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[Mn(L)(μ1,1–N3)2]2n[Mn(H2O)2(μ1,1–N3)2]n (1) and [Cd(HL)(μ1,1–N3)2]n (2) have been synthe-
sized from HL (HL: pyridine-2-carbaldehyde semicarbazone) and azide ligands, characterized by
FT-IR, UV–vis spectroscopy and X-ray crystallography. Single crystal X-ray diffraction revealed
that 1 is a coordination polymer consisting of two infinite 1-D chains: chain A with [Mn(L)
(μ1,1–N3)2]2n and chain B with [Mn(H2O)2(μ1,1–N3)2]n. In both chains, Mn centers are
connected via two double end-on (EO) azide bridges. 2 is a coordination polymer consisting of
a 1-D infinite chain, where Cd centers are connected via two double EO azide bridges. The
electrochemistry of HL, 1 and 2 were studied by cyclic voltammetry. Magnetic susceptibility
measurements indicate bulk ferromagnetic coupling for 1 below 5K. Antimicrobial activities of
both compounds 1 and 2 were greater than HL, with the strongest effect for 2 consistent with
its larger radius and electronegativity of Cd(II) ions.

Keywords: Semicarbazone ligand; Azide ligand; Coordination polymer; X-ray structure;
Antimicrobial activity

1. Introduction

Transition metal coordination polymers with Schiff base ligands draw attention because
of interesting structural features and applications in catalysis, magnetism, light emission
and biological modeling [1–19]. The Schiff base ligands are obtained through straight-
forward synthetic pathways [6,19–21]. Semicarbazones and thiosemicarbazones can
coordinate to metal centers in neutral or deprotonated form, yielding complexes with
applications as anticancer, antibacterial, antifungal, or antivirus agents [13,22–26].
Pseudohalides (N3

�, NCS�, NCO�) are versatile ligands [27–29]; azide bridging ligands
can link two or more metal ions, μ-1,1 (end-on, EO) or μ-1,3 (end-to-end, EE). The
bridging modes strongly influence magnetic interactions between adjacent metal ions,
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ranging from antiferromagnetic to ferromagnetic coupling [30–34]. Complexes with
symmetric EO and symmetric EE bridging modes have strong ferromagnetic and anti-
ferromagnetic interactions, respectively, but magnetic properties of asymmetric EO com-
plexes range from weak ferromagnetic to slightly antiferromagnetic, and magnetic
properties of asymmetric EE complexes range from slightly ferromagnetic to strongly
antiferromagnetic [33–35]. A goal of our recent research has been the search of new
compounds of semicarbazone and azide ligands. We had synthesized semicarbazones of
pyridine 2-carbaldehyde and azide with Mn(II) and Cd(II). We herein report character-
ization and X-ray crystal structure analysis of Mn(II) and Cd(II) coordination polymers
and also the electrochemistry behavior and the antimicrobial activities. Magnetic behav-
ior was measured only for 1.

2. Experimental

2.1. Materials and methods

All chemicals and solvents were reagent grade and used without purification except HL,
which was prepared with the reflux method according to a literature procedure [26].
NMR spectra were recorded on a Bruker Avance 400 in DMSO with SiMe4 as internal
standard at room temperature. Microanalyses were carried out using a Heraeus CHN–O–
Rapid analyzer. Melting points were measured on an Electrothermal 9100 apparatus and
are uncorrected. IR spectra were recorded on a FT-IR Spectrometer Bruker Tensor 27
from 4000 to 400 cm�1 using KBr pellets. Electronic spectra were recorded on a Shima-
dzu, UV-1650 PC spectrophotometer from DMSO solution. Cyclic voltammetric mea-
surements were performed using an AMEL Instruments Model 2053 as potentiostat
connected with a function generator (AMEL Model 568). In all electrochemical studies,
a three-electrode system was used consisting of glassy carbon as the working electrode,
a platinum wire auxillary electrode, and an Ag/AgCl as the reference electrode. Electro-
chemical experiments were carried out under nitrogen at room temperature using 10�3

M solution of complexes in DMSO containing 0.1M lithium perchlorate as the support-
ing electrolyte. Electrochemistry of HL and its metal compounds were studied by cyclic
voltammetry with scan rate of 0.010 Vs�1 in DMSO containing 0.1M lithium perchlo-
rate supporting electrolyte. Ferrocene (Fc) was used as the internal standard and all
redox potentials referenced to the Fc+/0 couple.

2.2. Synthesis

2.2.1. Synthesis of HL. Schiff base HL [HL: pyridine-2-carbaldehyde semicarbazone]
was prepared by condensation of pyridine-2-carbaldehyde with semicarbazide by
reflux method [36–39]. Yield: 1.20 g (5mmol, 80%) [m.p. 190 °C]. Anal. Calcd for
C7H8N4O: C, 45.7; H, 4.5; N, 30.1. Found: C, 45.9; H, 4.3; N, 30.3. Characteristic IR
absorptions (cm�1): 3412m, ν(NH2); 3162m, ν(NH); 1613 s, ν(C=N); 1091 s, ν(NN);
1685 s, ν(C=O). 1H NMR: δ (ppm) = 11.28 (s, 1H, NH); 8.75 (d, 1H, C(1)H); 7.85
(t, 1H, C(2)H); 8.55 (t, 1H, C(3) H); 8.29 (d, 1H, C(4)H); 8.03 (s, 1H, C(6)H); 7.95
(s, 2H, NH2).

Semicarbazone Schiff base 749
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2.2.2. Synthesis of the complexes. Caution! Metal azide complexes are potentially
explosive. Only a small amount of material should be prepared and handled with caution.

2.2.2.1. [Mn(L)(μ1,1–N3)2]2n[Mn(H2O)2(μ1,1–N3)2]n (1). Synthesis as crystalline material
was performed by the branched tube method [40–44]. In this method, 0.2mmol HL,
0.4mmol MnCl2·4H2O and 1.5mmol NaN3 in ethanol were used. After two days, yellow
crystals (decomposition at 190 °C) formed, were isolated by filtration, washed with acetone
and diethyl ether and dried in air. Yield: 0.12 g, 60%. Anal. Calcd for C14H18Mn3N26O4:
C, 21.67; H, 2.32; N, 46.95. Found: C, 21.77; H, 2.44; N, 46.95. Characteristic IR absorp-
tions (cm�1): 3415m, ν(NH2); 1611 s, ν(C=N); 1165 s, ν(N–N); 1651 s, ν(C=O); 2058,
2090 s, ν(N�

3 ).

2.2.2.2. [Cd(HL)(μ1,1–N3)2]n (2). Using similar method as for 1, 0.2mmol HL, 0.75mmol
Cd(OAc)2·2H2O and 1.5mmol NaN3 in methanol were used. After three days, light yellow
crystals (decomposed at 220 °C) formed, were filtered off, washed with acetone and diethyl
ether and dried in air. Yield: 0.09 g, 45%. Anal. Calcd for C7H8CdN10O: C, 23.30; H,
2.20; N, 38.80. Found: C, 23.40; H, 2.3; N, 38.80. Characteristic IR absorptions (cm�1):
3418m, ν(NH2); 3184m, ν(NH); 1608 s, ν(C=N); 1172 s, ν(N–N); 1678 s, ν(C=O); 2057
s, ν(N�

3 ).
1H NMR: δ (ppm) = 11.62 (s, 1H, NH); 8.95 (d, 1H, C(1)H); 8.10 (t, 1H, C(2)

H); 8.87 (t, 1H, C(3) H); 8.52 (d, 1H, C(4)H); 8.46 (s, 1H, C(6)H); 8.35 (s, 2H, NH2).

2.3. Crystal structure determination

X-ray diffraction data were collected at 120K with a four-circle diffractometer Gemini of
Oxford Diffraction, Ltd. using a sealed X-ray tube with copper anode. The primary beam
was collimated by mirrors using the Enhance-Ultra collimator; diffracted beams were
detected with the CCD detector Atlas. Standard data collection strategy of Crysalis [45]
was used for data collection as well as for data processing. Experimental details are given
in tables 2–4.

2.4. Magnetic measurement

Susceptibility and magnetization were investigated in a commercial Quantum Design
MPMS apparatus. In these measurements, the sample was held in an inert gelcap. Temper-
ature dependence of susceptibility of polycrystalline sample was investigated from 2 to
300K in applied magnetic fields 10 mT (100 Gauss). The background correction of the
signal resulting from the gelcap and a sample holder was defined from independent run
with empty gelcap and subtracted from the total signal. Diamagnetic contribution of the
material to the susceptibility was estimated using Pascal’s constants and subtracted from
the total susceptibility.

Table 1. Infrared spectra (cm�1) assignment for HL, 1 and 2.

Compound νNH2 νNH νC=O νC=N νN=C νN–N νN3

HL 3412 3162 1685 1613 – 1091 –
1 3415 – 1651 1611 1555 1165 2058, 2090
2 3418 3184 1648 1608 1546 1172 2057

750 B. Shaabani et al.
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Table 2. Crystal and structure refinement data for 1 and 2.

1 2

Formula 2(C7H7MnN10O)MnN6O2H4 C7H8CdN10O
Formula weight 775.33 360.63
Crystal size (mm) 0.16� 0.04� 0.03mm 0.15� 0.10� 0.02mm
Crystal system Monoclinic Monoclinic
Space group C2/c P21/c
a (Å) 44.6934(16) 18.2423(9)
b (Å) 9.6802(3) 9.7255(4)
c (Å) 6.5293(2) 6.5488(3)
α (°) 90 90
β (°) 91.605(4) 97.243(4)
γ (°) 90 90
Volume (Å3) 2823.73(16) 1152.59(9)
Z 4 4
ρcalculated (g cm�3) 1.824 2.078
μ (mm�1) 11.44 15.33
h Range (°) 4.0–67.1 4.9–67.2
Reflections collected 10,710 10,796
Independent reflections 2502 2042
Final R indices [I > 2σ(I)] 0.1386; 0.3640 0.0388; 0.0941
Final R indices (all data) 0.1501; 0.3711 0.0518; 0.1000
Largest diff. peak and hole (eÅ–3) 4.594; �1.204 0.670; �1.042

Table 3. Selected bond lengths (Å) and angles (°) for 1 and 2.

Part A of compound 1 Part B of compound 1 Compound 2

Mn1–O1 2.413(10) Mn2–O2 2.177(10) Cd1–N3 2.464(5)
Mn1–N9 2.343(12) Mn2–N11 2.204(13) Cd1–N4 2.541(4)
Mn1–N10 2.421(12) Mn2–N11c 2.265(13) Cd1–O1 2.490(4)
Mn1–N1 2.284(13) N11–N12 1.194(19) Cd1–N5 2.443(5)
Mn1–N1b 2.228 (13) N12–N13 1.161(19) Cd1–N5a 2.320(5)
Mn1–N4 2.295(12) O2–Mn2–O2c 176.9(6) Cd1–N8 2.364(4)
Mn1–N4b 2.288(12) O2–Mn2–N11f 90.6(5) Cd1–N8b 2.311(5)
N1–N2 1.227(18) O2–Mn2–N11 87.3(5) N5–N6 1.200(7)
N2–N3 1.136(19) O2–Mn2–N11d 92.0(5) N6–N7 1.166(7)
N4–N5 1.208(17) N11–Mn2–N11c 176.7(6) N8–N9 1.193(6)
N5–N6 1.150(18) N11–Mn2–N11f 96.1(7) N9–N10 1.156(7)

N5–Cd1–O1 146.02(14)
N1–Mn1–N4 75.2(4) N5–Cd1–N5a 109.19(16)
N1–Mn1–O1 94.1(4) N5–Cd1–N8 81.99(16)
N1–Mn1–N9 85.4(4) N5–Cd1–N8b 74.35(16)
N1–Mn1–N4b 171.8(5) N5–Cd1–N3 138.26(15)
N1–Mn1–N1b 113.0(5) N5–Cd1–N4 79.42(15)
N1–Mn1–N10 81.9(4) N8–Cd1–N3 139.69(15)
N4–Mn1–O1 76.8(4) N8–Cd1–N4 145.56(16)
N4–Mn1–N9 136.4(4) N8–Cd1–O1 81.66(14)
N4–Mn1–N4b 110.8(5) N8–Cd1–N8b 102.19(15)
N4–Mn1–N1b 82.4(4) N3–Cd1–N4 65.21(14)
N4–Mn1–N10 143.5(4) N3–Cd1–O1 63.99(12)
N4–Mn1–N1 74.0(4) N3–Cd1–N5a 88.80(16)
O1–Mn1–N1b 140.1(4) N3–Cd1–N8b 90.31(15)
O1–Mn1–N4b 82.1(4) N4–Cd1–O1 129.16(13)
O1–Mn1–N9 66.0(4) N4–Cd1–N5a 79.42(15)
O1–Mn1–N10 133.7(4) N4–Cd1–N8b 100.35(16)

N5a–Cd1–N8b 175.38(15)

Semicarbazone Schiff base 751
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2.5. Antimicrobial activity

The free ligand and its metal complexes were screened for antimicrobial activities against
bacteria (Bacillus subtilis, Staphylococcus aureus, Escherichia coli, Erwinia carotovora)
and fungi (Candida kefyr, Candida krusei, Aspergillus niger) by the disk diffusion method
as Gram negative, Gram positive and fungal organisms, respectively. The culture media
(Miller hinton agar for bacteria, Sabouraud dextrose agar for fungi) was poured into sterile
plates and microorganisms were introduced on the surface of agar plates individually.
Blank sterile disks of 6.4mm diameter were soaked in a known concentration of the test
compounds. Then the soaked disks were implanted on the surface of the plates. A blank
disk was soaked in DMSO and implanted as negative control on each plate along with the
standard drugs. The plates were incubated at 37 °C (24 h) and 27 °C (48 h) for bacterial
and fungal strains, respectively. The MIC for each tested substance was determined by
macroscopic observation of microbial growth as the lowest concentration of the tested
substance where microbial growth was clearly inhibited.

3. Results and discussion

Both reported compounds include chains of metal bridged by double EO azide. In 1, the
deprotonated semicarbazone chelates in the enolate form, as proven by IR spectral data,
while in 2, the ligand is in the keto form. In 1, unfortunately, due to the bad quality of
crystal data, the imine hydrogen and hydrogens belonging to water could not be found
from the maps of residual electron density, and therefore, enolate form of HL indicated in
IR spectra could not be confirmed by X-ray study. For 2, X-ray data clearly confirm the
presence of imine hydrogen and coordination of HL in the keto form. Most semicarbazone
ligands reveal keto-enol tautomerism in coordination to metal [46].

3.1. Infrared spectra

IR spectra of 1 and 2 were compared with that of free ligand. A medium band at
3162 cm�1, present for the free ligand due to νN–H, disappears in spectra of 1, providing
strong evidence for ligand coordination to Mn in the enolate form. In 2, νN–H is present,
since this compound has HL in the keto form [19,36,46]. The strong band at 3412 cm�1

in HL, assigned to νN–H, shifts to higher energies in 1 and 2, see table 1. The νC=N of

Table 4. Selected hydrogen bonding parameters in 1 and 2.

D – H···A D – H (Å) H···A (Å) D···A (Å) D – H···A (°).

Compound 1
N7 – H2N7···N13i 1.14 1.93 3.059(19) 170
N7 – H1N7···N11ii 1.13 2.06 3.080(19) 149
N7 – H1N7···N12ii 1.13 2.50 3.325(19) 129
C4 – H4···N3iii 0.93 2.45 3.33(2) 157
Compound 2
N1 – H1N1···O1v 0.71 2.35 2.864(6) 130
N2 – H1N2···N10vi 1.05 1.94 2.877(6) 146

Symmetry codes: (i) x, �y+ 1, z+ 1/2; (ii) x, y+ 1, z; (iii)�x+ 1, �y+ 1, �z+ 1; (iv) x, �y+ 2, z + 1/2; (v)�x+ 1,
�y+ 2, �z; (vi) x, y+ 1, z.

752 B. Shaabani 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:

52
 1

3 
O

ct
ob

er
 2

01
3 



semicarbazone is shifted to lower frequencies in the complexes, indicating coordination via
the azomethine nitrogen [14,36,38,39]. Coordination of this nitrogen is supported by a
shift in νN–N to higher frequencies [47]. In spectra of all the compounds bands correspond-
ing to newly formed N=C due to enolization of the ligand are present at 1550 cm�1. The
strong band at 2000–2100 cm�1 indicates the presence of azide in 1 and 2 [2,14,47,48]. 1
exhibits a strong band at 2058 cm�1, with a small shoulder at higher frequency
(2090 cm�1), indicating the presence of the two different azide groups, while 2 exhibits a
sharp strong band at 2057 cm�1 for azide.

3.2. Electronic spectra

UV–Vis spectra of HL, 1 and 2 were recorded in DMSO. Electronic spectrum of the
ligand shows an absorption at 300 nm attributed to intra-ligand π→π⁄ transitions of the
pyridine ring and azomethine [39]. In the spectrum of 1 and 2, this band was shifted to
298 and 295 nm, respectively, indicating the nitrogen of imine was involved in coordina-
tion [17,39,49]. The other band at 395 and 400 nm for 1 and 2, respectively, is azide to
metal charge transfer [12,27].

3.3. Crystal structures

3.3.1. [Mn(L)(μ1,1–N3)2[2n]Mn(H2O)2(μ1,1–N3)2]n (1). The ORTEP diagram with atom
labeling scheme of 1 is depicted in figure 1 and the crystal data and structure refinement of
1 are summarized in table 2. The compound crystallizes in the monoclinic system, with
space group C2/c. Single X-ray crystal analysis reveals 1 consists of two infinite 1-D chains
(figure 2) of Mn bridged by double EO azides (see figure 3). In chain A with
[Mn(L)(μ1,1–N3)2]2n, Mn(III) shows coordination number seven with a distorted pentago-
nal–bipyramidal geometry [49]. The equatorial plane of the pentagon is formed by two
nitrogens of azide (N1b and N4) and two nitrogens and one oxygen of HL (N9, N10 and
O1). Axial coordination sites are occupied by two nitrogens of another two azides (N1 and
N4b) with N1–Mn1–N4b of 171.8(3)°. By calculating the N1bN10N9O1N4Mn1 plane for
the five equatorial atoms and Mn, only Mn and N9 are approximately on this plane with dis-
tances about 0.006 and 0.023 Å, respectively, from the plane; N10 is above the plane 0.406
Å and O1 is below 0.399 Å with O1Mn1N10 of 133.71°, also N4 and N1 are above and
below about 0.653 and 0.642 Å, respectively, from the plane with N1Mn1N4 of 82.41°.
The Mn–Nazide distances are 2.226(9)–2.295(8) Å, whereas the Mn–NHL distances are 2.341
(9)–2.420(9) Å. The EO azide bridges show asymmetric N–N distances of 1.227(12)/1.136
(13) Å and 1.207(12)/1.153(13) Å and are quasi-linear [N1–N2–N3, 177.80°; N4–N5–N6,
179.10°]. The four-membered Mn1–N1–Mn1a–N4 rings are planar as usual for double EO
bridges. Adjacent Mn1–N1–Mn1a–N4 rings are mutually twisted with dihedral angle
73.14°, close to the dihedral angle found in similar complexes [50]. The closest Mn1…Mn1
distance of 3.618 Å is similar to those found in related compounds: 3.634(1) Å in [Mn(tptz)
(μ1,1–N3)2]n [tptz: 2,4,6-tris(2-pyridyl)-1,3,5-triazine] [51]; 3.459 Å in [Mn(bphz)(N3)2]n
[bphz: 2-benzoylpyridine hydrazone] [50]; 3.459 Å in [Mn(mipc)(N3)2]n [mipc: methyl imi-
dopyrazine carboxylate] [50]; 3.455(6) Å in [Mn(N3)2(bipy)]n [52]; 3.472 Å in [MnL
(N3)2]2·2CH3OH [L is a Schiff base ligand which is derived from pyridine-2-carbaldehyde
and 2-aminoethyl benzimidazole] [53]. In chain B with [Mn(H2O)2(μ1,1–N3)2]n, the
coordination sphere of each Mn(II) contains four nitrogens (N11, N11c, N11d, N11f) from

Semicarbazone Schiff base 753
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bridging azides in the equatorial plane of a distorted octahedron and two oxygens of water
(O2 and O2c) in axial sites, O2–Mn2–O2c; 176.84°. The Mn–Nazide distances are 2.205(9)–
2.265(9) Å, smaller than in chain A and similar to values found in complexes reported in
the literature [50–53]. The EO azide bridges show asymmetric N–N distances of 1.195(14)/
1.159(13) Å and quasi-linearity expressed by N11–N12–N13 angle of 178.7(12)°. Unlike in
chain A, the dihedral angle between the Mn2N2 planar rings (Mn2N11Mn2dN11d) is 3.69°.
The closest Mn2…Mn2 distance is 3.266Å, below the corresponding Mn1���Mn1 distance
in chain A (3.618 Å) as well as 3.634(1), 3.459(3), 3.459(8), 3.455(6) and 3.472 Å in

Figure 1. ORTEP diagram of 1 with atom labeling scheme.

Figure 2. View of the unit cell of 1 in the direction of the crystallographic b axis.
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similar complexes [50–53]. The bridging Mn2–N11–Mn2d angle of 93.9(4)° is smaller than
found in similar complexes [50–53]. Chains A and B are connected via intermolecular
hydrogen bonds into a 2-D network: (i) amino of chain A bridges two different B chains
with two hydrogen bonds to azide; (ii) waters of chain B connect the chain to neighboring A
chains via hydrogen bonds to carbonyl. Detailed information about hydrogen bonds is given
in table 4. In the structure of 1, distances between adjacent pyridine rings are 6.529 Å, there-
fore no interlayer π–π interactions are present. These distances of 6.529 Å are large com-
pared with 3.92 Å in the structure of [Mn(bphz)(N3)2]n (bphz: 2-benzoylpyridine hydrazone
[50]), and with distance of 3.286 Å found in [Mn(tptz)(μ1,1–N3)2]n (tptz: 2,4,6-tris(2-pyri-
dyl)-1,3,5-triazine) [51].

3.3.2. [Cd(HL)(μ1,1–N3)2]n (2). The ORTEP diagram with atom labeling scheme of 2 is
depicted in figure 4; crystal data and structure refinement of 2 are summarized in table 2.
The compound crystallizes in the monoclinic system, with space group P21/c. The struc-
ture of 2 (figure 5) can be described as infinite 1-D chains of Cd bridged by double EO
azides (figure 6) and extended in the direction of the crystallographic c axis. The Cd(II) is
seven-coordinate with a distorted pentagonal–bipyramidal geometry. The equatorial plane
of the pentagon is formed by two nitrogens of azide (N5 and N8) and two nitrogens and
one oxygen of HL (N3, N4 and O1). Axial coordination sites are occupied by two nitro-
gens of two other bridging azides (N5a and N8b) with the N5aCd1N8b, 175.38(15)°. By
calculating the N4N3O1N5N8Cd1 plane for the five equatorial atoms and also Cd, only
Cd and N3 are approximately in this plane about 0.014 and 0.049 Å from the plane; N4 is
above this plane by 0.414 Å and O1 is below by 0.360 Å with N4Cd1O1 of 129.18°, N8
and N5 are above and below by 0.583 and 0.602 Å from the plane, respectively, with

Figure 3. View of the 1D chains A and B for 1.
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N8Cd1N5 of 81.99°. The Cd–Nazide distances are 2.311(5)–2.443(5) Å whereas Cd–NHL

distances are 2.464(5) and 2.541(4) Å. The EO azide bridges are asymmetric with N–N

Figure 4. ORTEP diagram of 2 with symmetry equivalent atom labeling scheme.

Figure 5. View of the unit cell of 2 in the direction of the crystallographic b axis.
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distances of 1.200(7)/1.166(6) Å and 1.193(6)/1.156(7) Å, similar to N–N distances found
in [Cd(4-Etpy)2(N3)2]n (4-Etpy = 4-ethylpyridine) [54]. The azide bridges are quasi-linear,
with N5–N6–N7 angles of 178.4(6)° and N8–N9–N10 of 179.4(6)°. The four-membered
Cd1–N8–Cd1–N5 rings are planar but adjacent Cd1–N8–Cd1–N5 rings are mutually
twisted with dihedral angle 76.60°, similar to 1. The closest Cd1…Cd1 distance is 3.731
Å with Cd1–N5–Cd1 bridging angles of 103.10(18)° and Cd1–N8–Cd1 of 105.90(18)°.
The Cd1…Cd1 distance for 2 is larger than found in corresponding compounds with the
same [Cd2(N3)2]n topology, 3.661(1) Å in [Cd(4-Etpy)2(N3)2]n (4-Etpy = 4-ethylpyridine),
3.693(1) Å in [Cd(3-acpy)2(N3)2]n, 3-acpy = 3-acetyl pyridine, 3.556(2) Å in [Cd(4-OHM-
epy)2(N3)2]n (4-OHMepy = 4-hydroxy methylpyridine) [54], 3.652(2) Å in [Cd(2-pic-
NO)2(N3)2]n (2-picNO= 2-picoline-N-oxide) [55], 3.634(2) Å in [Cd(3-aldpy)-(H2O)(N3)2]n
(3-aldpy = 3-pyridine carboxaldehyde) [56], and 3.561(1) Å in [Cd(2-acpy)(N3)2]n (2-
acpy = 2-acetylpyridine) [57].

N1�H1� � �O1 hydrogen bonds between two amido groups and N2–H1…N10 interac-
tions between imino group and azide, connect the chains into slabs parallel with the bc
plane. For more information about H-bonds and bond distances see table 4. In the structure
of 2, distances between adjacent pyridyl rings in the 1-D chains are 6.549 Å, and therefore
there are no interlayer π–π interactions.

3.4. Electrochemistry

The cyclic voltammogram of HL shows it is electroactive from 1.5 to �2V in DMSO
solvent [58,59]. There are two ligand-centered reductions at �1.1V and �1.83V and one
oxidation at 0.90V; all of these are attributed to pyridine ring. The cyclic voltammogram
of azide displays only an irreversible oxidation at 0.85V.

The cyclic voltammogram of 1 displays two irreversible oxidation waves at 0.87 and
0.72V related to oxidation of HL and azide, respectively. By comparing the cyclic voltam-
mogram of 1 with that of HL and azide, both oxidation waves in 1 are shifted to lower

Figure 6. The view of the 1D chain of 2.
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potentials due to coordination. Since no waves are related to oxidation or reduction of
Mn2+/3+ centers, it is concluded that the Mn2+/3+ centers in 1 do not contribute to its elec-
trochemical activity. The cyclic voltammogram of 2 displays three oxidation waves at
0.78, 0.33 and �1.23V and two reduction waves at �0.65 and �1.85V. The oxidation
waves observed at 0.78 and 0.33V are related to oxidation of HL and azide, respectively.
The oxidation wave at �1.23V is due to oxidation Cd(0) → Cd(II) and correspondingly,
there is also a reduction wave at �0.65V caused by reduction Cd(II) → Cd(0). The reduc-
tion wave observed at �1.85V is related to reduction of HL.

3.5. Magnetic properties

Variable temperature magnetic susceptibility measurements for 1 from 2 to 300K as plots
of χM and 1/χM versus T are shown in figures 7 and 8, respectively, where χM is the molar
magnetic susceptibility of one mole of Mn ions.

On decreasing from 300K, the value of χM increases continuously to maximum around
4.5K; further cooling leads to rapid decrease of susceptibility. The maximum of χM is
related to magnetic coupling of the Mn centers. Diamagnetic contribution was estimated
by using Pascal’s constants χdia =�2.204·10�4 cm3/mol and subtracted from the total sus-
ceptibility. Analysis of high-temperature susceptibility [60] performed with a Curie-Weiss
law (figure 7) yields Curie temperature h= 11.27 ± 0.03K. The positive value of h indicates
ferromagnetic exchange interactions between Mn ions [61], also demonstrated by a
maximum observed at 4.5 K (see figure 7).

Figure 7. Variable temperature magnetic susceptibility for 1 versus T from 2 to 300K.
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From χ(T) (at room temperature), the effective magnetic moment may be quantified as
μB = 4.69, which is very close to that expected for spin S = 2 corresponding to Mn3+ [60].
An averaged g-factor value, g= 1.88 ± 0.1, is very close to the typical value for a Mn ion.

3.6. Antimicrobial screening

Antimicrobial screenings of HL, 1 and 2 were tested for their effect on certain bacteria
and fungi (table 5). Study of MIC values reveals that HL has weak activity. However, the
metal compounds show enhanced activity against bacteria and fungi than free ligand. The
increased activity of the metal chelates can be explained on the basis of chelation theory
[16,18,62–64]. 2 has stronger antimicrobial activity than 1, attributed to the atomic radius
and electronegativity of Cd ions. Higher electronegativity and larger atomic radius
decreases the effective positive charge on the complex molecules [16,29].

Figure 8. Variable temperature inverse magnetic susceptibility for 1 versus T from 2 to 300K.

Table 5. The antimicrobial activity of HL, 1 and 2 (MIC in μg/mL).

Compound
Bacillus
subtilis

Staphylococcus
aureus

Escherichia
coli

Erwinia
carotovora

Candida
kefyr

Candida
krusei

Aspergillus
niger

HL 625 1250 1250 1250 625 625 1250
1 312 625 312 312 625 625 625
2 18 39 39 18 39 39 78
Gentamicina 4 8 8 8 – – –
Amphotricin Bb – – – – 4 4 16
DMSO – – – – – – –

aGentamicin is used as the standard. MIC (μg/mL) minimum inhibitory concentration, i.e. the lowest concentration
to completely inhibit the bacterial growth.
bAmphotricin B is used as the standard. MIC (μg/mL) minimum inhibitory concentration, i.e. the lowest concen-
tration to completely inhibit the fungal growth.
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4. Conclusion

Two new coordination polymers, [Mn(L)(μ1,1–N3)2]2n [Mn(H2O)2(μ1,1–N3)2]n (1) and [Cd
(HL)(μ1,1–N3)2]n (2), have been synthesized (HL: pyridine-2-carbaldehyde semicarbazone).
Single crystal X-ray diffraction revealed that the metal centers in 1 and 2 are coordinated by
NNO of HL and are connected to each other by double EO azides forming 1-D chains. The
metal centers in part A of 1 and in 2 are seven-coordinate with distorted pentagonal–bipyra-
midal geometry; the manganese in part B of 1 is six-coordinate with distorted octahedral
geometry. Electrochemical studies demonstrate that HL, 1 and 2 are electrochemically
active. Magnetic properties of 1 indicate ferromagnetic coupling below 5K with Curie
temperature h = 11.27 ± 0.03K as expected for EO bridging azides. The antimicrobial activi-
ties show that 1 and 2 are more active than HL. 2 has strong antimicrobial activity due to
the larger radius and electronegativity of Cd(II).

Supplementary material

Crystallographic data (excluding structure factors) for all the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC 843846 and 843848 for 1 and 2, respectively. Copies of
these data can be obtained free of charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 2EZ, UK; Fax: +44 1223 336033, or online via www.ccdc.cam.ac.uk/data_re-
quest/cif or by emailing data_request@ccdc.cam.ac.uk.
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