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N,N'-bis(salicylidene)thiosemicarbazide Schiff base has been synthesized by the reaction of
thiosemicarbazide with salicylaldehyde and then reacted with formaldehyde to generate
phenolic groups, resulting in the formation of Schiff-base monomeric ligand. It was further
incorporated with transition metals, Mn*2 Co™2, Ni*? Cu*? and Zn*? to form Schiff-base
metal complex, which was then polymerized with toluene 2,4-diisocyanate to form metal-
chelated polyurethanes. Monomeric ligand, its metal complexes, and its metal polychelates were
characterized and compared by elemental analysis, FT-IR, '"H NMR, thermal, and biocidal
activities to evaluate the enhancement in physical and chemical properties on coordination with
metal and on polymerization. SEM images of ligand and polymer metal complexes showed
changes in surface morphology, while electronic spectra of polymer metal complexes were used
to predict the geometry. Antimicrobial activities were determined by using agar-diffusion
method with Staphylococcus aureus, Escherichia coli, Bacillus subtilis (bacteria), Aspergillus
niger, Candida albicans, and Aspergillus flavus (yeast). The polymeric ligand had varied
antibacterial and antifungal activities, enhanced after chelation and polymerization.
Comparative results show that coordination of metal to the ligand enhances its physical and
chemical properties which were meliorated on polymerization.

Keywords: Polyurethane; Toluene 2.4-diisocyanate; Schiff base; Biocidal studies

1. Introduction

Coordination polymeric systems to prevent microbial infections, which have become a
serious problem in medical devices, drugs, health care, water purifications system, dental
surgery equipments, textiles, food packaging, and food storage, have been an active area
of research [1-3]. Coordination of these polymers to metal ions increases their biological
and pharmaceutical importance. Antimicrobial activity of coordination polymers
depends on the central metal ion and the nature of the ligand. Modification of
polyurethanes by the incorporation of metal and functional groups can improve various
desired properties of materials such as enhanced thermal stability, flexibility, and stabil-
ity. The properties lead to a variety of applications, for example Nanjundan et al. [4, 5]

*Corresponding author. Email: nishat_nchem08@yahoo.com

Journal of Coordination Chemistry
ISSN 0095-8972 print/ISSN 1029-0389 online © 2011 Taylor & Francis
DOI: 10.1080/00958972.2011.559230



Downloaded by [Renmin University of China] at 10:31 13 October 2013

Polyurethanes from tetradentate Schiff bases 953

prepared metal-containing polyurethane-urea possessing good flame-retardant property
by the reaction of hexamethylene diisocyanate (HMDI) or toluene 2,4-diisocyanate
(TDI) with salts of mono(hydroxyl butyl) hexolic acid with divalent metals. Schiff-base
polyurethanes have also been established [6, 7] and thiosemicarbazide and thiosemi-
carbazone Schiff bases have gained special attention due to their activity against
protozoa, influenza, small pox, malaria, cancer, and tuberculosis [8]. Recently, we
synthesized a series of antimicrobial coordination polymers which possess promising
antimicrobial properties [9-12]. Owing to the wide range of microbial properties of
thiosemicarbazides and their ability to form chelates with metal ions, in this study we
report the syntheses and characterizations of metal-containing polyurethanes.

2. Experimental

Thiosemicarbazide and TDI were purchased from S.D. fine chemical Ltd., salicyalde-
hyde, formaldehyde (37-41%) and dimethyl sulfoxide (DMSO) from Merck, India,
manganese(Il)acetate tetrahydrate [Mn(CH3;COO), - 4H>0], cobalt(Il)acetate tetrahy-
drate [Co(CH3COO),-4H-0], nickel(IT)acetate tetrahydrate [Ni(CH;COO), -4H,0],
copper(I)acetate monohydrate [Cu(CH;COO), - H,O], and zinc(IT)acetate dihydrate
[Zn(CH5COO), - 2H»0] from Qualigens fine chemicals, India.

2.1. Measurements

Elemental analyses of C, H, N, and S were carried out on an elemental analyzer system
GmbH Vario ELIII, while the percentage of metal was obtained by complexometric
titration with EDTA after decomposing with concentrated nitric acid (HNO3) at room
temperature. Magnetic susceptibility measurements were recorded on a vibrating
sample magnetometer model 155 at room temperature. Fourier transform-infrared
(FT-IR) spectra were obtained on a Perkin-Elmer IR spectrophotometer model 621
using KBr pellets. Nuclear magnetic resonance spectra (‘"H NMR) were recorded on a
JEOL-GSX 300 MHz FX 1000 FT NMR spectrometer using DMSO as a solvent and
tetramethylsilane (TMS) as an internal standard. UV-Vis spectra were obtained on a
Perkin-Elmer Lambda EZ-201 spectrophotometer using DMSO. Thermal behavior was
demonstrated by using Perkin-Elmer (Pyris Diamond) thermal analyzer in nitrogen at
heating rate of 20°Cmin~". Solubility of the polymers and polymer metal complexes
was determined in both polar and non-polar solvents, while antimicrobial activity tests
were performed using agar well diffusion and the number of viable cells was counted by
utilizing the spread plate method [13]. Test samples were prepared using DMSO as
solvent at 50 and 100 pgmL ™" for bacteria and fungi, respectively.

2.2. Synthesis
2.2.1. Synthesis of monomeric ligand (STF). Thiosemicarbazide (0.01 mol, 0.91 g) was

dissolved in a minimum of distilled water in a 250 mL three-necked round bottom flask
and was attached to an ice-cooled reflux condenser with a magnetic stirrer and
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maintained at 70°C. Salicylaldehyde (0.02 mol, 2.44 g) was dissolved in 20 mL ethanol
and added drop wise using a burette to the thiosemicarbazide solution and stirred
continuously for 1.5h. This is a very fast reaction and as soon as salicylaldehyde was
added, a light yellow precipitate appears. It was then filtered, washed with distilled H,O
and diethyl ether, and dried at 30-40°C for 8 h to give N,N'-bis(salicylidene)thiosemi-
carbazide Schiff base.

The dried Schiff base was dissolved in DMSO, formaldehyde (37-40%) (0.2 mol,
0.15mL) was added to this hot solution and the reaction mixture was heated at 70°C for
2h. Monomeric light yellow STF was obtained after washing with diethyl ether and
drying at 40°C. Melting point is 86°C.

2.2.2. Synthesis of chelated monomers [STF-M(II)]. A series of transition metal
complexes [Mn(II), Co(II), Ni(II), Cu(Il), and Zn(II)] were prepared from STF.
Procedure for the preparation of [STF-Zn(II)] complex are as follows.

STF (0.01 mol, 3.13 g) was dissolved in 20 mL DMSO and heated at 60°C in a round
bottom flask fitted to an ice-cooled condenser. Zinc(II) salt (0.01 mol, 2.19 g) dissolved
in DMSO was added to this hot solution and heated for 8 h at the same temperature
giving a light orange, viscous solution which was precipitated in distilled water, filtered,
and washed several times with distilled H>O and diethyl ether to remove uncomplexed
metal ions. It was then oven dried at 45°C for 24 h to obtain light orange [STF-Zn(I1)].
Similar procedure was adopted for the preparation of complexes of Mn(II), Co(II),
Ni(IT), and Cu(II). Synthetic route to metal complexes is represented in scheme 1.

Elemental analysis data and FT-IR spectral bands are tabulated in tables 1 and 2,
respectively, while thermal and antimicrobial activities have been represented in
figure 1(a) and (b) and ““Supplementary material”” and described in respective sections.

2.2.3. Synthesis of metal-chelated polyurethane [PUT-M(II)]. Metal-containing
bifunctional monomer [STF-M(II), where M =Mn(II), Co(II), Ni(II), Cu(Il), and
Zn(II), 0.01 mol] was dissolved in 30mL DMSO in a 250mL three-necked round
bottom flask. Temperature of the flask was increased to 80°C and stirred magnetically.
Then 1.74mL (0.01 mol) of TDI was added to this solution in the presence of 2-3 drops
of di-n-butyltindilaurate (DBTDL) as catalyst. The reaction mixture was stirred at this
temperature for 6 h, then precipitated and washed with distilled water, diethyl ether,
and dried at room temperature for 24h to give metal-chelated polyurethane [PUT—
M(II)]. Color and % yield of the metal-containing polyurethanes are listed in table 1.
Synthetic route to metal-containing polyurethane is represented in scheme 2.

2.3. Antimicrobial assessment

Antimicrobial activities of the synthesized compounds were tested against various
microorganisms in DMSO. Sample concentrations of 50 and 100 ugmL ™" were taken
for antibacterial and antifungal studies, respectively. Antibacterial activity was screened
against Staphylococcus aureus, Bacillus subtilis (Gram positive), and Escherichia coli
(Gram negative), while antifungal screening was done against Aspergillus niger, Candida
albicans, and Aspergillus flavus.
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Scheme 1. Synthesis of moneric ligand [STF-M(II)].

Bacterial strains were nourished in a nutrient broth (Difco) and yeasts in malt extract
broth (Difco), and incubated for 24 and 48 h, respectively. According to the agar-
diffusion method, bacteria were incubated on Mueller—Hinton agar and yeast on
Sabouraud dextrose agar. Wells were dug in the media with the help of a sterile steel
borer and 0.1 mL of each sample was introduced in the corresponding well. Standard
drugs, kanamycin and miconazole, were taken as control for bacteria and fungi,
respectively. Zones of inhibition on the plates were measured in millimeters. Depending
on the diameters and clarity of the zones of inhibition they are regarded as inactive,
moderately active, and highly active, as represented in table 3 and figure 1(a) and (b).

3. Results and discussion

Monomeric ligand and its metal polychelates were synthesized by the reaction of
thiosemicarbazide with salicylaldehyde, then formaldehyde was reacted to generate
phenolic groups in the formed Schiff base. The ratio of formaldehyde to Schiff base
must be 1:1 in order to avoid polymerization [14]. Thereafter, Mn(II), Co(II), Ni(II),
Cu(II), and Zn(II) complexes were prepared. Elemental analyses revealed that
metal :ligand molar ratio is 1:1 and the ligand is tetradentate. Oxygen of
salicylaldehyde and nitrogen of thiosemicarbazide are involved in coordination with
Cu(Il), and Zn(II) with H,O also involved in coordination with Mn(II), Co(II), and
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Scheme 2. Synthesis of metal chelated polyurethane [STF-M(II)].

Ni(IT) complexes. Polyaddition of TDI with SFT-M(II) was done in the presence of
DBTDL to obtain metal-chelated polyurethane [PUT-M(II)]. Reaction between diols
and diisocyanates was catalyzed by DBTBL and takes place via the formation of a
ternary complex between the reagents and the catalyst [15].

3.1. FT-IR analysis

Comparison of FT-IR spectra STF—M and PUT-M(II) are illustrated in table 2.
Azomethine shows absorptions at 1620 in STF which was lowered by 14-20cm™" in
STF-M; in PUT-M this absorption was somewhat broadened in the range 1600-
1636 cm™! due to the overlapping of carbonyl stretching (-C=0) peaks of the urethane
group with azomethine. Negative shift in the IR frequency indicates the coordination of
metal through the azomethine nitrogen [16]. OH stretch in STF was observed as a very
broad peak at 3424 cm™" due to phenol, but in STF-M, a less broad peak was observed
at 3313cm™' due to aliphatic alcohol, while in PUT-M, these peaks were absent,
showing that aliphatic OH is involved in polyurethane formation and aromatic OH is
involved in metal bond formation. Confirmation of metal bond formation is obtained
by the negative shift of phenolic C-O stretch, which appeared at 1307 cm ™" in STF and
between 1286 and 1291cm™' in polymeric metal complexes and metal-chelated
polyurethanes [17]. Peaks at 1536-1539cm™" are attributed to aromatic C=C stretch,
while C=S is overlapped with C=C bending vibrations at 705-711cm~"'. No peak is
observed at 2600-2400 cm™' which shows that thiosemicarbazide remains in its thio-
keto form [18]. Characteristic peak at 3350 cm ™" is due to —~NH stretching and at 1540—
1535cm™! to NH bending of the urethane group. Coordination of metal ion is further
supported by the appearance of M—O stretches at 510-517 cm ™' [19] and M—N stretches
at 442-458cm™' [20]. Medium to weak intensity bands due to coordinated water
(M—H,0) are at 985-992cm™" (rocking) and 740-758cm ™' (wagging) in spectra of
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Mn(II), Co(II), and Ni(IT) polymeric metal complexes, showing coordinated water in
these polychelates.

3.2. NMR analysis

Comparison of "H NMR spectra of STF, STF-Zn(II), and PUT-Zn(II) shows the
proposed structures. '"H NMR analysis was done in DMSO-ds, whose signal was
observed as a very sharp singlet at 2.48-2.66 ppm. Signals for imine protons (-CH=N-)
were observed at 8.31 ppm (2H, 2.44 ], s) for STF, at 7.91 ppm (2H, 2.101J, s) for STF—
Zn(II), and at 7.90 ppm (2H, 2.001J, s) for PUT-Zn(II). Protons of thiosemicarbazide
(-NH-) appeared at 7.14ppm (1H, 7.22J, s) for STF and 7.12 ppm (1H, 7.2017, s) for
STF—Zn(II), respectively. In PUT-Zn(II), thiosemicarbazide NH signal was merged with
the urethane (-NH—C=0-0-) to give a signal at 7.00 ppm (3H, 7.45J, m) [21]. Methyl
protons appeared at 2.24 ppm (3H, 0.79 J, d) for PUT-Zn(II) while methylene appeared
at 3.32ppm (4H, 1.00J, d) in STF, at 3.31 ppm (4H, 1.04J, d) in STF-Zn(II), and at
3.52ppm (4H, 2.83J, s) for PUT-Zn(II). Signals for aromatic protons were in the
range of 6.80—7.71 ppm (6H, m) in the ligand and zinc metal complex, while 6.68—
7.90ppm (9H, m) in polymer metal complex. Characteristic peak at 10.80 ppm
(4H, 3.83J, very broad signal) was due to phenolic —OH in STF, while in STF-Zn(II)
it was observed at 11.6 ppm (2H, 2.91J, triplet and less broad) and was completely absent
in PUT-Zn(II), showing the coordination of zinc to the phenol.

3.3. UV-Vis analysis

Electronic spectra of the synthesized polymers were recorded in DMSO. Various crystal
field parameters 10Dy, B, B, and B° have been calculated (table 4). The magnetic
moment of PUT-Mn(II) is 5.68 B.M. [22] corresponding to five unpaired electrons. The
electronic spectrum exhibits three absorptions at 16,200, 19,400, and 22,980cm™',
assigned to 4T1g(G) <—6A1g(F), 4ng(G) <—6Alg(F), and 4Eg(G) <—6A1g(F) transitions,
respectively, suggesting high spin octahedral geometry. The polymer metal complex of
Co(II) had magnetic moment of 4.52 B.M. [23] due to four unpaired electrons and
electronic transitions at 9200, 17,200, and 27,520cm™' corresponding to
4ng(F) <—4T1g(F), 4A2g(P) <—4T1g, and 4Tlg(P) <—4T1g(F), respectively, indicative of
octahedral geometry. Magnetic moment of PUT-Ni(II) is 2.94 B.M. [24]. Three bands
were observed at 9628, 13,977, and 24,042cm™! corresponding to 3T2g <—3A2g,
3T1g<—3A2g, and 3Tlg(P)<—3A2g transitions, respectively, suggestive of octahedral
complex. PUT—Cu(Il) has magnetic moment of 1.71 B.M. with bands at 14,980 and
23,520cm ™" assigned to 2A1g <—2B1g(F) and charge transfer, respectively, indicative of
square-planar geometry [25]. In the polymeric Zn(II) complex the spectrum was ligand
related; we suggest tetrahedral geometry.

3.4. Scanning electron microscopy

Scanning electron microscope is used to investigate the surface morphology of STF and
PUT-NI as depicted (Supplementary material). SEM of STF reveals a brittle, glassy,
and crystalline structure. Layers in the micrograph reveal that the system contains
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Table 3. Comparative antimicrobial data.

E. coli S. aureus B. subtilis C. albicans A. niger A. flavus
STF 6+1 S+1 3+1 4+1 6+1 241
STF-Mn(II) 17+1 542 I1+1 441 3+1 7+1
PUT-Mn(II) 214+0.5 9+1 18+1 9+ 8+1 11+1
STF-Co(1I) 8+1 1142 741 10£1 I1£1 11+1
PUT-Co(II) 1242 15+1 101 15+1 18+1 194+0.5
STF-Ni(II) 6+1 1241 9+1 6+1 9+2 11+1
PUT-Ni(II) 104+0.06 2041 161 I1£1 15+0.6 17+1
STF-Cu(II) 17+1 15+1 1442 161 13+1 17+1
PUT-Cu(II) 2141 18+1 20+ 1 2042 18+1 2341
STF-Zn(11) 6+1 7£0.5 6+1 18+0.6 171 161
PUT-Zn(II) 11+1 1641 15+1 2441 25+1 21+1
Kanamycin 25 25 24 - - -
Miconazole - - - 27 27 25

Zone of inhibition (mm) + standard deviation.

Table 4. Magnetic susceptibility, electronic spectral, and their ligand field parameters.

Magnetic Electronic

Abbreviation moment (uey)  transitions (cm™') Assignment 10Dq B B B

PUT-Mn(II) 5.68 22980 YE(G) < °A(F)  4178.6 83572 0.87 0.13
19400 *T2u(G) < °A4(F)
16200 T 14(G) <A 14(F)

PUT-Co(Il) 4.52 27520 T 4(P) < T, 7284.6  809.41 0.83 0.17
17200 *Ang(P) < T},
9200 oy < T},

PUT-Ni(II) 2.94 24042 T 14(P) <A, 9278.5 843.57 0.78 0.22
13977 Tig < Asg
9628 Tag < Asg

PUT-Cu(ll) 2.21 23520 *Ajg < Big - - - -
14980

e = effective magnetic moment in B.M.

several polymer chains arranged in a well-defined pattern. The fractured surface shows
homogeneity in the polymeric system, thus reactants have reacted completely to form a
clear homogenous polymer.

The structure of PUT-Ni(Il) shows clearly visible fine globular structures.
Heterogeneity in the scanning electron micrographs shows incorporation of nickel to
the polymeric ligand, which confirms incorporation of the inorganic and organic
moieties.

3.5. Thermal analysis

Thermal stability of polymer metal complexes is strongly dependent on the structure of
the polymeric ligand and on the mode of complexation, being higher or lower [26] than
that of the polymer itself, therefore thermal degradation of the ligand, metal complex,
and metal-chelated polyurethane were compared; degradation behavior is shown in
Supplementary material. The study range was from 0 to 800°C. All polychelates and
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metal-chelated polyurethanes show slight differences in their thermal behavior. TGA
curve for STF shows continuous degradation with increase in temperature and all
sample was decomposed at 500°C, while the TG curves of PUT-Cu(Il) indicate two
step degradation, which is perhaps because the non-coordinated part of the polymer
decomposes first while the coordinated part decomposes later. In STF-Mn(II), STF-
Cu(II), PUT-Mn(II), and PUT-Cu(II) decomposition just above 100°C was due to the
evolution of adsorbed and coordinated water. Decomposition at 210-280°C is
attributed to non-coordinated organic backbone of the polymers. Polyurethane
decomposition occurs in one step starting at 220°C, typical of urethane [27] due to
the breaking of polymeric linkages. Gradual but continuous decrease in weight is
observed above 300°C, due to the loss of coordinated part. At 700°C, 80-90% weight
loss is observed. Comparison of the data reveals that PUT-Cu(Il) shows greatest
stability, due to the higher stability constant of Cu(II).

3.6. Antibacterial activity of metal-chelated polyurethanes

Modes of action of metal ions in biological processes are often complex but are believed
to involve bonding to heterocyclic residues of biological molecules, i.e., proteins,
enzymes, nucleic acids, etc. Ligand, metal complexes, and metal-chelated polyurethanes
were screened for antibacterial activity against two Gram-positive bacteria, i.e.,
S. aureus, B. subtilis, and one Gram-negative bacteria, i.e., E. coli, by zones of inhibition
(figure 1a). All metal-chelated polyurethanes are more active than their corresponding
metal complexes and PUT-Cu(Il) is more active than other metal-chelated
polyurethanes.

Antifungal activity of the ligand and metal-containing polyurethanes was studied
against A. niger, C. albicans, and A. flavus (figure 1b). PUT—Zn(II) shows the highest
zone of inhibition against C. albicans and A. niger, while PUT—Cu(II) shows highest
inhibition against A. flavus. PUT-Co(I) and PUT-Ni(II) show moderate activity
against all fungi but PUT-Mn(II) is almost inactive for all the yeasts under study. All
metal complexes and ligand were less active than their corresponding polyurethanes.
Comparative data have been tabulated in table 3.

It has been suggested that compounds with nitrogen and oxygen donor systems
inhibit enzyme production, as enzymes which require a free hydroxyl group for their
activity are especially susceptible to deactivation by ions of complexes [28].
Coordination reduces the polarity of the central metal ion and increases lipophilic
nature, favoring permeation through the lipid layer of the membrane. Lethal action of
isocyanate biocides is an outcome of their ability to inhibit microbes. Low concentra-
tions of isocyanate are sporostatic and inhibit germination. It is difficult to pinpoint
accurately the mechanism(s) responsible for isocyanate-induced microbial inactivation.
Higher activity of Gram-positive bacteria can be explained on the basis that there is a
thick outer membrane made up of lipopolysaccharide and protein in the Gram-negative
bacteria which inhibit or partially permit penetration of polymer metal complexes into
the bacterial cell, but this type of membrane is not present in Gram-positive bacteria,
where a wall of peptidoglycan is present which easily permits penetration of polymer
metal complexes thus inhibiting its life-sustaining activities. Several other mechanisms
for the inhibition of microbes have also been reported [29]. Studies regarding the
biocidal activities of polymers containing diisocyanates have been published recently
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Figure 1. (a) Antibacterial and (b) antifungal assessment.

[30, 31], which show their potential to be used in a variety of biomedical applications.
Therefore, the interactive and cross-linking property of diisocyanate must play a
considerable role in this biocidal activity.

4. Conclusions

Schiff-base containing metals in the main chain underwent polymerization to give
metal-chelated polyurethanes in good yield. Polymeric ligand to metal ion ratio was 1: 1
in all cases. Spectral data reveal nitrogen of thiosemicarbazide and oxygen of —OH are
involved in coordination with Cu(Il) and Zn(II) giving them square planar and
tetrahedral geometries, respectively, while two waters were also involved in the
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coordination of Mn(II), Co(II), and Ni(Il) giving them octahedral structure. Surface
morphologies of the ligand and its polychelate show the change in surface appearance
after incorporation of metal. In comparison to other recently reported Schiff bases of
salicylaldehyde and diamines and metal complexes [32], our metal complexes exhibited
better biocidal effects. The recent work of Raman et al. [33] on intercalative DNA
binding with complexes and enhancement in the thermal stability and biocidal activity
against pathogenic bacteria and fungi encourage us to further modify these compounds
which can be used for medical and biomaterial applications.
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