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Abstract. A new manganese(II) complex [Mn;(bidc),(C204)(H20)10],
(1) (bidc = benzimidazole-5,6-dicarboxylate) was synthesized and
characterized by X-ray crystallography. X-ray diffraction shows that
complex 1 has a neutral, one-dimensional (1D) brick wall chain struc-
ture. With the intramolecular and intermolecular hydrogen bonding in-

teractions, the adjacent chains are joined into a 3D suparmolecular
architecture. IR spectroscopy and variable temperature magnetic sus-
ceptibility measurements were made, which indicated weak antiferro-
magnetic coupling between the Mn"" ions in complex 1.

Introduction

In the recent years, coordination compounds with the ligand
benzimidazole-5,6-dicarboxylic acid (H,bidc) (Scheme 1)
were of great interest in the field of crystal engineering due to
their novel and diverse topologies and interesting features,
such as magnetic and optical properties.!'® The H,bidc ligand
attracted our attention because of its multifunctional coordina-
tion modes, as it should be able to bond to metal ions in differ-
ent fashions by the carboxylate groups and imidazole nitrogen
atoms, thus allowing for the formation of novel polymeric
structures. For instance, Li et al. used 4d—4f metal ions to syn-
thesize a series of novel 3D coordination polymers with “pcu”
topology.!”]

In our previous works, we have employed H,bidc as bridging
ligand to construct several 2D and 3D polymers based on lan-
thanide secondary building units.”®) It is noted that all of the
coordination polymers composed of H,bidc were prepared by
hydrothermal reactions because of its poor water solubility. Up
to now, only two complexes with the H,bidc ligand have been
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Scheme 1. Chemical structure of Hjbidc.

obtained by normal methods.” %! In order to get metal-organic

coordination polymers based on Hpbidc by normal methods,
we investigated the addition of oxalic acid as an auxiliary
bridging ligand to the reaction mixture. Fortunately, we har-
vested a new manganese(Il) complex with benzimidazole-5,6-
dicarboxylate and oxalate ligands, [Mn3(bidc),(C,04)(H>0)10],
(1). Herein, we reported the synthesis, crystal structure and
magnetic properties of 1.

Results and Discussion
Synthesis, IR Spectroscopy, and Thermal Stability

Complex 1 was obtained by slow evaporation of a mixed
solution of MnSO4-H,O with H,bidc and oxalic acid. It is in-
teresting that the ratio of H,bidc and oxalic acid plays a vital
role in the formation of 1. To obtain the desired compound
in good quality, the Hybidc-to-H,C,0, ratio should be strictly
controlled between 5:1 and 6:1. We speculate that there may
be a competition between Hybidc and oxalic acid in the process
of formation of complex 1.

In the IR spectrum of complex 1 (Supporting Information
Figure S1), no absorption signal near 1700 cm™' for -COOH
is observed, which indicates that the carboxyl groups of H,bidc
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are deprotonated. The strong signals around 1633 cm™' and
1362 cm ! are characteristic for the asymmetric and symmetric
vibrations of the carboxylate group.'"" '2! The characteristic
absorptions of —OH (water) and N-H (ligand H,bidc) are ob-
served at 3337 cm™! and 3166 cm™!, respectively. The absorp-
tions of the asymmetric and symmetric vibrations of the oxal-
ate group are observed at around 1549 cm™' and 1416 cm™!,
which suggest that oxalate adopts a chelating bidentate coordi-
nation mode.!'*!

In order to examine the thermal stability of complex 1, ther-
mal gravimetric analyses (TGA) were carried out under nitro-
gen. The TGA curve of 1 reveals a continuous weight loss
of 21.1 % below 180 °C, which is attributed to the loss of
coordinated water molecules (caled. 21.4 %) (Supporting In-
formation, Figure S2). The following weight loss in the tem-

Figure 1. View of the coordinational environment of Mn'" ions in 1,
thermal ellipsoids at the 50 % probability level. All hydrogen atoms
were omitted for clarity. Symmetry codes: A: —x+1, —+1, —z; B: —x+1,
—+1, —z+1.

Table 1. Selected bond lengths /A and bond angles /° for 1.

perature range of 180 °C to 737 °C corresponds to the decom-
position of oxalate and bidc®>™ ligands. Finally, the residue is
MnO, (found 31.4 %, calcd. 31 %).

Structural Description

X-ray diffraction analysis reveals that complex 1 is a neutral,
one-dimensional brick wall chain coordination polymer. A
view of the coordination environment of the Mn" ions in 1
with atom labeling is shown in Figure 1. The asymmetric unit
consists of one and a half crystallographically independent
Mn"" ions, a bide*™ dianion, half an oxalate dianion, and five
coordinated water molecules. The Mnl atom is hexacoordi-
nated, showing a distorted octahedral arrangement with five
oxygen atoms and one nitrogen atom from an oxalate mole-
cule, three water molecules and a bidc?” dianion, respectively.
Compared to Mnl1, Mn2 is also hexacoordinated with two car-
boxylate oxygen atoms (04, O4B, symmetry code: B: —x+1,
—y+1, —z+1) from two bidc?*™ dianions, and four oxygen atoms
(010, O10B, Ol1, and O11B) from four coordinated water
molecules. The Mn—O bond lengths range from 2.095(2) to
2.287(2) A (Table 1), which are similar to those observed for
other Mn'" complexes.'¥ In the crystal structure, the bidc?”
ligand acts as a p,-bridge and connects two Mn'! ions through
one oxygen atom of the monodentate carboxylate group and
one nitrogen atom of the benzimidazole ring. This coordination
mode of the bide?™ ligand has just been reported for cobalt
complexes.'! Oxalate as bis(bidentate) ligand links the atoms
Mnl and MnlA (symmetry code: A: —x+1, —y+1, —z) by its
oxygen atoms to form a dinuclear unit. This mode was also
reported for lanthanide complexes based on Hybidc and oxalate
ligands.!"! Furthermore, the dinuclear unit and the Mn2 atom
are linked by py-bidc?™ bridges to build a 1D chain along the
c axis (Figure 2).

In the crystal structure, intramolecular and intermolecular
hydrogen bonding interactions are observed (Table 2). There

Mn1-07 2.156(3)
Mn1-08 2.192(3)
Mnl-O6A 2.206(2)
Mn2-04B 2.095(2)
Mn2-O11B 2.182(3)
Mn2-010 2.287(2)
07-Mn1-N2 89.24(11)
N2-Mn1-08 104.33(11)
N2-Mn1-09 93.74(10)
07-Mn1-O6A 88.38(11)
08-Mn1-O6A 87.83(10)
07-Mn1-05 96.27(11)
08-Mn1-05 162.56(10)
06A-Mn1-05 74.81(9)
04B-Mn2-O11B 90.57(10)
04B-Mn2-011 89.43(10)
011B-Mn2-011 180.00(12)
04-Mn2-010 102.07(9)
011-Mn2-010 93.50(9)
04-Mn2-010B 77.93(9)
011-Mn2-010B 86.50(9)

Symmetry codes: A: —x+1, —y+1, —z; Bi—x+1, —y+1, —z+1.

Mn1-N2 2.188(3)
Mn1-09 2.194(3)
Mn1-05 2.219(2)
Mn2-04 2.095(2)
Mn2-011 2.182(3)
Mn2-0O10B 2.287(2)
07-Mn1-08 84.71(11)
07-Mn1-09 172.10(10)
08-Mn1-09 87.47(10)
N2-Mn1-O6A 167.34(10)
09-Mn1-O6A 90.26(10)
N2-Mn1-05 93.11(10)
09-Mn1-05 90.88(10)
04B-Mn2-04 180.0
04-Mn2-O11B 89.43(10)
04-Mn2-011 90.57(10)
04B-Mn2-010 77.93(9)
011B-Mn2-010 86.50(9)
04B-Mn2-010B 102.07(9)
011B-Mn2-010B 93.50(9)
010-Mn2-010B 180.0
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Figure 2. The 1D infinite structure of 1. Hydrogen atoms were omitted for clarity.

exist two N-H-+O hydrogen bonds (N1-HI1--010% NI-
H1--0O1 lb, symmetry code: a: —x+1, =y, —z+1; b: x, y—1, z) with
the oxygen atoms from two coordinated water molecules of
Mn2, respectively. Between the coordinated aqua oxygen at-
oms the intermolecular hydrogen bond O10-H10A+-09° (sym-
metry code: c: x+1, y, z) is observed. Four O—H-+-O intermolec-
ular hydrogen bonds (O7-H7B--0O1?, O8-H8B--01°, 09—
H9A--03%, and O11-H11B--03%, symmetry code: e: —x, —,
—z+1; g: —x, —y+1, —z+1) are formed between coordinated aqua
oxygen atoms and uncoordinated carboxylate oxygen atoms.
The O9-H9B-+06" (symmetry code: f: x—1, y, z) intermolecular
hydrogen bond is generated between the coordinated aqua
atom O9 and the coordinated carboxylate atom O6. Mean-
while, intramolecular hydrogen bonding interactions are found
between coordinated aqua oxygen atoms and uncoordinated
carboxylate oxygen atoms (O7-H7A--029, O8-H8A--029,
O11-H11A--02", symmetrical code: d: x, y, z-1; h:
—x+1, —p+1, —z+1), and between the coordinated aqua atom
010 and the aqua atom O5. All above hydrogen bonding inter-
actions may enhance the stability of the structure of complex
1 and generate a 3D supramolecular architecture (Figure 3).

Table 2. Hydrogen bonding parameters for 1 /A and °.

D-H--A d(D-H)  d(H-+A) <DHA d(D-+A)
N1-H1--010* 0.86 2.27 146.4 3.027(4)
N1-H1--011° 0.86 2.39 130.4 3.015(4)
O7-H7B--01* 0.85 1.91 150.8 2.683(4)
010-H10A--09¢ 0.85 2.10 174.4 2.943(4)
07-H7A-02¢ 0.85 1.94 147.6 2.695(4)
0(8)7H8A---02“l 0.85 2.15 159.2 2.958(4)
08-H8B--0O1° 0.85 1.98 144.8 2.717(4)
09-H9B--06' 0.85 1.89 167.6 2.722(3)
09-H9A--03% 0.85 1.94 160.0 2.753(3)
0O11-H11B--03* 0.85 1.95 159.2 2.758(4)
0O10-H10B--05 0.85 2.19 138.2 2.877(3)
O11-H11A--02" 0.85 1.92 159.3 2.733(4)
Symmetry codes: a:—x+1, —y, —z+1; b: x, y—1, z; c: x+1, y, z; d: x, y,

z—1; e: =x, =y, —z+1; f: x—1, y, z; g —x, —p+1, —z+1; h: —x+1, —9p+1, —
z+1

Magnetic Properties

Magnetic susceptibility measurements of a crystalline sample
of 1 were carried out using a Quantum Design MPMS-XL7
SQUID magnetometer in an applied magnetic field of 2 KOe
in the temperature range 1.8-300 K. Variable-temperature
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Figure 3. View of 3D supramolecular architecture of 1 along the ¢
axis. The dotted lines represent hydrogen bonding interactions.

magnetic susceptibility in the forms of 1/yy and yy T versus T’
in the range of 300 to 1.8 K is shown in Figure 4. At room
temperature, the yy7 value is 13.54 emu-K-mol™, which is
slightly higher than the spin-only value (13.14 emu-K-mol ")
of three isolated Mn'' (S = 5/2) ions assuming g = 2.0. When
the temperature is lowered, ym7 smoothly decreases and
reaches 0.54 emu-K-mol ' upon cooling to 1.8 K, which is typ-
ical for antiferromagnetic interactions.!'® !”) The magnetic sus-
ceptibility data follows the Curie—Weiss law with C =
14.08 emu-K-mol ™! and 6 = -10.5 K. The C value corresponds
to the value expected for the manganese(Il) ion with g = 2.07.
These results also suggest antiferromagnetic interaction be-
tween the manganese(II) ions. Compared to the oxalate bridge,
the coupling interaction between the manganese(Il) ions medi-
ated by the bidc®” ligand might be negligible.”” ¥ To estimate
the magnitude of the antiferromagnetic coupling, the isotropic
spin Hamiltonian H = —2J (Syn1Svnia) Was used for the dinu-
clear unit with Sy, = 5/2, where J is the coupling constant
mediated by oxalate bridges. When the isolated Mn'! ion is
taken into account, the expression was written by the Kambe
method!"®! as follows:

www.zaac.wiley-vch.de 303
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_ 2N g? “ exp(2J /kT) + Sexp(6J 1kT) +14exp(12J 1 kT) +30exp(20J / kT') + 55exp(30J / kT

2 2
+35Nﬁ g

M

Preparation of [Mnj3(bidc),(C,04)(H,0)1], (1): Complex 1 was pre-
pared by reaction of Hybidc (0.16 mmol), oxalic acid (0.03 mmol), and
MnSO4H,O (0.3 mmol) in ethanol/water (v/v 1:1). Single crystals
were obtained after two weeks in a yield of 21.1 % (based on Mn).
Anal. calculated for CyoHysMn3N4Oyy: C 28.55; H 3.35; N 6.66 %;
found: C 28.19; H 3.62; N 6.90 %. IR (KBr): ¥ = 3337 (m), 3166 (s),
1633 (s), 1549 (s), 1468 (s), 1416 (s), 1362 (s), 1313 (m), 1257 (m),

Crystallographic data were collected with a Bruker SMART CCD dif-
fractometer operating at room temperature. Intensities were collected
with graphite monochromatized Mo-K,, radiation (A = 0.71073 A), us-

Au kT 1+3exp(2J /kT)+5exp(6J /kT)+ Texp(12J / kT) +9exp(20J / kT) + 11exp(30J / kT') 12kT
25
14 =T =R =N =T
420
< 12t
E
415 O
x10r ®
= 3
£ <,
o8 110 5 1183 (m), 903 (m), 784 (m), 677 (w), and 629 (w) em .
~ o
Fe| s
Crystallographic Data Collection and Refinement
4|
Ho
2 1 1 1 1 1 1 1
0 50 100 150 200 250 300
TIK

Figure 4. Temperature dependence of the yy7 and 1/ymT product for
1 at 2 KOe field. The solid line is the best fits obtained from the model
described in the text.

With this equation, the calculated results in the temperature
range from 35 to 300 K are J = —1.50 cm™', and g = 2.063
with R = Z[GmDearc0mDobs] /Z0mobs™ = 3.7 % 107, The
negative coupling constant indicates antiferromagnetic coup-
ling between the neighboring Mn'' ions mediated by oxalate
bridges, which are similar to those reported previously.!”!

Conclusions

A new manganese(Il) complex [Mns(bidc),(C,04)(H>0)10],
with 3D supramolecular architecture was synthesized and char-
acterized. The stability of the structure in the solid-state was
strengthened by the intramolecular and intermolecular hydro-
gen bonding interactions. Magnetic analysis revealed antiferro-
magnetic coupling interactions between the Mn' ions.

Experimental Section
Materials and Methods

All chemicals used during the course of this work were of reagent
grade and used as received from commercial sources without further
purification. Elemental analyses for carbon, hydrogen, and nitrogen
were carried out with a Vario EL III elemental analyzer. Infrared spec-
tra were recorded with a Nicolet A370 FT-IR spectrometer using KBr
pellets in the 4000-400 cm™' region. TGA experiment was performed
with a Shimadzu DT-20B thermogravimetric analyzer from 20 to
800 °C at a heating rate of 10 °C-min" in nitrogen. Variable-tempera-
ture magnetic susceptibility measurements were taken at an applied
field of 2 KOe on a Quantum Design MPMS-XL7 SQUID magnetom-
eter working in the temperature range of 300—1.8 K. The molar mag-
netic susceptibilities were corrected for the diamagnetism estimated
from Pascal’s tables and for the sample holder by previous calibration.
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ing the phi and omega scan technique. Data reduction was made with
the Bruker SAINT package. Absorption correction was performed us-
ing the SADABS program. The structure was solved by direct methods
and refined on F? by full-matrix least-squares using SHELXL-2000
with anisotropic displacement parameters for all non-hydrogen atoms.
Hydrogen atoms were introduced in calculations using the riding
model. All computations were carried out using the SHELXTL-2000
program  package.””  The crystallographic data for 1:
CyoHgMn3N4O,,, M, = 841.28, triclinic, space group Pl, a =
6.7694(13) A, b =10.426(2) A, ¢ = 11.446(2) A, a = 70.626(2) °, B =
75.957(2) °, y = 78.696(2) °, V = 733.4(2) A%, Z = 1, F(000) = 427,
w=1377 mm™, D.=1.905 g-em >, GOF = 1.067, R, = 0.0412, wR, =
0.0905 [/ > 2a(1)]. Selected bond lengths, angles, and hydrogen bonds
are listed in Table 1 and Table 2.

Crystallographic data for the structure reported in the paper has been
deposited as supplementary publication CCDC-780182 for 1. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/data_re-
quest/cit or from the Cambridge Crystallographic Data Centre CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: 44-1223-336-033; or
E-Mail: deposit@ccdc.cam.ac.uk).

Supporting Information (see footnote on the first page of this article):
IR spectrum (Figure S1) and thermogravimetric analysis of 1 (Figure
S2).
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