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Abstract 

 

The present study has been focused preparation of hydrophobically modified 

polyacrylamide gels in micellar solution of the cationic surfactant (CTAB) and their 

characterization. The investigation is considered as two stages. The first stage includes 

preparation of solutions and determination of optimum amount of each compound 

through which micellar solutions of water / CTAB / NaNO3 were prepared. Viscosity of 

solutions containing different amounts of salt (NaNO3) was measured and the results 

showed growth of the micelles versus salt concentration (Csalt) up to 0.5 M. In addition, 

the effect of different amounts of stearylmethacrylate (SM), as hydrophobic monomer, 

on the behavior of solutions was investigated via viscosity measurement and it was 

found that formation of hydrophobic blocks occurs as a consequence of solubility of SM 

within micelles. This phenomenon is an evidence of hydrophobic interactions that is 

believed to act as cross-links that form the network of physical hydrogels. Dynamic 

Light Scattering (DLS) technique was also employed in investigation of solutions that 

confirmed the enhancement of aggregation and formation of hydrophobic associations 

in the presence of salt and SM. The second stage of this study included formation of 

gels and evaluation of their mechanical and structural properties. In this stage also the 

effect of different compounds and temperature on gelation process and properties of 

gels were investigated. The effect of salt on solubilization of SM within the micelles 

and formation of physical cross-links was observed again. Increasing the initial 

monomer concentration (C0) positively affected the gelation so that the elastic modulus 

exhibited a strong increase with raising the concentration, while its frequency 

dependence was decreasing. Presence of reversible cross-links resulting from the fact 

that hydrophobic associations can be locally solubilized also was evidenced from 

relaxation modulus, G (t), of the gels as a function of time. The normalized intermediate 

scattering function,       , as well as the distribution of relaxation rates, G (Γ), of the 

gels showed that the monomer concentration has only little effect on the fast relaxation 

modes. DLS of gels showed two characteristic correlation times corresponding to two 

diffusive modes with coefficients the Dfast and Dslow. Plotted Dfast and Dslow versus initial 

monomer concentration also indicated the smaller mesh size of the network and longer 

life time of the physical cross-links. All in all, gels with a high degree of toughness and 

self-healing property have been obtained through this investigation. 
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1 Introduction 

Synthetic hydrogels with superior mechanical properties have a wide range of 

applications in tissue engineering, drug delivery, contact lenses, sensors and actuators, 

mainly because of their similarity to biological tissues 
[1,2]

. Poor mechanical strength 

and lack of self-healing ability, however, hinder the use of hydrogels in many 

application areas. The poor mechanical performance of hydrogels is a consequence of 

their low resistance against crack propagation that originates from the lack of an 

efficient energy dissipation mechanism in a chemically cross-linked network. The 

design of hydrogels with a good mechanical performance such as a high degree of 

toughness is, therefore, crucially important in many existing and potential application 

areas of soft materials 
[3-6]

. 

To obtain a gel with a high degree of toughness, one has to increase the overall 

viscoelastic dissipation along the gel sample by introducing dissipative mechanisms at 

molecular level. Our focus has been on increasing the mechanical performance of 

hydrogels formed by free-radical cross-linking copolymerization (FCC). Hydrogels 

formed by free-radical cross-linking copolymerization process always exhibit an 

inhomogeneous cross-link density distribution, known as spatial gel inhomogeneity 
[7-

13]
. In the polymerization technique used in this work, micellar cores of surfactant 

molecules serve as an environment that enhances aqueous solubility of hydrophobic 

monomers. This effect results from effective attraction of hydrophobic monomers in 

aqueous media, known as hydrophobic interactions. The network of this kind of gel is 

formed from cross-linking of the hydrophilic backbones via the mentioned hydrophobic 

groups. The reversible physical cross-link points lead to a physical hydrogel with 

superior mechanical properties as well as the capability of self-healing and remodeling 
[14-18]

. 

In this study, physically cross-linked hydrogels with enhanced mechanical properties 

were obtained by copolymerization of acrylamide (AAm) and stearylmethacrylate (SM) 

in micellar solution. The process was carried out by utilizing cetyl trimethylammonium 

bromide (CTAB) as surfactant and in the presence of sodium nitrate (NaNO3). NaNO3 

causes the growth of the CTAB micelles and enhances the solubility of hydrophobic 

monomers within the micelles. The physical gels tend to dissolve in concentrated 

surfactant solutions while they are not soluble in water owing to their strong 

hydrophobic interactions. Because of the temporary nature of the hydrophobic 

associations, such gels exhibit a high degree of toughness and self-healing properties 
[19,20]

. 
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Hydrophobic interactions play a dominant role in the formation of large biological 

systems. These interactions can be generated in synthetic hydrogels by incorporation of 

hydrophobic sequences within the hydrophilic polymer network chains. Recently, it has 

been shown that hydrogels formed by hydrophobic associations, exhibit a high degree 

of toughness due to the mobility of the junction zones within the gel network, which 

contributes to the dissipation of the crack energy along the hydrogel network 
[19,21,22]

. 

Knowing that addition of an electrolyte into aqueous ionic surfactant solutions weakens 

the electrostatic interaction and causes the micelles to grow, it was tried to polymerize 

long chain carbon compounds in the presence of an electrolyte. Results of the present 

study indicate that acrylamide can be copolymerized with large hydrophobes such as  

stearylmethacrylate (SM) in a micellar system provided with an electrolyte added in 

sufficient amount. Strong hydrophobic associations between the blocks of  SM prevent 

dissolution in water and flow, while the dynamic nature of the junction zones between 

the network chains provides strong and long-lived hydrophobic associations resulting in 

efficient self-healing capability 
[23-26]

. 

In terms of the instrumentations, DLS (Dynamic Light Scattering), viscometer and 

rheometer were used in order to determine the dynamic and mechanical properties of 

synthesized hydrogels, respectively. The correlation functions determined by DLS 

revealed markedly slow relaxations -seemingly diffusive- occurring on time scales of 

the order of mili-seconds to hours and dependent on the total monomer concentration of 

the gel. These long correlation times are an indication of the life-time of the 

hydrophobic associations that serve as cross-linkages. The relaxation rates were also 

observed macroscopically in frequency-dependent rheological measurements. When 

DLS measurements were performed on a time scale appreciably shorter than the longest 

relaxation times, speckle patterns typical of the inhomogeneous and non-ergodic nature 

of physically cross-linked gels were observed. 
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2 Theoretical background 

2.1 Fundamentals of hydrogels 

Due to its wide range of applications, the term “gel” has various definitions in each area 

of science such as chemistry, physics and biotechnology. The most common definition 

of gels is the one proposed by Tanaka in 1992 
[27]

. According to this definition, a “gel” 

is a network of cross-linked linear polymers with the capability of absorbing high 

quantities of a solvent as swelling agent. If the solvent is water, the system is called 

“hydrogel”. A hydrogel can be assumed as a giant structure of inter-connected polymer 

molecules developed in three dimensions through a continuous phase. Because of the 

high amount of water as well as the ease of processing and biocompatibility, hydrogels 

have become superior candidates for a wide range of applications such as 

pharmaceutics, food chemistry, cosmetics, medicine and biotechnology. Therefore, 

developing advanced processes to improve functional and mechanical properties of 

hydrogels is a key challenge in all fields of materials science 
[28-30]

. 

 

 

Figure 1. Structure of hydrophilic gels 
[31]

. 

 

Although gels were used since ancient centuries, the first scientific study of gels was 

performed by Thomas Graham in the 19
th

 century who employed sol-gel method to 

produce silica gel 
[32]

. During 1940’s and 1950’s scientists such as Flory 
[33,34]

, Huggins 
[35,36]

 and Treloar 
[37,38]

 continued the investigation of gels. Treloar studied elasticity in 
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the polymer networks and Flory’s studies were in the area of physical chemistry of 

macromolecules. Flory and Huggins succeeded to establish the Flory-Huggins theory of 

polymer solutions
1
. 

Based on this theory a volume phase transition
2
 in the network was predicted by Dusek 

and Patterson 
[40]

. The volume phase transition was first observed by Tanaka in slightly 

ionized Polyacrylamide (PAAm) gels immersed in an acetone-water mixture at 1981 
[41]

. Simultaneously mechanical and swelling behavior of chemically cross-linked poly-

gels was studied by Horkay and Zrinyi 
[42]

. During the last decades and after Tanaka’s 

discovery gels with the ability to respond to an external signal were prepared. In the late 

1980’s swelling and phase transition of gels were mostly studied. Recently gels are 

being intensively investigated in order to enhance the structural and functional 

properties and broaden their applicability 
[4,43-46]

. 

Hydrogels can absorb a great amount of water without being dissolved which resulted 

from swelling of the polymeric network. The most important characteristic of a gel is its 

water holding capacity. On molecular level, existence of water in a hydrogel occurs in 

two different forms: bonded to polar hydrophilic groups as “bond water” and filling the 

vacant space between polymer chains and pores as “free water” 
[47]

. Polar hydrophilic 

groups become hydrated in the presence of water. These hydrated groups provide the 

primary bond water which causes the network to swell and provide contacts between 

hydrophobic groups with water. These groups are also capable of interacting with water 

molecules to form hydrophobically bond water or secondary bond water. Due to the 

osmotic driving force, the network can still absorb water. Through this process swelling 

happens that opposes the covalent or physical cross-links and causes the entropy 

decrease because of decreasing the possible configurations of chains. On the other hand 

increasing the entropy of the system due to polymer and solvent mixing as well as a 

change of enthalpy through mixing affects the swelling. Therefore hydrogel will reach 

an equilibrium level of swelling 
[42,48,49]

. 

Another considerable characteristic of gels is elastic deformation that refers to their high 

deformability and recoverability. The high degree of recoverability after deformation 

leads to their well-known mechanical stability against external force. Low mechanical 

strength originates from a lack of resistance against propagation of cracks through the 

network as well as an inhomogeneous structure of gels 
[19,42]

. 

                                                 
1
 In 1941 Flory

[33]
 and Huggins

[35]
 independently developed a mathematical model of the thermodynamics 

of polymer solutions which determines entropy of mixing. This theory resulted in an expression of 

Gibbs free energy for mixing a polymer in a solvent. 
2
 Volume phase transition is a change in volume of a swollen gel induced by a variation in pH, solvent 

composition or temperature 
[39]

. 
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Recent efforts towards improving the mechanical strength of gels have reported several 

techniques for toughening the gels, including topological gels (TP) 
[44]

, double network 

gels (DN) 
[43,50]

, nano-composite gels (NC) 
[46]

 and macromolecular microspheres 

composite (MMC) hydrogels. As a successfully utilized group with high compression 

strength, NC gels can be obtained by using clay particles as cross-linker of the network. 

It should be mentioned that another group of gels with improved mechanical strength, 

named tetra-polyethylene glycol or (PEG)-gels, is recently developed. PEG-gels are 

obtained through mixing of two types of macromers with a tetrahedron-like structure in 

a controlled value of pH 
[51,52]

. 

Recently hydrogels with higher functionality have been developed that are able to 

respond when subjected to external condition changes 
[53]

. The hydrogels that have these 

functionalities are called “intelligent hydrogels”. They mostly respond to changes in 

environmental conditions. Intelligent hydrogels are also known as “responsive gels”. As 

a unique behavior, responsive gels may respond to small changes in environmental 

condition by swelling or shrinking. Factors that can affect the swelling ratio of a 

responsive gel include: temperature, pH, light, electric or magnetic fields, solvent etc. 

Due to similarities to living tissues, hydrogels are suitable candidates for prosthetic, 

diagnostic and therapeutic applications. Hydrogels as biomaterials benefit greatly from 

high water content and also a soft and rubbery nature that makes them more similar to 

living tissues than other synthetic biomaterials. The earliest application of hydrogels as 

biomaterial was in 1960, when hydrophilic networks of poly(2-hydroxyethyl 

methacrylate) or PHEMA were used in contact lenses 
[54]

. Since then applications of 

hydrogels as biomaterial have been extended due to their exceptional similarity with 

living tissues. In addition molecules (e. g. drugs) can diffuse into or out of such a 

network that makes it possible to be used in drug delivery systems 
[55]

. The other 

distinguishing biological property of hydrogels is biocompatibility 
[56,57]

. Because 

hydrogels have low interfacial tension with biological environments, the driving force 

of protein adsorption and cell adhesion is minimal. In addition, the rubbery and soft 

structure of hydrogels prevents any potential irritation to the tissue 
[58,59]

. 

2.1.1 Network formation mechanism 

Gels have a state between solids and liquids which provides them with a useful 

relaxation response to the applied deformations that could be found neither in liquids 

nor in solids. Gels obviously present both elastic (solid-like) and viscous (liquid-like) 

properties which are called viscoelasticity and will be mentioned in section 3.1.1. 

Importantly, polymer gels can be treated as a structure of one single polymer molecule 
[60]

. 
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A hydrophilic network structure is formed by copolymerization of hydrophilic 

monomers with a cross-linker. As the first step macromolecular chains start to form 

through the process of gelation. But the linear macromolecular chains are still soluble in 

contained solvents. By linking the chains together a polymeric network develops and 

becomes insoluble. Hydrophilic monomers that are commonly used for this purpose are 

(meth)acrylates and (meth)acrylamides. Molecular groups such as –OH, –COOH, 

–CONH2, –SO3H, etc. provide the hydrophilicity 
[27,61,62]

. 

Gels are classified according to different aspects such as mechanical properties, 

structural characteristics, method of preparation, liquid medium in gel network etc. 

For example according to the nature of their inter-molecular bonds (cross-linking) they 

can be classified into chemical and physical gels. According to their porosities, gels are 

classified to non-porous, micro-porous, meso-porous and macro-porous. Depending on 

the liquid medium in the polymer network two classes are defined: gels containing 

organic solvent or water. The former class is named organogel and the latter class is 

named hydrogel 
[63-65]

. 

As mentioned earlier, gelation can take place by chemical (chemical gels) or physical 

(physical gels) cross-linking. Both classes are divided into several subcategories that are 

shown in Figure 2. Cross-links determine structural stability of gels. Physical gels with 

the capability of reversible deformation and self-healing have non-covalent interactions. 

This class includes two sub-classes of strong and weak physical gels. As some kind of 

strong physical bonds, lamellar microcrystals, glassy nodules or double and triple 

helices can be mentioned. Weak physical gels have reversible bonds between chains 

that are formed from temporary associations. Hydrogen bond, ionic and hydrophobic 

associations are examples of such weak bonds. 

In contrast chemical gels have a stable and rigid structure that includes high strength 

covalent cross-links. Chemical gels are obtained by a chemical reaction. Formation of 

chemical gels may occur either by cross-linking at the time of polymerization or by 

cross-linking after synthesis of polymer chains. As chemical gels cannot be dissolved 

again, they are called permanent or irreversible gels. The main chemical processes of 

gelation include condensation, vulcanization and addition polymerization 
[31,63]

. 

Regardless of the chemical or physical nature of bonds, all the gels have a characteristic 

temperature called gelation temperature that usually is shown by Tg below which the 

formation of a gel occurs. There is also a threshold polymer concentration, called the 

overlap concentration, above which the gel network will form 
[66]

. 
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Figure 2. Classification of gelation mechanism 
[49]

. 

 

2.1.2 Hydrogels prepared by hydrophobic association 

The term “hydrophobic association” was introduced for the first time in 1953 by 

Kauzmann who explained the behavior of oil which associated with a separate phase in 

an aqueous solution 
[67]

. Hydrophobic interactions can be defined as the association of 

two nonpolar molecules surrounded by a polar medium such as water 
[68,69]

. As a result 

of hydrophobic interactions, nonpolar molecules tend to associate spontaneously when 

they are inserted into water, because the system tends to minimize the direct contact 

area between water and nonpolar molecules. In these conditions the hydrophobic 

molecules will aggregate with no or little amount of water between them. As illustrated 

in Figure 3 the most favorable state for the nonpolar molecules in which the nonpolars 

are actually associated is if there are no water molecules between the nonpolar 

molecules. Displacement of water molecules around a nonpolar compound at room 

temperature increases the entropy. As the enthalpy change of this process is not notable, 

the free energy decreases (    ) based on the following equation: 

           (1) 

That implies a thermodynamically favorable process. It is of importance to notice that 

the hydrophobic molecules do not need to attract each other and the effect of 
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surrounding water sticks them together. An increase of temperature or addition of salts 

affects the hydrophobic association tendency 
[14]

. 

 

 
Figure 3. a) Schematic illustration of hydrophobic association, b) most thermodynamically 

favorable state of hydrophobic association 
[70,71]

. 

 

Hydrophobically associated polymers have been the subject in extensive studies during 

the last two decades. Weak mechanical properties and the lack of reforming capability 

of hydrogels that are two critical defects of hydrogels can be modified concerning 

physical nature of hydrogels rather than their chemical nature. In these hydrogels, 

surfactant molecules are organized into aggregates to form micelles. A micelle is a 

structure that includes hydrophobic chains of the surfactant molecules surrounded by 

hydrophilic heads in an aqueous environment. Micelles can be considered as 
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hydrophobic groups that make a network from hydrophilic backbone via cross-linking. 

These physical cross-link points as well as the capability of self-healing and remodeling 

of hydrogels result in the superior mechanical properties of hydrogels. It has been even 

evidenced that a higher hydrophobic group content in hydrogels leads to an improved 

mechanical strength 
[15]

. 

In order to explain unique functionalities of hydrophobically associated network in 

hydrogels, a comparison between chemical and physical gels is necessary. Gels can be 

classified in several ways regarding their different aspects and properties. As already 

mentioned above, according to the nature of polymer network’s bonds, hydrogels are 

divided into chemical and physical gels. The former class is cross-linked by permanent 

covalent bonds while the latter class is cross-linked by weak bonds such as hydrogen 

bonds, hydrophobic interactions or van der Waals forces or a mixture of them. 

Chemically cross-linked hydrogels have poor mechanical performance originated from 

very low crack propagation resistance. In fact, there is no efficient mechanism of energy 

dissipation through such networks. In contrast, physical gels prepared by hydrophobic 

sequences within hydrophilic chains exhibit higher toughness benefited from the 

mobility of cross-links within the gel network. In these gels the energy of crack can be 

dissipated within the gel network effectively. This difference between chemical and 

physical gels is illustrated in Figure 4. During the synthesis process of a physical gel, 

hydrophobic monomers distribute along the hydrophilic polymer backbone. This 

incorporation develops strong and long-living hydrophobic associations 
[3,22]

. 

 

Figure 4. Energy dissipation in chemically and physically cross-linked hydrogels 
[72]

. 
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In a study performed by Tuncaboylu et al. 
[19]

 it was suggested that surfactants stabilize 

the physical cross-links in the gels prepared by copolymerization of large hydrophobic 

monomers stearyl methacrylate with the hydrophilic monomer acrylamide in a micellar 

solution of sodium dodecyl sulfate (SDS). In the presence of the surfactant, the 

hydrophobic sections of the network can easily be solubilized and become weak and 

reversible at 35 °C. While with no surfactant hydrophobic associations are as strong as 

covalent cross-links. This indicates that mechanical properties of hydrogels such as 

relaxation behavior and self-healing properties can be adjusted by controlling the 

amount of surfactant in the gel network. 

2.1.2.1 Effect of surfactant 

Surfactants are substances with amphiphilic molecules. An amphiphilic molecule 

includes a hydrophilic head and a slender hydrophobic tail. In an aqueous solution, 

above a specific concentration, which is called critical micelle concentration (CMC), the 

surfactant molecules organize into aggregates and form micelles. Micelles may be 

formed into different sizes and shapes such as spherical, worm-like, vesicle, etc. The 

configuration of micelles depends on the size of the head-group, length of the 

surfactant’s tail, concentration of the surfactant and temperature 
[73]

. 

As surfactants create a thin monolayer on the surface of the solutions, they are also 

called surface active materials. Surfactants are divided into three classes: 1. anionic 

surfactants including salts like sodium dodecyl sulfate, 2. cationic surfactants including 

quaternary ammonium salts-hexadecylpyridinium bromide and 3. ampholytic such as 

long-alkyl amino acids 
[74]

. 

There is a dynamic breaking and reformation process in the aggregates caused by 

permanent exchange of surfactant’s molecules, so that monomers simultaneously leave 

and enter into the micelle by diffusion process (Figure 5). This dynamic process results 

in micelles with fluctuating particles and variable shape and size. The net exchange, 

however, is equal to zero. Thermal fluctuations within the system are consequences of 

these dynamic processes 
[74,75]

. 
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Figure 5. Monomer exchange between micelles and surfactant molecules in solution. 

 

In the present study hexadecyltrimethylammonium bromide (CTAB) was used in order 

to obtain an aqueous micellar solution. 

Among different surfactants CTAB was employed because of its superior micellization 

behavior, as suggested by M. A. Bahri et al. 
[76]

. They have compared microviscosity of 

SDS, DTAB and CTAB and found out that a solution containing CTAB presents higher 

microviscosity values than that of DTAB and SDS. It is claimed that CTAB forms 

cylindrical or rod-like, more organized and less hydrated micelles. 

Under suitable conditions in a solution, the aggregates will reorganize as rod-like 

geometry. At low concentrations the size of the aggregates is much smaller than their 

distance and the system exists in a sol state. By increasing the concentration, the length 

of rod-like micelles increases and becomes comparable to the distance between micelles 

and the solution starts to exhibit elastic properties 
[74,75]

. 

Because of the cylindrical or rod-like structure of micelles of CTAB in solution, 

surfactant tails organize towards the central axis of micelles. This type of organization 

allows the other chains to be added to the micelle without increasing the compacting 

degree. But the situation is different in micelles with spherical configuration in which 

any additional chains into the micelle will reduce free space inside the micelle and 

subsequently increase the local viscosity. Generally speaking, the higher microviscosity 

of the CTAB containing solution is due to the higher number of carbon atoms in their 

tails
1
. Further, there is no doubt that by increasing the hydrophobic chain length of the 

surfactant, the critical micelle concentration (CMC) will decrease. In contrast micellar 

                                                 
1
 16 carbon atoms in CTAB’s tail and 12 carbons in tails of DTAB and SDS 
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size decreases by increasing the hydrocarbon chain length of the surfactant’s molecule 
[74,77]

. 

2.1.2.2 Micellar copolymerization 

In the micellar copolymerization process the solubilization of a hydrophobic monomer 

is performed in the presence of a surfactant. The effect of surfactants on the 

microstructure of co-polymers was first reported by W. Peer in 1987 
[78]

. The micellar 

copolymerization reaction was then first introduced by Candau et al. 
[79]

 in 1993 based 

on a technique developed by Turner et al. 
[80]

. 

For gels prepared by the micellar copolymerization method in this work, stearyl 

methacrylate was used as hydrophobic monomer and CTAB as surfactant as illustrated 

in Figure 6. This monomer is soluble within the micelles formed by the CTAB 

surfactant. As there is a high concentration of hydrophobic monomers within the 

micelles, hydrophobic blocks are distributed randomly along the hydrophilic polymer 

backbone. This incorporation between large hydrophobic blocks and hydrophilic 

polymer backbone forms strong and long-living hydrophobic associations 
[20]

. 

 

 

Figure 6. Micellar copolymerization process 
[79]

. 
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There is a clear difference between micellar copolymerization and solution 

copolymerization. In micellar copolymerization process, the polymer chain is formed by 

hydrophobic blocks and hydrophilic chains. In comparison to that in a solution 

copolymerization process, the hydrophilic and hydrophobic monomers will distribute 

randomly into the polymer chain 
[81]

. 

2.1.2.3 Structural and rheological study of micelles 

Micellar copolymerization of hydrophilic monomers such as acrylamide requires the 

hydrophobic monomers to be solubilized into the micelles. Large hydrophobic 

monomers such as stearyl methacrylate are not able to copolymerize with acrylamide in 

aqueous solution of CTAB at room temperature. This phenomenon is related to the low 

solubility of monomers within aqueous medium which is due to the small size of 

micelles that are not able to provide solubility for large hydrophobic molecules 
[82-84]

. 

Viscoelasticity of a micellar solution can be induced by three mechanisms: by a second 

oppositely charged surfactant 
[85]

, counterions or uncharged compounds such as esters 

and aromatic hydrocarbons 
[75,86]

. 

At an adequate concentration of amphiphilic molecules in water, the hydrogen bonded 

structure of water is disturbed by the hydrophobic group of surfactant molecules. 

Therefore the hydrophobic chains will be directed away from the water which decreases 

the free energy. In fact this process aims to reach a balance between micellization 

favoring forces (such as van der Waals and hydrophobic forces) and those opposing it 

(such as kinetic energy of molecules and electrostatic repulsion) 
[77]

. 

The concentration at which micelles firstly appear is called critical micelle 

concentration (CMC). At concentrations above the CMC micelles become stable. Figure 

7 shows the different possible organizations of surfactant molecules at different 

concentrations 
[87]

. 
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Figure 7. Different phases of surfactant depending upon its concentration 
[87]

. 

 

In addition to CMC, counterions also strongly affect the size and shape of the micelles. 

Formation of worm-like micelles in CTAB solution was an attractive area of research 

during the last two decades 
[88]

. Addition of salt to this system causes lengthening of the 

micelles (Figure 8). This one-dimensional growth of the micelles is attributed to 

screening of head–head repulsion between amphiphiles and thereby reducing the 

interfacial curvature of the micelles. By varying the shape of the micelles, rheological 

properties of the solution will be affected. Low shear viscosity versus concentration of 

salt exhibits a maximum which indicates that by increasing the salt concentration the 

micelles become enlarged 
[89-92]

. 

The decrease in viscosity is believed to be due to fluid cross-links (such as stearyl 

methacrylate in the present work) that are arranged as a branched micelles network. 

This network shows weak rheological response, which will be discussed in detail in 

section 5.2.2
[93-96]

. 

During the procedure of hydrogel synthesis formation of worm-like micelles of CTAB 

in presence of sodium nitrate (NaNO3) has been also investigated. The observed results 

are in good agreement with the literature which can be a strong evidence of the 

mentioned theories. Similar studies reported different techniques for evaluating the 

aqueous solutions of CTAB such as rheology, small-angle neutron scattering (SANS) 

and cryo-transmission electron microscopy (cryo-TEM). In this study the effect of 

different concentrations of counterions and hydrophobic monomers in aqueous solutions 
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were investigated via viscometery, while its effect on obtained hydrogels were 

evaluated by rheometery measurement. 

 

 

Figure 8. Size and shape changes of micelles in presence of NaNO3. 
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3 Methods 

3.1 Network rheology 

The mechanical properties of hydrogels can be evaluated with the theories of rubber 

elasticity and viscoelasticity 
[97]

. The former is based on time-independent and the latter 

is based on time-dependent recovery of structural orientation. Hydrogels are 

mechanically weak materials. Poor mechanical strength as well as the necessity that the 

sample should not de-swell during the procedure, requires special test adjustments. 

The viscoelasticity theory explains the relation between elasticity, flow and molecular 

motion of polymers. Polymers often exhibit viscoelastic behavior against the applied 

stresses. This viscoelastic response depends on several parameters such as time scale of 

imposed stress (or strain). The time dependence of applied mechanical motion is as 

determinative as its magnitude in evaluating the mechanical properties. Under an 

applied stress (or strain) segments of the polymer chains move and by removing the 

applied condition, the system starts to a time-dependent recovery. Studying this 

behavior of hydrogels provides useful information for network characterization 
[98,99]

. 

3.1.1 Viscoelastic behavior of gels 

Polymer gels do not behave as an ideal elastic material which can be described by 

Hooke’s elasticity law or as an ideal viscous material according to Newton’s law. Gels 

are called viscoelastic materials which have both viscous and elastic properties 
[100,101]

. 

For a fully elastic material the stress depends only on applied deformation and is 

independent of the rate of strain. In contrast in a viscous material the stress is dependent 

on the rate of applied strain. In case that a substance exhibits both elastic and viscous 

properties, it is called a viscoelastic material. The viscoelastic properties of materials are 

mostly explained in rheology 
[102]

. 

A fully elastic or Hookean material completely saves the energy of deformation and 

recovers to its initial form after the pressure is removed. Based on Hooke’s law, shear 

strain, γ, is a linear function of shear stress, σ: 

       (2) 

The parameter of proportionality is the shear modulus G, which indicates the resistance 

of material against deformation. Almost all solids are fully elastic as long as the shear 

strain is low. 

An ideal viscous liquid exhibits a completely irreversible response to shear stress. The 

energy of this deformation will be dissipated. A liquid that exhibits viscous behavior is 
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called Newtonian liquid. Newton’s law shows the relation between viscosity and shear 

rate in a viscous liquid: 

 
    

  

  
    ̇ (3) 

in which σ is the stress and  ̇ is the shear rate. η is the viscosity which expresses 

resistance of the liquid against flow. 

Elasticity is a time independent property, while viscoelasticity is a property that depends 

on time and is affected by the shear frequency in an oscillatory experiment. For a 

Hookean material, applied stress and resulted strain have the same phase and therefore 

the relation between stress and strain as functions of time are related to each other by 

equation 4. The time dependent deformation can be expressed by a periodic equation in 

which γA is maximum deformation and ω is the angular frequency. 

                           (4) 

In case of a Hookean material, the deformation will always stay in the same phase with 

the stress. 

For an ideal viscous material the shear stress which oscillates with the same angular 

frequency causes a strain with a phase difference of π/2. That means when strain is in its 

maximum or minimum level, shear stress is zero and vice versa. 

         ̇                    
 

 
  (5) 

In case of a viscoelastic system, the phase difference between stress and strain, δ, is in 

the range of 0 to π/2. Then the equation should be written as: 

                    (6) 

It shows that the stress and strain are in different phases which equals δ, but the 

oscillation frequencies of stress and strain are the same. This situation is shown in 

Figure 9. 

Based on stated theories the stress can be divided into two components: elastic 

component and viscous component that correspond to δ=0 and δ=π/2, respectively. Thus 

the shear modulus is separated into two values, Gʹ, corresponding to the elasticity and 

Gʺ, corresponding to the viscosity of the system. Because the energy of an elastic 

deformation will be saved within the system, Gʹ is also called the storage modulus. 

Through a viscous deformation energy will not be recovered, therefore Gʺ is called loss 
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modulus. In this way the relation between stress and deformation (strain) can be 

expressed as: 

                                       (7) 

 

 

Figure 9. Stress and strain versus time in dynamic loading of a viscoelastic material 
[103]

. 

 

The shear modulus also can be obtained as a dynamic parameter and a complex 

quantity, G
*
 that includes two elastic and viscous modulus: 

                  (8) 

The ratio           is called loss tangent which can be obtained by equation (9). In this 

equation   is the loss angle or loss factor and depends on the material’s character. Loss 

tangent is indicative of viscoelasticity of the material. 

 
     

  

  
 

(9) 

As illustrated in Figure 10, during the course of gelation a gel-forming system shows a 

range of properties from close to ideally viscous (             ) to close to 

ideally elastic (             ). In case of      , the system is a viscoelastic 

liquid (         ) and in case of       it is a viscoelastic solid. At the gel point 

      that corresponds to        . 

At the gel point, where the gel network starts to form and liquid-like behavior turns to 

solid-like, Gʹ and G˝ are approximately equal and show identical frequency 
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dependence. By means of the following relation the gel point can be obtained via 

rheology: 

                (10) 

n is called relaxation exponent adapting values between 0 and 1 
[104]

. 

 

 

Figure 10. Elastic modulus (Gʹ), viscous modulus (Gʺ) and tan δ as functions of reaction time 
[105]

. 

 

Measuring of viscoelasticity can be performed using different rheological methods such 

as: viscometry, creep, relaxation and oscillation. Viscometry is mainly used for liquid 

materials. In this technique shear rate is kept constant and a constant stress is measured. 

Creep and relaxation techniques can be used for both liquids and gels. The creep 

technique is performed in constant stress to measure the time dependent strain. Through 

the relaxation technique, a constant strain is applied and time dependent stress will be 

measured. The oscillation technique can be used to evaluate the viscoelasticity of any 

kind of soft materials. By this technique a periodic stress or strain can be applied and a 

periodic strain or stress will be measured. 

3.1.2 Stress relaxation 

If a rapid strain is applied to a material, the stress relaxation test determines the required 

stress as a function of time in order to maintain the material at that level of strain 
[102]

. 

An applied strain with magnitude of  , establishes a stress in the material. In the case of 
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an ideally elastic material, the stress, based on Hooke’s law, will jump to the value of 

    and will not decrease (relax) as long as the strain is imposed. In contrast for an 

ideally viscous material, the applied strain causes a stress which will instantaneously 

decrease (relax) to zero. Viscoelastic materials exhibit a time dependent releasing trend 

of stress,     . Therefore the stress relaxation modulus is also defined as      which is 

obtained by: 

 
     

    

 
 (11) 

This equation is a time-dependent generalization of Hooke’s law. A schematic 

illustration of applied strain and resulting stress is shown in Figure 11 
[100,101]

. 

 

 

Figure 11. Applied strain and observed stress relaxation 
[101]

. 

 

In hydrogels, the type of cross-links strongly determines the stress relaxation behavior. 

The modality of cross-links in gels may be ionic or covalent. Ionic cross-links will 

break under applied deformation and stress relaxation will result in reformation of ionic 

cross-links. In contrast stress relaxation in a gel with covalent cross-links occurs 

through migration of water within the gel network 
[106]

. 

3.2 Light scattering 

The term Light Scattering (LS) refers to the scattered light from non-absorbing 

macromolecules or colloidal particles suspended in a solution. This technique can be 

used for studying the swelling behavior of gels and colloidal particles coated with a 
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layer of smart gels 
[107,108]

. Because of differences between the refractive index of 

solvent and solute, the incident light will be scattered by a dilute macromolecule 

solution 
[109,110]

. Size, molar mass and an estimated shape of the particles or 

macromolecules can be determined from data resulted through analyzing the scattered 

light. 

The structure of the material determines the extension of scattering. So that scattered 

light from liquids and gases is due to the density fluctuations which are caused by 

thermal movements of the molecules. In a mixture of dissolved polymer in a suitable 

solvent there are more fluctuations in concentration which are caused by diffusion of the 

polymer coils. This additional fluctuations result in more intense scattering. 

Generally speaking, light scattering can give information about the gelation process, the 

point at which the solution of monomers begins to act as a solid cross-linked network 

and also about spatial inhomogeneities, size distribution of gel particles and dynamic 

fluctuations due to phase transitions 
[111]

. 

In case that the coils can diffuse freely the system is called ergodic, which means the 

time-average of the intensity of scattered light equals the ensemble-average. Introducing 

cross-linking agents to a polymer gel fixes the coils. Then the fluctuations of the 

concentration through the matrix will be frozen-in. It results in a non-ergodic system in 

which the polymer coils are not able to move freely. 

Introducing the cross-linkers to the system causes frozen-in inhomogeneities through 

the gel. Under this condition scattering intensity becomes dependent on the sample 

position and the random distribution intensity, which is called speckel pattern, increases 

dramatically 
[112-114]

. 

Light scattering technique classifies to the static and dynamic light scattering methods.  

The change of frequency in dynamic light scattering (DLS) is between ≈10
5
-10

7
 Hz 

which is less than the incident light frequency (≈10
15

 Hz). This makes the detection of 

DLS in the range of frequency very difficult. Therefore time correlation functions have 

to be used to record the data in the time domain. Due to this reason DLS technique is 

called also Photon Correlation Spectroscopy (PCS). Although static light scattering 

gives information about spatial inhomogeneities and spatial correlation, dynamic light 

scattering is also able to provide useful information such as dynamic correlation and 

connectivity correlation of polymer gels 
[115]

. 
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3.2.1 Dynamic light scattering 

Dynamic light scattering (DLS) is a useful technique to study the dynamics of chain 

molecules and clustered molecules in a solvent or in a polymer gel 
[116]

. This technique 

was firstly reported by Prins et al. in 1972 who observed a syneresis
1
 in a gelatin gel 

[117]
. One year after Tanaka, Hocker and Benedek found that gels should be treated as a 

continuum and they suggested a theory of collective diffusion of polymer networks 

(THB theory) 
[118]

. This theory has become a standard method for describing the 

dynamics of gels which can predict the intensity correlation function (ICF),        , as 

a simple exponential function. This function is applicable also for the polymer solutions 

in which cross linkers are introduced randomly. The inhomogeneity of gels was not 

taken into account by the THB theory 
[119]

 which is illustrated in Figure 12. Since the 

spatial inhomogeneities act as local oscillators, heterodyne-type analyses were 

employed often through the 1980s 
[120,121]

. 

Inhomogeneity is one of the most important issues that has been investigated 

extensively. Real gels always show an inhomogeneous density distribution of cross-

links that is known as spatial inhomogeneity. Scattering methods can be employed for 

investigation of gels as the spatial inhomogeneity is in close relation to the spatial 

concentration fluctuations 
[122-127]

. Spatial inhomogeneities in acrylamide hydrogels may 

be originated from several parameters including type and density of cross-links, 

ionization degree, swelling ratio and temperature  
[7-13]

. In an ideal gel, there is a 

constant length of network chains between the cross-links, while in a real gel there are 

areas with very high chain density. These areas also are stiffer and have a higher shear 

modulus as well as a lower degree of swelling compared to ideal gels. 

Spatial inhomogeneities on sub-micron scale are mainly resulting from the gel 

formation mechanism through which the density of cross-links in gel may fluctuate. The 

quality of solvent also affects the spatial inhomogeneity of gels. Decreasing the quality 

of the solvent may lead to formation of larger coils that reduces the cross-linking or 

cause the chains coil to stretch out that increases cross-linking. Both mentioned 

conditions increase the elastic and spatial inhomogeneity of gels 
[128]

. 

 

                                                 
1
 The contraction of a gel accompanied by the separating out of liquid 
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Figure 12. Inhomogeneities of gels: a) Non-random spatial variation of cross-link density, b) 

Defects of network including dangling chains, loops, chains entrapments etc.  c) 

Inhomogeneities which are dependent on cluster size, distribution and architecture 

of polymer chains 
[115]

. 

 

In order to take into account the effect of inhomogeneities on light scattering, different 

methods of data evaluation were developed. In 1989 Pusey and van Megen introduced 

the non-ergodic medium method 
[129]

. Then the partial heterodyne method was proposed 

by Joosten et al., which was able to separate two contributions to the scattered intensity 

such as (liquid-like) dynamic fluctuations and the (solid-like) spatial inhomogeneities 
[130]

. 

In another study 
[131]

 four methods for DLS analysis of gels have been compared with 

each other. The (a) non-ergodic medium method (DNE), (b) partial heterodyne method 

(DHT), (c) partial heterodyne method with the instrumental coherence correction, β, 

(DHTB) and (d) homodyne method (DHM) were described and compared. In this work the 

validity of non-ergodic model and heterodyne method for studying the structure of gels 

were investigated. 

The time average scattering intensity of a gel,        , can be divided into two 

contributions as follows: 

                          (12) 

         is time-average of dynamic fluctuations (liquid-like) and        is the static 

component (solid-like) of the scattering intensity. 

By means of measuring of intensity of scattered light in adequate quantity of sample 

positions and subsequent averaging, the ensemble-averages,        , can be calculated. 

It can be obtained also by simultaneous sample rotation and measurement. After 

performing the measurement, it is necessary to separate two contributions of scattered 
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light, fluctuating part and static (frozen-in) part, utilizing the intensity correlation 

function. 

As described before, the noisy pattern resulting from DLS measurements includes 

information about scattered light intensity and shows a noisy pattern which is resulting 

from Brownian motions of the species within the sample. Treating the intensity 

fluctuations via a correlator provides a decaying autocorrelation function. This function 

is given by the following equation in which        refers to scattered light intensity and 

     refers to the time average quantity. An example of a correlation function obtained 

from DLS measurement is shown in Figure 13.   is the scattering vector,   is the angle 

of the detector,   is the refractive index of the medium and   is wavelength of the light. 

 
          

                 

           
      

 (13) 

 

 
  

    

  
    

 

 
 (14) 

 

The autocorrelation function of dilute solutions is often in form of an exponential 

function that provides valuable information about the dynamics of the system. Since the 

fluctuations of the intensity of scattered light depend on thermal motions of the chains, 

molecules or particles, the intensity correlation function gives information about 

intensity correlation time (τ(2)). Following equations show the relation between τ(2) and 

autocorrelation function and cooperative diffusion coefficient. 

 
             ( 

 

    
)    (15) 

 

 
     

 

    
 (16) 

 



25 

 

 

Figure 13. A schematic plot of autocorrelation function obtained from DLS measurement. 

 

The scattered light is detected by devices with photosensitivity such as photomultiplier 

tubes. These devices count the number of photons which arrive at the detector. The 

number of photons indicates the light’s intensity. However, the relevant quantity is the 

electric field. Intensity of light according to the equation 17 is the square of the electric 

field. 

        |      |  (17) 

The only component that makes the scattering intensity of an ergodic system, is 

fluctuating component. The equation                       |       |
    can be 

applied for an ergodic system. In mentioned equation the term         concerns to the 

zero-mean complex Gaussian variable in the time domain. It is independent of sample 

position.  

  
         of an ergodic system equals ensemble-averaged ICF,   

        . The Siegert 

relation (equation 18) can relate the ensemble-averaged ICF to the normalized scattering 

function or the scattering field time correlation function   
        . 

 
  

           
         

                

           
      

    |  
        |

 

 
(18) 

In this equation,   is the coherence factor of the instrument and      is an ensemble-

average over all possible configurations of the medium. 
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The scattering field time correlation function,   
        , can be approximated by the 

single exponential decaying function: 

   
                  (19) 

in which    is a characteristic decay time: 

 
          

  
 

 
 (20) 

where        is a translational diffusion coefficient and   is the scattering vector (eq. 

14). 

DLS can detect the hydrodynamic radius of polymer coils or a particle in a dilute 

solution. The measured size, the hydrodynamic radius   , is calculated by the 

translational diffusion coefficient,       , which describes the center of mass movement 

of the whole coil by using the Stokes-Einstein equation: 

 
   

   

            
 (21) 

In this equation   is the viscosity of the solvent,    is Boltzman’s constant and   is the 

absolute temperature. 

In a non-ergodic system the scattering consists of two components i.e. the frozen-in (or 

static) component,                              (eq. 12) and       |     |
 . The 

former equation is independent of time while it depends on the position of the sample. 

As the different parts of the sample scatter the light differently, the speckle pattern will 

result from the DLS measurement. The Siegert equation cannot explain the 

observations, but there are basically two different approaches for justifying the 

fluctuating component,         , and the static component,       , of polymer gels. 

3.2.2 Non-ergodic method 

The term “non-ergodicity” means inequality of ensemble average from time average 

which can successfully describe glasses and proteins 
[113]

. 

Non-ergodicity of gels in relation to the DLS results has been studied by Pusey and van 

Megen 
[129]

 and Joosten et al. 
[132]

. As mentioned before, the Siegert relation cannot be 

utilized to determine the diffusion coefficient of non-ergodic samples. Based on these 

studies, the time varying part of the correlation function equals the time varying part of 

the ensemble-averaged correlation function if the time-average intensity equals the 

ensemble-averaged intensity. 



27 

 

Polymer gels exhibit two different behaviors that arise from the liquid-like and solid-

like structures of a gel. The fluctuationing component,         , corresponds to liquid-

like concentration fluctuations and is ergodic while the solid-like structures determine 

static part of scattered intensity,       , which is resulted from spatial inhomogeneities 

due the cross-linking process. The total ensemble average scattering intensity,        , 

equals the summation of these two contributions. It is obvious that in case of          

        no static scattering results from spatial inhomogeneities which implies that the 

gel is behaving as an ergodic medium with no static inhomogeneities. Polymer solutions 

exhibit such behavior. Therefore they are called ergodic. Pusey and van Megen have 

proposed a model that measures scattered intensities at a high quantity of sample 

positions that is applied for measuring the ensemble-average of the scattered intensity, 

       , from which the degree of inhomogeneity and the diffusion coefficient can be 

obtained. During the measurement         can be obtained by rotating the sample. 

Figure 14 shows an experiment performed according to non-ergodic method. As 

described earlier, the speckle pattern is resulted from frozen-in inhomogeneities of the 

non-ergodic gel. Therefore at each sample position a different quantity of time average 

scattering intensity,        , is measured. As the average of particle sizes is observed 

better in      , this angle is usually adjusted as scattering angle. 

 

Figure 14. Speckle patterns of a polymer solution (left) and a gel structure (right).     : Time-

average scattering intensity,     : ensemble-average scattering intensity and      : 

intensity of fluctuating part that can be determined by non-ergodic method,   
   . 
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This model shows that, in the non-ergodic method, the intensity of the fluctuating part, 

        , is related to the time-average scattering intensity,         by the following 

equation: 

                                     (22) 

in which        is the function of the normalized intermediate ensemble-average. The 

letter   is used in order to distinguish the intermediate scattering function of the non-

ergodic medium from the field correlation function,   
   

, of an ergodic medium. 

       corresponds to an asymptotic approach for     that is of static scattering 

function.        can also be calculated using the time average intensity correlation 

function that is measured at a particular position,   
   

. 

 

         
       

         
     

[√
  

             

 
    ] (23) 

From this equation a relation between    and the ratio of intensity can be obtained. By 

decreasing the value of    the ratio of intensity will increase and vice versa. 

     
            is the initial amplitude of the time-averaged intensity correlation 

function. If   
    is converted into a normalized intermediate ensemble-averaged 

scattering function,       , it shifts up to a y-axis intercept with the value of one, 

resulting in a nonzero offset,        (Figure 15). 

 

Figure 15.        obtained by the non-ergodic method in which   
            is shifted to an 

ordinate intercept of 1. 
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The asymptotic value,       , and the correlation time,  , is calculated according to 

eq. 24 from the fitted curve in which the amplitude            . 

 
                     

 

 
  (24) 

The static fraction of the polymer gel,           , is indicated by the asymptotic 

value,       , and the fluctuating part,           , is indicated by the amplitude,  . 

Therefore more homogeneity of polymer gel is evidenced by lower asymptotic value. 

The aim of the non-ergodic method is to indicate the percentage of static and fluctuating 

parts of the polymer gel. 

The dynamic correlation length,  , can be obtained by the cooperative diffusion 

coefficient,  , that identifies the relaxation of network chain segments according to 

following equation: 

 
  

  

       
 (25) 

where η is viscosity of the medium, kT is the Boltzmann energy. 

3.2.3 Partially heterodyne method 

Having determined the intensity correlation functions, the partial heterodyne method 

can alternatively be employed in order to separate the overall scattering intensity into its 

two fractions. As stated earlier this intensity is an association of scattered intensity due 

to fluctuations of the network and immobile domains 
[113,133]

. This model has been 

developed by Joosten et al. in 1991 
[130]

. Scattered intensity of a non-ergodic medium is 

assumed to be given by summation of the fluctuating and static intensity components 

and the ergodicity is applied to the fluctuating part. Therefore an estimation of apparent 

diffusion coefficient,   , can be given as: 

 
   

 

   
    
   

 

  
  (  

           ) (26) 

By varying the sample position, different values for    and different local scattering 

intensities,        , will be obtained. For an ergodic system                    that 

is homogenous and homodyne     . In case of a static, inhomogeneous and 

heterodyne system in which                   , it is obtained that      . The 

relationship between    and cooperative diffusion coefficient,  , is obtained as 

following: 
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]   (27) 

Since the measurements are applied at different positions of a sample, different values 

of    and         will result. By rearranging the equation above, a straight plot of 

             versus         will result. The slope and the intercept of the plotted 

function determine the fluctuating component of the scattering intensity,         , 

and  . To be able to utilize this model with high accuracy, a large number of data points 

are needed for plotting a straight line. 

        
  

  
       

 
 

        
 

 (28) 

Both non-ergodic and partially heterodyne methods can be employed to separate the 

ensemble-averaged scattering intensity,        , into its components,          and 

        .  
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4 Experimental procedure 

4.1 Substances 

Compounds and materials used in this work are briefly described below: 

Acrylamide (AAm, Merk): this substance is used as a hydrophilic monomer in the 

micellar copolymerization reaction. Melting point of AAm is in the range of 84-85°C 

and its molecular weight is 71.08 g/mol (Figure 16). 

As briefly described in the previous sections, the method employed herein for producing 

the polymer network, is copolymerization of  acrylamide (hydrophilic monomers) in the 

presence of stearyl methacrylate comonomers (hydrophobic monomers) via radical 

micellar polymerization. Acrylamide is a water soluble monomer 
[134]

 and has been used 

as hydrophilic monomer in synthesis of hydrogels during last decades 
[135-140]

. 

 

O

NH2 

Figure 16. Structure of acrylamide (AAm). 

 

Stearyl methacrylate (SM, Fluka): commercial stearyl methacrylate is used to 

improve cross-linking of hydrogels. SM consists of 65 % n-octadecyl methacrylate and 

35 % n-hexadecyl methacrylate (Figure 17). Stearyl methacrylate is a water insoluble, 

low volatile, mono-functional methacrylate monomer with a long, hydrophobic side 

chain. This substance can be used to induce the following properties to polymers: 

adhesion, weatherability, low shrinkage, flexibility, water resistance, improved impact 

strength, hydrophobicity. Melting point and boiling point of SM are 18 and 310°C 

respectively 
[141]

. 
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Figure 17. Structure of technical grade stearyl methacrylate (SM). 

 

Cetyltrimethylammoniumbromide (CTAB, Sigma-Aldrich): during the procedure 

CTAB has been used as a cationic surfactant. The molecular weight of CTAB is 364.45 

g/mol and its structure is shown in Figure 18. 

 

N
Br  

Figure 18. Structure of cetyltrimethylammoniumbromide (CTAB). 

 

Ammonium persulfate (APS, Sigma-Aldrich): this compound is used as initiator of 

the micellar copolymerization reaction. APS has a molecular weight of 228.20 g/mol 

and a melting point of 120 ºC (Figure 19). 

Polymerization of acrylamide is initiated by free radicals of ammonium persulfate 

which converts acrylamide monomers to free radicals. Radicals of acrylamide then react 

with other un-activated monomers 
[142]

. APS is a reactive compound and tends to 

oxidize or decompose immediately after being dissolved in water. Therefore, APS 

solutions have to be freshly prepared before use. 
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Figure 19. Structure of ammonium persulfate (APS). 

 

Sodium nitrate (NaNO3, Sigma-Aldrich): this salt is used to enhance the micelle’s 

size. Molecular weight of sodium nitrate is 84.99 g/mol. Melting temperature of sodium 

nitrate is 308 °C and its solubility in water is 874 g/L in 20 °C (Figure 20). 

O
N

O

O

Na  

Figure 20. Structure of sodium nitrate (NaNO3). 

 

N,N,N’,N’- tetramethylethylenediamine (TEMED, Sigma): this compound was used 

also as an accelerator of the polymerization reaction. The boiling point of TEMED is in 

the range of 120-122 ºC and its molecular weight is 116.21 g/mol that is shown in 

Figure 21. 

TEMED is an essential catalyst for polyacrylamide gel polymerization that accelerates 

the formation of free radicals from persulfates. TEMED reacts with APS to form a free-

radical of APS with an unpaired valence electron. This unpaired electron can then react 

with acrylamide to initiate the polymerization. 

 

H3C
N

N
CH3

CH3
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Figure 21. Structure of N,N,N’,N’- tetramethylethylenediamine (TEMED). 
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Water: As a natural pure liquid or solvent, water has special properties owing to its 

molecular interactions and structuring at the surfaces. Hydrogen bonding is primarily 

the cause of some properties such as high boiling point, high surface tension and 

reluctance to solving nonpolar or hydrophobes 
[143]

. This structure for instance leads to 

the creation of micelles from molecules with a polar head and a non-polar tail. Creation 

of micelles, inclusion of hydrophobic monomers within the micelles as well as 

hydrophobic interactions all benefit from the unique nature of water which makes it 

possible to achieve an important class of physical hydrogels called hydrophobically 

modified hydrogels 
[15,144]

. 

4.2 Preparation of hydrogels 

In the present work the synthesis of hydrophobically modified hydrogels, containing 

hydrophobic blocks, has been carried out using micellar copolymerization. The 

characterization of prepared hydrogels was conducted by rheological measurements and 

dynamic light scattering (DLS) techniques. By systematic variation of preparation 

parameters it was investigated how the properties of the physical gels are affected. 

4.2.1 Synthesis of hydrophobically modified physical gels by micellar 

copolymerization 

As mentioned above the physical gels were prepared by micellar copolymerization. In 

the first step CTAB (0.3 g) was dissolved in 9 mL distilled water followed by the 

addition of NaNO3 into the solution. Optimum concentration of NaNO3 was determined 

to be 0.3 M that increased the size of the micelles so the  hydrophobic comonomer 

could be solubilized within the micelles 
[19]

. Then, SM was dissolved in the resulted 

CTAB-NaNO3 solution under stirring for 90 minutes. After addition and dissolving the 

acrylamide and stirring for 30 min, TEMED was added into the solution. Finally, APS 

stock solution (0.2 mL) was added to initiate the polymerization reaction. The SM 

content of the monomer mixture (SM + AAm) was fixed at 2 mol % while the total 

monomer concentration C0 was varied between 5 % and 13 %. Reactions were carried 

out at temperatures of 25 and 35 °C. The fixed concentrations of substances mentioned 

above are shown in Table 1. All mentioned fixed parameters such as concentrations of 

CTAB, NaNO3, AAm, SM
1
, APS and TEMED are obtained through frequent 

measurements of hydrogels containing different amounts of each substance. 

 

                                                 
1
 Effect of different concentrations of AAm and SM were evaluated separately. 
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Table 1. Fixed total monomer concentrations, initiator and cationic surfactant during synthesis 

process of hydrogels. 

Hydrophilic Monomer Acrylamide (AAm) Total concentration of 

monomers (SM+AAm) 
11 w/v% 

Hydrophobic Comonomer  Stearyl methacrylate (SM) 2 mol% 

Redox initiator system 
Tetramethylethylenediamine (TEMED) concentration  0.168 M 

Ammonium persulfate (APS) concentration ((NH4)2S2O8) 3.5 mM 

Cationic Surfactant Cetyltrimethylammoniumbromide (CTAB) 3.3 w/v% 

 

Figure 22 illustrates the process during which a surfactant containing physical gels in 

aqueous CTAB−NaNO3 solutions is formed via hydrophobic interactions (SM). During 

the micellar copolymerization process a hydrophobic comonomer is solubilized in the 

surfactant micelles while the hydrophilic monomer is soluble in the aqueous 

medium. The hydrophobic blocks are distributed randomly in the hydrophilic polymer 

backbone, because of the high local concentration of the hydrophobic comonomer 

within the micelles. The hydrophobic blocks tend to associate and form physical cross-

links to produce the hydrogel. The length of hydrophobic blocks is a function of the 

ratio of hydrophobic comonomer to surfactant 
[134,145]

. Formation of such a structure was 

first suggested by W. J. Peer in 1987 
[78]

. 

 

Figure 22. Formation of surfactant containing physical gels in aqueous CTAB−NaNO3 solutions 

via hydrophobic monomer (SM) 
[146]

. 

 

During the rheological experiments, a portion of the unreacted solution was placed 

between the plates of the rheometer and the reaction was monitored. Finally dynamic 

light scattering measurements were carried out. Therefore after adding the initiator the 

solution was filtered with a Nylon membrane filter with a pore size of 0.45 μm directly 

into the light scattering vials. After 24 hours of aging in an oven, measurements where 

performed in DLS at the same temperatures as the synthesis temperature (25 or 35 °C). 
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4.2.1.1 Reaction mechanism 

The hydrogel formation mechanism is illustrated in Figure 23. Hydrophilic monomer 

(AAm) is copolymerized with the hydrophobic monomer (SM) by a free-radical 

mechanism by means of TEMED and APS. 

 

 

Figure 23. Scheme of a polyacrylamide gel: an illustration of the mechanism of polymerization 

with the radical mechanism by the TEMED-persulfate couple, and the radical 

polymerization of acrylamide. The structure of the gels is shown in the chain 

transfer stop 
[147]

. 
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4.3 Characterization methods of hydrogels 

Obtained hydrogels were characterized by means of Dynamic Light Scattering and 

rheology measurement techniques. DLS analysis was carried out to evaluate the 

microstructure of the polymer network. Deformation of the gel structure under the 

influence of imposed stress was monitored and characterized by rheology measurement. 

4.3.1 Light scattering measurement 

4.3.1.1 Dynamic light scattering (DLS) measurement 

For the DLS measurements different CTAB solutions with and without NaNO3 and 

monomers (SM and AAm) were used. The solutions were analyzed at 25 °C. 

The DLS measurements were performed with an ALV/CGS-3 compact goniometer 

system (ALVGmbH). This system was equipped with an ALV/LSE-5003 correlator, a 

cuvette rotation/translation unit for measuring the non‐ergodic samples and a three‐

mode fiber‐optical detection unit which was combined with an ALV/HIGH QE 

avalanche photodiode detector. Schematic DLS setup is shown in Figure 24. 

 

 

Figure 24. A schematic illustration of dynamic light scattering system. 
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The measurements were carried out on each hydrogel sample at the same temperature of 

the synthesis condition (25 or 35 °C), after a reaction time of 24 hours. Hydrogels with 

different concentrations of NaNO3, SM and AAm were analyzed. 

As the first step, measurements were done at scattering angles of 50-130°. The obtained 

data showed no dependence between the results of measurement and scattering angle. 

Therefore the result of the measurements that were performed at scattering angle of 90° 

will be presented in subsequent section. 

Two sets of DLS analysis were performed, including measurements with and without 

rotation. Firstly the analysis with rotation was carried out as 100 measurements at 

different sample positions for 30, 100 and 600 seconds among which only the results of 

600 seconds will be reported in order to obtain an ensemble average. The cuvette was 

constantly rotating during the measurements. Secondly measurements without rotation 

in 7200, 10,000 and 15,000 seconds were done at different sample positions. For each 

sample and each measurement time, five measurements were carried out. Each 

measurement was repeated three times in order to improve the accuracy of the data. 

Among the obtained data only the results of 7200 seconds will be presented and 

discussed, since there was no significant difference between results of analysis of 7200, 

10,000 and 15,000 seconds. 

In order to have a temperature balance before starting the measurements, the cuvettes 

were placed in the toluene bath for 10 minutes. 

4.3.2 Rheological analysis 

Viscoelasticity of a wide range of materials from high elastic solids to viscous liquids 

can be studied with rheology analysis. Based on mentioned description, rheology 

analysis is a useful method to evaluate the macroscopic properties of gels 
[100]

. In order 

to characterize the polymeric matrix and the trend of diffusion which takes place in the 

polymers, rheological analysis was employed. This analysis investigates the flow and 

deformation of the materials under an applied stress during time. 

The rheometer in which the gelation reactions were carried out was a Gemini 150 

Rheometer system, Bohlin Instrument, equipped with a cone-and-plate geometry. Cone 

angle and diameter were 4° and 40 mm, respectively (Figure 25). The system was also 

equipped with a Peltier device for controlling the temperature. A solvent trap was 

employed to minimize the evaporation during all measurements. 
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Figure 25. Schematic illustration of the rheometer with corne-and-plate geometry. 

 

4.3.2.1 Rheological measurement 

Corresponding to the angular frequency of       rad/s, the frequency of 1 Hz and the 

deformation amplitude of         were adjusted in order to make sure that oscillatory 

deformation stays within the linear regime. All reactions were monitored at 

temperatures of 25 and 35 °C for about 3 h. After that period, tests of frequency-sweep 

were performed at         and temperatures of 25 and 35 °C with the frequency 

ranged from 10
-2

 to 10
2
 Hz. 

Obtained gels in rheometer were also studied with stress relaxation measurements that 

were performed at 25 °C. A constant amount of step-wise shear deformation (  ) was 

applied and the resulted stress         was monitored as a function of time. During the 

tests stain (  ) varied between 10 and 100. The stress relaxation experiments were 

performed starting from a value of the relaxation modulus with deviation less than 10% 

from the modulus measured at        . 

4.3.3 Viscometry measurement 

Viscometry analysis was employed to measure the viscosity of CTAB / NaNO3 / SM 

aqueous solutions with different concentrations of salt and cross-linker while the 

concentration of CTAB was kept constant (3.3 w/v%). The solutions were analyzed at 

25 °C. 
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For this purpose, an Ubbelohde-viscometer with capillary diameter of 0.36 mm was 

used. Low viscosity samples were filtered through SCHOTT glass filters (10-100 μm) 

before carrying out the measurement. 
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5 Result and discussion 

5.1 Introduction 

The aim of this research is to enhance the mechanical performance of hydrogels 

obtained via free radical cross-linking copolymerization. For this purpose, a process was 

designed to synthesize smart hydrogels with a higher grade of quality. As synthetic 

hydrogels normally have poor mechanical properties, it is imperatively necessary to 

develop hydrogels with less brittleness to be applicable in any stress bearing condition. 

Based on the theory of crack propagation and material failure, poor mechanical 

properties of hydrogels originate from the lack of an efficient energy dissipation 

mechanism in the network. In order to enhance the degree of toughness in hydrogels, 

more viscoelasticity at the molecular level of the gel has to be introduced by dissipative 

mechanisms. Hydrogels derived from cross-linking copolymerization include 

inhomogeneous distribution of cross-links which is called spatial inhomogeneity. 

Structural inhomogeneities dramatically affect the mechanical strength of cross-linked 

materials. 

5.2 Kinetics of surfactant solution 

5.2.1 Micellization of CTAB in the presence of NaNO3 

In the present study sodium nitrate (NaNO3) was used to enhance CTAB micelles 

growth which is supposed to lead to an increase in the viscosity of the solution. N. Jiang 

et al. investigated the effect of different salts on the formation of micelles from CTAB 

solution in 2005 
[23]

. It was found that NO3
¯
 ions have the most positive impact on 

formation of elongated micelles. Elongated micelles have a polymeric organization and 

can be assembled into a three dimensional network. In the presence of salts such as 

KBr, NaSal (sodium salicylate), NaNO3 etc., CTAB micelles will grow and reorganize 

from spherical into worm-like configuration 
[148]

 which is briefly described in 

section 2.1.2.3. Interaction occurred between anions derived from salt and cationic head 

of the surfactant leads to strong bindings between these counterions, which in turn 

results in the immediate formation of a worm-like configuration of the micelles. It has 

also been reported that viscosity of the solution containing worm-like micelles is 

increased by increasing the salt concentration. By increasing the concentration of 

NaNO3 the micellization reaction becomes more exothermic, while the entropy of the 

reaction is independent of the salt concentration. It is believed that the positive effect of 

added electrolytes on micellization is due to an increase in ionic strength of the medium. 

For all uni-univalent salts ionic strength of the medium and counterion condensation on 

micelles is the same. Therefore the observed enhanced micellization could be a strong 
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function of the size of NO3
¯
 counterions. In spite of the observations still a thorough 

study on the organization of cationic micelles in the presence of nitrate is lacking 
[96]

. 

In contrast to the effect of salt, temperature has a reverse effect on the viscosity. It is 

believed that by increasing the temperature no structural transition happens in micelles 

rather than the reduction in their size. It is known that the size of micelles decreases 

monotonically by increasing the temperature (Figure 26) 
[23]

. 

 

 

Figure 26. The size of the micelle increases with increasing the concentration of counterions and 

decreasing temperature 
[73]

. 

 

The viscosity of micellar solutions prepared from water / CTAB / SM / NaNO3, were 

measured at room temperature. Figure 27 illustrates the viscosity of each solution. As 

expected, different salt concentrations led to different viscosities. 
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Figure 27. Viscosity of the micellar solutions as a function of NaNO3 concentration at room 

temperature. 

 

This analysis was carried out in order to evaluate the formation of worm-like micelles. 

During this analysis the concentration of CTAB was kept constant at 3.32 w/v% and 

each solution contained 0.043 g of SM. The constant amounts of CTAB and SM were 

obtained through a preliminary evaluation that was carried out on gels obtained with 

different CTAB and SM concentrations. Considering the gel’s appearance as well as the 

results of oscillatory deformation tests of each gel, the optimum CTAB concentration 

seems to be around 3.32 w/v%. The concentration of NaNO3 was varied from 0.3 to 0.6 

M. By increasing the salt concentration from 0.3 up to 0.5 M viscosity was increased 

continually. Further increase in salt concentration resulted in a dramatic decay in 

viscosity. 

Figure 28 shows the viscosity (η) as a function of the shear rate at different salt 

concentrations. If  ̇   , the measured viscosity is the zero shear viscosity (η0). In non-

Newtonian materials the viscosity may be shear rate dependent at higher shear rates. In 

contrast, at low shear rates the viscosity is independent of the shear rate standing on an 

almost constant amount that is called η0. Above a critical shear rate ( ̇    ) viscosity 

starts to decrease with  ̇ 
[149]

. As it is expected, at the lowest NaNO3 concentration the 

solution exhibits the lowest amounts of viscosity over the investigated shear rate range. 

The viscosity increases dramatically by increasing the NaNO3 concentration up to 0.5 

M, while for higher amount of NaNO3 (0.6 M) the viscosity decays significantly. This 

behavior can be explained by the micellar growth mechanism explained in discussion of 

Figure 26. As stated before it is believed that addition of NaNO3 increases the enthalpy 
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of micellization which results in the growth and elongation of the micelles. This effect 

is related to the “screening” of electrostatic interactions between amphiphilic groups. 

Screening is the reduction of the coulomb interaction strength between oppositely 

charged species 
[95,96,150,151]

. 

 

Figure 28. Viscosity as a function of the shear rate for 3.3 w/v% surfactant aqueous solutions 

with different salt concentrations at 25 °C. 

 

Uni-axial growth of micelles occurring by increasing the salt concentration up to 0.5 M 

enhances the viscosity of the system. Enriched salt concentration heightens the 

curvature energy of the surfactant molecules in the end-cap of micelles. Amount of the 

mounted energy of the mentioned molecules is relatively higher than the molecules 

situated in a cylindrical body. This phenomenon causes lengthening of the micelles and 

formation of rod-like micelles. More increase in salt concentration leads to more 

lengthening of the micelles and formation of worm-like micelles. Worm-like micelles 

can curve freely and cause a dramatic increase in viscosity. At higher salt concentrations 

(>0.5 M) a decrease in viscosity of the micellar solution occurs, indicating another 

structural change within the system. It is believed that worm-like micelles will not 

lengthen anymore and branching of the micelles occurs at these high salt concentrations. 

As the branch points are not fixed, formation of branches reduces the viscosity 
[96,152,153]

. 
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A slight reduction of viscosity versus shear rate is observed that could be due to the 

shear alignment of micelles which is believed as worm-like micelles typical behavior 
[89]

. 

5.2.2 Effect of hydrophobic monomer 

After the addition of salt, stearyl methacrylate (SM) was added to the solutions. The 

viscosity of each solution was measured after addition of various amounts of SM. 

Interestingly with increasing the amount of SM in solution the viscosity decreased 

continuously (Figure 29). 

 

 

Figure 29. Variation of viscosity as a function of hydrophobic monomer concentration added to 

the solution of CTAB and NaNO3. 

 

It is believed that by introducing a hydrophobic substance into the solution, these 

molecules will diffuse and solubilize within the micelles that widely affects the 

organization of micelles. In fact this phenomenon is an approach for solubilizing poorly 

soluble molecules that have found applications in drug delivery for enhancing 

bioavailability of drugs 
[154,155]

. In this procedure large hydrophobic droplets form in the 

aqueous solution that leads to formation of an emulsion. Although the droplet will be 

surrounded by the surfactant molecules, micelles still exist in the solution. As it is 

schematically shown in Figure 30, hydrophobic molecules reside within the non-polar 

core of micelles. The way these molecules are arranged within the micelles depends on 

their hydrophobicity and may be controlled by hydrophobic interactions, entropy 

change or enthalpy change. The location of hydrophobic molecules within the micelles 
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also affects the micelle-water interfacial tension that can influence the shape and size of 

the micelle 
[24,25,26]

. Through this process the organization of micelles will change from 

worm-like into spherical. The association of hydrophobic monomers within the 

micelles’ core and around the palisade layer causes an ascend in curvature of the 

micelles and by this way favors the rod-like to spherical transition 
[19]

. 

 

 

Figure 30. Schematic illustration of reorganization of micelles from rod-like to spherical by 

adding SM in the presence of salt and CTAB 
[156,157]

. 

 

The first key parameter which has to be considered in evaluating the functionality of 

hydrophobic comonomers is the nature of the polymerization function. The other 

parameter is the nature of the hydrophobic group that indicates the strength of 

hydrophobicity and hydrophobic interactions. Also the nature of the connecting group 

between polymerizable function and hydrophobic comonomer is of importance. As it 

was mentioned earlier, in micellar copolymerization hydrophobic monomers will 

randomly distribute along the backbone as blocks rather than as single molecules. This 

pattern takes place as a result of high local concentration of hydrophobic molecules 

within the micelles. 

It was mentioned that the increasing trend of viscosity, observed during the addition of 

salt, is due to the increase of the micelles’ size and formation of worm-like micelles. 

Figure 31 shows the viscosity of solutions as a function of the shear rate upon the 

addition of different concentrations of SM.  Unlike the effect of salt, the decreased 
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viscosity with increasing SM concentration is believed to be due to the reorganization of 

the micelles. The formation of smaller micelles containing molecules of SM through the 

emulsion process decreases the viscosity. 

 

Figure 31. Viscosity variation versus shear rate with different SM amounts for systems 

containing 3.3 w/v% of CTAB and 0.3 M of NaNO3 at 25 °C. 

 

Also the transparency of the solutions increased by increasing the SM concentration 

which can be related to the smaller size of newly formed micelles. A further increase in 

the amount of SM resulted in a stronger decrease of viscosity due to the shrinkage of the 

worm-like micelles. This clearly resulted in a higher transparency of the solutions. 

5.2.3 Step by Step DLS characterization of hydrogel synthesis solutions 

In order to have an evaluation of the effect of the substances used on the physical gels 

processing, DLS analysis was performed on each step of the solution preparation. 

Figure 32 (a) and (b) shows the resulted normalized intermediate ensemble-average 

scattering function     , and characteristic decay time distribution function, G(Γ), 

calculated immediately after addition of surfactant, salt, hydrophobic monomer, and 

hydrophilic monomer, respectively. The concentration of each substance is mentioned 

in Table 1. The solution of CTAB in water shows both fast and slow relaxations. The 

slow relaxation of CTAB solution is a reflectance of the surfactant agglomerates in the 

solution. The addition of NaNO3 to the CTAB containing solution merged two 

relaxations into one, which obviously confirms the enhancement of aggregation 
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compared to the salt-free condition. This can be explained by disappearance of the slow 

mode and shift of the fast mode to the right (longer times). 

The addition of stearyl methacryate to the surfactant and salt containing solution also 

shifted the fast mode relaxation to longer times compared to the parent solution. It 

reflects the formation of the hydrophobic associations besides the surfactant aggregates. 

After addition of AAm the system exhibited again both fast and slow relaxation modes. 

Slow relaxation occurs even in longer time scales. 

 

 

Figure 32. (a) Normalized intermediate ensemble-average scattering function     , calculated 

from   
       for various preparation steps at scattering angle of 90°. (b) 

Characteristic decay time distribution function, G(Γ), obtained with a measurement 

time of 2 h at θ = 90° for different steps of solution preparation. Temperature = 25 

°C. 

 

The latter DLS analysis were performed on hydrogels utilizing time periods of 7200 

seconds and longer, because the time range of this analysis does not completely 

illustrate the slow relaxation of formed hydrogels. 

5.3 Gel formation 

5.3.1 Effect of salt concentration 

Polymerization of acrylamide in the presence of CTAB, NaNO3 and SM was carried 

out. At room temperature (25 °C), no gel was formed in the absence of NaNO3 and just 
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a turbid polymer solution resulted as shown in Figure 33. By increasing the temperature 

up to 35 °C in the absence of salt, however a very weak gel formed. It is believed that at 

lower temperatures the solubility of SM within the micelles is too low to cause the 

gelation, while at 35 °C the solubilization of SM in the micellar structure is enhanced 

which leads to the formation of gels. In the presence of salt, however, gelation occurs 

even at room temperature. The formation of gels in the presence of NaNO3 was studied 

by varying the salt concentration (Csalt) from 0.1 to 1.0 M while the temperature was 

kept constant at 25 °C. Rheological analyses performed on each prepared hydrogel 

clearly showed that the degree of gel formation was enhanced with increasing the Csalt. 

As it can be seen from optical image shown in Figure 33, for gels synthesized at 25 °C 

and Csalt from 0.1 to 0.3 M, transparent systems were obtained, while at higher salt 

concentrations, opaque gels were formed. 

 

 

Figure 33. Optical image of synthesized physical gels at different salt concentrations ranging 

from 0.1 to 1.0 M at room temperature. 

 

The formation of gels in the presence of salt indicates that SM is solubilized within the 

micelles which are consistent with previous reports 
[24-26]

. The higher concentration of 

salt results in higher SM solubilization in the micelles which plays a key role in the 

formation of physical cross-links within the hydrogel network. Higher salt 

concentrations lead to the enhanced elasticity and viscosity and higher opacity of the 

gels. This indicates that a phase separation has occurred because of the aggregation of 

micelles 
[158]

. 

The above-mentioned results were also investigated by performing rheological 

measurements on each gel in order to evaluate the copolymerization reaction. Although 

the oscillatory deformation tests were carried out on all obtained gels, only the results 

obtained from transparent gels (Csalt ≤ 0.3 M) are presented in Table 2. The reaction 

time for all measured values of Gʹ and G˝ is 10,000 seconds. 
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Table 2. Elastic (Gʹ) and viscous (G˝) moduli resulting from different salt concentration. 

Contents Concentration NaNO3 / M Gʹ / Pa G˝ / Pa 

CTAB 3.3 w/v% 0.1 1600 230 

AAm + SM 11 w/v% 0.2 1639 251 

ASP / TEMED 3.5 mM / 0.168 M 0.3 1758 335 

 

The elastic modulus (Gʹ) ascended as Csalt was increased. That demonstrates the 

formation of a more rigid cross-linked gel in higher salt concentrations. The elastic 

modulus of the gel with Csalt of 0.3 M, increased dramatically compared to the other 

transparent gels with Csalt 0.1 and 0.2 M. This implies that this level of salt causes more 

effective micellization and formation of the most rigid gel among all obtained 

transparent gels. The increased level of G˝ also indicates that the higher viscosity results 

from higher salt concentrations. This is due to the incorporation of hydrophobic blocks 

into the hydrophilic backbones which develops inter-molecular associations. 

5.3.2 Variation of initial monomer concentration 

In order to investigate the effect of the initial monomer concentration on the 

copolymerization, different amounts of C0 = AAm + SM were used for preparing the 

physical gels. The applied monomer concentrations were varied between 5 to 13 w/v%. 

During this procedure concentrations of all other materials were fixed at 3.3 w/v% of 

CTAB, 3.5 mM of APS and 0.168 M of TEMED. The salt concentration was also kept 

constant at 0.3 M. The ratio of SM to total monomer (AAm + SM) in all monomer 

concentrations was 2 mol%, 
[19,159]

. 

The gels were synthesized at 25 and 35 °C and oscillatory deformation tests were 

carried out on each gel at the same temperature of the synthesis. Figure 34 shows the 

resulted plots of Gʹ and G˝ after completion of copolymerization reaction at 10,000 

seconds as well as tan δ (loss factor) as functions of monomer concentration at 35 °C. 

The results show that both the elastic and the viscous moduli increase with increasing 

the monomers concentration. In cases that C0 was between 5 to 7 w/v% the formed gels 

were still too weak although gelation was enhanced with increasing the monomers 

concentration. The dramatic upward trend of Gʹ and G˝ versus C0 was continued up to 

monomer concentration of 11 w/v%. It is notable that no significant difference was 

observed between the rheological results of the gels with monomer concentrations of 11 

and 12 w/v%. Therefore the following discussions will be focused on the monomer 

concentrations of 7, 9 and 11 w/v%. The increasing trend of Gʹ and G˝ as a function of 

the monomer concentration can be explained by the fact that a higher monomer 
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concentration enhances the occurrence of copolymerization reaction as well as inter-

molecular associations of the network. 

As mentioned above both Gʹ and G˝ increase when the monomer concentration is 

increased from 5 to 13 w/v%. The growing rate of the elastic modulus (Gʹ) was faster 

than that of the viscous modulus (G˝) and therefore the difference becomes more 

significant at higher amounts of C0. The resulted data for tan δ demonstrates that when 

C0 is 5 w/v%, tan δ is more than 1 that indicates a viscoelastic liquid is formed. At a 

monomer concentration of 6 w/v%, the loss factor is below 1 indicating that a gel is 

formed, although it is too weak (tan δ = 1 concerns to gel point). By increasing C0 to 

higher concentrations, elasticity rises and tan δ drops consequently. The loss factor 

continually approached 0.2 by an additional increase in C0, which indicates the 

formation of stronger hydrogels with a behavior closer to a viscoelastic solid. 

 

 

Figure 34. Values of Gʹ and G˝ and the loss factor (tan δ) of hydrogels as a function of initial 

monomers concentration at 35 °C. NaNO3 = 0.3 M, CTAB = 3.3 w/v%, ω = 6.3 

rad.s
-1

 and γ0 = 0.01. 

 

Figure 35 shows the results of the elastic modulus versus time (a) and its dependence on 

frequency (b) for different amounts of monomer concentrations at 35 °C. These plots 

contain only the results of the three analyzed hydrogels with initial monomer 

concentrations of 7, 9 and 11 w/v%. The curves represent typical gelation profiles, 
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which clearly demonstrate the enhancement of Gʹ with increasing monomer 

concentration. The plot of the lowest monomer concentration (AAm + SM = 7 w/v%) 

represents the least amount of Gʹ, which markedly increases by increasing the monomer 

concentration. The reaction time before performing the frequency-sweep test was 3 

hours. The range of frequency was between 0.01 and 100 Hz and γ0 was 0.01. As it can 

be seen from the Figure 35, b, at lower monomer concentrations, Gʹ increases as a 

function of the frequency. However, its dependence on the frequency lowers by 

increasing the C0. These combined results confirm the formation of stronger gels by 

increasing the initial monomer concentration. 

 

 

Figure 35. Characterization of the elastic modulus of hydrogels with different initial monomer 

concentrations by rheological measurements. Elastic modulus (Gʹ) as a function of 

reaction time (a) and frequency ω (b) measured after 3 hours of reaction time. 

NaNO3 = 0.3 M, CTAB = 3.3 w/v%. 

 

The relaxation modulus (stress/strain) of the prepared gels was measured as a function 

of time for gels with monomer concentrations between 7 and 11 w/v% which is 

illustrated in Figure 36. The relaxation modulus increases with increasing monomer 

concentration owing to the enhancement of the cross-linking. The time dependent 

patterns of the relaxation modulus in each gel witnesses the fact that hydrophobic 

associations can be locally solubilizesd which causes the cross-links to be reversible. 

The presence of surfactant molecules prevents direct exposure of hydrophobic 

associations to the aqueous environment resulting in a decreased lifetime of the 

hydrophobic associations. A similar behavior was observed by others 
[20,160]

. As it can 

be seen in Figure 36, as G(t) raises with increasing initial monomer concentration, its 
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dependence on time also reduces that indicates the temporary nature of hydrophobic 

associations. 

 

Figure 36. Relaxation modulus G(t) as a function of time for various monomer concentrations. In 

prepared gels NaNO3 = 0.3 M, CTAB = 3.3 w/v%. 

 

Increasing of storage modulus with frequency that’s results has been presented in Figure 

35 (b) agrees the observed results of relaxation time modulus that decreases versus time. 

It also indicates that life time of hydrophobic associations is in order of seconds. This 

temporary nature of hydrophobic associations leads to formation of tough hydrogels. 

5.3.3 Formation of physical gels at different temperatures 

The dependence of the rheological properties on the temperature was also investigated. 

For this purpose, elastic and viscous moduli of hydrogels synthesized with different 

initial monomer concentrations at different temperatures were analyzed (Figure 37, a 

and b). As it is obvious gels prepared in higher temperature (35 °C) exhibit a lower 

elastic modulus so the stored elastic energy in that gels is lower than that of the gels 

synthesized at 25 °C. The measurements were carried out at the same temperature at 

which the gels were synthesized. 

It has been claimed that the formation of gels occurs after the formation and 

consequently association of helixes that form junction zones. The junctions become 

more rigid at lower temperatures 
[49]

. It should also be mentioned that the difference 

between Gʹ of gels synthesized at different temperatures, with the same monomer 

concentration, raised as C0 increased. By increasing C0 from 9 to 11 w/v%, the elastic 
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modulus of the gels which were synthesized at 25 °C showed a dramatic increase while 

at higher reaction temperature (35 °C) the raise of the elastic modulus was much 

limited, suggesting that cross-linking is relatively enhanced at the lower temperature 

with higher monomer concentration. 

 

 

Figure 37. Temperature dependence of the static (a) and viscous (b) moduli of hydrogels as a 

function of the monomer concentration. NaNO3 = 0.3 M, CTAB = 3.3 w/v%. 

 

The variation of the viscous modulus of the prepared gels was measured at 25 and 35 °C 

for different monomer concentrations (Figure 37, b). The values of G˝ show a decrease 

at higher temperature. Also in the analyzed range of monomer concentration, G˝ 

increased steadily versus C0. The dependence of Gʹ on the investigated parameters 

(Figure 37, a) was more intense than that of G˝ which implies that at lower temperature 

and with increasing the initial monomer concentration, the hydrogels become more 

solid-like, owing to the formation of higher density of cross-links and a more rigid 

network. 

5.4 Dynamic light scattering (DLS) 

5.4.1 Structural inhomogeneity of physical gels 

In order to evaluate the microstructure and inhomogeneity of the prepared gels, dynamic 

light scattering analysis was carried out. As it was stated in previous sections through 

DLS measurements, speckles will appear by the formation of a gel which is due to the 

random fluctuations in the intensity of the scattered light. Synthesized gels with various 
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monomer concentrations ranging between 5 and 13 w/v% were studied. All 

measurements were carried out at an observation temperature of 35 °C, scattering angle 

of       and in 100 random sample positions. Measured data of gels formed with C0 

between 7 and 13 w/v% are presented in Figure 38 in which the variations of time-

averaged scattering intensity,     , versus random sample position for each initial 

monomer concentration is illustrated. The measurements were taken with short 

measuring times through which the inhomogeneity on a short time scale, shorter than 

the time necessary for rearrangement of the hydrophobic associations, is presented.  

In addition the ensemble-averaged scattering intensity,     , is shown as a solid line that 

is obtained by averaging of      within all sample positions. Dashed lines,      , 

indicate the part of the scattering intensities which is originated from liquid-like 

concentration fluctuations. As it is expected, for the sample with C0 = 7 w/v%, small 

fluctuations in      appear, indicating the formation of a very weak gel as a non-ergodic 

medium (Figure 38 (a)). It seems that in the mentioned monomer concentration (7 

w/v%) and in the presence of 3.3 w/v% CTAB, stearyl methacrylate is solubilized 

within the micelles to achieve cross-linking via hydrophobic blocks, although in low 

amount. Figure 38 (b) shows that the ensemble-averaged scattering intensity,     , 

increases significantly with increasing the monomer concentration up to 9 w/v% in 

which the typical speckle pattern of non-ergodic system appears, owing to the increased 

density of cross-links. In contrast the fluctuating component,      , remains almost 

constant. As it can be seen in Figure 38 (c) and (d), for monomer concentrations of 11 

and 13 w/v%,      decreased significantly, that is believed to be because of the slighter 

concentration variations between regions with high and low density of cross-links 
[161]

. 
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Figure 38. Variation of the time averaged scattering intensities,     , with sample position of physical gels synthesized with different initial monomer 

concentration. The solid line indicates the ensemble-averaged scattering intensity,      and the dashed line represents the fluctuating components 

of the scattering intensity,      .       and       . 
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5.4.2 Dynamics of physical gels 

It is known that the universal features of a non-ergodic system can be more accurately 

presented through the normalized intermediate scattering function,       , that has been 

directly calculated from the ensemble-averaged ICFs,   
          , proposed by Pusey 

and Van Megen 
[129]

. The distribution of relaxation rates, G (Γ), can be extracted by an 

inverse Laplace transform of   
           from which the relaxation rates of fast (Γfast) 

and slow (Γslow) modes can be obtained from the peak positions. The normalized 

intermediate scattering functions were obtained at a scattering angle of 90° for the initial 

monomer concentrations between 5 to 13 w/v%, among which the data obtained for C0 

= 7, 9 and 11 w/v% are shown in Figure 39. For all samples fast relaxations below 10
-3

 s 

and several slow relaxations can be observed. The dependency of the relaxation rate (Γ) 

on q
2
 shown in Figure 41, obviously indicates that both relaxations take place through a 

diffusive process which will be mentioned later. 
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Figure 39. Normalized intermediate ensemble-average scattering function     , calculated from 

  
       for different monomer concentration at a scattering angle of 90° (green 

curves) and characteristic decay time distribution function, G(Γ), obtained with a 

measurement time of 2 h at θ = 90° on a gel formed with different initial monomer 

concentrations. Temperature = 35 °C. 

 

As it is can be seen in Figure 39 the monomer concentration has nearly no effect on the 

fast mode decay time. It is also claimed that the characteristic decay time of fast 

relaxation mode of hydrogels is independent of cross-linking, temperature and swelling. 

It indicates that slow relaxation is due to the thermally activated motions of sub-chains. 

It is known that the fast mode relaxation is a consequence of the cooperative diffusion 
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of chain segments between two adjacent entanglement or junction points. The sub-

chains or “blobs” are shown schematically in Figure 40  
[113,162-164]

. 

 

 

Figure 40. Sub-chains or blobs whose motion between two entangled or cross-linked point leads 

to fast relaxation 
[163]

. 

 

Since the tails of the curves of      in Figure 39 are not reaching a constant level 

parallel to the time axis, it can be deduced that there is a slow relaxation during studied 

time that includes a broad range from 10
0
 to 10

3
 s. The slow mode relaxation of 

hydrogels is originated from the temporary nature of cross-links which are based on 

local solubilized hydrophobic associations. It has also been suggested previously that 

slow relaxation in micellar kinetics that lasts from scale of seconds to million seconds, 

is due to the dissolution of micelles into individual surfactant molecules 
[160]

. In a study 

performed by D. C. Tuncaboylu et al., the surfactant molecules were extracted from the 

system after preparation of the gels which caused the slow relaxation mode to be 

removed, resulting in the formation of gels with a behavior similar to chemically cross-

linked gels 
[20]

. This observation confirms the effect of micellar kinetics on the 

relaxation behavior of hydrogels. 

Increasing the initial monomer concentration shifts the peaks of the slow relaxation to 

the right (longer times). This indicates the formation of stronger gels owing to the 

formation of a higher density and longer life time of the physical cross-links at higher 

concentrations. This is also in agreement with the results of the rheological analysis that 
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shows the temporary nature of hydrophobic associations. Rheological observation 

indicated that with increasing the initial monomer concentration, time dependency of 

relaxation decreases. 

The dependency of the relaxation rate on the scattering vector provides more 

information about the origin of the relaxations. Plotted Γfast and Γslow against q
2
 are 

illustrated in Figure 41 (a). For a diffusive process the relaxation rate is dependent on 

q
2
. Both Γfast and Γslow are proportional to q

2
 which demonstrates that both modes are 

diffusive. Probably the motion of individual molecules and small association of chains 

reflects the fast relaxation time. The dependency of Γfast on q
2
 also increases slightly by 

increasing the initial monomer concentration that indicates enhanced cross-link density 

and inter-molecular interactions. 

The relaxation rate is given by following equation: 

       (29) 

The curves of the diffusion coefficient were also plotted (Figure 41 (b)) through which 

it is clear that higher monomer concentrations lead to an increase of the diffusion 

coefficient of the fast mode. In contrast the diffusion coefficient of the slow relaxation 

mode decreases markedly with increasing the monomer concentration. Increasing of 

Dfast with the monomer concentration indicates the decreasing trend of the mesh size of 

network. Also significant decrease of Dslow with raising the concentration shows that the 

life time of the physical cross-links is considerably larger at higher concentration. 
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Figure 41. (a) Relaxation rate of the fast (Γfast) and slow (Γslow) modes plotted versus q
2
 for 

different monomer concentration. (b) Diffusion coefficient of each relaxation mode 

plotted against initial monomer concentration. 
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6 Conclusion 

Copolymerization of acrylamide was carried out with large hydrophobes in a micellar 

solution containing NaNO3 as electrolyte. Presence of salt enhanced the micellar growth 

and solubilization of hydrophobic monomers within the micelles that provides the 

possibility of incorporation of hydrophobic blocks into the chains of hydrophilic 

PAAm. 

As the first step of this study micellar solutions of water / CTAB / NaNO3 were 

prepared and evaluated to determine the optimum concentration of each substance and 

its effect on the micellization process. Viscosity measurements of the solutions with 

various salt concentrations showed an increase in viscosity against Csalt from 0.3 to 0.5 

M that is related to the formation and growth of worm-like micelles as Csalt was 

increased. On the other hand a further increase in NaNO3 concentration up to 0.6 M 

resulted in a sudden drop in viscosity which is related to the branching of the micelles. 

Solutions with different amounts of the hydrophobic monomer (SM) were also prepared 

and studied with viscosity measurements. A continuous decreasing trend of viscosity 

versus SM concentration was observed that shows a reorganization of worm-like 

micelles into smaller micelles and solubilization of SM molecules within them to form 

hydrophobic blocks as a consequence of hydrophobic interactions. The distribution of 

the formed hydrophobic blocks along hydrophilic backbones occurs through the 

micellar copolymerization process. 

Hydrogel synthesis solutions were studied step by step via dynamic light scattering 

(DLS). Comparison of the resulting normalized intermediate ensemble-average 

scattering functions and characteristic decay time distribution functions showed that 

surfactant agglomerates exist in water / CTAB solution that can be seen by a slow 

relaxation as well as fast relaxation modes. The slow relaxation mode did not appear in 

solutions after addition of salt and SM that confirms enhancement of aggregation. 

Formation of hydrophobic associations also shifted the fast relaxation to the longer 

times. Inclusion of hydrophilic monomers in the solutions resulted in appearance of 

both fast and slow relaxation modes indicating formation of hydrogels. 

Evaluation of the gel formation was carried out in the second part of the 

experimentations. Effect of the salt concentration on the gelation was investigated at 25 

and 35 °C. In salt free solutions no gel was formed at 25 °C and only a weak gel was 

formed at 35 °C due to enhanced solubilization of SM at the higher temperature. In the 

presence of salt at 25 °C and Csalt between 0.1 and 0.3 M formation of transparent gels 

also occurred. It indicates that the solubilization of SM into the micelles that leads to the 
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formation of physical cross-links in the gel network is higher in the presence of salt. 

Even higher amounts of salt resulted in formation of opaque gels. 

Variation of the initial monomer concentration (C0 = AAm + SM) from 5 to 13 w/v % 

also affected the properties of the gels. Both measured elastic and viscous moduli of 

obtained hydrogels increased with increasing C0 because of higher inter-molecular 

associations of the network. The elastic modulus and frequency-sweep versus time also 

indicated a dramatic increase in the gel formed with C0 = 11 % compared with lower 

monomer concentrations. Higher monomer concentrations led to the formation of 

stronger gels with smaller loss factors. 

Relaxation modulus, G(t), of the gels as a function of time showed reversible cross-links 

resulting from the fact that hydrophobic associations can be locally solubilized. 

Increasing the monomer concentration led to an increase in the amount of G(t) and 

reduction of its dependency on time. Effect of the temperature on the synthesized gels 

was also investigated. Higher elastic modulus of the gels was observed at a lower 

temperature that is due to the enhanced cross-linking. It was found that G˝ also 

decreased with increasing the temperature but its dependency on temperature is smaller 

than elastic modulus. 

Evaluation of the microstructure and inhomogeneity of the gels were studied via DLS 

analysis. It was found that at 35 °C and with total monomer concentration of 5 w/v% no 

gel was formed. With a monomer concentration of 7 w/v% only a weak gel was formed 

and with C0 = 9 w/v% a typical speckle pattern for the gels appeared due to the 

increased density of cross-links and consequently increased inhomogeneity of the 

hydrogels. The normalized intermediate scattering function,       , as well as the 

distribution of relaxation rates, G (Γ), of the gels were obtained for various monomer 

concentrations. It was shown that the monomer concentration has likely no effect on the 

fast relaxation modes of the gels. In contrast the slow relaxation mode varied with 

variation of the monomer concentration. Slow relaxation mode of the physical gels is 

due to dissolution of micelles into individual surfactant molecules. Higher density and 

longer life-time of cross-links shift the slow relaxation peaks towards longer times. As 

diffusive modes, both fast and slow relaxation modes are proportional to the scattering 

vector, q
2
. Moderate increase of Dfast with raising monomer concentration also showed 

that the mesh size of network becomes smaller and also significant decrease of Dslow 

with raising the concentration is an evidence of the fact that life time of the physical 

cross-links is considerably larger at higher concentration. To add, the hydrophobic 

associations have finite lifetime, so we obtain gels with high degree of toughness and 

self-healing property.  
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APS Ammonium persulfate  

CTAB Cetyltrimethylammoniumbromide  

NaNO3 Sodium nitrate  

SM Stearyl methacrylate 

C16 n-hexadecyl methacrylate 

C18 n-octadecyl methacrylate 

TEMED Tetramethylethylenediamine  

DTAB Dodecyltrimethylammonium bromide 

SDS Sodium dodecyl sulfate 

NO3
¯
 Nitrate 

KBr Potassium bromide 

NaSal Sodium salicylate 
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LS Light scattering 
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PCS Photon correlation spectroscopy 
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ΔH Enthalpy 
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Gʹ Elastic modulus (Storage modulus) 

G˝ Viscous modulus (Loss modulus) 
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ω Angular frequency 



76 
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η0 Intrinsic viscosity 

δ Loss angle 

tan δ Loss factor 

   Deformation amplitude 

  Shear strain 

 ̇ Shear rate 

 ̇     Critical shear rate 

G (t) Relaxation modulus 

Tg Gelation temperature 

T Absolute temperature (K) 

λ Wavelength 

ICF Intensity Correlation Function 

THB theory Theory of Tanaka, Hocker and Benedek 

DNE 
Non-ergodic medium method  

DHT 
Partial heterodyne method 

DHTB partial heterodyne method with the instrumental coherence correction 

DHM 
Homodyne method 

 
 

Scattering vector 

  Coherence factor 

       Asymptotic value 

       Function of the normalized intermediate ensemble-average 

      
 

Scattered light intensity 

     
Time‐average 

     Ensemble‐average 

     Time-average scattering intensity 

     Ensemble-average scattering intensity 

      Intensity of fluctuating part 

       Static component 

        Ensemble-averages intensity 

        Time average scattering intensity 

         Time-average of dynamic fluctuations 

        Simple exponential function 

          Intensity correlation function 

τ Intensity correlation time 

     Normalized intermediate ensemble-average scattering function 
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       Translational diffusion coefficient 

   Hydrodynamic radius 

   Boltzmann’s constant 

kT Boltzmann energy 

  Dynamic correlation length 

   Apparent diffusion coefficient 

  Cooperative diffusion coefficient 

       Relaxation rate of fast mode 

       Relaxation rate of slow mode 

G(Γ) Characteristic decay time distribution function 
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