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Abstract: Advances in technology since the second half of the 20th century are followed as well as induced by the development of 

intelligent materials. These materials are able to respond to external stimuli by measurable changes in structure and intrinsic properties. 

Stimuli-responsive hydrogels are soft smart materials as they exhibit significant changes in physicochemical properties in response to small 

external stimuli. Acrylate hydrogels are widely used in applications where their smart and soft nature comes to the fore. Synthesis of those 

materials by conventional heating is time-consuming and unsuitable from the point of energy and sources saving. Microwave-assisted 

synthesis is promising method that provides polymerization under the more favourable conditions, reducing the reaction time. The focus of 

present work was to investigate the swelling behaviour, mechanical and thermal properties of acrylate hydrogels synthesized by microwave 

heating.  
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1. Introduction 

Functional materials play an important role in modern society 

and technologies. Development of IT, safeguarding, packaging 

technologies, trafficking, medicine, agriculture and other fields of 

contemporary life is strongly influenced by development of 

functional materials. This term refer to a material which possess 

special native properties and, based on it, perform, distinct 

functions. They cover all type of materials including organic, 

inorganic, hybrid, soft, hard, etc., with functions which make them 

stimuli-responsive, electroconductive, optically active, or able for 

storage of energy. Hydrogels as polymer soft materials have 

excellent properties which make them suitable for many 

applications [1]. They are defined as polymer networks consisting 

of crosslinked hydrophilic polymer chains which swell, but do not 

dissolve in the water [2,3]. Using the appropriate monomers and 

constituent particles, it is possible to obtain hydrogels which change 

their properties as response to environmental stimuli such as 

temperature, pH, ionic strength, pressure, electrical and magnetic 

field [4,5,6] which classified them as intelligent soft materials [7]. 

Stimulation implies activation of chemical mechanism which leads 

to the changes in volume, colour or viscosity of hydrogel [8]. 

Different types of hydrogels have been developed in the last years 

and they have become materials of choice for many applications. 

Hydrogels swell in contact with termodinamically compatible 

solvent such as water. Molecules of water first hydrate the hydrogel 

surface and diffuse into the polymer network causing the segmental 

mobility that manifests as transition from glassy to rubbery phase. 

Consequently, the meshes in the rubbery phase expand permiting 

the penetration of solvent molecules [9]. Great swelling capacity of 

hydrogels is due to the osmotic pressure, capillary forces and 

presence of hydrophilic groups in their structure [10].  

pH-sensitive swelling is attributed to the hydrogels having 

ionisable anionic and/or cationic pendant groups. It depends upon 

the environment pH relative to the pKa of anionic and pKb value of 

cationic pendant groups. Anionic or acidic groups on polymer 

chains realise proton when the environment pH value is higher than 

their pKa value, leading to the production of negative fixed charges 

in polymer network. Electrostatic repulsion between negatively 

charged groups enables penetration of water molecules in hydrogel 

matrix causing the swelling. Cationic polymer networks, on the 

other hand, possess alkaline pendant groups which develop positive 

fixed charges in the conditions when the pH of surrounding medium 

is below their pKb value. Electrostatic repulsion between polymer 

chains as well as increased number of fixed positive charges results 

in increase water uptake. One of the most studied synthetic 

intelligent hydrogels having both, acidic (-COOH) and alkaline (-

NH2) functional groups are poly (acrylamide-co-acrylic acid) or 

poly (Aam-co-Aac) hydrogels. This type of intelligent material 

responds to the changes in environmental pH value, by swelling or 

deswelling, which consequently causes changes in its volume, shape 

and rheological properties. It is possible to project the poly(Aam-

co-Aac) hydrogels with desired properties by the variation of 

synthesis parameters such as monomers ratio, crosslinking agent 

content and synthesis method. The conventional heating is widely 

applied in preparation of those hydrogels, but this process takes a 

significant energy and time consumption [11,12]. In order to make 

process more economical and environmentally friendly, principles 

of microwave chemistry are implemented in preparation of 

hydrogels. Synthesis in microwave reactor has some advantages 

over the conventional ovens: reduction of synthesis time, lower 

energy consumption, performing the reaction in ambient conditions 

obtaining a high yield of reaction product [13]. Due to their 

intelligent nature, this kind of soft materials have potential 

applications as sensors [14], flocculants [15], drug delivery vehicles 

[16]. In order to consider the possibilities of microwave synthesis 

for preparation of intelligent hydrogels based on acrylic acid and 

acrylamide for different applications, the properties of microwave 

synthesized hydrogels should be investigated. This work aims to 

provide information about swelling, mechanical and thermal 

properties of microwave synthesized poly (Aam-co-Aac)  

hydrogels. 

2. Experimental part 

2.1. Materials 

Acrylic acid (Aac), acrylamide (Aam) and N,N’- 

Methylenebisacrylamide (MBAM) were procured from Sigma-

Aldrich, Co. St. Louis, MO USA. N,N,N',N'-

Tetramethylethylenediamine (TEMED) and ammonium persulfate 

(PPS) were supplied from Fisher Scientific and used without further 

purification.  Distilled water was used as reaction medium. Swelling 

measurements were carried out in citric (pH 3) and borate (pH 10) 

buffer solution (Alfapanon, Bački Petrovac, Serbia). 

2.2 Methods 

2.2.1 Synthesis of hydrogels 

Hydrogels were prepared by free-radical polymerization in 

microwave reactor, using redox initiator-accelerator system. 
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Monomers, Aam and Aac, in different mass feed ratios (100/0, 

80/20, 50/50, 10/90) were added in glass vessels together with 

crosslinking agent MBAM (1% per monomers mass). After addition 

of aqueous solution of initiator and accelerator and homogenization 

of all components, simultaneous polymerization and crosslinking 

were carried out in microwave filed, at frequency of 2.45 GHz, in 

duration of 2 minutes. 

2.2.2 Characterization of hydrogels 

The spectroscopy analysis of dry hydrogels were performed 

using the Fourier transform infrared spectroscopy (FTIR 

spectrophotometer Bomem Hartmann &amp; Braun MB-series). 

The FTIR spectra were recorded in the range of 4000–400 cm-1, 

using KBr pellets for the samples preparation. 

Swelling measurements were performed in buffer solutions, at 

pH 3 and pH 10 at ambient temperature. Completely dried pre-

weighed hydrogel samples were immersed in appropriate buffer. 

The swollen gels were taken out in regular time intervals (after 15 

min., 30 min., 1h, 2h, 3 h, 6 h, 12 h, 24 h), gently blotted, weighed, 

and then placed in the same bath. The swelling degree was 

determined using the following expression: 

 

 (1) 

Dynamic mechanical properties of microwave synthesized 

hydrogels were studied using a Haake Mars rheometer. Hydrogels 

were equilibrated in distilled water before were subjected to the 

rheological measurements. Stress sweeping test was conducted at 

23±0.1 °C, using the plate-plate geometry (d = 35 mm). The values 

of storage (G') and loss modulus (G'') were measured in function of 

applied oscillatory stress, at constant frequency. 

Thermal behaviour of obtained xerogels were investigated using 

a differential scanning calorimetry (DSC). Thermograms were 

recorded by heating of samples from 25 do 250 °C, at rate of 10 

°C/min, under constant purging of nitrogen. 

3. Results and discussion 

As results of microwave synthesis, xerogels with expanded 

structure were obtained. Expanded structure originates from water 

evaporation. 

Fig. 1 shows the FTIR spectra of pure poly (Aam) and 

copolymer poly (Aam-co-Aac) hydrogels with monomers ratio 

80/20, 50/50, 10/90. Absorption peak at 3445-3450 and 3220-3227 

cm-1 are attributed to asymmetrical and symmetrical stretching 

vibration of –NH2 group and –OH group in copolymer hydrogels. 

Asymmetrical and symmetrical stretchings of C-H are appeared as 

absorption bands at 2937-2865 cm-1.  Carbonyl group (C = O) as 

part of carboxyl group give an absorption peak at 1733-1700 cm-1 

and C = O group as part of amide bond gives a peak at 1683-1662 

cm-1. Peak at 1601-1560 cm-1 corresponds to the stretching of COO- 

group in copolymer hydrogels. 

 

Fig. 1. FTIR spectra of the poly (Aam) hydrogel (a) and poly 

(Aam-co-Aac) hydrogels, respectively, 80/20 (b), 50/50 (c) and 

10/90 (d). 

The investigation of swelling properties in mediums with 

different pH values should has demonstrated the intelligent nature 

of these materials, regulated by their chemical composition ,i.e. 

environmental pH relative to the pKa of carboxylic and pKb of 

amino groups. In acidic medium (pH 3), water uptake increases 

with increase in acrylamide amount in hydrogel composition (Fig. 

2). The greater amount of Aam units in hydrogel composition 

signifies a higher concentration of amine groups those are in 

protonated form below their pKb value (around 8.65). Positive 

charged groups repeal each other, contributing to the greater 

swelling capacity. Therefore, the greatest value of equilibrium 

swelling degree is observed for pure poly (Aam) hydrogel (606 %). 
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Fig. 2. Swelling behavior of poly (Aam-co-Aac) hydrogels in 

acidic medium (pH 3). 

In alkaline medium (pH 10), hydrogels demonstrate inverse 

swelling pattern (Fig. 3). Water uptake increases with increasing in 

acrylic acid content in hydrogel composition. Carboxylic group, 

originated from Aac units, are in anionic form above pKa value 

(around 4.5). Electrostatic repulsion between negatively charged 

ions leads to the greater water uptake. In opposite of swelling 

behaviour in acidic medium, in alkaline medium the greatest value 

of equilibrium swelling degree is observed for poly (Aam-co-Aac) 

hydrogel 10/90 (3811 %). 
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Fig. 3. Swelling behavior of poly (Aam-co-Aac) hydrogels in 

alkaline medium (pH 10). 

In order to obtain information about the mechanical properties 

of synthesized soft materials, the same were subjected to a shear 

stress.  The results of oscillation shear stress measurements are 

shown in Fig.4. Hydrogel 50/50 has the highest G' values and 

maintains linearity of viscoelastic behaviour up to applied stress 

value of 8.6 kPa. That implies its greater strength in comparison to 

the other samples. The other three hydrogel samples demonstrate 

non-linearity at lower stress values. Hydrogel retains the structural 

integrity while the storage modulus is higher than the loss modulus. 

When the loss modulus becomes greater than storage modulus, 

microstructure of hydrogel collapses. For hydrogel 50/50, it was 

achieved at applied stress of 8.6 kPa. Hydrogel 10/90 was broken 
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down at 6.2 kPa, and the hydrogels with higher Aam content (80/20 

and 100/0) were desintengrated under the 3.3 kPa. 
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Fig. 4. Dynamic rheological spectra of poly (Aam-co-Aac) 

hydrogels. 

DSC measurements were used to characterize the glass 

transition temperature values (Tg) of prepared hydrogels. Heating 

scans are shown in Fig. 5. Poly (Aam) hydrogel has the highest Tg 

value. Addition of Aac in hydrogel composition leads to the 

decrease in hydrogel rigidity, and consequently, decreasing in Tg 

value. Further increasing in Aac amount in hydrogel composition 

(above 50 wt%) leads to the decreasing in Tg value, due to the 

higher mobility of polymer chains. 

 

Fig. 5. DSC thermograms of poly (Aam-co-Aac) hydrogels. 

 

4. Conclusion  

Poly (Aam-co-Aac) hydrogels were synthesized in microwave 

reactor for 2 minutes, achieving the energy and time saving. The 

correlation between hydrogels composition and their “smart” nature 

were determined by performing of swelling, rheological and DSC 

measurements. Results of swelling measurements have confirmed 

the ability of projecting of hydrogels behaviour in different pH 

mediums by variation of synthesis parameters. Rheological and 

DSC study have confirmed mostly unpredictable nature of 

processes in microwave field.  
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