band of medium intensity at ca 1107 cm�1 may be attributed
to the C–O vibration of the alcoholic group of the methoxyacetate ligands. A broad
and intense band between 3800 and 2600 cm�1 proves the presence of water and
hydrogen bonds in the complex postulated in X-ray analysis. The narrow bands at 3151,
3133, and 3117 cm�1, disturbing the 	(O–H) band contour shape, arise from the 	(CH)
and 	(CH2) stretching modes.

3.3. Thermal analysis of 1

The thermogravimetric curves (Supplementary material) show that decomposition
takes place in three steps. The first endothermic peak in the temperature range of
95–140�C can be attributed to the removal of one lattice water with 6.28% weight
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loss (Calcd 7.17%). A second endothermic peak observed at 279.55�C corresponds to
partial ligand destruction (33.21%). Further decomposition of ligands began at 307�C
and ended at 672�C. The final total mass loss of 71.28% corresponds to the
decomposition of [Mn(C6O6H10)(H2O)]n into MnO (Calcd 71.75%).

3.4. EPR study of 1

The solid state EPR spectrum of [Mn(C6O6H10)(H2O)]n at a room temperature consists
of the single signal with the Lorentzian shape and linewidth DB¼ 35.7mT, centered
around g¼ 2.0188 (Supplementary material has experimental and simulated spectrum).
This spectrum can be interpreted using the theory of narrowing exchange which
assumes that the exchange-induced fluctuations are sufficiently rapid to average the
dipolar field and describes a linewidth using the following equation [42]:

D! � !2
p=!ex

where D! is the linewidth in frequency units; !ex is the frequency associated with
isotropic exchange; !p includes the contributions due to anisotropic interactions:
dipolar, crystal-field, antisymmetric exchange, etc.

The EPR measurements of 1 as aqueous solution brought more detailed information
about the coordination sphere of Mn(II). The ground state of Mn(II) (3d5) is 6S5/2.
The EPR of Mn(II) ions can be adequately described by the spin-Hamiltonian:

H ¼ g
BBSþD½S2
z � ð1=3ÞSðSþ 1Þ� þ EðS2

x � S2
yÞ þ ASI

where S¼ 5/2 and I¼ 5/2; D and E are fine structure ( fs) parameters; the last term
means the hyperfine interaction; the g-factor and hyperfine structure parameter A are
isotropic.

The resonance spectrum of Mn(II) features five separate ‘‘allowed’’ fs components:
MS¼	5/2$	 3/2; MS¼	3/2$	 1/2, and MS¼ 1/2$�1/2, where MS is the
magnetic quantum number of the electron spin S. The position of the latter fs
component is rather insensitive to strain or electric fields produced by defects. The
others, however, possess a very strong angular dependence resulting in their complete
‘‘smearing out’’ in polycrystals, glasses and solutions.

The recorded EPR spectrum of aqueous solution of [Mn(C6O6H10)(H2O)]n is shown
in figure 4. It displays only the central fs component, a typical X-band Mn(II) central
hyperfine sextet for disordered materials where a complete smearing of the hyperfine
forbidden lines and a significant broadening of hyperfine allowed lines become visible.

The spectrum simulated with the best-fit EPR parameters: g¼ 2.0098,
A¼ 89.2� 10�4 cm�1, and DB¼ 8.5mT for each hyperfine component is shown in
figure 4. The value of A is consistent with Mn(II) in octahedral coordination and
comparable with that of the Mn(II)-hexaaqua ion [43–45].

3.5. Magnetic properties of 1

The temperature dependence of the magnetic susceptibility was collected for solid
sample of 1 from 10 to 300K. The magnetic behavior of the title compound is presented
in figure 5 in the forms of �M and �MT versus T, respectively. At room temperature,
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�MT is 4.59 cm3Kmol�1, which is slightly larger than the value of 4.38 cm3K mol�1,
expected for one isolated manganese(II) ion having spin S¼ 5/2, with g equal to 2.
As the temperature is lowered, the value of �MT decreases continuously upon cooling
and reaches 3.92 cm3K mol�1 at 10K. Magnetic susceptibility data give an effective

Figure 4. X-band EPR spectrum of [Mn(C6O6H10)(H2O)]n in aqueous solution. EPR conditions:
temperature, 298K, microwave frequency, 9.70GHz, microwave power, 20.12mW, modulation
amplitude 2Gpp.

Figure 5. Thermal variation of �M (�) and �MT (h) for 1. The solid lines show the best fits to the data of the
infinite chain model [46].
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moment of 6.06 BM at room temperature (
eff¼ 5.92 BM for uncoupled five

independent spins of Mn(II), (S¼ 5/2)). The variable temperature magnetic suscepti-

bility data follow the Curie–Weiss law, �M¼C/(T��), with �¼�0.56K and

C¼ 4.62 cm3Kmol�1, respectively. Decrease in �MT value with decreasing temperature

and the negative Weiss constant indicate antiferromagnetic interactions between

Mn(II) ions at low temperature. A decrease in the low temperature �MT data can

also arise from zero-field splitting of the 6A1g ground state from distortion of the

Mn2þ octahedron [46]. According to the crystal structure, there are two possible

exchange pathways, the first through carboxylate groups of methoxyacetate between

manganese(II) centers of an infinite Mn–O–C–O–Mn chain and the other via the

methoxyacetate ligand.
The magnetic behavior can be interpreted using the infinite chain model for

classical S¼ 5/2 spins derived by Fisher from the Heisenberg model [47, 48]. The spin

Hamiltonian is described as:

Ĥ ¼ �J
X

SiSi�1

where J is the magnetic exchange coupling between two adjacent paramagnetic metal

ions in the same chain. Taking into account the interchain exchanges,

�M ¼
�chain

1� ½2zJ0=Ng2�2��chain

is used for molecular field correction, in which

�chain ¼
Ng2�2SðSþ 1Þ

3kT

1þ u

1� u
and u ¼ coth

JSðSþ 1Þ

kT

� �
�

kT

JSðSþ 1Þ

� �
:

Figure 6. Magnetization curves vs. applied magnetic field at 2K (h) and 300K (�).
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The best fit, shown as the solid line in figure 5, afforded: J¼�0.74 cm�1, g¼ 2.06,
zJ0 ¼ 0.41 cm�1, agreement factor R¼

P
[(�M)obs� (�M)Calcd]

2/
P

[(�M)obs]
2
¼

1.82� 10�6. The small negative value of J implies the existence of a weak
antiferromagnetic interaction between manganese(II) centers of an infinite Mn–O–C–
O–Mn chain. The positive zJ0 value arises from weak ferromagnetic interchain
interaction through the methoxyacetate ligands and by hydrogen bonds. Figure 6 shows
the magnetization curves of 1 measured at 2 and 300K with the applied magnetic field
ranging from 0 to 7.5 kOe. The linear dependence of the magnetization of the sample
with the applied field is characteristic for an antiferromagnetic interaction.

4. Conclusions

We have reported the synthesis, X-ray structure, thermal, spectroscopic, and magnetic
properties of a metal-organic complex coordination polymer [Mn(C6O6H10)(H2O)]n
which can easily be prepared by the reaction of manganese(II) carbonate and methoxy-
acetic acid in aqueous solution.Methoxyacetate is a diverse ligand towardmanganese(II)
binding as a bi- and tridentate ligand employing methoxy and carboxylate.
Similar to other carboxylato-bridged manganese coordination polymers, e.g. aqua-bis-
pyridine bis-4-chlorobenzoate manganese(II) [49], aqua-(p-methoxybenzoato-O,O0)-
( p-methoxybenzoato-O)-(1,10-phenanthroline)-manganese(II) p-methoxybenzoic acid
[50] or aqua-(2,20-bipyridine)-(4-methoxybenzoato-O,O0)-(4-methoxybenzoato-O)-
manganese(II) 4-methoxybenzoic acid solvate [51], the uncoordinated carboxylic
oxygen of 1 is involved in hydrogen bonds with coordinated water ligands of two
different molecules. These intermolecular interactions result in a 3-D network. The
antiferromagnetic properties of 1 closely reflect those reported in other carboxylato-
bridged manganese(II) complexes [52–54]. Our further work is focused on the influence
of reaction conditions, such as pH, molar ratio or temperature, to the structure and
properties of the manganese methoxyacetate complexes. The coordination polymer
described here can have the potential importance in the study of manganese ions and the
structures of the active sites in manganese enzymes where small-molecule complexes
of Mn are often used as model systems [55].

Supplementary material

CCDC-716104 contains the supplementary crystallographic data for this article. These
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