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Abstract—Polyacrylamides with 2-20 mol% NNMBA crosslinks were prepared by the solution polym-
erisation of the monomers in water. Glycine functions were incorporated by transamidation with excess
sodium salt of glycine. Metal ion complexations of these glycine functions in varying structural environ-
ments were investigated towards Fe(II), Fe(IIT), Co(II), Ni(II) and Cu(II) ions. The metal uptake varied
in the order: Cu(II) > Ni(II) ~ Co(II) > Fe(III) > Fe(II). With increasing degree of crosslinking, the metal
uptake increased till 8% crosslinking and decreased further. The metal complexes were characterised by
IR and UV spectra. The catalase-like activities of these insoluble metal complexes were investigated by
the decomposition of hydrogen peroxide. Co(I1I) and Cu(Il) complexes were found to be effective in the
catalytic decomposition of hydrogen peroxide. The catalytic decomposition was found to be first order.
The effect of the variables of catalysis like time, temperature, pH, amount of catalyst and the concen-
tration of hydrogen peroxide on the decomposition of hydrogen peroxide were followed. The extent of
catalysis varies with the degree of NNMBA crosslinking. © 1998 Elsevier Science Ltd. All rights

reserved

INTRODUCTION

The study of polymer-supported ligands and de-
rived metal complexes is relevant in the areas of
metal ion separation, catalysis and in bioinorganic
chemistry [1-3]. In a polymeric ligand or polymer—
metal complex, the ligand function is often only a
small part of the three-dimensional polymer sup-
port. Hence it is subjected to a number of structural
variables compared to a low molecular weight
ligand. This indicates a definite dependence on the
complexing abilities of the insoluble polymeric
ligands and physicochemical properties of the de-
rived polymer—metal complexes [4—6]. Polymer—me-
tal complexes are widely used as immobilised
catalysts with high specificity [7]. The three-dimen-
sional macromolecular matrix imparts selectivity
and increased catalytic activity to the polymer—me-
tal complexes when compared to the corresponding
low molecular weight species. The insolubility of
the polymer—metal complexes makes easy separ-
ation of the catalyst from the reaction mixture. The
macromolecular characteristics of the polymer sup-
port, like the nature of the polymer backbone,
chemical nature and degree of crosslinking and the
microenvironment around the coordination sphere,
determine the catalytic activities of the polymer—
metal complexes [8,9]. Several attempts have been
made to use fully synthetic polymeric catalysts that
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incorporate all the functional features like specificity
and activity of the natural enzymes [10]. Various
polymer—metal complexes are found to be effective
in mimicking catalase-like activity in the decompo-
sition of hydrogen peroxide [11].

This paper describes in detail the synthesis,
characterisation and catalytic activities of the metal
complexes of glycine functions supported on 2-20 -
mol% NNMBA-crosslinked polyacrylamides. The
decomposition of hydrogen peroxide is selected as a
model reaction to investigate the catalytic activities
of the synthesised polymer—metal complexes. The
interdependence of the metal ion complexation and
catalytic activity on the degree of NNMBA cross-
linking are followed. Kinetics of catalysis and the
dependence of various factors of the catalytic reac-
tions on the decompositions of hydrogen peroxide
are also described.

EXPERIMENTAL

General

All the reagents were of certified ACS reagent grade.
The purest available metal salts were used to prepare
metal ion solutions. The IR spectra were recorded on a
Shimadzu IR 470 spectrophotometer. UV measurements
were made on a Shimadzu 160 A spectrophotometer.

Synthesis of NNMBA-crosslinked polyacrylamides

For the preparation of 2mol% NNMBA-crosslinked
polyacrylamide, acrylamide (14 g) and NNMBA (0.6 g)
were dissolved in water (100 ml). Potassium persulphate
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Table 1. Composition of monomers and yield for the synthesis of
2-20 mol% NNMBA-crosslinked polyacrylamides

NNMBA Weight of monomers (g) Yield
(mol%) Acrylamide NNMBA (g)

2 13.98 0.64 13.04

4 13.77 1.28 14.40

8 13.06 2.46 14.78

12 12.51 3.70 15.00

20 11.36 6.16 16.00

(100 mg) was added and the mixture was heated at 80°C
for 30 min. The lumps were powdered, washed with water,
ethanol, methanol and dried at 70°C. Polyacrylamides
with 4-20 mol% crosslinking were prepared by varying
the composition of the monomers in the feed (Table 1).

Functionalisation of acrylamide using glycine

Ten grams of NNMBA-crosslinked polyacrylamide was
treated with the sodium salt of glycine and refluxed at 90—
100°C for 20 h. The unreacted glycine and NaOH were
removed by washing with distilled water, ethanol, metha-
nol and soxhletted using acetone and dried at 50°C.

Estimation of carboxyl capacity

For the determination of carboxyl content of different
resins, 100 mg each of the resins was equilibrated with
HCI (0.2 N, 10ml) for 24 h with magnetic stirring. The
resin samples were filtered, washed with distilled water to
remove unreacted HCl and the filtrate was titrated with
NaOH (0.2 N) to a phenolphthalein end point.

Complexation of metal ions with carboxyl resins

The complexation of carboxyl resins with varying
extents of NNMBA crosslinks were carried out towards
Fe(II), Fe(I1l), Co(II), Ni(II), Cu(Il) ions by batch equili-
bration technique. A quantity (100 mg) of the resin was
stirred in an aqueous metal salt solution (0.05 N, 50 ml)
for 24 h. The complexed resins were collected by filtration
and washed with distilled water to remove uncomplexed
metal ions. The concentration of metal salt solutions were
estimated by UV spectrophotometric methods.

Kinetic study of hydrogen peroxide decomposition by
polymer—metal complexes

A weighed quantity of the catalyst (10 mg) stirred with
Sml (0.2 N H,0,) in the reaction vessel at 30°C. After a
definite time, the insoluble polymer was collected by fil-
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tration and the concentration of hydrogen peroxide (fil-
trate) was estimated by titrating against standardised
potassium permanganate solution. The experiment was
repeated until a steady state was attained.

Effect of reaction conditions on the decomposition of
hydrogen peroxide

The dependence of time, temperature, amount of cata-
lyst and concentration of hydrogen peroxide on the cataly-
tic decomposition of hydrogen peroxide was followed
using a Cu(ll) complex prepared with 2mol% cross-
linking. The influence of pH in the kinetic study of poly-
acrylamide supported glycine Co(II) complexes (8 mol%)
was studied at 303 K.

RESULTS AND DISCUSSION

Preparation of NNM BA-crosslinked polyacrylamides

Polyacrylamides with 2-20 mol% NNMBA cross-
links were prepared by copolymerisation of the
monomers in water at 80°C using potassium persul-
phate as the initiator (Scheme 1). The crosslink den-
sity was adjusted by varying the composition of the
monomers in the feed (Table 1). With increasing
crosslinking, the polymer matrix become more rigid
and the swelling in water also decreased.

Functionalisation of  crosslinked  polyacrylamides
using sodium salt of glycine

Glycine functions were incorporated into
NNMBA-crosslinked polyacrylamides by transami-
dation with excess sodium salt of glycine at 90—
100°C for 20 h (Scheme 2). The carboxyl capacity
was estimated by equilibrating a definite amount of
the resin with known concentration of excess HCI
and back titrating the excess acid with alkali. With
increasing crosslinking, the carboxyl capacity
increases till 8% crosslinking and decreased further
(Fig. 1). Generally, the extent of functionalisation
decreases with increasing crosslinking [12]. The
anomalous observation in this case arises from the
heterogeneous distribution of the NNMBA cross-
links during polymerisation [13]. Similar variation
in reactivity with degree of NNMBA-crosslinking is
reported in polyacrylamide-supported reagents [14].
The network structure of the crosslinked polyacryl-
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Scheme 1. Preparation of NNMBA-crosslinked polyacrylamides.
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Scheme 2. Transamidation of NNMBA-crosslinked polyacrylamide with sodium salt of glycine.
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Fig. 1. Dependence of NNMBA crosslinking on the extent
of transamidation.

amides is highly dependent on the concentrations of
acrylamide and the tetrafunctional -crosslinking
agent [15]. Since this polymerisation involve three
stages viz. pre-gel reaction, gelation and post-gel
reaction, the composition of the polymer formed in
each stage is different and therefore microdomains
of different structures will be formed.

Metal ion complexation of NNMBA-crosslinked
polyacrylamide-supported carboxyl resins

The complexing ability of glycine incorporated
NNMBA-crosslinked polyacrylamides was investi-
gated for Fe(Il), Fe(Ill), Co(II), Ni(II) and Cu(Il)
ions. The metal ion uptake of the resins are given
in Table 2. For all the metal ions, the complexation
increases till 8 mol% and then decreases.
Complexation is maximum for the 8% crosslinked
system. The observed trend in complexation is:
Cu(1I) > Ni(II) > Co(II) > Fe(I1I) > Fe(1I).

Characterisation: infrared spectra and UV spectra

The IR spectrum of the NNMBA-crosslinked
polyacrylamides showed the characteristic absorp-
tions of amide (N-H) and amide carbonyl (C-O) at
3500 and 1658 cm™' respectively. The absorption of
the secondary amide group in the NNMBA cross-
linking is observed at 1570-1500 cm™". In the func-
tionalised polymers the carboxylate groups absorb
strongly near 1673 cm™' and weakly at 1400 cm™'.
The structure and geometry of the resulting poly-
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mer metal complex are largely determined by the
microenvironments around the polymer domain
[16]. Polymer anchored Co(II) complexes exhibit
bands at 9500-11000 and 18000—20500 cm™" due to
4T,g (F)-4T>g (vi) and 4T,g (F)-4T,g (P) (v3) tran-
sitions in an octahedral geometry. For the Cu(II) d’
configuration due to Jahn—Teller distortion we get a
distorted octahedral structure. xy—(x*y?) and xz,
yz—(x*y?) transitions occur. As the axial bond
lengthens the xy—(x*)?) transition shifts to the blue
region. The polymer anchored Ni(II) complexes
with  three transitions, 3A,g—3T,g, 10048—
15543 cm™, 3A,8-3T,g (F), 1554315699 cm™" and
3A,g-3T g (P), 2362424570 cm™' give a near octa-
hedral geometry. For Fe(III) complexes three spin
transitions are observed i.e., 28571 cm™' (m — n*
transition), 12620 cm™ (6A,g-4T,g (G) transition)
and at 20360 cm™' (6A,g-4T,g (G) transition) sug-
gestive of the octahedral coordination geometry.

Catalysis of hydrogen peroxide decomposition by
NNMBA-crosslinked polyacrylamide-supported gly-
cine—metal complexes

In order to investigate the catalase-like activity of
the polyacrylamide-supported glycine—metal com-
plexes, the decomposition of hydrogen peroxide was
chosen as a model reaction. The catalytic decompo-
sition of hydrogen peroxide can be schematically
represented as:

H,0, —>H02_ +HT*
HO; + PMC—PMC(HO;)~

PMC(HO,)” + H,O,—PMC + H,O + O, + OH ~

(PMC = polymer metal complex).

Of the various polymer—metal complexes, the cat-
alytic  activity  decreased in  the  order:
Co(II) > Cu(Il) > Ni(IT) > Fe(IIT) > Fe(I1I) (Fig. 2).
This variation in reactivity with metal ion can be
explained in terms of their coordination geometry.
In the case of Fe(Il), Fe(Ill) there is no consider-
able change in reactivity with time. The increased
reactivity of the Co(II) complex may be due to the
unsaturation of its coordination geometry by a
nearly 1:2 metal:ligand ratio. For the Co(II) com-
plex, a 1:3 geometry is preferred for its octahedral
geometry. The Cu(Il) complexes also show a similar
unsaturation making them reactive by the easy
accessibility of the peroxide ion for complexation.
For Ni(II), Fe (II) and Fe(Ill), the complexes are
saturated with ligands. Thus the accessibility of
hydrogen peroxide to the coordination site is less,
making their catalytic activity much less.

Table 2. Metal ion uptakes of 2-20 mol% NNMBA-crosslinked polyacrylamide-supported glycine

Metal ion uptake (meq/g)

NNMBA (mol%) Fe(IT) Fe(I1T) Co(1I) Ni(IT) Cu(Il)
2 0.429 1.206 1.790 1.481 2.600

4 1.143 1.316 2.182 2.353 2.946

8 1.857 1.960 2.498 2.561 3.580

12 1.143 1.190 1.812 2.396 3.010

20 0.429 1.012 1.262 0.850 2.019
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Fig. 2. Catalytic activities of Fe(Il), Fe(IIlI), Co(II), Ni(Il) and Cu(II) complexes of 8§ mol% NNMBA-
crosslinked polyacrylamide-supported glycine in the decomposition of H,O,.

Kinetics of hydrogen peroxide decomposition by poly-
acrylamide-supported glycine—metal complexes

Since the catalytic activities of the Co(II) and
Cu(Il) complexes are higher than the other metal
complexes, the kinetics of catalytic decomposition
was followed by using Co(II) and Cu(Il) complexes
of the 4% crosslinked system. The kinetics of
hydrogen peroxide decomposition catalyzed by
these complexes was found to be first order (Fig. 3.)
The activation energy required for the decompo-
sition of hydrogen peroxide by the Co(II) complex
is less than the Cu(Il) complexed system. This
could arise from the unsaturation in the Co(II) co-
ordination sphere making the easy accessibility of
the hydrogen peroxide molecule and its subsequent
catalytic decomposition (Table 3). The rather higher
activation energy for the Cu(Il) complex results
from its stability in the coordination sphere pre-
venting the coordination of hydrogen peroxide and
thus inhibiting its catalytic decomposition.

4303K &313K

- log (a-x)

Time (h)

Fig. 3. Kinetic curves for the decomposition of H,O, cata-
lyzed by Co(Il) complexes of 4 mol% NNMBA-cross-
linked polyacrylamide-supported glycine.

Effect of the variables of catalysis on the decompo-
sition of hydrogen peroxide

The effect of variables like time, temperature,
amount of catalyst, concentration of hydrogen per-
oxide and pH were found to have vital roles in the
decomposition of hydrogen peroxide. Cu(Il) com-
plex of 2% NNMBA-crosslinked polyacrylamide-
supported glycine was used for these investigations.
In the catalytic decomposition of hydrogen per-
oxide, the extent of decomposition increased with
time, temperature, and amount of the catalyst.
When the concentration of hydrogen peroxide was
increased, decomposition increased till 3 x 107> M
and decreased further for a definite amount of the
catalyst (Fig. 4(a)—(d)). The influence of pH in the
kinetic study of polymer-supported Co(II) com-
plexes (2 mol%) was studied by using phosphate
buffer with pH values of 5.8, 6.1, 7.1, 7.9, and 8.5.
It was observed that at room temperature (303 K)
the catalytic activity is decreased in the order
6.1~85>58>7.1>709.

Effect of degree of NNMBA crosslinking on catalysis

In order to investigate the effect of the degree of
NNMBA crosslinking on the decomposition of
hydrogen peroxide, linear and 2-20 mol%
NNMBA-crosslinked Cu(Il) complexes with definite
amount of Cu (II) centers were used. The catalytic
activity varied with degree of crosslinking in the
order: 2>20>4>8>12>linear (Fig. 5). The
increased reactivity of the 2 and 20 mol% cross-
linked systems can be explained by the increased
accessibility and higher surface concentration of
metal centers on the surface of the polymer. The
low degree of crosslinking in the 2% crosslinking

Table 3. Kinetic parameters for the decomposition of H,O, cata-
lyzed by Co(II) and Cu(II) complexes of 4 mol% NNMBA-cross-
linked polyacrylamide-supported glycines

AS
Metal complex ~ AE (kJ mol™") A (Imol™' K™
Co(II) 77.46 9.79x10°  —72.94
Cu(Il) 97.34 201x102 —9.53
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Fig. 4. (a) Effect of time on the decomposition of H,O, catalyzed by Cu(Il) complex of 2 mol%
NNMBA-crosslinked polyacrylamide-supported glycine. (b) Effect of temperature on the decomposition
of H,0, catalyzed by Cu(Il) complex of 2 mol% NNMBA-crosslinked polyacrylamide-supported gly-
cine. (c) Effect of amount of catalyst on the decomposition of H,O, catalyzed by Cu(II) complex of
2 mol% NNMBA-crosslinked polyacrylamide-supported glycine. (d) Effect of concentration of H,O,
on the decomposition of H,O, catalyzed by Cu(Il) complex of 2 mol% NNMBA-crosslinked polyacryl-
amide- supported glycine. (e) Effect of pH on the decomposition of H,O, catalyzed by Cu(II) complex
of 2 mol% NNMBA-crosslinked polyacrylamide-supported glycine.

system increases the accessibility of the metal cen- ble for substrate and thereby increasing catalytic
ters for catalysis. In 20% crosslinked system, the activity. The reactivities of the 4 and 8% cross-
metal centers are mainly on the surface of the cross- linked systems is almost similar but the extent of
linked polymer support making them more accessi- reactivity is higher for the 8% crosslinked system.
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Fig. 5. Dependence of degree of NNMBA crosslinking on the H,O, decomposition catalyzed by Cu(II)
complexes of polyacrylamide-supported glycine.

The decreased availability of the metal centers in
the interior of the crosslinks makes the catalysis by
Cu(Il) centers slow with a delayed action. But the
decreased reactivity of the 12% crosslinked system
is believed to be due to a steric effect by the cross-
links and the low metal content. Reactivity of the
linear system is lower than expected. This is thought
to originate from the decreased availability of cop-
per centers resulting from the aggregation of the
polymer chains and interchain complexation.

CONCLUSION

These investigations suggest that the interaction
of crosslinked polyacrylamide-supported glycine
ligands with metal ions depends on the degree of
NNMBA crosslinking in the polymer support. The
polymeric ligands and the metal complexes were
characterised by IR and UV analysis. The derived
metal complexes are found to be effective models
for its catalase-like activity. The catalytic activity
depends on the microenvironments around the
metal centers. The catalytic activity decreased in the
order: Co(II) > Cu(IT) > Ni(IT) > Fe(III). The extent
of catalytic decomposition is subject to the variables
of the reaction conditions and the kinetics of cataly-
sis were found to be first order. The degree of
NNMBA crosslinking has a significant effect on the
catalytic activities of the crosslinked polymer—metal
complexes.
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