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h i g h l i g h t s

" Two polymeric CdII and MnII with pyridine-N-oxide have been synthesized.
" Structural characterization reveals both complexes have 2D layer structure.
" Fluorescence study and thermal analysis has been performed.
" The observed luminescence is a consequence of LMCT.
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a b s t r a c t

Two new polymeric complexes of cadmium(II) and manganese(II) with Pyridine-N-oxide (pyo) mediated
by thiocyanate and dicyanamide (dca) anions have been synthesized and characterized by X-ray single
crystal structure analysis. The structural analyses reveal that complexes [Cd(pyo)2(SCN)2]n (1) and
[Mn(pyo)2(dca)2]n (2) [where, pyo = pyridine-N-oxide; dca = dicyanamide] are 2D coordination polymers.
In complex 1 hexa-coordinated Cd(II) centers posses distorted octahedral coordination environments.
Each Cd(II) is coordinated by four SCN- in end to end fashion forming a zigzag chain and two pyo mono-
dentate ligands bridge two adjacent Cd(II) centers leading to a two-dimensional sheet structure. In com-
plex 2 hexa-coordinated Mn(II) centers posses octahedral coordination environments. The coordination
polymer constitute a 2D polymeric sheet and has a (4, 4) grid network architecture Successive stacking
of coordination polymeric sheets are enforced by inter layer OH� � �O and OH� � �N hydrogen bonding. The
luminescence properties of these two polynuclear complexes in solid state were studied and complex 1

exhibits higher luminescence intensity than 2.
� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The construction of polymeric coordination network is an
upcoming field of research [1,2]. Wide varieties of network topol-
ogies can be created through proper ligand selection and with
the use of different transition metals. In particular the chemistry
and applications of N-oxides received much attention due to their
usefulness as synthetic intermediates and their biological impor-
tance [3]. Heterocyclic N-oxides are also useful as protecting
groups, auxiliary agents, oxidants [3], ligands in metal complexes
[4] and catalysts [3]. The N–O moiety of pyridine-N-oxides
possesses a unique functionality which can act effectively as a push
electron donor and as a pull electron acceptor group. On the other

hand, pseudo halides like dicyanamide (dca, NðCNÞ�2 ) or thiocya-
nate (SCN�) have long been known for their versatile coordination
motifs which leads to coordination polymers of different dimen-
sionality and polymer-based supramolecular entities. Dicyanam-
ide, [N(CN)2]

� may be coordinated to metal ions in various
modes viz, monodentate bonding through a nitrile nitrogen, end-
to-end (l1,5) bridging through two nitrile nitrogen atoms, tris
monodentate (l1,3,5) bridging of the three metal atoms, as well
as unusual l4 coordination (l1,1,3,3) where one nitrile nitrogen
atom binds to two metal atoms and l5 bridge (l1,1,3,5,5) with both
nitrile atoms connected to two metal centers [5–19] and thiocya-
nate anion, exhibited ambidentate character of end-to-end or
end-on coordination modes [20,21] (Scheme 1). These pseudoha-
lides were expected to play a key role in the designing of
poly-metallic coupling system. Interest in the structure and prop-
erties of complexes with thiocyanate, dicyanamide and aromatic
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N-oxide as bridging ligands led us to synthesize and characterize
complexes [Cd(pyo)2(SCN)2]n (1) and [Mn(pyo)2(dca)2]n (2) [where,
pyo = pyridine-N-oxide; dca = dicyanamide]. As part of our investi-
gation on polymeric coordination networks we are reporting here-
in two polymeric complexes of cadmium (II) and manganese (II)
constructed through the dicyanamide and thiocyanate ligands
with pyridine-N-oxide.

2. Experimental

2.1. Materials

High purity Pyridine-N-oxide purchased from Alfa Aesar, so-
dium dicyanamide and sodium thiocyanate were from Fluka; and
Cadmium (II) chloride and Manganese (II) Chloride from Aldrich
Chemical Company Inc. and they were used as received. All other
chemicals were of AR grade.

2.2. Physical measurements

Elemental analyses (carbon, hydrogen and nitrogen) were
performed using a Perkin-Elmer 240C elemental analyzer and
cadmium (II) andManganese (II) content were estimated gravimet-

rically. Infrared spectra were recorded on KBr disks (400–
4000 cm�1) with a Perkin-Elmer RXI FTIR spectrophotometer. UV–
VIS spectraweremeasured on aHitachi U-3501 spectrophotometer.
Fluorescence spectra of the solid complexes were recorded in a
Perkin-Elmer model LS 55 luminescence spectrometer. Thermal
analyses (TG–DTA) were performed on a TGA/SDTA851 METTLER–
TOLEDO thermal analyzer under a dynamic nitrogen environment
(flow rate: 40 cc min�1). All the samples were heated in platinum
crucible at a rate of 10 �C min�1 from 30 to 700 �C.

2.3. Syntheses of the complexes

2.3.1. [Cd(pyo)(SCN)2]n (1)

A methanolic solution (5 mL) of Pyridine-N-oxide (0.095 g,
1 mmol) was slowly added into a hot methanolic solution
(10 mL) of cadmium(II) chloride (0.201 g, 1 mmol) and to it an
aqueous solution of sodium thiocyanate (0.081 g, 1 mmol) was
added dropwise. The resultant mixture was stirred for 2 h and fil-
tered. The filtrate was kept in CaCl2 containing desiccator and col-
orless single crystals suitable for X-ray analysis were obtained
from the filtrate after a few days. Yield 93%. Anal. Calcd.: C7 H5

Cd N3 O S2; C, 25.97; H, 2.17; N, 12.98; Cd, 34.60; %. Found: C,
25.94; H, 2.17; N, 12.97; Cd, 34.45; %. IR data: m = 3595 (s), 3106
(m), 2306 (s), 2171 (s), 1468 (s), 1363 (s), 1241 (m) cm�1.

2.3.2. [Mn(pyo)(dca)2(H2O)]n (2)

It was synthesized adopting the same procedure as in case of 1
with Manganese(II) Chloride (0.125 g, 1 mmol) and sodium dicyan-
amide (0.089 g, 1 mmol) instead of cadmium(II) chloride and so-
dium thiocyanate respectively. The filtrate was kept in CaCl2
containing desiccators. Off white single crystals suitable for X-ray
analysis were obtained from the filtrate after a few days. Yield
92%. Anal. Calcd.: C9 H7 Mn N7 O2; C, 36.01; H, 2.34; N, 32.66;
Mn, 18.36 %. Found: C, 35.99; H, 2.32; N, 32.38; Mn, 18.32%. IR
data: m = 3556(s), 3126 (w), 2314 (s), 2172(s), 1472 (m), 1362
(m), 1206 (w) cm�1.

2.4. X-ray structure determination

Diffraction data for all the structures reported were collected at
room temperature on a Bruker Smart CCD diffractometer equipped
with graphite – monochromated Mo Ka radiation (k = 0.71073 Å)
at 150 K. Cell refinement, indexing and scaling of the data set were
carried out using packages Bruker SMART APEX and Bruker SAINT
package [22]. The structures were solved by direct methods and
subsequent Fourier analyses [23] and refined by the full-matrix
least-squares method based on F2 with all observed reflections
using SHELXL 97 [24] and SIR-92 [25] softwares. For all structures,
all non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were generated in idealized posi-
tions, riding on the carrier atoms, with isotropic thermal parameter
and were refined riding on the carrier atoms with isotropic thermal
parameters. All the calculations were performed using the WinGX
System, Ver 1.80.05.[26], PLATON99 [27], ORTEP3 [28] programs.
Crystal data and details of data collection and refinement for the
structures reported are summarized in Table 1.

3. Results and discussion

The complexes were prepared by using Cadmium (II) chloride
and Manganese (II) Chloride and the Heterocyclic N-oxides ligand
(Pyridine-N-oxide) in presence of sodium thiocyanate (compound
1) or sodium dicyanamide (compound 2) maintaining a stoichiom-
etric ratio of 1:1:1. All the syntheses were conducted in aqueous
methanol medium.
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Scheme 1. Few possible coordination modes of (a) thiocyanate and (b)
dicyanamide.
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3.1. Crystal structures of complexes 1 and 2

The X-ray crystallographic analysis of 1 reveals that a thiocya-
nate and pyridine-N-oxide (pyo) bridged 2D coordination

polymeric sheet of Cd(II) (Fig. 1) constitute the ab crystal plane.
Cd(II) ion occupies the centre of inversion and two crystallograph-
ically independent thiocyanate anion and a pyridine-N-oxide mol-
ecule is coordinated to it. The polymeric structure can be thought
of as the network of dinuclear Cd(II)2(pyo)2 secondary building
units (SBU) which are successively joined along two mutually per-
pendicular directions in the ab plane by thiocyanate anions [29].

The dinuclear Cd(II)2(pyo)2 secondary building units are the re-
sult of double bridging of adjacent Cd(II) centers by O atoms of two
inversion symmetry related pyo molecules. The Cd–Cd distance in
the SBU is 3.878 Å and Cd–O1–Cd� (� = 1 � x, 1 � y, �z) angle is
111.56�. The Cd(II)2(pyo)2 units are doubly bridged by thiocyanate
anions both along the a and the b axis. The Cd–Cd separation along
the a axis is 5.883 Å and that along the b axis is 5.946 Å. The Cd(II)
centres posses distorted octahedral coordination environments.
Terminal S atom of a thiocyanate anion, the N atom of its symme-
try related counterpart along with two pyridine-N-oxide O atoms
satisfies the equatorial coordination of the Cd(II) octahedron.

Two trans axial coordination sites are occupied by S atoms of
two symmetry related thiocyanate anion. The S–Cd–S� [� = 1 � x,
1 � y, �z] angle in the equatorial plane is 112.10� and the O–Cd–
O�� [�� = 1 � x, 2 � y, �z] angle is 68.44�. Cd–O, Cd–S and Cd–N dis-
tances and other bond distances and angle values fall in the usual
range (Table 2) typical of Cd-SCN complexes. Successive coordina-
tion polymeric sheets are stacked along the crystallographic c-axis
(Fig. 2). It is the S� � �S interaction [distance between nearest S and
S# on neighboring layers is 3.7401(12) Å, # = 1 � x, 1 � y, 1 � z]
which is active between successive layers. Interestingly even
though there was the possibility of p� � �p interaction among the
pyo molecules on adjacent layers, it is the S� � �S interaction which

Table 1

Crystallographic data and details of structure refinements for complexes 1 and 2.

1 2

Empirical formula C7 H5 Cd N3 O S2 C9 H7 Mn N7 O2

Formula weight 323.69 300.16
Crystal system Triclinic Orthorhombic
Space group P-1 (No. 2) P212121 (No. 19)
a (Å) 7.6502(10) 7.5118(9)
b (Å) 8.3613(11) 12.9507(16)
c (Å) 8.8582(11) 13.1305(16)
a (�) 62.799(2) 90.00
b (�) 87.299(2) 90.00
c (�) 87.423(2) 90.00
Volume (Å3) 503.22(11) 1277.4(3)
Z 2 4
Dcalcd (mg m�3) 2.136 1.561
lMo Ka (mm�1) 2.551 1.043
F(000) 312 604
hmax (�) 28.2 28.3
Reflns collected 4220 7599
Unique reflections 2240 1738
Rint 0.016 0.025
Observed I > 2r(I) 2178 1690
Parameters 127 180
Goodness of fit (F2) 1.12 1.157
R1 (I > 2r(I)) 0.0262 0.0590
wR2 0.0677 0.1490
Dq (e/Å3) 1.06, �0.97 1.85, �0.32

Fig. 1. ORTEP diagram of the complex 1 (30% ellipsoidal probability) with atom numbering scheme [� = 2 � x, 1 � y, �z; �� = 1 � x, 2 � y,�z; ���=1 � x, 1 � y, �z].
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is preferred in the assembly. It was recently reported that S� � �S
interaction involving SCN� ions is a common phenomena and opti-
mal S� � �S distance is 3.86 Å [30]. (See Table 3).

Literature survey unveils a Cd(II) complex of SCN� and 4-methyl
pyridine-N-oxide having an isomorphous structure with 1 which
also crystallizes in the same space group.[31] In this complex the
unit cell along the c-axis is distinctly lenthened (by 0.732 Å) com-
pared to 1 due to the use of 4-methyl pyridine-N-oxide instead of
unsubstituted pyridine-N-oxide. Methyl groups are directed away
from the mean plane of the coordination polymer, and successive
polymeric planes stack along the crystallographic c-axis. The in-
crease in the cell dimension along the c-axis is the consequence
of these additional methyl groups. There is also a Ni(II) complex
of SCN� and 4-methyl pyridine-N-oxide which is isomorphous to
the Cd(II) complex and have nearly same cell lengths as that of
the Cd(II) , SCN� and 4-methyl pyridine-N-oxide complex. [29].

The X-ray crystallographic analysis of 2 reveals a di-cyanomido
(dca) bridged 2D coordination polymer with Mn(II) centres acting
as nodes (Fig. 3) Hexa-coordinated Mn(II) centres posses octahe-
dral coordination environments. Terminal N atoms of three dicyan-
amide molecules and a O atom contributed by a pyridine-N-oxide
molecule satisfy four equatorial coordination sites of Mn(II) cen-
tres. Trans axial sites of Mn(II) octahedral coordination environ-
ment are occupied by the terminal N atom of a fourth bridging
dicyanamide molecule and O atom of a coordinated water mole-
cule. Mn–N (dca) distances fall in the range 2.185(5) Å–
2.210(4) Å and the Mn-O (pyridine-N-oxide) distance is
2.210(4) Å. The axial Mn–O (water) distance is 2.243(4) Å. Mn(II)
occupies the centre of inversion and hence among four bridging
dicyanamide molecules only two are crystallographically
independent.

The coordination polymer constitute the ab crystal plane and
has a (4, 4) grid network architecture. Mn-Mn separation along
crystallographic a-axis is 7.512 Å and that along the b-axis is
8.451 Å. Successive coordination polymeric sheets are stacked
along the crystallographic c-axis (Fig. 4). This stacking is enforced
by inter layer OH� � �O andOH� � �Nhydrogen bonding forces (Table 4)
in which the coordinated water oxygen atom acts as donor.

Literature survey reveals a cobalt(II) complex having same set
of ligands as in 2 but with different topology [32]. The reported co-
balt complex is a 1D polymeric chain along crystallographic b-axis
where the successive metal centers are doubly bridged by two
dicyanamide ions (l1,5 bridging). Co(II) centers are octahedrally
coordinated to four N atoms from four different dicyanamide ions
constituting the equatorial plane and the trans axial sites are occu-
pied by two O-atoms of pyridine-N-oxide molecules. Pyridine moi-
eties are aligned perpendicular to the chain axis and are so diposed
that heterocyclic rings from adjacent chains interact through
strong p� � �p interaction (pyridine ring centroid–centroid distance
3.9133(17) Å and dihedral angle is 0.0�). This lead to supramolecu-
lar 2D sheets in the (�101) plane. On the other hand in 2, a 2D
polymeric sheet is obtained where four dicyanamide ions connect
successive Mn(II) centers in the crystallographic ab plane and
hydrogen bonding interaction is operative instead of p� � �p interac-
tion between successive polymeric sheets. The differences in the
stoichiometric ratio during synthesis between Co(II) complex
(Co:py:dca ratio is 1:2:2) [32] and 2 (Mn:pyo:dca stoichimetric ra-
tio is 1:1:1) can be attributed to the differences in the differences
in the topology of the coordination assembly respective metal
complexes. Another colsely realed 2D coordination polymer of
Cu(II) [33] based on 4-nitro-pyridine-N-oxide and dicyanamide
(Cu:4-nitro-pyridine-N-oxide:dca stoichimetric ratio is 1:1:2) was
repoted earlier where double layer structure of doubly-bridged
dca dinuclear Cu(II) units joined via single bridged dca anions in
l1,5 mode. 4-pyridine-N-oxide molecules hanging on both sides
of the layer where the O-atom of this ligand satisfy the axial site

Table 2

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

Bond distances

Cd1–S1 2.7340(9) Cd1–N3_c 2.300(3)
Cd1–S2 2.6379(9) S1–C7 1.650(4)
Cd1–O1 2.322(3) O1–N1 1.343(4)
Cd1–O1_a 2.368(2) N2–C7 1.153(4)
Cd1–N2_b 2.268(3)

Bond angles

S1–Cd1–S2 83.78(3) O1–Cd1–N2_b 154.95(8)
S1–Cd1–O1 90.37(6) O1–Cd1–N3_c 88.02(10)
S1–Cd1–O1_a 96.61(6) O1_a–Cd1–N2_b 86.52(9)
S1–Cd1–N2_b 91.69(6) N2_b–Cd1–N3_c 91.52(10)
S1–Cd1–N3_c 175.58(7) Cd1–S1–C7 100.11(12)
S2–Cd1–O1 92.94(6) Cd1–O1–N1 122.26(18)
S2–Cd1–O1_a 161.37(7) Cd1–O1–Cd1_a 111.56(10)
S2–Cd1–N2_b 112.10(6) Cd1_a–O1–N1 121.2(2)
S2–Cd1–N3_c 92.19(7) Cd1_b–N2–C7 164.4(2)
O1–Cd1–O1_a 68.44(9) Cd1_c–N3–C8 159.3(3)

Symmetry codes: a = 1 � x, 1 � y, �z; b = 1 � x, 2 � y, �z; c = 2 � x, 1 � y, �z

Fig. 2. Stacking of coordination polymeric layers of 1 along the crystallographic
c-axis. Interlayer S� � �S interaction has been shown in broken lines.

Table 3

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

Bond distances

Mn1–O1 2.210(4) Mn1–N4_c 2.207(5)
Mn1–O2 2.243(4) O1–N1 1.340(6)
Mn1–N2 2.185(5) O2–H2D 0.92(7)
Mn1–N5 2.200(5) O2–H2C 0.81(7)
Mn1–N7_a 2.211(5) N1–C1 1.327(7)

Bond angles

O1–Mn1–O2 87.22(18) N2–Mn1–N4_c 94.6(2)
O1–Mn1–N2 90.43(18) N5–Mn1–N7_a 93.36(18)
O1–Mn1–N5 83.96(17) N4_c–Mn1–N5 92.3(2)
O1–Mn1–N7_a 176.39(17) N4_c–Mn1–N7_a 90.5(2)
O1–Mn1–N4_c 92.0(2) Mn1–O1–N1 121.0(3)
O2–Mn1–N2 86.28(18) Mn1–O2–H2C 111(5)
O2–Mn1–N5 86.79(18) Mn1–O2–H2D 123(4)
O2–Mn1–N7_a 90.21(18) H2C–O2–H2D 116(7)
O2–Mn1–N4_c 178.9(2) Mn1_d–N4–C7 163.4(5)
N2–Mn1–N5 171.28(19) Mn1–N5–C8 155.0(5)
N2–Mn1–N7_a 91.95(19) Mn1_b–N7–C9 166.3(5)

Symmetry codes: a = �1 + x, y, z; b = 1 + x, y, z; c = 1 � x, �1/2 + y, 3/2 � z;
d = 1 � x, 1/2 + y, 3/2 � z
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of Cu(II) square pyramidal coordination environemnt. Successive
layers are stacked by N–O� � �p (O� � �p separation is 3.140 Å) interac-
tion involving the nitrate group and the pyridine ring.

3.2. Absorption and fluorescence properties

Solid-state absorption spectra of the both the complexes were
recorded at room temperature (SI File). The excitation wavelengths
were selected at 415 and 457 nm which is corresponding to the
kmax (absorption) of complexes 1 and 2 respectively. Both 1 and
2 exhibit strong fluorescence emission in the solid state. The max-
imum emission peak is located at 580 nm and 616 nm for 1 and 2

respectively (Fig. 5). The broad and unstructured pattern of the
emission bands might be attributed to a charge-transfer emission
and probably it is LMCT (ligand-to-metal charge transfer) [34–38].

3.3. Thermal stabilities of complexes 1 and 2

Thermo-gravimetric analyses were carried out to evaluate the
solid state thermal properties of the compounds and to identify
the end products. Thermal stability of the complexes 1 and 2 was
found to be different (SI File). Complex 1 is thermally stable up
to �220 �C whereas 2 is only up to �140 �C. On further heating
complex 1 produces some unidentified product at the end at
650 �C, whereas complex 2 on most probably generates MnO (Calc.

Fig. 3. ORTEP diagram of the complex 2 (30% ellipsoidal probability) with atom numbering scheme [� = �1 + x, y, z; �� = 1 � x, �1/2 + y, 3/2 � z; ��� = 2 � x, �1/2 + y, 3/2 � z].

Fig. 4. Stacking of coordination polymeric layers of 2 along the crystallographic c-
axis.

Table 4

Hydrogen bond distances (Å) and angles (�) for 2.

D–H� � �A D–H (Å) H–A (Å) D–A (Å) <D–H� � �A (�) Symmetry

O2–H2C� � �N2 0.81(7) 2.42(7) 3.186(7) 160(6) 1/2 + x, 1/2 � y, 1 � z

O2–H2D� � �O1 0.92(7) 1.81(8) 2.717(6) 171(6) �1/2 + x, 1/2 � y, 1 � z
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wt loss = 76.3% ; Expt. wt loss = 74.3%) as end product at around
650 �C.

4. Conclusion

Complexes 1 and 2 were synthesized using pyridine-N-oxide as
an organic co-ligand in a single pot at room temperature. It has
been found from crystal structure analysis that in 1 pyo acts as a
bridging ligand between two cadmium centers, but in 2 pyo binds
to manganese in mono-dentate fashion. Both the coordination
polymers possess 2D sheet structures. Interestingly, in case of
complex 1 only the S� � �S interaction seems to be operative be-
tween the adjacent sheets although the possibility of p� � �p interac-
tion is very high. In case of complex 2 the stacking of successive 2D
sheets are enforced by hydrogen bonding. Investigation of thermal
property showed that complex 2 is less sable than 1. The fluores-
cence properties of the two polymeric complexes were investi-
gated in solid state. Both the complexes exhibited intense
emission band at room temperature. Complex 2 has a lower fluo-
rescent intensity than 1 and it has been assumed that the observed
luminescence was a consequence of LMCT (ligand-to-metal charge
transfer). The synthesized polymeric compounds have potentials to
be applied as photoactive material as they demonstrates strong
emission band at room temperature.
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Fig. 5. Emission spectra of 1 and 2 at room temperature in solid state.
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