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Introduction

The design and synthesis of novel macromolecular architec-
tures based on hyperbranched polymers and new types of 
composites including crosslinked networks, hydrogels, and 
solvent-gel systems are important fields of polymer science 
and macromolecular engineering (Tsukruk 1997, Vogl and Jay-
cox 1999, Gao and Yan 2004, Nuttelman et al. 2008). There are 
many different macromolecular structures that are possible for 
physical and chemical hydrogels. They include the following 
crosslinked or entangled networks of linear homopolymers, 
linear copolymers and block or graft copolymers: polyion– 
multivalent ion, polyion–polyion, or H-bonded complexes; 
hydrophilic networks stabilized by hydrophobic domains;  
IPNs or physical blends; and composite hydrogels (Hoffman  
2002, Kim et al. 2007, Tibbitt and Anseth 2009, Zhang  
et al. 2011). From this position, highly reactive anhydri-
de-containing macromolecules, including alternating and 
random copolymers, cyclic copolymers, and block and graft 

copolymers of maleic anhydride (MA) and its isostructural 
analogs, can serve as starting materials in achieving the above-
mentioned synthesis. The synthesis and macromolecular 
reactions of anhydride-containing polymers and copolymers 
with various amines, epoxides, alcohols, polyols, etc. have 
been described and discussed (Cowie 1985, Webster 2003). 
The copolymerization of AAm with various water-soluble 
monomers in water or DMSO has been studied (Bune et al. 
1997, Wever et al. 2012, Kakuta et al. 2013). Terpolymers of 
water-soluble acrylamide, acrylic acid, and N-(1,1-dimethyl-
3-oxobutyl) acrylamide, were synthesized and characterized 
(Camail et al. 1998, Vermolen et al. 2011). Hyperbranched 
polymers have a large number of terminal groups that may 
have some desirable chemical properties – either enhanced 
solubility in some solvents, or some catalytic property, etc. 
(Kim et al. 2006). Hyperbranched polyesters (HPE) are highly 
efficient in encapsulating bioactive agents, including drugs, 
genes, and proteins, due to their globe-like nanostructure 
(Zhang et al. 2011, Pillai et al. 2014). The presence of ester 
groups in the backbone can be used to tune the biological 
properties and degradability of the scaffolds (Zhang et al. 
2013). In recent years, hydrogels have attracted a great deal 
of attention because of their biocompatibility and high water 
retention. Among different biomaterials, hydrogels are one 
of the potential candidates, as they can imitate the physical, 
chemical, electrical, and biological properties of most biologi-
cal tissues. Owing to these properties, significant progress has 
been made in designing, synthesizing, and using these materi-
als for tissue engineering, drug delivery, and many biological 
and biomedical applications (Peppas et al. 2006, Hamidi et al. 
2008, Fisher et al. 2010, Kloxin et al. 2010). Improvements in 
micro- and nanofabrication technologies, and in biomolecu-
lar engineering, have been directed at designing composite 
hydrogel networks with customized functionality (Caldorera-
Moore and Peppas 2009, Annabi et al. 2014).

Silane-based coupling agents, most frequently g-amin-
opropyltriethoxysilane (APTS), were used to improve 
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Abstract
This work describes the synthesis and macromolecular 
reactions of maleic anhydride (MA)-acrylamide (AAm) binary 
and MA-vinyl acetate (VA)- AAm ternary reactive copolymers 
with g-aminopropyltriethoxysilane (APTS) as a polyfunctional 
crosslinker. Swelling parameters such as the start-time of the 
hydrogel-formation, initial rate of swelling, swelling rate constant, 
equilibrium swelling, and equilibrium water content (EWC) 
are determined for polymers/APTS/water systems with certain 
copolymer/crosslinker ratios (1.4/1 and 9/1). The formation of a 
hyperbranched network structure by the fragmentation of the 
side-chain reactive groups in the systems studied has also been 
confirmed by the Fourier Transform Infrared (FTIR) method.

Keywords:  g-aminopropyltriethoxysilane, crosslinking,  
hydrogel, macromolecular reaction, poly(MA-alt-AAm), 
poly(VA-co-MA-co-AAm), swelling parameters
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surface adhesion in various polymer composites (Mittal 
1992, Airoldi and Arakaki 2001) to surface-modify polyeth-
ylene films (Akovalı et al. 1996), and for the preparation 
of silica hybrid materials by an in situ solvent (THF)-gel 
process using a MA (12%)-styrene random copolymer/
tetraethoxysilane/APTS system. Polyimide–silica hybrids 
were obtained using the non-aqueous solvent-gel process, 
by polycondensation of phenyltriethoxysilane in a solution 
of polyamic acid (Zhou et al. 1998). Self-catalyzed hydro-
lysis of phenyl-substituted alkoxysilane and modification 
of the polyimide structure were applied, and resulted in 
highly compatible polyimide–silica hybrids. The prepared 
hybrid films, with a silica content of (45%), had high ther-
mostability. In the APTS-deuterated ethanol-H2O system, 
the rate of release of ethanol from the ethoxy-groups, a 
reaction which occurs during the condensation process, 
was followed by using 1H-NMR spectroscopy at different 
temperatures (Bayer et al. 1999). Changing the hydro-
philic-hydrophobic character of the precipitated silica, 
highly dispersed silica fibers were studied (Hsiue et al. 
2000, Ogasawara et al. 2001, Jesionowski and Krysztafkie-
wicz 2001, Xu et al. 2012, Fan et al. 2014). Biocomposite 
hydrogel was treated with silane-based coupling agents, 
to evaluate the performance properties of treated biocom-
posite hydrogel. The outcomes of these studies reveal that 
the treated biocomposite hydrogel was found to possess 
superior properties compared to the untreated biocom-
posite hydrogel, with respect to the overall properties of 
biocomposite hydrogels. We have recently reported that 
some anhydride-containing copolymers easily undergo 
crosslinking with APTS in non-aqueous solutions (Kaplan 
Can et al. 2003, Rzaev et al. 2001). The synthesis and mac-
romolecular reactions of MA-Methyl methacrylate (MMA) 
and MA- trans-stilbene (Stb)-n-Butyl methacrylate (BMA) 
reactive copolymer, and terpolymers with APTS as a poly-
functional crosslinker, were studied (Rzaev et al. 2001). 
One of the macromolecular reactions occurs between the 
MA and acrylic acid copolymer with APTS (Kaplan Can 
et al. 2003).

In this work, binary and ternary polymerization of 
MA, AAm, and vinyl acetate (VA) monomer will used 
with 2,2’-azobisisobutyronitrile (ABIN) as an initiator in 
benzene, at 70°C, in a nitrogen atmosphere and with an 
initial monomer feed ratio of 1/1 and 1/2/1. Synthesized 
polymers will be characterized by FTIR, X-ray diffrac-
tion (XRD), elemental analysis, viscosity, acid number, 
and differential scanning calorimetry (DSC). The results 
of experiments on the macromolecular reactions of 
poly(MA-alt-AAm) and poly(VA-co-MA-co-AAm) terpoly-
mer with APTS as a polyfunctional crosslinker are investi-
gated. The characteristics of synthesized hydrogel systems 
and the swelling parameters in the poly(MA-alt-AAm)/
APTS and poly(VA-co-MA-co-AAm)/APTS hydrogels are 
described and discussed. Swelling parameters, such as 
the start-time of the hydrogel formation, initial rate of the 
swelling, swelling rate constant, equilibrium swelling, and 
equilibrium water content (EWC), are determined for the 
polymers/APTS/water systems, with certain copolymer/
crosslinker ratios.

Experimental

Materials
Initial monomers such as MA, AAm, and VA, were supplied 
by Fluka, and were distilled before use. They had the follow-
ing characteristics: MA C4H2O3, b.p. 197–9°C, m.p. 60 (56)oC, 
MW. 98.06 g/mol.; AAm, C3H5NO, b.p. 87°C (2.7 hPa), m.p. 
84°C, d4

20  1.127 g/cm3, MW  71.08 g/mol. The initiator 
was 2,2’-azobisisobutyronitrile (AIBN), C8H6N4, b.p.103°C, 
MW.164.2 g/mol, supplied by Fluka, and was purified by 
recrystallizing twice from chloroform solution. It was dried 
under vacuum, and has an m.p. of 106°C. APTS, supplied 
by Fluka, was used as crosslinker. NH2-CH2CH2CH2-Si 
(OC2H5)3 was purified before use by distillation under 
vacuum, and had the following average characteristics: b.p. 
217°C (110°C/25.5 mm), d4

20  0.9420 and nD
20  1.4210. 

Solvents (Merck) such as p-dioxane, acetone, methyl ethyl 
ketone, chloroform, benzene, and toluene, as well as metha-
nol, ethanol, and n-hexane were used as precipitating agents 
(Merck) and were purified before use by a well-known distil-
lation method.

Copolymerization
The syntheses of MA, AAm and VA binary and ternary 
polymers were carried out in a degassed Pyrex glass, in 
benzene, with ABIN as an initiator, at 70°C under nitrogen 
atmosphere. After the given amount of the monomers, 
initiator, and solvent mixture had been placed into the 
glass tube and then degassed by three-fold freezing with 
subsequent melting under vacuum, the reaction system 
was blown off by purified nitrogen and the tube was sealed 
and put into a thermostat in a glycerin bath. In order to 
determine the copolymer yield in the reaction mixture, 
hydroquinone was added as an inhibitor, and then this 
mixture was poured into a large amount of methanol to 
precipitate the copolymers (solution/precipitator  1/5). 
The powder-like product obtained was separated by filtra-
tion, and then purified by multiple washing in methanol 
and diethyl ether, and filtered again. The polymers were 
dried under vacuum at 40°C to a constant weight. All poly-
mers synthesized were powdered in liquid nitrogen, and 
the powdered product obtained was dried under vacuum 
at 40°C to a constant weight.

Synthesis of amino-silanized polymer networks
The crosslinking reactions of poly(MA-alt-AAm) and poly(VA-
co-MA-co-AAm) synthesized polymers were carried out with 
APTS as a crosslinker in water at 40°C, 30–40 s before the gel 
formation of hydrogel. Then, the procedure was carried out 
in poly(MA-alt-AAm)/APTS and poly(VA-co-MA-co-AAm)/
APTS solutions, with various polymer/crosslinker ratios. The 
process of the formation of network structures was carried 
out under various thermo treatment conditions at 140°C (15 
min, 30 min, and 45 min), and confirmed by FTIR structural 
analyses of the network polymers formed. For a sample of 
the polymer hydrogel, the swelling characteristics were also 
determined. Crosslinking reactions were carried out using 
the polymer/crosslinker molar ratios of polymer/APTS of : 
(1.4/1 and 9/1 (Table I).
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Swelling studies
Poly(MA-alt-AAm) and poly(VA-co-MA-co-AAm) gels 
were obtained in long cylindrical shapes cut into pieces 
that were 0.5 cm in length. The polymer gels prepared in 
water or benzene solvent were firstly immersed in water 
for a week to remove uncrosslinked polymers, and dried 
to constant weight in vacuum at 40°C, before being used 
for the swelling experiment. The hydrogels were left to 
swell in water at 25°C to determine the degree of swell-
ing, and they were then removed from the silicon bath, 
dried, weighed, and placed in the same bath. The degree 
of swelling of the crosslinked polymer/APTS crosslinker 
systems was determined gravimetrically by the following 
equation:

S % M M / M 100t o o( ) ( )     (1)

Where Mo is the dry/initial weight of the polymer gel, and Mt 
is the weight of the swollen gel at a given time (t) in water.

Measurements
FTIR studies
To analyze the synthesized sample, the FTIR spectra of copo-
lymer films with KBr pellets were recorded with a FTIR Matt-
son 1000 spectrometer in the 4000–400 cm 1 range, where 
40 scans were taken at a resolution of 16 cm 1.

XRD studies
The powder diffraction patterns of synthesized samples 
were recorded using a Philips powder diffractometer. The 
XRD diffractograms were measured at 2q, in the range of 
2°  2q  50°, using a Cu-Ka incident beam l  1.54059 
A0), monochromated by a Ni-filter. The scanning speed was  
1°/min, and the voltage and current of the X-ray tubes were 
40 kV and 30 mA, respectively.

The Bragg equation was used to calculate the interlayer 
spacing (d) nl  (2d sinq), where n is the order of reflection, 
and q is the angle of reflection. The crystallinity of the copo-
lymer was calculated using the equation

Xc

s Ic(s)d

s I(s)d

2

0

2

0



∞

∞

∫

∫
 (2)

where s is the magnitude of the reciprocal-lattice vector, which 
is given by s   (2sinq)/l (q is one-half the angle of deviation of 
the diffracted rays from the incident X-rays, and l is the wave-
length); I(s) and Ic(s) are the intensities of coherent X-ray scat-
tering from both crystalline and amorphous regions and from 
only the crystalline region of the polymer sample, respectively,

% 100Xc
Wc

Wc Wa



  (3)

Where Wc and Wa are the areas of the crystalline and amor-
phous portions in the X-ray patterns, respectively.

Elemental analysis
The Perkin-Elmer Model 240C Elemental Analyzer was used 
to determine the C, H, O, and N contents in the polymers 
synthesized.

DSC Studies
DSC analysis of copolymers was carried out under a nitrogen 
atmosphere at a heating rate of 10°C/min using a DuPont 
910 calorimeter (DuPont, Boston, MA, USA).

The Acid Number
The acid numbers (AN) of the anhydride-containing co- and 
terpolymers were determined by the non-aqueous titration 
method, using the following equation:

AN mg  KOH [56.1 V N V N / m]1 1 2 2( ) ( ) 

where V1 is the total content of KOH before addition (ml); 
N1 is normality of KOH (0.0909 N KOH); V2 is content of HCl 
required to titrate the KOH abundance (ml); N2 is the nor-
mality of HCl (0.096 N HCI); and m is the content of the poly-
mer sample (g). Thus, the AN is the number of milligrams of 
KOH required to neutralize 1 g of polymer sample.

Viscosity studies
Intrinsic viscosities of the synthesized polymers were also 
determined in water at 25  0.1°C and at concentrations 
ranging from 0.1–1.0 g/dL using an Ubbelohde viscometer. 
The values of [h] were determined from the plot of hsp/c vs c 
concentration of polymers, using the following equation:

η ηsp 0 r t / t 1  ( )

where hsp is known as specific viscosity. Non-interaction 
of the polymer coils requires infinite dilution and this is 
achieved mathematically by defining a quantity called the 
intrinsic viscosity, [h], according to the equation

[ ] lim ( / c)
c 0 spη η
→

Results and discussion

Macromolecular Crosslinking Reactions of Poly  
(MA-alt-AAm) and Poly (VA-co-MA-co-AAm) with APTS
Anhydride-containing reactive functional groups are vitally 
important in polymer science. Preparation of gels and  

Table I. Preparation conditions of polymer/crosslinker system 
(poly(MA-alt-AAm)/APTS) and poly(VA-co-MA-co-AAm)/APTS in 
water at 40  0.1°C.

Polymer/Crosslinker system
Initial polymer and APTS 

mixture

Poly(MA-alt-AA)/APTS
Poly(VA-co-MA-co-AAm)/APTS

[P] (mol L 1) [APTS] (mol L 1) 
Molar Ratio  
(P/APTS)
9.0 1.0 9.0:1
1.4 1.0 1.4:1
9.0 1.0 9.0:1
1.4 1.0 1.4:1
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Poly(VA - MA - AAm), Poly(VA-co-MA-co-AAm)

[Benzene]/[M]total   2.5, [AIBN]  2.1  10 3 mol/L, reaction 
temperature 70  0.1°C, reaction time 4 h, Yield 21%, intrin-
sic viscosity [h]  0.26 dL/g in water at 25°C, crystallinity 8.9% 
(by XRD analysis), AN  340 mg KOH/g, Tg   141.0°C and 
Tm   404.0°C (by DSC analysis), monomer unit ratio in ter-
polymer by elemental analysis (m1/m2/m3)  24.8/43.8/31.2

FTIR spectra (KBr pellet), cm 1: 3610, 3200 and 2178 
(–OH stretching in –COOH), 2980 (vas –CH in –CH3), 2942 
(vas –CH in–CH2), 2920 (vs –CH in –CH2), 2875 (vas –CH in 
–CH3), 2860 (vs –CH in –CH2), 1863 (vas –C  O) and 1783 (vs 
–C  O) for the anhydride unit, 1743 (–C  O), 1634 (–C  O) 
for –COOH group, 1470 (scissor vibrations of –CH2), 1430 
(dasCH3 antisymmetric deformation), 1220–1180 (stretch-
ing of anhydride C-O-C), 1210–1200 (dCH3), 1100 (broad 
stretching of C-O-C in VA), 620–595 (dCH in CH-CH anhy-
dride unit), 3500–3200 (–NH2 in the AAm unit and –OH in 
the MA unit), 2950–2800 (stretch of CH in the AAm unit), 
1845(–C  O of the anhydride group), 1715–1610 (–C  O 
of the acid and amide groups), 1500 (bending bands of CH 
in the MA group), 1350 (C–O of the acid group), 1250–1200 
(–CN in the AAm unit), 1100 (deformation bands of –CH in 
AAm unit), 1030 (deformation bands of –CH in the VA unit), 
940 (acid –OH group in MA).

For the studies of the crosslinking and swelling processes, 
poly(MA-alt-AAm) copolymer (50/50) with monomer unit 
composition m1/m2  58.3/41.7, and poly(VA-co-MA-co-
AAm), are used as cross-linkable polymers. APTS contains 
amine and triethoxysilyl reactive groups which are used for 
their polyfunctional crosslinker property. From the struc-
tural peculiarities of these polymer/crosslinker systems and 
the classic principles of macromolecular reactions, it can 
be assumed that the hyperbranched network structure in 
these systems will be formed by the intermolecular reactions 
between the anhydride unit and the amine group, as well as 
between the ethoxysilyl and free carboxyl fragments.

The general scheme of crosslinking reactions of anhy-
dride-containing copolymers can be represented in the 
following form (Scheme 1). It is shown that the gel forma-
tion process in poly(MA-alt-AAm)/APTS systems starts after 
heating at 40°C with intensive mixing of these polymer/
crosslinker solutions in water for a certain period of time. 
Table I represents the preparation conditions of polymer/
crosslinker systems in water.

The start-time of gel-formation (Gt), in the system studied 
depends on the type of polymer, polymer/crosslinker ratio, 
temperature, and other factors. After the start of gel forma-
tion, a dramatic increase of viscosity in the polymer/cross-
linker solution and in the formation of hydrogel is observed.

To elucidate some peculiarities of the gel formation pro-
cess in poly(MA-alt-AAm)/APTS and poly(VA-co-MA-co-
AAm)/APTS crosslinker systems, swelling parameters such 
as the start-time of hydrogel formation (Gt), equilibrium 

thermosetting systems of polymers containing epoxy, iso-
cyanate, and amine and carboxylic acid groups are widely 
used commercially in applications such as protective 
coatings, adhesives, and composites (Webster 2003). Two 
of the important intra- and intermolecular structural char-
acteristics of polyfunctional polymers are the structural 
regularity and the bond flexibly of their macromolecules. 
When the polar polymers possess H-bonding capability, 
the most energetically favored crystal structures will tend 
to capitalize on these features. The new functional copoly-
mers synthesized can be used as reactive materials for the 
synthesis of new materials and network structures, with 
a given composition and specific properties (Kaplan Can 
et al. 2003). APTS attaches proteins, DNA, and drug mol-
ecules to glass surfaces, which can be achieved by deriva-
tizing and coating the surface with a silane containing 
an amino group. Once the amine is available, numerous 
crosslinking agents can be used to immobilize proteins, 
DNA, or other molecules to the surface of microplates, 
glass cover slips, silica supports, pipettes, and other sur-
faces. Surface modification by a silanization reaction is 
used in numerous fields of bio nanotechnology, especially 
in the field of biomaterials, where cellular adhesion and 
proliferation often need to be promoted for better bio-
compatibility (Song et al. 2012, Zhang et al. 2012, Moreno 
et al. 2014).

In this part of the study, the results of experiments on the 
macromolecular reaction of poly(MA-alt-AAm) and poly(VA-
co-MA-co-AAm) polymers with APTS as a polyfunctional 
crosslinker were given. The identifying characterization of 
the crosslinking mechanism and the swelling process of the 
hydrogels in water also were exhibited.

The copolymers and terpolymers synthesized using the 
given concentration and molar ratios of the initial mono-
mers were found to have the following characteristics:

Poly(MA - AAm) Poly(MA-alt-AAm)

[Benzene]/[M]total   2.5, [AIBN]  2.1.10  3 mol/L, reaction 
temperature 70  0.1°C, reaction time 4 h, Yield 85%, intrinsic 
viscosity [h]  0.21 dL/g in water at 25°C, percent crystallin-
ity 9.8% (by XRD analysis), AN  296 mg KOH/g, Tg  137.8°C 
and Tm   403.0°C (by DSC analysis), monomer unit ratio in 
copolymer by elemental analysis (m1/m2:)  58.3/41.7

FTIR spectra (KBr pellet), cm 1: 3500–3200 (–NH2 in the 
AAM unit and –OH in the MA unit), 3610, 3200 and 2178 (–OH 
stretching in –COOH), 2980 (vas –CH in –CH3), 2942 (vas CH 
in CH2), 2920 (vs –CH in –CH2), 2875 (vas CH in CH3), 2860 (vs 
–CH in –CH2), 1863 (vas C  O) and 1783 (vs C  O) for anhy-
dride unit 2950–2800 (stretch of CH in the AAm unit), 1845 
–C  O of the anhydride group), 1715–1610 (–C  O of the 
acid and amide groups), 1500 (bending bands of –CH in the 
MA group), 1350 (C–O of the acid group), 1250–1200 (–CN in 
the AAm unit), 1100 (deformation bands of –CH in the AAm 
unit), 940 (acid –OH group in MA).

906 M. Timur & H. K. Can 



swelling, initial swelling rate (ri), rate constant (ks), maxi-
mum swelling equilibrium Smax, and EWC are determined 
by using known methods which are described in the experi-
mental section (Kaplan Can et al. 2000a,b). A fundamental 
relationship exists between the swelling of a crosslinked 
polymer in a solvent, and the nature of the polymer and the 
solvent. Swelling of the three-dimensional network structure 
in a suitable solvent is the most important parameter for 
swelling measurements (Kaplan Can et al. 2003).

The kinetic curves of swelling in the poly(MA-alt-AAm)
APTS and poly(VA-co-MA-co-AAm)/APTS systems studied 
are illustrated Figures 1 and 2. The swelling capacities of 
poly(MA-alt-AAm)/APTS gels increase with time, but after 
a certain period, they show constant swelling, and the swell-
ing process changes to an equilibrium state (Horkay and 
Zirinyi 1988).

The increase of APTS concentration in the gel systems 
can cause a decrease in the swelling behavior for copolymers 
and terpolymers. For the terpolymer/APTS system, the per-
centage of swelling is less than that of the copolymer/APTS 
system. This behavior can be explained by the VA structure 
in the terpolymer system.

For extensive swelling of poly(MA-alt-AAm)/APTS and 
poly(VA-co-MA-co-AAm)/APTS hydrogels, the following 
equation (Mencer and Gomzi 1994, Kaplan and Güner 
2000a) can be written:

t/S  A Bt (4)

where B  1/(Seq), the reciprocal of the maximum swelling 
Seq (g water/g gel) is A  1/(kASeq

2), ri is the initial swelling 
rate (g water/g gel)/min of the gel, and ks is the swelling rate 
constant (g gel/g water)/min. This relation represents sec-
ond order kinetics (Figures 3 and 4). The results obtained are 
given in Table II.

The values of theoretical equilibrium swelling of the 
hydrogels are in good agreement with the results of equi-
librium swelling of poly(MA-alt-AAm)/APTS and poly(VA-
co-MA-co-AAm)/APTS hydrogels (Figures 1 and 2). It is well 

Scheme 1. Representation of crosslinking reactions of anhydride-containing copolymer with APTS.
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Figure 1. Swelling (%)-time (min) plots for the poly(MA-alt-AAm)/
APTS at different polymer/APTS ratios.
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FTIR studies of crosslinking reactions
The formation of network structures and the structural 
changes are also confirmed by FTIR studies for poly(MA-
alt-AAm)/APTS and poly(VA-co-MA-co-AAm)/APTS sys-
tems. The thin polymers and KBr pellet are prepared for 
the polymer/APTS mixture (9/1 and 1.4/1) and undergo 
thermo-treatment at 140°C for 15, 30, 45, and 60 min. Then, 
FTIR spectra of the copolymer/APTS and terpolymer/APTS 
are recorded (Figures 5 and 6). The analysis of FTIR spectra 
reveals the following structural changes of macromolecules 
in consequence to the intermolecular reactions between 
the functional groups of the copolymer and terpolymer and 
APTS (Kaplan Can et al. 2003).

(1) Appearance of the anhydride unit bands at 1850 and 
1750 cm1 (n C  O) (Spectra b and c, Figures 5 and 6).

(2) Disappearance of the peak of –COOH at 3500 cm1 
of because of intra –H bonding between MA –C  O 
groups (Spectra b and c, Figures 5 and 6).

(3) Appearance of a new broad peak at 3500–2500 cm1 
because of interaction between the (NH–) amine 
groups of APTS and the –COOH of MA groups (Spec-
tra b and c, Figures 5 and 6).

(4) Appearance of a new –NH deformation band at 1570 
cm1 (for amide group) which is shifted, and the defor-
mation in the shape of the peak. Another observation 
can be explained by the initial amidization reaction 
between the anhydride unit (–C  O) and –NH group 
of the APTS, as shown in the scheme (Figures 5 and 6).

known that the swelling phenomena are directly related to 
the structure of the crosslinked polymer and/or the density 
of gel.

The value for EWC is calculated from the following equa-
tion (Frisch 1980, Kaplan and Güner 2000b)

EWC W W / W 100eq dry eq  ( )   (5)

Where Weq is the water content diffused into the gel at equi-
librium state and Wdry is the weight of initially dried gel; 
the determined percent EWC (% EWC) value is presented 
in Table II. EWC, as well as the swelling behavior of the 
hydrogel, mainly depend on the nature of the network in the 
network structure, that is, hydrophilicity, crosslink density, 
and the average molecular weight between two consecutive 
crosslinks. The results obtained allow to simply reflect on the 
possibility of the network structure formation in poly(MA-
alt-AAm)/APTS and poly(VA-co-MA-co-AAm)/APTS hydro-
gel systems (Kaplan and Güner 2000a).

According to all the swelling parameters of the two hydro-
gel systems, we find that poly(MA-alt-AAm)/APTS depicts 
higher swelling behavior than the poly(VA-co-MA-co-AAm)/
APTS hydrogel system. This can be explained by the free 
hydrolyzed anhydride-COOH group of the copolymer, which 
can cause high swelling and EWC.
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Figure 2. Swelling (%)-time (min) plots for the poly(VA-co-MA-alt-co-
AA)/APTS at different polymer/APTS ratios.
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Figure 4. t/S vs. t curves of poly(VA-co-MA-alt-co-AA)/APTS systems 
using various ratios of terpolymer/crosslinker.
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Figure 3. t/S vs. t curves of poly(MA-alt-AAm)/APTS systems using 
various ratios of copolymer/crosslinker.

Table II. Swelling parameters of the various polymer/APTS gel 
systems.

Swelling Parameters of the gel system

[Polymer/
APTS] Molar 
Ratio Gt (min) % Seq ri

a kA
b Smax % EWC

9.0/1 60 650 0.04117 5.98  10 5 637 660
1.4/1 60 166 0.00753 3.55  10 3 196 192
9.0/1 60 450 0.00257 1.80  10 3 465 467
1.4/1 60 155 0.00921 4.82  10 3 150 155

 *Gt, start-time of gel formation, % Seq equilibrium swelling; ri, initial swelling 
rate; kA, swelling rate constant; and % EWC, equilibrium water content.
**a (g water/g gel)/min, b (g gel/g water)/min.
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(7) The presence of the bands at 1610 cm1 and 1485 
cm1, arises from the stretching vibrations of the 
–C  O groups and the carboxylate ion groups (–C  O 
in –COOH, –COO , NH3– and –COOSi(OEt)n frag-
ments); the reaction of the anhydride cycle with the 
primary and carbonyl group in the salt form (–COOH….
NH2–) is a known fact; furthermore, the unchanged 
deformation in the bands between 1400–1635 cm1 
represent impacts of the silicon carboxylate fragments 
formed in the network structure; the Si–O–Si stretching 
bands appear in the field of 1029–1120 cm1 and 850 
cm1,which also confirms the formation of a cross-
linked network in the systems studied, by the fragmen-
tation side-chain ethoxysilyl groups initiating with free 
carboxyl groups, as shown in the scheme.

(8) Figures 7 and 8 also show the crosslinking reaction 
completed. There is no spectral change that can be 
seen from the spectra e and f. This means that the 
macromolecular reaction between the water-soluble 
anhydride-containing copolymer and the crosslink-
ing agent (APTS) cannot change after 45 min (Kaplan 
Can et al. 2003).

(5) The intensity of bands appreciably increases by 
thermo treatment, this effect is more appreciable 
(Spectra b, c, d and e, Figures 7 and 8). With respect 
to the full transformation of the anhydride unit to the 
amide form in the case of a gel coating system con-
taining a relatively high concentration of APTS these 
changes observed can be explained by the initial 
amidization reaction of the anhydride unit as shown 
in the scheme.

(6) The appearance of new N–H bands at 1580–1640 
cm1 (for amide group) in the form of a doublet, 
due to the known interaction between symmetric 
stretching and bending vibrations in the –O  C–NH– 
group; the intensity of these bands increases with 
thermo treatment (Figures 7 and 8). A new band at 
1640 cm1 is related to the antisymmetric stretch-
ing vibration of the amide band; it is a known fact 
that even in the case of interaction between MA 
copolymers and the same drugs with a free amine 
group, the reaction proceeds via amidization of the 
anhydride group, and the FTIR analysis indicates the 
formation of an amide band.

Figure 6. FTIR spectra of poly(VA-co-MA-alt-co-AA)/APTS gel systems with different molar ratios of terpolymer (a) and terpolymer/APTS  9/1 
(b), 1.4/1 (c).

Figure 5. FTIR spectra of poly(MA-alt-AAm)/APTS gel systems with different molar ratios of copolymer (a), and copolymer/APTS  9/1 (b), 1.4/1 (c).
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Conclusions

Given the composition, poly(VA-co-MA-co-AAm) and 
poly(MA-alt-AAm) were synthesized by radical binary 
copolymerization with 2,2’-ABIN as an initiator in ben-
zene, at 70°C, in a nitrogen atmosphere and with an initial 
monomer feed ratio of 1/1 and 1/2/1. The synthesis and 
macromolecular reactions of MA– AAm binary and MA– 
VA- AAm ternary reactive copolymers with APTS were 
achieved. The synthesized polymers were characterized 
by FTIR, XRD, elemental analysis, viscosity, acid number, 
and DSC. The swelling parameters, such as the start-time 
of the hydrogel formation, the initial rate of swelling, the 
swelling rate constant, equilibrium swelling, and the  
EWC were determined for the polymer/APTS/water  
systems with certain copolymer/crosslinker ratios. The 
formation of a hyperbranched network structure through 

the fragmentation of side–chain reactive groups and 
crosslinking mechanisms in the systems studied was  
also highlighted by the FTIR method. Anhydride-based 
hydrogel systems are promising as potential biotechno-
logical materials for many applications.           
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