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Abstract: The complexation behaviour of dithiocarbamate functions supported 
on polyacrylamides with varying extents (2-20 mol YO) of 4”-methylene-bis- 
acrylamide (NNMBA) crosslinks was investigated. The crosslinked polyacryl- 
amides were prepared by the free radical solution polymerization of the mononicrs 
in water at 80°C using potassium persulphate as initiator. The dithiocarbamate 
ligands were introduced by polymer-analogous reaction involving transamidation 
with ethylenediamine and dithiocarbamylation with carbon disulphide and alkali. 
The complexation behaviour of these dithiocarbamate resins with the ligand 
functions in different macromolecular environments were investigated towards 
Co(lI), Ni(Il), Cu(lI), Zn(I1) and Hg(l1) ions by a batch equilibration technique. The 
metal ion intake varied with the extent of the NNMBA-crosslinking. Thus the 8 %  
crosslinked system has the highest complexation capacity. The values for metal ion 
intake followed the order Hg(I1) >> Cu(1I) > Zn(1I) > Ni(l1) > Co(1I). Thc timc- 
course of complexation, the possibility of recycling and the swelling characteristics 
of the uncomplexed and complexed resins were considered, and I R characterization 
and thermal studies were undertaken. The swelling values of the complexed resins 
are lower than those of the uncomplexed resins. The thermal stability of 
dithiocarbamates varied with the extent of NNMBA-crosslinks and with the metal 
ion. 

Key iwrdss: polymer-metal complexes, crosslinked polyacrylamide-support, 
dithiocarbarnate-metal complexes, thermal stability. 

1 INTRODUCTION the nature and extent of the crosslinking agent, and the 
separation of the ligand function from the polymer 

In recent years there has been increased interest in the matrix.’-’ The correlation of these factors with the 
metal complexation behaviour of polymer-supported reactivity of attached functional groups forms the basis of 
ligands as analytical reagents, catalysts and in pollution the recent developments in the chemistry of functional 
control.’-4 The complexation behaviour of a polymer- and speciality  polymer^.^-^^ 
supported ligand is different from that of the corre- Dithiocarbamates form a group of sulphur-containing 
sponding low-molecular weight analogue, as a result of a ligands with application in analytical and biological 
number of factors characteristic of the polymer-support. fields.’“-” They have been widely used for the collection 
In a polymer-supported ligand, the ligand function is only of heavy metal ions from aqueous solutions, with the 
an infinitesimal part of the three-dimensional macro- notable exception of alkali and alkaline earth metal 
molecular matrix. Hence the complexation parameters of ions.18 The present paper describes the complexation 
the polymeric ligand are decided by the polymer matrix behaviour of dithiocarbamate functions supported on 
and are governed by the nature of the polymer backbone, polyacrylamides with 2-20 mol% of N,N‘-methylene-bis- 

acrylamide (NNM BA) crosslinks. The ligand functions 
*To whom all correspondence should be addressed. were introduced by a two-step polymer-analogous 
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reaction involving ( I  ) transamidation of polyacrylamides 
with ethylenediamine to aminopolyacrylamides and (2) 
dithiocarbamylation of the aminopolyacrylamides with 
carbon disulphide and alkali. The complexations of the 
functionalized resins with the ligand functions in different 
structural environments were investigated for metal ions 
such as Co(II), Ni(II), Cu(II), Zn(I1) and Hg(I1). The time- 
course of complexation, the swelling characteristics of the 
uncomplexed and complexed resins, recyclability of the 
complexed resins and the IR characterization of the 
polymer ligand and metal complexes are detailed in this 
paper. The change in the surface morphology of the 
polymeric ligands by complexation is followed by 
scanning electron microscopy. Thermogravimetric 
studies of the Cu(I1) and Ni(I1) complexes with varying 
extents of NNMBA-crosslinks are also described. 

2 EXPERIMENTAL 

2.1 General 

All the reagents were of analytical grades. The purest 
available metal salts were used to prepare metal ion 
solutions. The IR spectra were recorded on a Perkin- 
Elmer 983 IR Spectrophotometer. Thermograms were 
recorded on a Delta Series TGA-7 Thermal Analyser at  a 
heating rate of 20°C min-' in nitrogen atmosphere, and 
scanning electron micrographs were recorded on a Jeol 
JSM 35C microscope. 

2.2 Synthesis of (NNMBA) -crosslinked 
polyacrylamides 

NNM BA-crosslinked polyacrylamides were prepared by 
free radical solution polymerization of the monomers in 
water. For the preparation of 2% NNMBA-crosslinked 
polymer, acrylamide ( 1  4.0 g) and NNMBA (06 g) were 
dissolved in water (100 ml). Potassium persulphate 
(100 mg) was added and the mixture was heated a t  80°C 
with stirring until the polymer precipitated. Water (80 ml) 
was added and the mixture again heated at  80°C for 
30min. The lumps were powdered, washed with water, 
ethanol and methanol, and dried at  70°C. Polyacryl- 
amides with 4,8, 12 and 20 mol% of NNMBA-crosslinks 
were prepared by varying the mol% of the monomers in 
the feed. 

2.3 Transamidation of NN M BA -crosslinked 
polyacrylamides: preparation of 
poly(N -2-aminoeth y1acrylamide)s 

Ethylenediamine (100 ml) was added to well-stirred 
polyacrylamide (log). The mixture was heated a t  100°C 
for 9 h and the reaction mixture was poured into water 
(1  litre) containing crushed ice. The resin was filtered, 
washed with sodium chloride solution (0.1~) until the 
washings were free from ethylenediamine, as indicated by 

the absence of any blue coloration with ninhydrin 
reagent. The gel was washed with water to remove sodium 
chloride, and with methanol, and dried at  70°C. 

2.4 Estimation of resin amine content 

Amino resin (100 mg) was equilibrated with ( 0 . 2 ~ )  
hydrochloric acid (10 ml) with stirring for 24 h. The resin 
samples were filtered, washed with distilled water to 
remove unreacted hydrochloric acid and the filtrate was 
titrated against sodium hydroxide ( 0 . 2 ~ )  to a phenol- 
phthalein end-point. 

2.5 Dithiocarbam ylation of 
poly(N -2-aminoeth ylacrylamide)~ 

Aminopolyacrylamide (5  g) was suspended in a five-fold 
molar excess (calculated on the basis of amino capacity) of 
carbon disulphide and sodium hydroxide in water (50 ml) 
and shaken in a mechanical shaker for 9 h. The resin was 
collected by filtration, washed with water until the 
washings were free from sodium hydroxide, and finally 
washed with methanol and dried in vacuum. 

2.6 Complexation of metal ions with the 
dithiocarbamate resins 

The complexation of dithiocarbamate resins with varying 
extents of NNMBA-crosslinks was carried out with 
Co(II), Ni(II), Cu(II), Zn(I1) and Hg(1I) ions by a batch 
equilibration method. Each of the resin samples (200mg) 
was stirred with a definite concentration of excess metal 
salt solution ( O O ~ N ,  50 ml) for 24 h. The complexed resins 
were collected by filtration and washed with distilled 
water to remove uncomplexed metal ions. The concen- 
trations of metal salt solutions were estimated volumetri- 
cally; Cu(l1) by iodometry, Ni(I1) and Zn(l1) by com- 
plexometry, and Co(I1) and Hg(I1) by back-titration using 
complexometric methods. The results were then re- 
evaluated to obtain the standard expression of metal ion 
intake per gram of the resin. 

2.7 Time-course of complexation 

Batch studies were carried out with 500mg of the 4% 
NNMBA-crosslinked dithiocarbamate resin to find the 
optimum time required for maximum complexation. 
Co(II), Ni(II), Cu(I1) and Zn(l1) solutions (l00ml each) 
were added to the dithiocarbamate resin and stirred. 
Aliquots (2 ml) were withdrawn at regular intervals from 
the test solution and estimated. 

2.8 Recyclability of the complexed dithiocarbamate 
resin 

Cu( 11) complexed dithiocarbamate resin (4% crosslinked, 
1 g).was stirred with nitric acid (3N,  15ml) for 2h. The 
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Scheme 1. Preparation of NNMBA-crosslinked polyacrylamides. 

desorbed metal ions were collected by washing with 
distilled water, and were estimated iodometrically. The 
resin left after the treatment with nitric acid was washed 
with sodium hydroxide and distilled water, and again 
subjected to dithiocarbamylation and complexation. 

2.9 Swelling characteristics 

Each of the dithiocarbamate resins (500 mg) was equili- 
brated with 30 ml of distilled water for 48 h. The swollen 
resins were collected by filtration, traces of water adhering 
were removed by pressing with filter paper, and the resins 
were weighed. The swollen resins were dried in vacuum 
for 24 h and each of the resins was equilibrated with 30 ml 
of copper salt solution containing 55 mg of Cu(I1) ion and 
the swelling measurements were carried out similarly. 
From the swollen and dry weights of the samples the 
equilibrium water content (EWC) was calculated using 
the expression 

wt of wet resin - wt of dry resin 
EWC = x 100 

wt of wet resin 

3 RESULTS AND DISCUSSION 

3.1 Synthesis of NNMBA-crosslinked 
polyacrylamides 

Polyacrylamides with 2-20 mol YO of NNMBA-crosslinks 
were obtained by the redox copolymerization of the 
monomers in water at 80°C using potassium persulphate 
as initiator. The polymerization reaction is depicted in 
Scheme 1. Polyacrylamides with varying extents of the 
crosslinks were prepared by adjusting the mol% of the 
monomers in the feed. With increasing crosslinking the 
rigidity of the polymer increased and hence the swelling in 
water also varied. 

In NNMBA-crosslinked polyacrylamides, the networks 
are heterogeneous because of the mechanism of polymeri- 
zation, which consists of three stages.” The composition 
of the polymer in each stage is different and hence 
microdomains of different structure are formed. 

3.2 Transamidation of crosslinked 
polyacrylamides: preparation of 
poly(N -2-aminoeth ylacry1amide)s 

Amino functions were introduced into NNMBA-cross- 
linked polyacrylamides by transamidation with ethylene- 
diamine at 100°C for 9 h. Ethylenediamine itself was used 
as the solvent. The reaction is represented in Scheme 2. 

9 h  kCONH2 + H,NCHzCH,NHz 

&CONHCH,CH,NH, 
Scheme 2. Transamidation of NNMBA-crosslinked polyacryl- 

amides with ethylenediamine. 

The amino functions were detected by the semi- 
quantitative ninhydrin reaction and estimated by equili- 
brating definite amounts of the resin with known 
concentrations of excess hydrochloric acid, and by 
estimating the residual acid by titration with alkali. The 
amino capacity varied with the extent of crosslinking in 
the polymer matrix (Fig. 1). 

With increase of the NNMBA-crosslinking the amino 
capacities increased up to 8% crosslinking and decreased 

I 8 12 16 20 
Crosslinking (mol % I  

Fig. 1. Dependence of transamidation on the extent of 
NNMBA-crosslin king. 
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thereafter. Normally a higher amino capacity would be 
expected for the low crosslinked system because of the 
increased availability of the active sites for function- 
alization.'" However, the amino capacity of the 2% 
crosslinked system is only 2.1 mmolg-'. This may be 
explained on the basis of the heterogeneity developed in 
the crosslinked resins, o r  by the additional crosslinking 
arising from multi-transamidation with ethylenediamine. 
This latter possibility is supported by the low swelling of 
the 2% crosslinked resin. Polyacrylamides crosslinked 
with tetrafunctional crosslinking agents can have micro- 
domains of varying characteristics, and when the gels are 
fiinctionalized the resulting polymers have reactive sites 
i n  different microenvironments. Thus the 8% crosslinked 
resin may have microdomains more favourable for 
transamidation, which accounts for its higher amino 
capacity. In  highly crosslinked systems the amide groups 
are buried within the crosslinks and are less accessible for 
t ransa in ida t ion. 

3.3 Preparation of dithiocarbamate resin 

Amino polyacrylamides with varying extents of 
NNM BA-crosslinks were converted to the corresponding 
dithiocarbamates by treatment with five-fold molar 
excess of carbon disulphide and alkali in aqueous 
medium. The dithiocarbamylation is depicted in 
Scheme 3.  

CS,/NaOH tCONHCH2CH2NH2 9 h  + 

{-CONHCH,CH,NHCSNa 
I1 
S 

Scheme 3. Dithiocarbamylation of N N  M BA-crosslinked 
aminopolyacrylamides. 

3.4 Complexation of dithiocarbamate resins: effect 
of the extent of crosslinking on complexation 

The complexations of the dithiocarbamate functions 
supported on NNM BA-crosslinked polyacrylamides in 
different structural environments were investigated for 
Co(ll), Ni(Il), Cu(ll), Zn(1I) and Hg(I1) ions. For all the 
metal ions the metal ion intake increased with increasing 
crosslinking, showed a maximum at 8% crosslinking and 
decreased thereafter (Fig. 2). Similar observations were 
made in the case of NNM BA-crosslinked polyacryl- 
aniide-supported reagents." 

The N N M  BA-crosslinks with their hydrophilic/hydro- 
phobic balance and lower rigidity impart moderate 
swelling in water. This is important in the collection of 
metal ions from aqueous medium, as it favours the 
diffusion of metal ions into the swollen polymer matrix. 
The complexation was minimum for Co(I1) and Ni(I1) 
ions. Hg(I1) has an  entirely different range of com- 
plexation compared with the other metal ions (Table 1). 
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Fig. 2. Complexation of dithiocarbamates versus extent of 
N N M  BA-crosslinking in the polyacrylamide-support. 

The observed trend in complexation is Hg(I1) >> Cu(I1) > 
Zn(II)> Ni(II)> Co(II), which is in agreement with the 
reactivity of dithiocarbamate ligands towards various 
metal ionsz2  

3.5 Time-course of complexation 

The time-dependence of the complexation of Co(lI), 
Ni(ll), Cu(l1) and Zn(I1) ions was followed by noting the 
change in concentrations of the metal salt solutions at  
regular intervals of time. The 4% crosslinked resin was 
used for these investigations. The  time profiles are given in 
Fig. 3. The complexations of Co(1I) and Ni(I1) were 
completed in 0.5 h, Cu(I1) in 2 h and Zn(I1) in 2.5 h. The 
hydrophilic and semi-rigid nature of the crosslinks has a 
significant role in the interaction of the ligands buried in 
the crosslinks with the metal ions in aqueous medium. 

3.6 Recyclability of complexed resins 

The recyclability of the dithiocarbamate resin was 
investigated in the case of the Cu(I1)-complexed 4% 
NNMBA-crosslinked resin. The resin on treatment with 
3~ nitric acid desorbed the complexed Cu(I1) quanti- 
tatively. The acid-treated resin was neutralized and again 
subjected to dithiocarbamylation. The complexation of 

TABLE 1. Metal ion intakes of dithiocarbamate func- 
tions supported on NNMBA-crosslinked polyacryl- 

amides 

DVB Metal ion intake (mgg-') 
(mol%) 

Co(l l)  Ni(ll) Cu(l l)  Zn(ll) Hg(ll) 

2 51 66 126 117 890 
4 47 52 103 72 756 
8 38 45 83 51 655 

12 28 37 52 39 409 
20 10 9 - 130 - 
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0 1 2 3 4 
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Fig. 3. Time-course of complexation. 

the refunctionalized resin was not successful. A resin with 
initially 122mg Cu(I1)g-' of the resin after recycling 
complexed only 68 mg of the metal ion. This is because of 
the acid-catalysed decomposition of dithiocarbamate 
functions to protonated amine and carbon disulphide as 
reported in the case of low molecular weight dithio- 
car barn ate^.^^ 

3.7 Swelling studies 

The equilibrium water contents (EWCs) of the various 
dithiocarbamate resins and their complexes with a 
definite amount of copper are given in Fig. 4. The EWCs 
of the uncomplexed dithiocarbamate resins were in the 
range 52-77%. This first increases with increasing 
crosslinking and then decreases because of the increased 
rigidity of the polymer matrix. The swelling of the 2% 
crosslinked resin is lower than expected. This arises from 
the multi-transamidation with ethylenediamine, resulting 
in the formation of a highly crosslinked system. The 
swellings of the complexed resins are lower than those of 
the uncomplexed resins. This reduction arises from 
crosslinking by complexation with metal ions, resulting in 
decreased intake of the solvent.24 This reduction is higher 

X Uncomplexed resin 

o CU (11) Complexed resin 

Lo L 8 12 16 20 
Crosslinking I mole%) 

Fig. 4. EWCs versus extent of NNMBA-crosslinking in 
uncomplexed and complexed resins. 

in the case of the 4, 8 and 12% crosslinked systems than 
for the 2 and 20% crosslinked systems, which have almost 
the same reduction in swelling after complexation. The 
much higher reduction in swelling after complexation of 
the 8% crosslinked resin is due to the contraction of voids 
in the polymer matrix by complexation. The co-operative 
contribution of the randomly distributed dithio functions 
for complexation makes the complexed polymer matrix 
more compact. 

3.8 Infrared spectra 

The IR spectra of the polyacrylamide-supported dithio- 
carbarnates and their derived metal complexes showed 
absorption characteristics of amides, dithiocarbamates 
and metal-sulphur bonds. The C=O and N-H absorp- 
tions of the amide groups were observed at 1660 and 3400 
cm-', respectively. The dithiocarbamates showed absorp- 
tions mainly in three regions: the peak in the region 1550- 
1450 cm-' is associated with the thioureide vibration and 
is attributed to the C-N vibration of the CS2-NR, 
bond.25 A second IR spectral region between 1050 and 
950cm-' is associated with the (CSS) vibration. In the 
metal complexes this peak is broadened 'and showed a 
splitting of less than 20cm-', indicating the bidentate co- 
ordination of the dithiocarbamates.26 The IR spectral 
region between 400 and 200cm-' is associated with the 
M-S translational  vibration^.^^ In the case of the Cu(I1) 
complexes of the polymer ligands these peaks are seen in 
the regions 370-340 and 26&240cm-'. For the Ni(I1) 
complexes the Ni(1I)-S translational vibrations are seen 
in the region 390-380cm-' and at 340 and 240cm-'. 

3.9 Thermogravimetric studies 

The TG curves of the Cu(1I) and Ni(1I) complexes of 
dithiocarbamate functions supported on polyacrylamides 
with 4, 8, 12 and 20molY0 of NNMBA-crosslinks are 
given in Figs 5 and 6, respectively. 

The TG curves of the Cu(I1) complexes of 4 and 20 
mol% of NNMBA-crosslinks showed three stages of 

1 4% 
2 0% 
3 12% 

75 4 20% 

3 
I I I I I I I I I  

Temperature ("C) 
40 120 200 280 360 440 520 600 600 760 

Fig. 5. TG curves of the Cu(1I) complexes of dithiocarbamates 
with varying extents of NNMBA-crosslinks. 
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positions were in the temperature range 175-233°C for 
Cu(I1) complexes and 175-377°C for Ni(I1) complexes. 
This stage occurs in two steps. The mass losses corre- 
sponding to the second stage were in the range 12-25% 
and 12-44% for the Cu(I1) and Ni(I1) complexes, 
respectively. The two-step decomposition may be a 
function of the slow decomposition of unfunctionalized 
amide groups and free ligands in the complexes. The third 
stage in all the cases was used for kinetic analysis of 
decomposition. The phenomenological data of the Cu(1I) 
and Ni(I1) complexes are given in Table 2. 

The differential (eqn (1))" and the approximation 
methods (eqn (2))29 were applied for the mathematical 
analysis of the TG curves using the least-squares method. 
The kinetic data and the correlation coefficients are given 
in Tables 3 and 4: 

100.0 1 4% 
2 0% 
3 12% 

82 5 - - . 
5 650 

47 5 

30 0 
40 120 200 200 360 440 520 600 600 760 

Temperature ("C)  

Fig. 6. TG curves of the WI) complexes of dithiocarbamates 
with varying extents of NNMBA-crosslinks. 

decomposition, whereas the 8 and 12% crosslinked 
systems had four stages. For the Ni(I1) complexes, except 
the 4% crosslinked system, all had four stages. In all cases 
the first stage can be considered as the removal of 
adsorbed or co-ordinated water molecules present in the 
complexes. In Cu(I1) and Ni(I1) complexes this stage 
occurred over the temperature range 30-204"C, with mass 
losses between 8 and 12%. The second-stage decom- 

TABLE 2. Phenomenological data of the thermal 
decomposition of the Cu(ll) and Ni(ll) complexes of 
NNMBA-crosslinked polyacrylamide-supported 

d it 1.1 iocarbamat es 

NNMBA Decomposition temperature Peak temperature Mass 
(mol%) range in TG in derivative loss 

( C) thermogravimetry (%) 
( C) 

T, r; T,  

Cu(l l )  complexes 
4 347 
8 377 

12 375 
20 361 

Ni(l l) complexes 
4 349 
8 349 

12 372 
20 371 

497 
47 1 
477 
478 

491 
472 
490 
478 

41 0 
424 
383 
43 1 

407 
407 
41 0 
41 7 

26 
16 
18 
27 

20 
20 
14 
19 

10gg(E)/T2 = log [AR/4E(l- 2RT/E] 
- E/2*303RT (1) 

- 0.120 394(E/T) (2) 
l o g g ( ~ ) / T " ~ ~ ' ~ O ~  = log AE/4R + 8.68703 - 1.921 503 log E 

The values for the activation energy vary with the extent 
of NNMBA-crosslinking. For the Cu(I1) complexes the 
activation energy decreases with increasing crosslinking 
up to 12%. For the Ni(I1) complexes the activation energy 
decreased with crosslinking up to 8%, increased at 12% 
crosslinking and decreased thereafter. The activation 
energy ( E )  and the extent of crosslinking (C) fit a cubic 
polynomial of the type 

E= a+ hC+ cC2 + dC3 

where a, h, c and d are numerical constants. The specific 
equation for the Cu(1I) complex is 

E= 261.9 - 32'0C+ 2.4C2 -0'0552C3 

and for the Ni(I1) complexes 

E= 308*6-61~6C+6~4C2-0.1865C3 

The plots of activation energy ( E )  versus extent of 
crosslinking (C) for the two complexes are given in Fig. 7. 
In the case of Cu(I1) complexes the minimum thermal 
stability is for the 10% crosslinked system within the 
chosen limits of the experiment. Similarly, the Ni(I1) 
complexes have minimum thermal stability at 7% 

TABLE 3. Kinetic parameters of the thermal decomposition of Cu( II) complexes of polyacrylamide-supported 
dithiocarbamates wi th  varying extent of NNM BA-crosslinks 

NNMBA Equation (1 ) Equation (2) 
(mol%) 

E A AS r E A AS r 
(kJmol-l) (S-l) (J) (kJ mol-') (S - ' )  (J) 

4 169.1 9.4 x 10'0 -41.7 0'9842 169.5 1.7 x 10" -36.9 0.9838 
8 134.3 2.7 x 103 - 187'5 0.997 1 134.9 4.9 x 1 0 4  - 182.5 0.997 1 

12 132.7 1.6 x 103 - 190.6 0'993 7 133.7 3.2 x 103 - 184.9 0'997 6 
20 153.8 2.5 x 109 -72.1 0.9941 154.6 7.5 x 109 -63.0 0.9951 
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TABLE 4. Kinetic parameters of the thermal decomposition of Ni( II) complexes of polyacrylamide-supported 
dithiocarbamates with varying extent of DVB-crosslinks 

N N M B A  Equation (1) Equation (2) 
(mol%) 

E A AS r E A AS r 
(kJ mol-') ( S - l )  (J) (kJ mol-') (s - ' )  (J) 

4 154.9 7.2 x 1 O6 - 120'5 0.997 9 154.2 I .o x 107 - 1 1  7.5 0.998 2 
8 138.0 3.5 x 1 0 5  - 145.7 0.999 5 138.5 6.4 x 105 - 140'7 0,999 5 
12 179.6 4.5 x 1 O8 -86.2 0,9900 180.0 8.1 x 10' -81.3 0,9901 
20 170.7 9.3 x 107 -99.3 0.9942 170.9 9.7 x 107 -99.0 0.9942 

crosslinking and maximum thermal stability at  16% 
crosslinking. The higher thermal stabilities of the metal 
complexes may arise from the additional stability gained 
by the formation of stable ring  structure^.^^ The bidentate 
co-ordination structure of the dithiocarbamate would 
favour ring complexes.26 

3.10 Scanning electron microscopy 

extent of crosslinking. The swelling of the crosslinked 
polymeric ligands in water depends on the extent of 
crosslinking. The swelling of the complexed resins was 
lowered by complexation. Recyclability of the complexed 
resins was not possible because of their decomposition in 
the presence of acids. The thermal stability increases on 
complexation and the thermal stability of the Ni(I1) 

The scanning electron micrographs of the uncomplexed 
and complexed resins are given in Fig. 8. The surface of 
the uncomplexed resin appeared smoother than that of 
the complexed resin. The rough appearance of the 
complexed resin is because of the rearrangement of the 
orderly arranged polyacrylamide chains by complexation 
with metal ions. This results in an increase in disorder of 
the system. 

4 CONCLUSION 

The foregoing investigations on the preparation of 
crosslinked polyacrylamides, their functionalization and 
complexation suggest that there is a definite correlation 
between the extent of functionalization and extent of 
crosslinking. The complexation behaviour of dithio- 
carbamates depends on their molecular character and the 

Y 

W 
160 

1LO 

0 cut111 0 ,  A Theoretical 

120L 
0 L 8 12 16 20 22 

C lmole YO) 
Fig. 7. Activation energy versus extent of NNMBA-cross- (b) 

Fig. 8. Scanning electron micrographs of (a) uncomplexed resin 
and (b) complexed resin. 

linking in the Cu(I1) and Ni(1l) complexes of dithiocarbamates 
with varying extents of NNMBA-crosslinks. 
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complexes are higher than those of the Cu(I1) complexes. 
Thermal stability of the complexes varies with the extent 
of crosslinking in the complex. In the case of Cu(1I) 
complexes thermal stability decreases up to 12% 
crosslinking and increases thereafter. In the case of Ni(I1) 
complexes thermal stability first decreases with NNMBA 
content up to 7 %  crosslinking, then increases up to 16% 
crosslinking and decreases thereafter. The change in 
surface morphology on complexation is shown by the 
SEM patterns. 

ACKNOWLEDGEMENTS 

We thank the Regional Sophisticated Instrumentation 
Centre (RSIC), IIT, Madras, for the spectral analyses and 
the Catalysis Division, TIT, Madras, for the thermal 
analysis. We also thank Professor P. M. Madhusudanan 
for detailed discussion and help in the interpretation of 
the thermal data of the polymer-metal complexes. 

R EFER ENCES 

Warshawsky, A.. In Synllresec ( ~ t i d  Reuctions Using Funclioriul 
folynrers, ed. D. C. Sherrington & P. Hodge. Wiley, Chichester, 1987, 
p. 325. 
Kancko. M. & Tsuchida. E., Mucrotnol. Rer., 16 (1981) 397. 
Lindsay, D.. Sherrington, D.C., Greig, J.A. & Hancock, R. D., 
Reoc./irr f o / i . m x c .  I2 ( 1990) 59. 
Moriya. M. & Imachi. T.. P P M ,  13 (1982) 30. 

5 Drago, R. S. & Gaul, J. H., Inorg. Chem., 18 (1979) 2019. 
6 Lindsay. D. & Sherrington, D. C., Reucliue fo/ymers, 3 (1985) 327. 
7 Nishide. H., Shimidzu, N. & Tsuchida, E.. J. Appl. f o / j w r .  Sci.. 27 

8 Green, R. B. & Hancock, R. D., Hydromefallurgy, 6 (1981) 353. 
9 George, B. K. & Pillai. V. N. R., Macromolecules, 21 (1988) 1867. 

10 George, B. K. & Pillai, V. N. R., J.  folvm. Sci.. fo/ym. Chem. Ed., 28 

I 1  George, B. K. & Pillai, V. N. R., Rcuctioe fo/ymer.v, submitted. 
I2 Devaky, K. S., George, B. K. & Pillai, V. N. R., Indiun J. Chen7., 29A 

(1982) 4161. 

(1990) 258s. 

11990) 1045. 
13 

14 
15 
16 

17 

18 
19 
20 

21 
22 
23 

24 

25 
26 
27 

2n 
29 

30 

\ ,  

Devaky, K. S., George, B. K. & Pillai, V. N. R., Mucroninlecules, 
submitted. 
Georee. B. K. & Pillai. V. N. R.. Mucromol(w/es. 21 (1988) 1867 

- 

. .  
Slovayk,'Z., And.  Clrim. Actu, 110 (1979) 301. 
Dingmdn, J. F. Jr, Gloss, K. M., Milano, E. M. & Siggia, S., A n d .  
C/rem., 46 (1974) 774. 
Kojima, S., Kiyozumi, M., Honda, T., Sneba, Y., Kamineku. K. & 
Ohaishi, M.. CIteni. Pliurm. Bull., 35 (1987) 3838. 
Magee. R. J. & Hill, J. P., Re[;. Anal. Ckem., 8 (1985) 572. 
Tobita, H. & Hamieke, A. E., Pofj.mer. 31 (1990) 1546. 
Sreekumar, K. & Pillai, V. N. R., froc.  Indian Acud. Sci. (Ckem. Sci.), 
101 (1989) 335. 
George, B. K. & Pillai, V. N. R., Eur. Poljwr. J.. 25 (1989) 1099. 
Hulanicki, A., 7Xun/u, 14 (1967) 1099. 
Joris. S. J., Aspila, K. 1. & Chakrabarthi, C. L., Anal. C'hem., 41 (1969) 
1441. 
Wcllcman. J. A.. Hulsbergen, E B. & Reedijk, J., Mukromol. Chetn., 
182 (1981) 785. 
Coucouvanis, D., f r o g .  Inorg. Clren7.. 11 (1970) 283. 
Mitchell, P. C. H. & Taylor, M. G., Polyhedron, 1 (1982) 225. 
Ojima, I., Onishi. T.. Iwamoto, T.. Inamoto, N. & Tamaru, K., Inorg. 
Nuc.1. Clrenr. Le / / . ,  6 (1970) 65. 
Coals, A. W. & Redfern, J. P.. Nururr, 201 (1964) 68. 
Madhusudanan, P. M.. Krishana, K. & Ninan, K., T/iermoc/tim. 
Ac/tr, 197 (1986) 189. 
Dcsai, T. & Suther. B., Sjx. Reuct. horg. C/ifW7., I 1  (1986) 233. 

POLYMER INTERNATIONAL VOL. 28. NO.3.1992 


