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Three new complexes, {[Mn(dtb)(bpe)·2H2O]·H2O}n (1), {[Mn(dtb)(bpa)·2H2O]·H2O}n (2), and
{[Mn(dtb)(phen)]}n (3) [H2dtb = 5,5′-dithiobis(2-nitrobenzoic acid), bpe = 1,2-bis(4-pyridyl)ethene,
bpa = 1,2-bi(4-pyridyl)ethane, phen = 1,10-phenanthroline], have been synthesized under hydrother-
mal conditions with Mn(OAc)2·4H2O, dtb, and different N-donor ligands. X-ray structure analyses
of 1 and 2 reveal analogous structures with 1D helical chains and 2D 44 chiral layers. The structure
of 3 shows a 1D chain which is outwardly decorated with phen ligands. These neutral polymeric
complexes exhibit structural diversity due to the different coordination modes of the flexible dtb
ligand and the N-donor ligands. The thermogravimetric analyses and X-ray powder diffractions of
1–3 are also presented.

Keywords: Coordination polymer; Disulfide ligand; Co-ligand; Hydrothermal reaction

1. Introduction

The flourishing research into crystal engineering and metal-organic frameworks (MOFs)
has furnished a favorable junction for the esthetics of crystalline architectures and the
potential applications of MOFs. The ultimate research goal is synthesis of targeted materi-
als with tailored structures and physicochemical properties [1–3]. It has been observed that
the type, flexibility, and geometry of the ligands used to construct MOFs play crucial roles
in the designed synthesis of coordination networks [4]. Among various organic ligands,
polycarboxylates have been extensively used as multifunctional tectons, due to their ability
to extend structures through both covalent bonding and supramolecular interactions
(H-bonding and aromatic stacking) [5–7]. However, in contrast to rigid carboxylates,
coordination networks constructed from flexible carboxylates are relatively underdeveloped
[8]. It is difficult to predict either the composition or the network topology constructed
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from a flexible carboxylate due to the conformational freedom of the linker during the
assembly process. However, the conformational freedom and coordination functionality of
flexible ligands might generate some unprecedented coordination frameworks [7c]. In this
regard, flexible disulfide derivatives bearing –S–S– spacers have attracted interest because
they can afford richer structural information than rigid ligands [9]. For this report, we
focused our attention on utilization of a relatively unexplored, flexible disulfide derivative
of a carboxylate, 5,5′-dithiobis(2-nitrobenzoic acid) (H2dtb) [10]. This ligand has drawn
our attention for the following reasons: (1) Different configurations can be generated by
free rotation of the phenyl rings around the flexible –S–S– bridging group [11]. (2) H2dtb
can act as a hydrogen bond acceptor and donor depending on the degree of deprotonation.
(3) H2dtb contains multiple coordinating moieties, that is, the sulfur and nitro, which could
afford interesting structures with tunable dimensionality [12a]. (4) The C–S–S–C torsion
angles in aromatic carboxylates vary between 20° and 90°. The resulting axial chirality
can potentially generate M- and P-enantiomeric helices and the formation of helical coordi-
nation polymers [12b].

The ability to introduce secondary organic ligands into a reaction system offers pros-
pects for improving applicable properties of metal-organic supramolecular frameworks.
However, due to the presence of many subtle interactions and limitations in self-assembly
process, as well as difficulty in predicting the resulting products, the formation of extended
solids based on mixed bridging ligands is still at a primitive stage and remains a challenge
to chemists [13,14]. Introduction of N-donor ligands into a system with dtb may generate
new structures and allow fine-tuning of the structures of these metal-organic compounds.
Employing this strategy, we have prepared three new Mn(II) coordination polymers with
dtb and three N-donor ligands (bpe, bpa, phen) (Scheme 1). The crystal structures of these
compounds, along with investigation on the effect of coordination modes of dtb dianions
and neutral N-donor ligands on the ultimate framework, will be discussed. TG analysis
and PXRD of 1–3 are provided.

2. Experimental

2.1. Materials and measurements

The reagents were used directly from commercial suppliers without purification. Elemental
analyses (C, H, N) were determined with a PerkinElmer model 240C instrument. Infrared
spectra on KBr pellets were recorded on a Bruker Equinox-55 spectrometer from 4000 to

Scheme 1. Structures of the three N-donor ligands used in this work.

Mn(II) disulfide coordination polymers 1677

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

47
 1

3 
O

ct
ob

er
 2

01
3 



400 cm�1. Luminescence spectra for the solid samples were investigated with a Hitachi
F-4500 fluorescence spectrophotometer. The X-ray powder diffraction patterns were
recorded with a Pigaku D/Max 3III diffractometer. Thermal analyses were determined with
a Netzsch STA 449C microanalyzer under flowing N2 at a heating rate of 10 °C/min.

2.2. Preparation of {[Mn(dtb)(bpe)·2H2O]·H2O}n (1)

Compound 1 was obtained by reaction of Mn(OAc)2·4H2O (0.025 g, 0.1mmol), H2dtb
(0.039 g, 0.1mmol), bpe (0.018 g, 0.1mmol), ethanol (2.0mL), and distilled water (15.0mL)
under hydrothermal conditions. The pH of the reaction solution was adjusted to 7 with 1M
NaOH; it was heated to 130 °C for 6 days and then cooled to room temperature at 5 °C h�1.
Colorless crystals of 1 (0.021 g, 55% yield) were collected. Anal. Calcd. for
C26H22MnN4O11S2: C, 45.55; H, 3.23; N, 8.17. Found: C, 46.04; H, 3.61; N, 8.36%. IR
(KBr, cm�1): 3458(w), 3238(w), 3082(w), 1646(s), 1561(s), 1519(s), 1339(s), 1149(w),
1099(w), 1035(w), 931(w), 875(w), 842(m), 760(w), 736(m), 656(w).

2.3. Preparation of {[Mn(dtb)(bpa)·2H2O]·H2O}n (2)

Compound 2 was synthesized analogously to 1 except that bpe was replaced by bpa.
Colorless block X-ray-quality crystals (0.026 g, 60% yield) were obtained. Anal. Calcd for
C26H24MnN4O11S2: C, 45.42; H, 3.51; N, 8.15. Found: C, 45.54; H, 3.74; N, 8.71. IR
(KBr, cm�1): 3441(w), 3244(w), 3050(w), 1626(s), 1563(s), 1512(s), 1401(s), 1366(s),
1146(w), 1098(w), 1048(w), 880(w), 845(m), 790(w), 760(m), 728(m).

2.4. Preparation of {[Mn(dtb)(phen)]}n (3)

Compound 3 was synthesized analogously to 1 except that bpe was replaced by phen.
Colorless block X-ray-quality crystals (0.022 g, 56% yield) were obtained. Anal. Calcd for
C26H14MnN4O8S2: C, 49.61; H, 2.24; N, 8.90. Found: C, 49.04; H, 2.74; N, 8.71. IR
(KBr, cm�1): 3561(w), 3461(w), 3078(w), 2959(w), 1624(s), 1564(s), 1518(s), 1430(s),
1360(s), 1323(s), 1230(w), 1152(w), 1069(w), 1035(w), 848(m), 813(w), 767(w), 738(m),
650(m).

2.5. Crystallographic data collection and structure determination

Single-crystal X-ray diffraction analyses of 1–3 were carried out on a Bruker SMART
APEX II CCD diffractometer equipped with graphite monochromated MoKα radiation
(λ= 0.71073Å) by using the //ω scan technique at room temperature. The structures were
solved using direct methods and successive Fourier difference synthesis (SHELXS-97)
[15a] and refined using the full-matrix least-squares method on F2 with anisotropic thermal
parameters for all non-hydrogen atoms (SHELXL-97) [15]. The crystallographic data for
1–3 are listed in table 1 and selected bond lengths and angles are listed in table S1.
Hydrogen-bonding parameters for 1 and 2 are listed in table S2.

1678 Y.-N. Zhang et al.
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3. Result and discussion

3.1. Crystal structure

3.1.1. {[Mn(dtb)(bpe)·2H2O]·H2O}n (1). Single-crystal X-ray diffraction analysis showed
that 1 crystallized in the P-1 space group. The asymmetric unit consists of one Mn(II), one
dtb, one bpe, two coordinated waters, and one lattice water, as shown in figure 1a. Each Mn
(II) is coordinated in the equatorial plane by four O, one from each of two dtb ligands and
two waters, and two N from two bridging bpe ligands, in axial positions, to furnish an octahe-
dral geometry. The Mn–O and Mn–N bond distances are 2.142(4)–2.254(4) and 2.268(5)–
2.291(4) Å, respectively, in agreement with those reported for other Mn(II) complexes [16].

The carboxylate of dtb coordinates to Mn(II) with a bridging bis(monodentate) mode to
produce chiral, 1D helical chains (Mn2+–dtb2�–Mn2+)n, due to the twist of the dtb ligand.

Table 1. Crystal data and structure refinement parameters for 1–3a.

Complexes 1 2 3

Empirical formula C26H22MnN4O11S2 C26H24MnN4O11S2 C26H14MnN4O8S2
Formula mass 685.54 687.55 629.47
Crystal system Triclinic Triclinic Monoclinic
Space group P�1 P�1 C2/c
a [Å] 9.916(2) 9.982(2) 27.075(5)
b [Å] 11.906(3) 11.990(3) 11.716(2)
c [Å] 13.431(3) 13.427(3) 20.668(6)
α [°] 67.168(4) 67.228(4) 90.00
β [°] 71.504(4) 71.334(4) 128.131(2)
γ [°] 81.029(5) 80.291(4) 90.00
V [Å3] 1385.0(5) 1402.0(5) 5157(2)
Z 2 2 8
DCalcd. [g cm

�3] 1.644 1.629 1.627
μ [mm�1] 0.698 0.690 0.734
F [0 0 0] 702 706 2568.0
h [°] 1.71�25.19 1.71�25.20 1.98–25.10
Reflections 7083/4880 6612/4891 12,749/4582
Rint 0.0372 0.0259 0.0601
GOF on F2 1.000 1.039 0.983
Data/parameters 4880/397 4891/397 4582/370
Final R[a] indices (all data) R1 = 0.1090 R1 = 0.0931 R1 = 0.0795

wR2 = 0.1672 wR2 = 0.2335 wR2 = 0.1012

aR1 =∑||Fo|� |Fc||/∑|Fo|, wR2 = [∑w(Fo
2�Fc

2)2/∑w(Fo
2)2]1/2.

Figure 1a. Local coordination environment of the Mn(II) ion in 1.
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Both enantiomers of the chiral chains are present (figure 1b), affording the overall achiral
structure. The bpe ligands link these 1D chains to generate 2D 44 chiral layers (figure 1c).
Furthermore, the 2D layers are offset to each other, with the linkers of one layer placed
between the grids of the adjacent layer (figure 1d). There is also hydrogen bonding
between the 2D sheets, involving –COO� of dtb and coordinated and lattice water to form
a 3D supramolecular network (O···O 2.688–3.029Å) (figures 1e and S1).

3.1.2. {[Mn(dtb)(bpa)·2H2O]·H2O}n (2). When bpa was used instead of bpe, 2 was
formed. The single-crystal X-ray diffraction analysis revealed that 1 and 2 have the same
Mn(II) coordination environment and same coordination mode of dtb (figure S2).
Analogous 1D helical chains and 2D 44 chiral layers (figures S3 and S4) are also formed.
Comparison of the C–C–C–C torsion angles and the dihedral angles of the two phenyl
rings in bpe and bpa, and the S–S bond length, the C–S–S–C torsion angle, and the dihe-
dral angle of the two phenyl rings in the dtb ligand (tables S3 and S4) showed that the
configurations of bpe, bpa, and dtb are similar in 1 and 2. As in 1, the hydrogen-bonding
interactions between coordinated waters and –COO� of dtb link the 2D layer to form a
supramolecular network (O···O 2.697–3.262Å) (figure S5).

3.1.3. {[Mn(dtb)(phen)]}n (3). Complex 3 was synthesized with phen. The asymmetric
unit consists of one Mn(II), one dtb, and one phen, as shown in figure 2a. Mn(II) is
coordinated by four O from four dtb ligands and two N from phen in an octahedral coordi-
nation geometry perturbed by the Jahn–Teller distortion. The Mn–N bond lengths are
2.295(3) Å and 2.387(3) Å, and the Mn–O bond lengths are 2.133(2)–2.242(2) Å. While
the Mn(1)–N(1) bond length of 2.387Å is longer than the other Mn-N bond distances in
1–3, it is still within normal ranges [16f,g]. Each carboxylate of dtb bridges two Mn to
give a paddle-wheel shaped unit with Mn···Mn distance of 3.641(8) Å, which is similar to
the reported Mn-Mn distance in the dimanganese paddle-wheel SUB unit of the MOF
Mn-5TIA-3 (5-tia = 5-triazole isophthalic acid) [17]. The Mn-Mn distance in 3 is longer
than the Mn-Mn distance of 3.462Å reported for [Mn(dpa)(2,2′-bipy)]n (dpa = 2,4′-diphenic
acid) [18]. The bimetallic Mn(II) units are linked by dtb ligands to form a 1D chain, which
lies in the a-plane (figure 2b). The exterior of the 1D chains are decorated with phen
ligands. Different 1D chains are alternately stacked in the crystal, as shown in figure S6.

Figure 1b. Perspective views of the left-handed and right-handed helices of 1.

1680 Y.-N. Zhang et al.
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3.2. Comparison of the structures

The flexible –S–S– bridging group plays an important role in free rotation of the two
phenyl rings of dtb. In 1 and 2, the carboxylate groups of dtb show the same coordination
mode. Furthermore, the dtb ligands and the N-donor ligands (bpe, bpa) in 1 and 2 have
similar configurations, resulting in similar structures. This is surprising given that bpa has
extra rotational freedom as compared to bpe. The V-shaped configuration of dtb is good
for formation of helices because of its twist conformation with a C–S–S–C torsion angle
of ca. 90° and axial chirality that can potentially generate M- and P-helical enantiomers, as
described in the relevant chiral crystal engineering literature [10,14]. When rod-like
co-ligands (bpe and bpa) were selected as auxiliary ligands, it was found that these could
extend the metal–dtb 1D chains connected by Mn(II) and dtb ligands to produce 2D sheets

Figure 1c. The 2D chiral sheet of 1 connected by 1D helical chains and bpe ligands.

Figure 1d. Schematic representation of the offset arrangement of adjacent layers in 1.

Mn(II) disulfide coordination polymers 1681
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in 1 and 2 [14a]. When the chelating N-donor (phen) was employed as the starting reac-
tant, a simple 1D chain polymer was obtained. This implies that the steric hindrance and
chelation of these terminal ligands can constrain the prolongation of the framework and
result in formation of lower dimensionality. Although the above-mentioned factors work
together to affect the structures of compounds, it is difficult to control and separate them,
because all the variable factors cannot be accurately forecast. Therefore, comprehensive
research is required, and the goal of rational design of coordination polymers is a
long-term challenge [14].

Figure 1e. The 3D supramolecular network of 1 formed through hydrogen bonding.

Figure 2a. Local coordination environment of the Mn(II) ion in 3.

Figure 2b. The 1D chain of 3 connected by the bimetallic Mn(II) units and dtb ligands.

1682 Y.-N. Zhang 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:

47
 1

3 
O

ct
ob

er
 2

01
3 



3.3. PXRD patterns and thermal stability analyses

The PXRD patterns of 1–3 and their comparison to simulated patterns from the
single-crystal data reveal that all compounds are single-phase pure (figure S7).

To study the thermal stabilities of these complexes, thermal gravimetric analysis (TGA)
of 1–3 was carried out under N2 (figure 3). The TGA curves of 1 and 2 are similar, thus
only the thermal stability of 1 is discussed. For 1, the first step in the temperature range
27–182 °C corresponds to the loss of free and coordinated water (obsd 8.31%, Calcd
7.89%). The second step occurs between 200 and 870 °C, corresponding to loss of bpe
and dtb. The remaining weight of 12.01% is consistent with that for MnO (Calcd
10.35%). The TG curve of 3 shows that it undergoes loss of phen below 390 °C (obsd
73.04%, Calcd 71.37%), followed by a rapid decomposition of the remaining substance
which is finally finished at 850 °C. The final residue of 12.11 wt% corresponds to MnO
(Calcd 11.27%).

4. Conclusion

Reactions of dtb and N-donors with a Mn(II) salt afford three transition-metal polymeric
frameworks. Compounds 1 and 2 reveal similar 1D helical chains and 2D 44 chiral layers.
Compound 3 shows a 1D chain which is outwardly decorated with phen ligands. These
neutral polymeric complexes exhibit structural and dimensional diversity due to the
different coordination modes of the flexible dtb ligand and the effect of the N-donor
ligands. Particularly, the steric hindrance and chelating effects of a terminal ligand (phen)
can constrain the prolongation of the framework and result in the formation of polymers
with lower dimensionality. Simultaneously, the V-shaped configuration of dtb is good for
construction of helical structures. Further investigations on similar systems involving dtb
will be pursued in future work.

Supplementary material

Tables of bond distances and angles, hydrogen-bonding interactions, and torsion angles for
1–3; structural representations of 2 and 3; experimental and simulated PXRD data for 1–3.

Figure 3. TGA curves of 1–3.
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Crystallographic data for 1–3 have been deposited at the Cambridge Crystallographic Data
Center as supplementary publications (CCDC: 898301–898303). The data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
+44 1223/336 033; E-mail: deposit@ccdc.cam.ac.uk].
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