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The single-crystal X-ray structure of a cation-templated manganese–oxalate coordination
polymer [NH(C2H5)3][Mn2(ox)3] � (5H2O)] (1) is reported. In 1, triethylammonium cation is
entrapped between the cavities of 2-D honeycomb layers constructed by oxalate and water.
The acyclic tetrameric water clusters and discrete water assemble the parallel 2-D honeycomb
oxalate layers via an intricate array of hydrogen bonds into an overall 3-D network.
The magnetic susceptibility, with and without the water cluster, are reported with infrared and
EPR studies.

Keywords: Mn–oxalate framework; Encapsulated triethylammonium cation; Tetrameric water
cluster

1. Introduction

The supramolecular association of water forming discrete clusters in the voids of
coordination polymers continues to attract a great deal of attention due to the
fundamental importance of water in many physical, chemical, and biological processes
[1, 2]. Hydrogen-bonding interactions between water aggregates and the surroundings
often play a key role in stabilizing water clusters with diverse morphologies within the
crystal lattices of the metal–organic frameworks (MOFs) [3–7]. Here both water–MOF
and water–water interactions can be important in lending stability to the overall
structure [8–18]. The water tetramer, present as a principal species in liquid water, has
drawn attention as many important physical properties such as heat capacity of liquid
water have been studied through them [19, 20]. Among the various theoretically
possible configurations, the water tetramer commonly adopts a cyclic planar or a quasi
planar structure with all four water molecules acting as both proton donors and
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acceptors [21–24]. An acyclic water tetramer, a high-energy species, is relatively rare and
has been identified in the constrained environments of the cavities of MOFs [25–28]. A
major challenge in molecular magnetism is the synthesis of multifunctional magnets and
in this context, oxalate-based bimetallic networks of general formula A [M1M

III
2 (ox)3]

(with M1¼Liþ, Naþ, Mn2þ, . . . ; MIII
2 ¼Cr, Co, Fe, Ru; ox¼ (C2O4)2� and Anþ a

counter cation) are widely studied compounds. These oxalate-based materials are
composed of 2-D honeycomb anionic layers with counter cations between the layers.
Some of these cations and other chemical building blocks can introduce a new physical
function in the material such as non-linear optics; (supra) conduction or chirality as
a result of asymmetric formation of these networks [29].

We report herein the synthesis and characterization of [NH(C2H5)3]
[Mn2(ox)3] � (5H2O)] (1) and the identification of acyclic tetramers in its crystal lattice.
The single-crystal X-ray structure of 1 is presented and discussed. Infrared (IR),
magnetic susceptibility, and EPR studies of the synthesized compound are also
presented; magnetic susceptibility of 1, with and without the water cluster, is discussed.

2. Experimental

All chemicals of reagent grade were commercially available and used without
purification. Microanalysis data for the compound were obtained from CDRI,
Lucknow. IR spectra were recorded on a Perkin-Elmer Model 1320 FTIR spectrometer
as KBr pellets from 4000 to 500 cm�1. X-ray powder diffraction was performed with
a Bruker CCD area detector diffractometer, equipped with a graphite monochromator
and Mo-Ka radiation (�¼ 0.71073 Å). Magnetization measurements of polycrystalline
samples were carried out with a Quantum Design SQUID magnetometer (MPMSXL-
5-type) at a magnetic field of 0.5 T from 1.8–300K. EPR spectra were recorded on a
Bruker ESP 300 spectrometer operating at X-band equipped with an ER 035M Bruker
NMR gaussometer and HP 5350B Hewlett-Packard microwave frequency counter.

2.1. Synthesis

Solvothermal reaction between [Mn(CH3COO)2] � 4H2O (147mg), oxalic acid (75mg),
and triethylamine (0.25mL) in a solvent mixture of DMF (2mL) and DI water (2mL)
was carried out in an autogenous pressure Teflon-lined steel reactor at 180�C for 3 days.
The homogeneous colorless solution obtained after slow cooling was filtered and the
filtrate left undisturbed at room temperature for evaporation. After 45 days colorless
crystals of [NH(C2H5)3][Mn2(ox)3] � (5H2O)] (1) were collected (49% yield). Elemental
analysis: Calcd (%): C, 23.00; H, 4.15; N, 2.23. Found (%): C, 22.78; H, 4.12; N, 2.23.

2.2. Crystallography

A single crystal of [NH(C2H5)3][Mn2(ox)3] � (5H2O)] (1) with dimensions 0.13mm�
0.10mm� 0.08mm was mounted on a CCD area detector diffractometer equipped with
a graphite monochromator and Mo-Ka radiation (�¼ 0.71073 Å). The unit cell
dimensions and intensity data were measured at 293(2)K. The structure was solved by

2368 K.A. Siddiqui et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

21
 1

3 
O

ct
ob

er
 2

01
3 



direct methods and refined by full-matrix least-squares based on F2 with anisotropic
thermal parameters for the non-hydrogen atoms using Bruker, SMART (data collection
and cell refinement), Bruker SAINT (data reduction), SHELX-97 (structure solution),
SHELXL-97 (structure refinement), and Bruker SHELXTL (molecular graphics)
[30–33]. A multi-scan adsorption correction (SADABS) was applied. The waters are
disordered and could not be solved.

2.3. Crystal data for 1

Crystal refinement data are listed in table 1. CCDC reference number 687270. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.ac.uk/data_request/cif.

3. Results and discussion

3.1. Description of the structure of 1

The single-crystal X-ray diffraction studies reveal that 1 consists of anionic [Mn2(Ox)3]
�

framework with triethylammonium ensuring electroneutrality of the compound.

Table 1. Crystal data and structure refinement of 1.

Empirical formula C12H26Mn2NO17

Formula weight (gmol�1) 626.37
Temperature (K) 293(2)
Wavelength 0.71069
Crystal system Monoclinic
Space group P 1 21/n 1 (14)
Unit cell dimensions (Å, �)
a 9.963(5)
b 16.679(5)
c 15.140(5)
� 90.000(5)
� 94.1619(5)
� 90.000(5)
Volume (Å3), Z 2509.23(192), 4
Calculated density (g cm�3) 1.65796
Absorption coefficient (mm�1) 1.064
F(000) 1280
Crystal size (mm3) 0.13� 0.10� 0.08
� range for data collection 2.37–28.41
Limiting indices �13� h� 13; �22� k� 16; �18� l� 20
Reflections collected 16,022
Independent reflections 6168 [R(int)¼ 0.0854]
Completeness to � 25.00�

Max. and min. transmission 0.9197 and 0.8740
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 6168/0/293
Goodness-of-fit on F2 1.047
Final R indices [I4 2�(I)] R1¼ 0.1776; wR2¼ 0.3608
R indices (all data) R1¼ 0.1032; wR2¼ 0.2818
Largest difference peak and hole (e Å�3) 2.032 and �0.917

2-D Mn(II) oxalate 2369
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Each asymmetric unit contains two crystallographically independent Mn2þ with similar
coordination environments. Each Mn2þ has six-coordinate octahedral geometry with
six oxygens from three different oxalates. The remaining oxygens from each oxalate
extend the network into a hexagonal 2-D honeycomb structure. The triethylammonium
template layer is ordered in the channel system (dimension 11.030� 11.697 Å2) along
the c-axis (figure 1). A closer examination of the crystal packing reveals the presence of
two types of water, discrete water, and acyclic water tetramers, constituting a H-bonded
extra-framework layer. The acyclic tetrameric water clusters and discrete water
molecule self-assemble the 2-D honeycomb oxalate layers via an intricate array of
hydrogen bonds into a 3-D network (figure 2).

The triethylammoniums trapped in the crystal lattice are also involved in H-bonding
interactions with water (N1 � � �O1W 2.76 Å). This is indicative of its role as a structure
directing template in addition to charge neutrality in 1.

3.2. IR spectra

The IR spectrum (Supplementary material, figure S1a) of the complex shows a broad
band centered around 3422 cm�1 which vanishes on heating the compound under
vacuum (0.1mm) at 120�C for 2 h due to the escape of water from the lattice
(Supplementary material, figure S1b). A deliberate exposure to water vapor for 2 days

Figure 1. View of the crystal lattice showing encapsulated triethylammonium cation within the 2-D
honeycomb layers along the c-axis.
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does not lead to re-absorption of water into the lattice as monitored by
FTIR spectroscopy. The O–H stretching vibration of small water clusters (H2O)n
(n¼ 2–10) in the gaseous state have been investigated using IR spectroscopy, and
this vibration has been found to be size specific over a wide range from 3720
to 2935 cm�1. In comparison, the O–H stretching vibration in ice appears at 3220 cm�1,
while in liquid it shifts from 3280 to 3490 cm�1. Therefore, the O–H stretching vibration
of the water cluster in 1 is closer to liquid water with a slight variation attributed to its
surroundings.

3.3. Magnetic and EPR properties

The magnetic properties of 1 were determined from 1.8 to 300K in 0.5 T. The plots of
magnetic susceptibility �M and the �MT product versus T are given in figure 3(a). The
value of �MT is 7.30 cm3mol�1K (7.66B.M.) per two Mn2þ at room temperature,
which is lower than that expected for uncoupled manganese(II) ion (g¼ 2.0,
4.38 cm3mol�1K). As the temperature decreases, the value of �MT decreases contin-
uously upon cooling. In the low-temperature range (below 50K) more evident decrease
in its value is observed with continuous decrease of temperature, reaching
0.524 cm3mol�1K (2.05B.M.) at 1.8K, indicating the occurrence of an antiferromag-
netic interaction between manganese ions. It can be assumed that the hydrogen-bonded

Figure 2. View of the 3-D framework formed by hydrogen bonding of the lattice water in 1.

2-D Mn(II) oxalate 2371
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Figure 3. (a) Plot of �M (o) and �MT (�) vs. T for 1. The solid line is the result of the best fit obtained with
the parameters reported in the text. (b) Field dependence of the magnetization for 1 at 2K (�).
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water groups provide important exchange pathways between Mn2þ centres (figure 3),
probably by spin polarization mechanism [18]. The susceptibility curve exhibits a
maximum, indicating the presence of antiferromagnetic ordering with a Néel temper-
ature (TN) of 8.00K.

Figure 4. (a) Plot of �M (o) and �MT (�) vs. T for 1 without water. The solid line is the result of the best
fit obtained with the parameters reported in the text. (b) Field dependence of the magnetization for
dehydrated 1 at 2K (�).

2-D Mn(II) oxalate 2373

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

21
 1

3 
O

ct
ob

er
 2

01
3 



The values for the Curie and Weiss constants, determined from the relation

1/�MT¼ f(T) over the temperature range 50–300K, are 7.65 cm3mol�1 and �14.2K.

A negative value of the Weiss constant confirms the antiferromagnetic interactions

between Mn centers in the crystal lattice.
The variation of the magnetization M versus the magnetic field H for 1 is shown at

2K (figure 3b). The M versus H curve for 1 is linear in the whole field range and

indicates magnetization of 2.65 B.M. at 5T. The magnetic properties of 1 without water

were also determined from 1.8 to 300K in 0.5 T. The plots of magnetic susceptibility

�M and the �MT product versus T for anhydrous 1 are given in figure 4(a). The value

of �MT at 300K is 5.91 cm3mol�1K (6.88B.M.), decreasing only slightly as the

temperature is lowered. Below 50K a more evident decrease in �MT is observed with the

continuous decrease of the temperature, reaching a value of 0.424 cm3mol�1K

(1.84B.M.) at 1.8K. This decrease in the low temperature range is caused by the

occurrence of magnetic interactions between Mn2þ centers. The susceptibility curve

exhibits a maximum, indicating the presence of antiferromagnetic ordering with a Néel

temperature (TN) of 8.00K.
The values for the Curie and Weiss constants, determined from the relation 1/

�MT¼ f(T) over the temperature range 50–300K, are 6.18 cm3mol�1 and �13.5K. The

negative value of the Weiss constant again confirms weak antiferromagnetic interac-

tions between the Mn2þ centers in the crystal lattice.
The variation of the magnetization M versus the magnetic field H for 1 is shown at

2K in figure 4(b). The M versus H curve is linear in whole field range with a

magnetization of 2.15 B.M. at 5 T. Thus magnetic studies of 1, with and without water,

show variation in magnetic susceptibility. Although water cluster plays an important

role in magnetic susceptibility, it is not clear why the susceptibility decreases without

water clusters.

Figure 5. X-band EPR spectra of 1 at room temperature, 77 and 4.5K.
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EPR spectra of 1 at room temperature, 77 and 4.5K are shown in figure 5 and the
values of g factor are given in table 2. The X-band solid state EPR spectrum shows
noticeable variations at different temperatures. At room temperature the spectrum
exhibits an isotropic signal without revealing any hyperfine structure indicative of the
coordination geometry. The gav is 1.99 with a peak to peak line width of 355Gauss. At
77K and at room temperature the gav is the same except that the hyperfine splitting
begins at 77K. The manganese(II) has I¼ 5/2 and we should expect an eight line
spectrum in magnetically dilute manganese(II) complex due to the hyperfine splitting.
In fact, at 4.2K we get only a four line spectrum resulting from two equivalent nuclei
with I¼ 5/2.

4. Conclusions

We have reported magnetic susceptibility, with and without water clusters, and assumed
that the occurrence of antiferromagnetic interactions is due to hydrogen-bonded water
groups, which provide important exchange pathways for magnetic interactions between
two metal centers probably by spin polarization. We also report the variable
temperature EPR studies. The clusters act as an extra-framework layer between the
2-D honeycomb Mn–oxalate sheets to yield a supramolecularly assembled 3-D
network.
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