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1. INTRODUCTION 

One of the main trends in polymer science is the search of new synthetic 

methods for the design of polymer materials with particular properties. Modification of 

well-known polymers, that permit to impart on them new qualitative characteristics, 

takes the noticeable place in this research. Hydrophobically modified (HM) water-

soluble polymers based on acrylamide are among the main classes of associating 

amphiphilic polymers. Incorporation of a small amount of hydrophobic units into a 

hydrophilic polymer backbone results in the formation of systems with unique 

rheological properties. Due to hydrophobic interactions, these polymers can associate 

in aqueous solutions with a formation of hydrophobic microdomains. This results in a 

sharp increase in viscosity above a certain polymer concentration [1, 2]. These 

systems are very promising as aqueous thickeners in different areas of industry [2, 3]. 

At present, micellar polymerization is the main synthetic method for 

preparation of HM polyacrylamides (HM PAAm) [4–6]. The disadvantage of this method 

is a restricted initial concentration of the reaction mixture associated with the process 

of gelation during polymerization. This can be overcome in inverse emulsions, where 

the concentration of monomers in the reaction system is increased [7]. Nowdays, one 

of the highly promising types of emulsion polymerization is miniemulsion 

polymerization [8, 9]. Compared to microemulsions [10], the miniemulsion 

polymerization is characterized by a more efficient use of emulsifier, and in 

comparison with conventional emulsion polymerization [11], it gives more stable and 

homogeneous latexes. The idea of miniemulsion polymerization is to initiate the 

polymerization in each of the small droplets stabilized against a coalescence (with 

addition of emulsifier) and against an Ostwald ripening (with the addition of osmotic 

pressure agent). This method allows one to form a distinct interfacial boundary 

between water and oil phases that creates favorable conditions for the polymerization 

near the interface. In addition, the choice of appropriate initiator, concentrating on the 

interfacial boundary and initiating the polymerization near this boundary, will 

increase the probability of the copolymerization of monomers with strongly different 

degrees of hydrophilicity. 
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In this thesis, the method of inverse miniemulsion has been adopted for the 

synthesis of HM polyacrylamides by free radical copolymerization. An influence of 

different conditions, such as temperature, duration of reaction, concentration of 

monomers, emulsifier and initiators, and phase ratio, on aggregative stability of 

emulsions and latexes and molecular-mass characteristics of resulted polymers was 

studied. It was shown that HM polyacrylamides with good thickening properties can 

be produced. 

First, in order to optimize synthesis conditions, free-radical miniemulsion 

polymerization of acrylamide initiated by a well-known oil-soluble initiator 

azobisisobutyronitrile (AIBN) was carried out. Then, the possibility of copolymerization 

of comonomers with different hydrophilicities on acrylamide – styrene and acrylamide 

– lauryl methacrylate (LMA) model pairs was shown. As a result of this research, high-

molecular weight water-soluble HM polyacrylamides with hydrophobic LMA units were 

obtained by inverse miniemulsion technique. Associative and rheological properties of 

their aqueous solutions were studied. It was shown that solutions of these polymers 

possess an increased viscosity in comparison with solutions of corresponding 

polyacrylamides. Moreover, the rheological behavior of miniemulsion HM 

polyacrylamides was compared with micellar and solution HM polyacrylamides. It was 

found that HM polymers obtained by miniemulsion and micellar techniques have 

similar thickening properties. 

In this study, along with the well-known initiator AIBN, a new surface-active 

initiating system based on tetravalent cerium was proposed and investigated. It is 

known that free-radicals, formed under the treatment of 1,2-diol containing 

substances with ceric ions, are used in grafting acrylamide, acrylonitrile, acrylates and 

other vinyl monomers onto cellulose [12, 13], sodium alginate [14], starch [15], and 

dextran [16]. One commercially available emulsifier for inverse emulsions is sorbitan 

monostearate (Span 60), which contains a 1,2-diol fragment. It was of interest 

therefore to use the Ce(IV) – Span 60 redox system for miniemulsion polymerization of 

water-soluble vinyl monomers, in practicular acrylamide. The proposed polymerization 

method resulted in the increased stability of water-in-oil emulsions and latexes at 

lower amount of emulsifier as compared with initiating by conventional oil-soluble 

AIBN inintiator. 

Water-soluble monochelic HM polyacrylamides containing the residual of 

stearic acid as hydrophobic end-group have been synthesized with ceric ammonium 

nitrate (CAN) – Span 60 redox system. It has been shown that these polymers are able 

to associate in aqueous solutions. Then acrylamide was copolymerized with 

hydrophobic monomers – styrene and LMA. It was stated that this surface-active redox 
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system initiates polymerization at the interfacial boundary in contrast to the oil-

soluble initiator. At the same time, this redox system does not initiate the 

polymerization in oil phase that provides the absence of hydrophobic homopolymer in 

the reaction products. 

Finally, the possibility of synthesis of chemically cross-linked nanoparticles 

based on polyacrylamide and polyacrylic acid by miniemulsion technique with CAN – 

Span 60 initiating pair was shown. The resulting nanoparticles were easily dispersed 

in both hydrophobic and hydrophilic media. From a practical point of view, these 

nanoparticles could be used after an appropriate modification in bio-sensing and 

diagnostic systems. 
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2. THEORETICAL SECTION 

2.1. Synthesis, Characterization and Application of Hydrophobically 
Modified Polyacrylamide 

Hydrophobic interactions were first discovered while studying the 

conformations of proteins and have been found to be an important factor in the 

stabilization of their tertiary fold. In such systems the grouping of the non-polar side 

chains of amino acids in polar medium was revealed [17]. The unique solution 

behavior of these hydrophobically modified water-soluble polymers has led to the 

synthesis and characterization of synthetic analogs with specific properties. 

Hydrophobically modified (HM) polymers are polymers with a small amount 

(from several tenths of a molar percent to several percents) of hydrophobic groups 

chemically attached to a hydrophilic polymer backbone. Depending on how the 

hydrophobic groups are situated in the molecule, HM-polymers can be divided into 

two categories. The first has the hydrophobic groups attached at the ends of the 

polymer backbone and they are referred to as hydrophobically end-capped polymers or 

telechelic (Fig.1a). The examples of that category are HM ethoxylated urethanes [18, 

19], HM poly(ethylene oxides) (HM PEO) [20], and HM poly(N-isopropylacrylamides) 

[21]. The polymer carrying only one endgroup is named as monochelic. The second 

category has the hydrophobic groups distributed statistically or as blocks in the 

polymer backbone. These are called comb like HM-polymers (Fig.1b), i.e. HM cellulose 

 
Fig. 1. Schematic illustration of the structure of (a) telechelic and (b) comb like HM-polymers
The hydrophilic units are shown with red and hydrophobic with green. 
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derivatives [22] and HM poly(acrylamides) [23]. 

The unique properties of HM-polymers are their ability for hydrophobic 

association. Above a certain polymer concentration, the hydrophobic moieties 

associate, this in turn induces a strong increase in viscosity [1, 2]. These systems are 

very promising as aqueous thickeners in paints, cosmetics, latex coatings, etc. [2, 3]. 

Due to the biocompatibility of many of the HM-polymers they are useful in the 

biomedicine and pharmaceutical industries [24]. HM polyacrylamides are among the 

most interesting of the HM-polymers, since they are very attractive as mobility control 

agents in enhanced oil recovery [25–27]. It is supposed that HM polyacrylamides can 

overcome the disadvantages of superhighmolecular analogs (namely, polyacrylamides 

or partly hydrolyzed polyacrylamides) as high sensitivity to mechanical degradation, a 

presence of electrolyte and high temperature. 

Synthesis of HM polyacrylamides 

HM polyacrylamides can be obtained either by chemical modification of a 

preformed polymer or by free radical copolymerization of the appropriate monomers. 

Synthesis of HM polyacrylamide by chemical modification is described in Ref. [28]. 

This method allows one to prepare polymers with the given amount of hydrophobic 

groups at the given molecular mass of polymer, since polyacrylamide is used as initial 

material. 

One major difficulty in the synthesis of HM polyacrylamides originates from the 

insolubility of the hydrophobic comonomer in water. Simply dispersing this insoluble 

monomer as fine particles in the aqueous medium of acrylamide (heterogeneous 

polymerization) is not a satisfactory process. To overcome this problem, the 

polymerization was carried out in an organic solvent or a water-based solvent mixture 

in which both monomers are soluble. However, only a few examples of such solvents 

are reported (formalin, morpholine) [29]. The use of these solvents is undesirable from 

an ecological point of view. 

At present, HM polyacrylamides are synthesized, as a rule, via micellar 

polymerization. This approach is rather attractive since it allows one to prepare 

copolymers with microblocky distribution of hydrophobic units along the chains and 

makes it possible to control the length of blocks [4–6]. The main drawback of this 

method consists of several limitations with respect to the initial concentration of the 

reaction mixture associated with the gelation in the course of polymerization. 

As compared to the above-described methods, the polymerization in inverse 

emulsions allows one to improve the economic efficiency due to an increase in the 

concentration of the monomers in the reaction system. This method of synthesis of 

HM polyacrylamides was described in a patent [30]. It was shown that polymerization 
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affords associating polymers when oil-soluble initiators were employed. The use of 

water-soluble initiators led to the formation of polymers lacking thickening properties. 

In recent years, mini- and microemulsion polymerization processes have found 

wide use [8, 10]. The formation of a distinct interfacial boundary between water and oil 

phases creates favorable conditions for the occurrence of polymerization near the 

interface. Therefore, the copolymerization of monomers with strongly different 

hydrophilicities becomes more probable. In detail, the synthesis of HM 

polyacrylamides will be shown in section 2.2. 

Properties of HM polyacrylamides 

The main regularities of the behavior of macromolecules in solution are 

summarized in Fig. 2 [31, 32]. As the concentration of a polymer solution grows, it 

passes through three characteristic regimes: 1) the dilute solution, in which individual 

coils do not overlap, 2) the semi-dilute solution in which coils are strongly overlapped 

but the volume fraction of the polymer in the solution is small (such an intermediate 

regime is intrinsic for polymers), and 3) the concentrated solution in which the volume 

fraction of the polymer is on the order of unity. 

In the dilute regime, the mean centrum to centrum distance between the 

polymer coils is larger than the mean radius of a single polymer coil denoted as the 

radius of gyration, Rg. The individual polymer chains move independently of each 

other in the solution. 

In the semidilute regime, Rg is larger than the mean distance between the coils. 

The polymeric chains of different macromolecules begin to entangle with a formation 

of a transient polymer network. During the formation of the network the mechanism of 

mass transfer changes from translational motion in the dilute regime to reptation-type 

motion in the semidilute regime. The concentration of a macromolecular solution, at 

 
Fig. 2. Polymer concentration intervals: dilute regime (c<c*), semidilute regime (c~c*) and
concentrated regime (c>c*). 
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which the overall concentration equals the segment concentration in one swollen coil, 

is called the overlap concentration, с*. с* is the lowest concentration, at which 

individual coils start overlapping, thus defining the lower limit of the semidilute 

regime. The result of the formation of the polymer network is a drastic increase in the 

viscosity of the polymer solution. The overlap concentration can roughly be estimated 

as the reciprocal of the intrinsic viscosity, * 1 [ ]c η≈  [33]. The chemical structure of the 

polymer is very important for the coil size and thereby for the behavior of the polymer 

in solution. The flexible chains more easily form compact coils than stiff-chains. An 

increase in molecular mass results in a larger coil and more chain entanglements, 

which can be seen as increase in viscosity. For solutions of charged polymers 

“polyelectrolyte effect” is characteristic [34]. If the solution is free of added electrolytes 

the polymer coil expands and a reduced viscosity increases as the polymer 

concentration decreases. Dilution of the solution results in increased volume where 

counterions are distributed. Therefore the screening of fixed charges of polyions is 

decreased, their mutual repulsion is increased, and the polyions swell. The repulsion 

between the ionic groups makes the polymer backbone of a polyelectrolyte stiff. One 

can decrease or completely remove polyelectrolyte effect by introducing low molecular 

weight electrolytes into the solution. In the presence of added electrolytes, the 

polyelectrolytes behave like non-ionic polymers and chain expansion is not observed. 

In the concentrated region the system consists of highly entangled polymer 

chains. The behavior of the polymer molecules is more similar to that of a polymer 

melt, than to the behavior in the polymer network in the semidilute solution [31, 32]. 

As was mentioned above, the hallmark property of HM-polymers is their ability 

to have hydrophobic association in aqueous solutions with a formation of 

microdomains. Just due to hydrophobic interactions, a sharp rise in viscosity of 

telechelic and comb like polymers and a formation of reversible physical gel below с* is 

observed. 

Although no bond actually exits, the terms “hydrophobic bond” or “hydrophobic 

interaction” have received wide acceptance in literature. There are several points of 

view in thermodynamics of hydrophobic association process. But all of them have lead 

to that the main contribution in the changing of free energy is brought with the 

change in entropy and not with the change in enthalpy, which is accordingly small. 

According to the “iceberg” theory, when non-polar groups are introduced into a polar 

medium such as water, the water molecules’ hydrogen bond around the hydrophobic 

group creating what have been called “iceberg” [35]. These icebergs are quasi-

crystalline structures in which there is less randomness and slightly better hydrogen 
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bonding than in ordinary liquid water at the same temperature. The ordering of water 

molecules around a hydrophobic group results in an energetically unfavorable 

decrease in entropy. If a sufficient number of non-polar groups are present, micellar 

structures will spontaneously form as the hydrophobic molecules are expelled from 

the solvent creating a more favorable entropic environment and an increase in free 

energy. The addition of external electrolytes promotes hydrophobic associations by 

increasing the polarity of the medium [36]. According to Ref. [37] entropic contribution 

is also the main driving force of this process and arises due to the decrease in number 

of rotational degrees of freedom in strong oriented layers of water molecules adjoined 

with hydrophobic groups. 

A hydrophobic group on one polymer molecule can either take part of an intra-

molecular association, i.e. it interacts with another hydrophobic group on the same 

polymer chain (Fig. 3, I), or interacts with a hydrophobic group on another polymer 

molecule (inter-molecular association) (Fig. 3, II). At low solution concentrations the 

probability of interaction between different HM-polymer molecules is small. Intra-

aggregation is predominant which results in a reduced coil size [38]. Therefore, the 

intrinsic viscosity of HM-polymers is often lower than that of the unmodified analogue 

of the same polymer. There is no sufficient polymer in solution to form physical gel in 

whole volume at low polymer concentrations, and there exsist macromolecules 

aggregates and clusters (size from 100 nm to several microns) in the solution. Further 

increasing of solution concentration results in aggregation of clusters and formation of 

continuous network in the whole volume (Fig. 3, II). The onset concentration of inter-

molecular association is often well below the overlap concentration, с*, of the 

corresponding unmodified polymer with the same molecular weight [6, 39, 40]. 

Fig. 3. Schematic illustration of the 
HM-polymer solution viscosity as a 
function of polymer concentration. 
Red line – unmodified polymer, 
green – HM-polymer. Explanation of 
the drawn behavior is given in the 
text. 
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The main factors influencing the strength of the hydrophobic interactions 

between polymer chains are: 

1. the chemical nature of the hydrophobic groups, 

2. the relative content of hydrophobic groups, 

3. the distribution of the hydrophobic groups along the polymer backbone. 

Longer hydrophobic groups give an increased efficiency of hydrophobic 

interactions, an increased residence time of a hydrophobic group within the micelle 

and also increased lifetime and durability of the aggregates of hydrophobic groups. It 

was shown by Rogovina et al [5] that the aqueous solution of polyacrylamide with 

dodecyl side group possesses the higher viscosity that the solution of polyacrylamide 

with nonyl hydrophobic groups at same system concentration. 

The influence of the relative content of hydrophobic groups on the solution 

viscosity can be divided into three different regions. At low content of hydrophobic 

groups there is a positive correlation between the content and system viscosity. This 

can be explained by an increased number of inter-connection points. Further 

increasing in the content of hydrophobic groups can result in a drop in viscosity, 

which is connected with the transition of inter-molecular associations into intra-

molecular associations and gradual disruption of the polymer network [40]. The 

strengthening of hydrophobic interactions can result in macrosegregation of system 

into two phases [41]. Such behavior often observes in dilute solution of HM 

polyacrylamides [39, 42]. 

Depending on the synthetic method, one can obtain a number of different 

distributions of the hydrophobic groups along the backbone. The modification and 

solution polymerization result in statistic distribution, and micellar polymerization 

gives microblock distribution [28, 29, 43]. Many authors [4, 40, 42] show that the 

increase in the length of hydrophobic block strengthens the efficiency of hydrophobic 

interactions. Therefore the viscosity rises and critical aggregation concentration (CAC) 

drops at equal content of hydrophobic groups. 

The characteristic feature of HM polyacrylamide gel is thixotropy – the property 

of a material, which enables it to rapid restore of the structure (and modulus of 

elasticity and viscosity corresponding to initial structure) after disruption. Such 

behavior can be explained with the presence of previously formed aggregates [5]. 

One of the advantages of emulsion polymerization is the possibility to obtain a 

stable latex, which can be used as is without further precipitation of the polymer. 

Therefore it is important to know how the emulsifier molecules influence the 

hydrophobic interaction. 
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As can see in Fig. 4 in semidilute regime the viscosity HM-polymer solution 

passes via a pronounced maximum when the surfactant concentration is gradually 

increased [44, 45]. At low surfactant concentrations (Fig. 4, II), below the critical 

micellar concentration (CMC), the surfactant molecules are incorporated in the 

existing micelles from the HM-polymer. Such merging reduces the water hydrocarbon 

contact that increases the activation energy for the escape of a hydrophobic group 

from the micelle thereby increasing the residence time of the hydrophobic groups 

within the micelles and the efficiency of hydrophobic interactions. In addition to the 

aforementioned interaction, at some emulsifier concentrations the viscosity reaches its 

maximum. Further increases in the emulsifier concentration (Fig. 4, II) result in an 

increased ratio between micelles and hydrophobic groups in the polymer. In this 

process the decreased viscosity is a consequence of the physical network losing some 

of its connectivity. In a limiting case where the number of micelles exceeds the number 

of polymer hydrophobic groups in the system, there is only one polymer hydrophobic 

group in each micelle. At this stage the viscosity is independent of the surfactant 

concentration and has a constant value. Normally nonionic polymers interact more 

strongly with anionic surfactants than with non-ionic or cationic surfactants. In Ref. 

[46], it was found that anionic surfactants give the most pronounced viscosity increase 

and also the largest reduction of the viscosity at excess surfactant. 

Problem statement 

On the base of all above-mentioned one can conclude that the search of new 

synthetic methods for preparation of HM polyacrylamides is the actual task. This work 

is the development of systematic study of HM polyacrylamides carried out in A.N. 

Nesmeyanov Institute of Organoelement Compounds RAS and in Institute of Polymer 

Science, Ulm University. 

Fig. 4. Schematic illustration of the 
influence of surfactant concentration on 
the viscosity of HM-polymer solution. 
Explanation is given in the text. 
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2.2.  Miniemulsion Polymerization 

Emulsion polymerization is one of the widely used industrial processes for 

polymerization of unsaturated monomers in heterogeneous conditions, which results 

in formation of polymer dispersion [47]. The main advantage of emulsion 

polymerization in comparison with bulk and solution polymerization is low viscosity of 

the reaction medium, which provides an effective heat sink and the possibility to 

obtain a linear polymer. At equal polymer content in solution and in emulsion the 

viscosity of the latter is lower and the resulting latex can contain a polymer of about 

30% and higher in density. Emulsion polymerization is well suited for the preparation 

of high-molecular weight polymers at rapid reaction rates due to high local monomer 

concentration within the particles. Add to the fact that free radicals grow in separate 

particles that prevent their mutual termination. The above-mentioned concerns for 

polymerization as in direct (type oil-in-water, O/W) so as in inverse (type water-in-oil, 

W/O) emulsions. 

Types of emulsions 

According to the droplet size and aggregative stability the emulsions are 

typically divided into three types: macroemulsions (conventional), miniemulsions and 

microemulsions (Fig. 5) [7, 48]. 

Macroemulsions have the largest droplet size (1-100 µm) and the lowest 

stability. It is necessary to subject this system to constant vigorous stirring for 

synthesis. Therefore the coalescing droplets are broken and the system is not 

separated into two phases. In the initial stage, monomer droplets are stabilized with 

emulsifier and emulsifier micelles are present in the emulsion. Nucleation (or 

Fig. 5. Schematic 
representation of 
aggregative stability as a 
function of droplet size 
for the three types of 
emulsions [49]. 
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formation of monomer-swollen polymer particles, MPP) can proceed by three major 

mechanisms: micellar, homogeneous and droplet nucleation [50]. In micellar 

nucleation, initiator radicals generated in the continuous phase enter the monomer-

swollen surfactant micelles as single radicals or oligoradicals and initiate 

polymerization to form MPP, which then grow via propagation reactions. Unentered 

micelles give their surfactant and monomer molecules to the growing particles. At 

homogeneous nucleation, radicals generated in the continuous phase propagate by 

adding monomer units to form oligomers until they reach the limit of their solubility in 

continuous phase and precipitate out of solution. The precipitated oligoradicals form 

primary particles, which adsorb surfactant, bringing their stabilization, and absorb 

monomer, allowing further propagation and growth. At droplet nucleation, radicals 

generated in the continuous phase enter the monomer droplets as single radicals or 

oligoradicals and propagate to form particles. 

Another type of emulsion is microemulsions, which is thermodynamically stable 

and has the smallest droplet size (10 – 100 nm). The interfacial tension and surface 

energy in these emulsions is roughly zero. However it is necessary to add a relatively 

large amount of emulsifier in order to obtain a stable microemulsion. Formation of 

MPP proceeds mainly by droplet nucleation [10]. 

The intermediate type of emulsion is miniemulsion. The main specific feature of 

miniemulsion polymerization, compared to the traditional emulsion polymerization, is 

the use of an osmotic agent along with a surfactant. This agent suppresses the 

Ostwald ripening of droplets, that is, the passage of the monomer from small into large 

droplets and the disappearance of former. The distinguishing feature of miniemulsion 

is the absence of free surfactant micelles in the system; therefore, the mechanism of 

chain nucleation in droplets prevails. In contrast to microemulsions, miniemulsions 

are thermodynamically unstable and possess only kinetic stability, which makes it 

essential to apply strong shear stresses for creation of miniemulsions [8, 9]. Details of 

the miniemulsion polymerization will be described below. 

Inverse emulsion polymerization 

In 1962, Vanderhoff et al. were the first to polymerize vinyl monomers in inverse 

emulsions using a water/o-xylene system [51]. In spite of the wide use of this 

polymerization in inverse emulsions for industrial production of polyacrylamide, the 

method is not investigated as well as polymerization in direct emulsions. There are 

several groups studying this technique systematicaly: F. Candau [52, 53], K. 

Landfester [54], D.J. Hunkeler [55], I. Capek [56], and V. Gromov [57]. Among different 

water-soluble monomers, acrylamides and its derivatives are commonly synthesized 

with this method. 
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Tab. 1. HLB scale 
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oil-in-water 
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In W/O polymerization, a hydrophilic monomer (usually as aqueous solution) is 

dispersed in a continuous organic phase using emulsifiers with the values of 

hydrophyl-lipophile balance (HLB) lying in the range 4−6 [52]. The HLB numbers were 

proposed by Griffin for a quantitative estimation of emulsifier efficiency. According to 

him, numbers are assigned on a one-dimensional scale of surfactant action, as given 

in Tab. 1; note the correlation with their solubility in water. Each surfactant is then 

rated according to this scale from 0 to 20 [58]. 

Usually aliphatic rarely aromatic hydrocarbons are used as a continuous 

medium. The free-radical polymerization is carried out with oil- (AIBN, benzoyl 

peroxide) or water-soluble (potassium persulfate) initiators, and redox systems 

(cumene hydroperoxide/thionyl chloride). Typically, by compairing oil- and water-

soluble initiators, the reaction rate is higher [59] but emulsion stability and molecular 

mass of polymer are lower [60] in the latter case. Nonionic oil-soluble emulsifiers such 

as fatty acid esters of sorbitan (Span) and polyoxyethylene derivatives (Tween) are 

served as the stabilizers of inverse emulsion. For creating more stable emulsions the 

mixtures of emulsifier with low (~4) and high (~10-15) HLB are usually used. In this 

case strong mixed adsorption layers with dense packing of emulsifier molecules on the 

droplets surface are formed. 

At first glance, inverse polymerization can be considered as a replica of the 

direct emulsion polymerization in which the water is replaced by the oil and the 

hydrophobic monomer by the aqueous solution of hydrophilic monomer. In fact, this is 

incorrect. First of all, it concerns the mechanism and kinetics of the polymerization. 
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Also, the emulsifier and the nature of oil phase play an enormous role on the 

polymerization rate and molecular mass. Recently, a number of concepts were 

proposed for the mechanism of inverse emulsion polymerization differing by the type of 

nucleation. In reviews of Cando [52] and Sochilina [61] the well-known studies in this 

field were summarized and analyzed, including the problems of realization of inverse 

emulsion polymerization, stability of emulsions and latexes in organic medium, kinetic 

and mechanisms were stated. It was proposed that the monomer droplets of inverse 

emulsion are the locus of nucleation. Such conclusion was made on the basis of 

dispersed composition of monomer emulsions and polymer dispersions.  

The specific feature of inverse emulsions is their considerable aggregative 

instability compared with direct emulsions. In the latter, the continuous phase is 

exclusively water, and particles are stabilized by electrostatic forces and/or steric 

effects. In the former, an aromatic or aliphatic continuous phase is commonly used 

and the stabilization is steric in origin. And it is important to note that the energy of 

interaction between water droplets in nonpolar media is considerably higher than the 

energy of their thermal motion. A comparison of the direct and inverse emulsion is 

schematically drawn in Fig. 6. 

Low stability of emulsions in such systems causes the formation of polymer 

particles with broad size distribution. Moreover, large amount of coagulum is often 

formed during polymerization. Incorporation of polar monomers into the aqueous 

phase leads to a decrease of emulsion stability due to emulsifier desorption from the 

W/O interface. The usage of a large amount of stabilizers (more than 10% relative to 

total weight of emulsion) is undesirable because it results in decreasing of 

polymerization rate and complicates the processing of polymer product. 

Miniemulsion polymerization 

Ugelstad et al. [62] was the first, who applied the miniemulsion polymerization. 

 
Fig. 6. Schematic representation of (a) direct and (b) inverse emulsion. 
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In this work, polymerization of styrene was carried out in emulsion droplets (with sizes 

of less than 0.7 µm) with sodium dodecylsulfate (SDS) as a surfactant and cetyl 

alcohol as a hydrophobe. The term “miniemulsion” itself was introduced later by Chou 

et al. [63]. At the present time, there are several studies devoted to free-radical 

polymerization of different hydrophobic (for example, styrene [64], butyl acrylate [65], 

methyl methacrylate (MMA) [66]) and hydrophilic monomers (acrylamide, acrylic acid 

[67]). This method is applicable for copolymerization of different monomers [68–71], 

creating polymer-polymer hybrids [72], formation of capsules [73], encapsulation of 

pigments [74, 75], etc. Beside the free-radical polymerization, anionic polymerization 

[76], polyaddition and polycondencation [77–79] can be perfomed in miniemulsified 

systems. 

The principle of miniemulsion polymerization consists of the following [80]: The 

initial mixture of two phases, one of which contains a monomer and an osmotic 

pressure agent and another one – an emulsifier, subjected to high mechanical 

agitation. Stabilization of emulsions against coalescence is obtained by the addition of 

surfactants. The additional level of stabilization is reached due to an osmotic pressure 

agent. Because of polydispersity of droplet sizes interdroplet mass transfer (Ostwald 

ripening) arises; small droplets disappear, increasing the average droplet size. This 

phenomenon is connected with well-known dependence of Laplace pressure (pLaplace) 

inside the original miniemulsion droplet on their size [80]: 

122
Laplacep

r
σ

= ,    (2.2.1) 

Where r is the droplet radius and σ12 is the interface energy on the boundary between 

droplet and continuous phase. The addition of the third component (osmotic agent), 

which is practically insoluble in the continuous phase, constructs an osmotic 

pressure [80]: 

gas
osm

R Tc
M

Π = ,     (2.2.2) 

Where Rgas is the gas constant, T is the absolute temperature, c is the concentration of 

reagents, M is the molar mass. This pressure counterbalances the Laplace pressure in 

droplets. Therefore, the reversible transition of the monomer to the continuous phase 

and backwards takes place; as a result, a certain size distribution of droplets is 

formed but their amount remains unchanged [81]. 

For homogenization of small volumes, an ultrasonifier is commonly used, for 

large volumes, rotor-stator systems, microfluidizers and high-pressure homogenizers 

are substituted [9]. In the case of ultrasound, the possible mechanism of droplet 
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disruption can be cavitation. The shock waves produced on the total collapse of the 

bubbles cause the break up of the surrounding monomer droplets [82, 83]. 

During polymerization the emulsion is in dynamic equilibrium because of a 

fusion and fission of the droplets. Steady-state dispersed miniemulsions are stable 

against diffusional degradation, but critically stabilized with respect to colloidal 

stability. Thus, one can say about kinetic stability of emulsion and consider the 

emulsion droplets as nanoreactors with droplet nucleation only [84]. The scheme of 

inverse miniemulsion polymerization is represented in Fig. 7. 

In Fig. 8a, a typical calorimetric curve of polymerization in direct miniemulsion 

is presented [85]. In this case the polymerization of styrene with initiation from the 

water phase was carried out. The droplet size was 100 nm. For comparison, a classical 

curve of reaction rate for conventional emulsion polymerization is shown (Fig. 8b). 

Three different intervals can be identified in miniemulsion curve: intervals I and III, 

which are also typical for classical emulsion polymerization [48], and an interval IV 

describing a gel effect. There is not an interval II of constant reaction rate similarly to 

polymerization in microemulsions. This means that the diffusion of monomer is not a 

rate-determining step. 

Particle nucleation takes place during the interval I. Rising branch of the curve 

describes the process of reaching an equilibrium radical concentration within every 

droplet formed during emulsification. Here, the number of active radicals per particle, 

n , slowly increases to ~0.5. In the course of nucleation, the polymerization in each 

miniemulsion droplet starts asynchronously. Thus, every miniemulsion droplet can be 

perceived as a separate nanoreactor in which the evolution of conversion begins 

independently. After reaching 0.5n ≈ , the rate curve goes down following exponential 

Fig. 7. The scheme of inverse miniemulsion polymerization. 
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Fig. 8. (a) – Typical calorimetric curve of a direct miniemulsion polymerization. The synthesis 
conditions: 20% of styrene in water, 1.2% SDS (relative to styrene), and potassium persulfate 
as initiator [85]. 
(b) – Conversion of monomer into polymer and rate of polymerization vs time for a styrene ab 
initio emulsion polymerization system [48]. 
 

kinetics (interval III in emulsion polymerization). According to the droplet nucleation 

mechanism, only monomer in the droplet is available for polymerization. Therefore, in 

miniemulsion polymerization interval II, where the constant reaction rate is 
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maintained by migration of monomer from monomer droplets through continuous 

phase into MPP, is absent. In interval III, the reaction rate decreases due to 

consumption of the monomer. During interval III, n is quite accurately kept at 0.5. 

Due to the viscosity increasing inside the particles there is a gel effect in interval IV 

(peak on the curve). High viscosity of the system makes the radical meeting difficult 

and, thus, the rate of termination reaction decreases. So, in this interval several 

macroradicals can be present in one MPP ( n >0.5). 

In Ref. [67], the inverse miniemulsion polymerization of hydroxyethyl 

methacrylate, acrylamide, and acrylic acid were studied. Stable narrow-distributed 

latexes within the size range 50 nm to 200 nm were obtained using the nonionic 

amphiphilic block copolymer (poly(ethylene-co-butelene)-b-poly(ethylene oxide), 

KLE3729) as the emulsifier. Depending on the system, the surfactant loads can be as 

low as 1.5 wt. % per monomer. For example, 1.8 wt. % of surfactant with respect to 

aqueous phase was enough to create stable miniemulsion and latex in polymerization 

of acrylamide. Thus, miniemulsion polymerization requires a smaller amount of 

emulsifier than microemulsion [10], and also it gives more stable and homogeneous 

latexes in comparison with conventional emulsion [11]. 

Formation of a distinct interfacial boundary between water and oil phases 

creates favorable conditions for the occurrence of polymerization near the interface. 

Therefore, the copolymerization of monomers with strongly different hydrophilicities 

becomes more probable. 

In the case of homogeneous polymerization the composition of copolymer can 

be predicted with the copolymerization equation, which depends on the relative 

reactivities of monomers reacting with themselves or with the comonomer [86]. In 

most cases of free-radical copolymerization, the relative reactivities of monomers do 

not depend on the type of reaction medium [7]. Wu and Schork [70] have studied mini- 

and macroemulsion copolymerization of different comonomer pairs with large 

differences in reactivity ratios and water solubility (vinyl acetate/butyl acrylate, vinyl 

acetate/dioctyl maleate, and vinyl acetate/N-methylol acrylamide). It was found that 

the miniemulsion system follows more closely the integrated Mayo-Lewis equations 

than the comparable emulsion system. This points to the stronger influence of mass 

transfer on copolymerization. In the case of miniemulsion, the system consists of 

“nanoreactors” in each of which the polymerization goes as in bulk. In conventional 

emulsion copolymerization, the mass transfer from monomer droplets into MPP has a 

larger influence on copolymer composition, and ratio of monomers in MPP highly 

differs from the initial comonomer feed. 



E. Kobitskaya       2. THEORETICAL SECTION 19 

 

The possibility of amphilphilic polymer synthesis from comonomers located in 

different phases both by direct and inverse miniemulsions was first shown by Willert 

and Landfester [54] for the case of acrylamide and styrene (or MMA). It was found that 

the locus of initiation has a large influence on the copolymer composition. In 

acrylamide–styrene system, the copolymer practically lacking the admixtures of 

homopolymers (3 wt. % polyacrylamide and 1 wt. % polystyrene) was prepared in 

inverse miniemulsion with the use of a surface-active initiator (azo-di(poly(ethylene 

glycol)isobutyrate), PEGA200). In the case of the acrylamide–MMA system, a good yield 

of the copolymer relative to those of homopolymers (9 wt. % polyacrylamide and 13 wt. 

% PMMA) was achieved with the initiator soluble in the oil phase.  

The classical copolymer equation cannot predict properly the copolymer 

composition, because the reaction medium and the place of inintiation affect on 

copolymer composition. Therefore, Kuchanov and Khokhlov [87] elaborated a 

theoretical model of heterogeneous copolymerization with the initiation occurring at 

minidroplet surface. That can be realized with a surface active initiator poorly soluble 

in both phases. Such processes lead to the formation of multiblock copolymers with 

hydrophilic and hydrophobic monomeric units. The model deals with the parameters 

such as concentrations of monomers, initiation rates in both phases close to their 

boundary, and rate constants of the elementary chain propagation and termination 

reactions under the homopolymerization of these monomers. In fact, the propagation 

of a polymer chain in the vicinity of the interphase boundary is controlled along with 

the stoichiometric and kinetic factors. Under the interphase copolymerization, 

thermodynamic factors also play an important role among the kinetic factors. These 

factors are characterized in the proposed kinetic model by parameters k1 and k2, 

where kα=exp(-∆Fαβ/kБT) is predetermined by the loss of the free energy ∆Fα of an α-th 

type macroradical under the transition of its terminal unit through the interface from 

phase α to phase β. It is supposed that the parameter kα coincides with molar 

solubility of α-monomer in phase β. 

Problem statement 

The represented review evidences that the polymerization in inverse 

miniemulsions is an attractive alternative to micellar polymerization used for HM 

polyacrylamide synthesis from the standpoint of an efficient usage of surfactant. There 

is a large interfacial boundary between water and oil phases in miniemulsion, which 

creates favorable conditions for the polymerization near the interface. This system has 

a high aggregative stability of miniemulsion droplets and resulted latexes. The 

copolymer composition can be controlled by the type of initiator. In particular, the 

usage of surface-active initiator is expected to result in microblock structure. 
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2.3. Redox Systems based on Cerium (IV) Ion for Polymerization 
Initiation 

Free radicals, for the purpose of initiating polymerization, can be obtained with 

two different methods [7]: (i) by homolytic decomposition of covalent bonds – 

spontaneously or as a result of thermolysis or photolysis, and (ii) by electron transfer 

from ions or atoms containing unpaired electrons followed by bond dissociation in the 

acceptor molecule as a result of chemical or electrochemical redox reaction. Effective 

initiators of free radical polymerization are various redox systems, where free radicals 

are produced during bimolecular and increasingly complicated reactions between 

oxidizing and reducing agents. Such reactions are characterized by very short 

induction period (almost negligible) and low activation energy of about 40 – 80 kJ/mol 

(for comparison, bond dissociation energy for most practical thermal initiators is in the 

range of 125–160 kJ/mol), that allows one to carry out polymerization with high rates 

at low temperatures [88]. When a metal ion is applied as an oxidant in a redox system, 

single free-radical forms. As a concequence, probability of primary radical 

recombination becomes small as compared with the homolytic decomposition of 

covalent bonds. There are different metal ions, such as Mn(III), Mn(VII), Ce(IV), V(V), 

Co(III), Cr(VI) and Fe(III), which could be utilized mainly for this purpose. Alcohols, 

thiols, ketones, aldehydes, acids, amines and amides are used as reducing agents 

[88]. 

Mino and Kaizermann [89] were the first who applied ceric ions for the initiation 

of vinyl monomers polymerization. Nowdays, redox initiation systems based on cerium 

(IV) ions have been extensively used in aqueous polymerization [90–92] as well as in 

graft [12, 13, 97] or block [93–96] polymerization of vinyl monomers such as acrylates, 

acrylonitrile, and acrylamide. The reducing agents may be alcohols [90, 98], aldehydes 

[99], acids [91, 92], thiols [100], diketones [101], or polymers with these functional 

groups [93, 96]. Among them, 1,2-diols [94, 102, 103], in particular, mono- and 

polysaccharides [15, 104], are known to be very efficient in redox initiation systems. 

Therefore, ceric ions have been widely applied to grafting of acrylamide, acrylonitrile, 

acrylates and other vinyl monomers onto various carbohydrates: cellulose [12, 13], 

dextran [16], starch [15], sodium alginate [14] and so on. Cerium(IV) ions are usually 

involved in the the form of cerium(IV) ammonium nitrate (CAN), cerium(IV) ammonium 

sulfate, cerium(IV) sulfate and ceric perchlorate. In these double salts, CAN and ceric 

ammonium sulfate, the tetravalent cerium is situated in the anion [88]. The crystal 

structure, with cerium (IV) at the center of the anion complexed by six bidentate 

nitrate groups, shows that the correct name of (NH4)2[Ce(NO3)6] is di-ammonium 

hexanitratocerate. Similarly, solid sulfate analogues (NH4)4[Ce(SO4)4]·2H2O and 
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(NH4)2[Ce(SO4)3] are correctly – sulfatocerates. In solution, Ce(IV) is also present as a 

complex anion [105]. 

Mechanism of the primary free radical formation 

An initiating radical is formed through the complex formation between the 

reducing agent and the tetravalent cerium salt. The chelating agent acts not only as a 

reducing agent, but also as a promotor for the initiation. The schemes of primary free 

radical formation by interaction of CAN with chelating agents nitrilotriacetic acid [92] 

and different derivatives of phosphonic acid [91] are presented in Fig. 9. The analysis 

of polymer end-groups by the infrared absorption technique has confirmed the 

proposed mechanism [106]. 

The tetravalent cerium salts are widely used for the grafting of different vinyl 

monomers onto cellulose and starch. For clearing the initiating mechanism of grafting, 

the reaction of Ce(IV) with cellulose, saccharides, polyatomic alcohols and model 

compounds was studied [12, 104, 107]. It was found that oxidation of polyatomic 

alcohols containing α-glycolic groups with Ce(IV) ions proceeds with the cleavage of C-

C bond. The transformation of xylite and sorbite were found to proceed with С2-С3 or 

С3-С4 bonds spliting. Glucose oxidation Ce(IV) acted firstly onto hemiacetal group. As 

a result HCOOH was eliminated and arabinose was formed. α-methyl glucoside was 

oxidized to HCOOH and СО2 Considering this data, the following initiating mechanism 

for the grafting onto cellulose was proposed: 
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Fig. 9. Scheme of primary free radicals formation by interaction of (a) CAN – nitrilotriacetic
acid and of (b) CAN – amino tri(methylene phosphonic acid) (ATMP). 
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When other polysaccharides are treated by cerium (IV) the formation of primary 

radicals proceeds via similar mechanism [108]: 
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However, at extremely low pH (pH = 1) dextran chain is splitted by cerium (IV) 

into two parts. This mechanism of initiation was found when alkylcyanoacrylate 

grafting was studed [16, 109]: 
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In the study [97], a possibility of acrylamide polymerization with the initiation 

by ceric ions without any reducing agent was revealed. It was confirmed by IR- and 

NMR-spectroscopy that hydrated CAN formed a π-complex with acrylamide. Two 

mechanisms of the ceric-initiated polymerization of acrylmide were proposed. 

Initiation of homopolymerization without nitric acid and reducing agent follows a 

radical mechanism based upon Ce4+-coordinated acrylamide. The mechanism of the 

ceric salt-initiated graft copolymerization of acrylamide onto cellulose (which reacted 

as redusing agent) can be explained in two ways: firstly, a free-radical mechanism 

involving Ce(IV)/Ce(III) redox system, and, secondly, a radical mechanism based on 

Ce4+-coordinated acrylamide. Nevertherless, there are many other studies showing the 

impossibility of ceric salt initiation of acrylamide [91, 110, 111] and MMA [112] 

polymerization without the addition of the reducing agent. This conclusion was proved 

by the observation that the rate of ceric ion disappearance is independent of monomer 

concentration and is directly proportional to the concentrations of ceric ion and 

reducing agent [102, 110]. 

Kinetics of solution polymerization 

There are numerous works investigating the polymerization kinetics of different 

vinyl monomers with the initiation by different redox systems based on ceric ions. For 
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example, in the case of the polymerization of acrylamide with the initiation by 

cerium(IV)–2-chloroethanol redox pair [110] and for the polymerization of acrylonitrile 

with the initiation by cerium(IV) ammonium sulfate–diol [102, 103] it was shown that 

the rate of polymerization, Rp, was directly proportional to the concentration of 

reducing agent and inversely proportional to the ceric ion concentration, but it shows 

the square dependence on the concentration of monomer. The latter dependence rules 

out the possibility of mutual termination of the growing radicals. However, mutual 

type of termination was observed in the case of cerium(IV) ammonium sulfate–malonic 

acid initiated polymerization of MMA and methylacrylate in aqueous sulfuric acid 

[113] and CAN–isobutyl alcohol initiated polymerization of MMA in aqueous nitric acid 

[98]. The polymerization of MMA in aqueous nitric acid with CAN–isopropyl alcohol as 

initiating system obeys power lows with exponents equal to 1/2 and 3/2 with respect 

to isopropyl alcohol and monomer concentrations, respectively, within the range 

((3÷5)×10-3 mol/l) of Ce(IV). However, at lower Ce(IV) concentration (<1×10-3 mol/l), the 

monomer and Ce(IV) power exponents were changed to 1 and 1/2, respectively. The 

rate of the ceric ion disappearance was linearly proportional with respect to the 

concentration of Ce(IV) and isopropyl alcohol. One can conclude that the termination 

reaction can proceed either by the oxidative termination at high Ce(IV) concentration 

or by the bimolecular interaction of the polymeric radicals at low Ce(IV) concentration 

[14]. 

It was suggested, that for the ceric salts initiated vinyl polymerization primary 

free radicals are formed through complex fomation between ceric ion and reducing 

agent. Termination occurs by the interaction of propogating chain radicals and ceric 

ions, or mutual combination of growing chain radicals. The following scheme was 

generally proposed for the polymerization initiated by the redox system based on 

cerium(IV) ions [88].  

Complex formation 

Ce (IV) + R → [Ce (IV)–R]         (1) 

Production of primary radical 

[Ce (IV)–R]
dk⎯⎯→Ce (III) + R·        (2) 

Initiation 

R· + M
ik⎯⎯→RM·          (3) 

Propagation 

 RM· +nM pk⎯⎯→  R(M)nM·         (4) 

Termination: 
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Termination by cerium(IV) 

R(M)nM·+Ce (IV) 1tk⎯⎯→  Mn +Ce (III)+Н+;       (5) 

Mutual termination 

R(M)nM·+·M(M)nR 2tk⎯⎯→  R–Mn–M–M–Mn–R;      (6) 

R(M)nM·+·M(M)nR 3tk⎯⎯→  R–Mn–MН+M=Mn–R      (7). 

Influence of ceric ions, reducing agent and monomer concentrations on the yield 

and molecular mass of polymer 

For acrylamide polymerization using CAN – 2-chloroethanol as a redox system, 

it was found that the molecular mass of polymer decreases by increasing the 

concentration of ceric ion and increases if the concentrations of monomer and 2-

chloroethanol [110] increase. The following dependences were found for grafting of 

acrylonitrile onto polyoxyethylene with redox initiating system based on Ce(NH3)2(SO4)3 

[93]. The yield and molar mass of copolymer and the content of polyacrylonitrile are 

increased simultaneously, when acrylonitrile concentration is rised at constant PEO 

and Ce(IV) amount. The next experiments were carried out at different amounts of 

PEO; keeping the concentration of acrylonitrile and ceric salt constant. As it was 

expected, the increase in PEO concentration results in larger conversion of 

acrylonitrile and higher yield of copolymer. Potentially, this is a consequence of an 

intensive formation of the initiating centers due to the increase in the concentration of 

OH-groups. The influence of Ce(IV) concentration on the yield and the composition of 

block-copolymer was studied. Maximal yield of block-copolymer was observed at ceric 

ions concentration corresponding to 1<
[ ]
[ ]

( )Ce IV
PEO

<2. Taking into account that the 

average functionality of PEO relative OH-groups usually is equal to 1<f<2, this result 

confirms the assumption of equivalent [Ce(IV)]/[PEO] ratio at the optimal conditions. 

The same dependence of polymer yield on the diol and cerium (IV) 

concentrations was observed for polymerization of MMA initiated by CAN in 

combination with polytetrahydrofuran diol and polycaprolactone diol [94]. 

The influence of the redox system component (CAN – ATMP) concentration on 

the yield and molecular mass of polyacrylonitrile was studied in Ref. [91]. The non-

monotonic dependences of the polymer yield and molecular mass on the reducing 

agent concentration as well as on ceric ions concentration were observed. This was 

explained by the possibility of degradative chain transfer by ATMP at rather high 

ATMP concentration with respect to ceric ions on one hand and by the oxidative chain 

termination by Ce(IV) at its high concentration on the other hand. These peculiarities 
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are promoted by a heterogeneous character of polymerization. The precipitation of 

polymer during polymerization decreases the contribution of mutual termination of 

growing macroradicals in the termination reactions and increases a contribution of 

termination at the expense of capture of small easily diffusing molecules such as ceric 

ion, primary radicals and ATMP. 

Problem statement 

It was shown previously that 1,2-diols, mono- and polysaccharides are very 

efficient reducing agents in redox initiation systems based on tetravalent cerium salts. 

However the application of ceric ions containing redox systems for inverse emulsion 

polymerization is not known at present. Therefore, it is of special interest to show the 

applicability of the redox system based on ceric ions in the miniemulsion 

polymerization of water-soluble vinyl monomers, including acrylamide. In that case, a 

sorbitol-containing surfactant could play a role of a reducing agent. For example, 

sorbitan monostearate (Span 60) is commercially available and relatively low-cost 

emulsifier for the stabilization of inverse emulsions and miniemulsions. On one hand, 

this system should possess the advantages of redox initiation systems. On the other 

hand, the primary free radicals should be localised at the surface of MPP. As a 

consequence, the system should possess some peculiarities, e.g. an enhanced colloidal 

stability of the emulsion droplets and latex particles. 

Thus, the proposed initiating system seems to be perspective for the 

development of relatively inexpensive and simple method for the synthesis of 

hydrophilic polymers and polymer nanoparticles. Besides, the growing radical and 

resulting polymers become surface-active since an alkyl tail of the surfactant 

incorporates into polymer chain. This initiating method could be very promising for 

obtaining multiblock copolymers from water-soluble and oil-soluble comonomers. 
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3. RESULTS AND DISCUSSION 

3.1. Colloidal Properties of a Reaction Medium 

The first question, which arises by considering the emulsion polymerization, is 

the stability of dispersion system. It is especially important in the case of 

miniemulsion polymerization, where the nucleation and polymerization occur in each 

monomer droplet without changing their identity during the synthesis. Therefore it is 

necessary that the system keeps its stability both after the preparation of 

miniemulsion and during the polymerization. 

The breaking of emulsion can occur due to molecular diffusion degradation 

(Ostwald ripening, τ1 mechanism) or due to coalescence by collisions (τ2 mechanism). 

For suppression the Ostwald ripening process, it is necessary to add into the system a 

small amount of a third component (osmotic pressure agent), which must be 

preferentially distributed in the dispersed phase. Stabilization of emulsions against 

coalescence can be obtained by an addition of the appropriate surfactants. 

The HLB numbers by Griffin were widely used for a quantitative estimation of 

the emulsifier efficiency (Tab. 1). For non-ionic surfactants these numbers can be 

calculated as follows [114]: 

( ) 20 H
Griffin

MHLB
M

= ,    (3.1.1) 

where М is the molecular mass of the surfactant, and МН is the molecular mass of its 

hydrophilic part. 

In the case of inverse emulsion, non-ionic surfactants with HLB values in the 

range of 4–6 are mostly used. This type of surfactants stabilizes the emulsion by steric 

factors [52]. 

In the present work, a solution of acrylamide in 0.1 M aqueous solution of NaCl 

was used as a dispersed phase of miniemulsion, and a continuous phase consisted of 

a solution of emulsifier in cyclohexane. The industrial emulsifier sorbitane 

monostearate (Span 60) with low HLB was chosen as stabilizer. The content of 

sorbitane monostearte in commertial product from Aldrich is about 50%. The residue 
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consists mostly of sorbitane monooleate and other sorbitane esters. The calculated 

Griffin’s HLB value according to eq. 3.1.1 is given in Tab. 2. 

In the Ref. [115], CMC values for Span homologous series were determined on 

the boundary of 1% aqueous solution of acrylamide/Span in cyclohexane. In 

particular, CMC of 3.2×10-4 mol/l for Span 60 was obtained. It was also found that the 

CMC values increase with the growth of acrylamide concentration in the system, what 

was associated with the rise of emulsifier solubility in water phase even in the 

presence of a small amount of acrylamide. The surface excess concentration (Гm×10-10 

mol/cm2) was determined for a system of 1% aqueous solution of acrylamide/Span in 

cyclohexane. 

The surface area per surfactant molecule can be calculated as follows [114]: 
1610

s
A m

a
N

=
Γ

,     (3.1.2) 

where NA is the Avogadro’s number (6.02 × 1023 g-1mol-1), and Гm is the surface excess 

concentration (mol/cm2). The result of calculation from data of work [115] is given in 

Tab. 2. The colloidal properties of emulsifier Span 60 (Т = 25°С) 
 

Name Formula HLB CMC×104, 
mol/l 

Гm×1010, 
mol/cm2 

as, 
Å2 

sorbitane 
monostearate 
(Span 60) 

OOH

OH

H
HO

O

O CH2(CH2)15CH3

 

4.79 3.2* 44.8* 3.7 

______________________________ 
* the data are taken from Ref. [115]. 

Fig. 10. Dependence of the 
hydrodynamic radius (Rh) of (1) droplets 
and (2) latexes on the angle of scattered 
light. Conditions of synthesis: W/O = 
1/7, cAAm = 7.0 mol/l, cLMA = 1.1 ×10-2 
mol/l, сAIBN = 3.7×10-4 mol/l and сem = 3.3 
wt. % (in oil). 
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Tab. 2. 

Evaluation of the size of miniemulsion droplets and latex particles under 

polymerizarion conditions used in this work from DLS data showed that the 

hydrodynamic radius (Rh) of the droplets was (120±10) nm and that of latex particles 

was (70±10) nm. As follows from Fig. 10 the value of Rh does not practically depend on 

the angle of measurement. That specifies relative uniformity of the sizes of 

miniemulsion droplets and latex particles. 

It was also demonstrated that the size of droplets is not affected by the 

emulsifier concentration in the selected range (from 1.7 to 3.3 wt. %). However, an 

increase in the amount of emulsifier improves the sedimentation stability of the 

emulsion and decreases the amount of coagulum in the course of polymerization. 

The information about the size and shape of droplets allows us to calculate the 

area occupied by one emulsifier molecule on a droplet surface (as) using the following 

equations: 

3

6

all all
drop

drop

V Vn
V dπ

= =
⎛ ⎞
⎜ ⎟
⎝ ⎠

,    (3.1.3) 

where ndrop is the number of miniemulsion droplets in the system, Vall is the total 

volume of droplets, Vdrop is the volume per one droplet, and d is the diameter of a 

droplet. Then, the value of as is simply calculated as: 
2

drop
s

em em

n dSa
n n

π
= = ,     (3.1.4) 

where S is the total area of droplets in the system, and nem is the number of surfactant 

molecules. 

The values of Vall equals to 4 ml and of d equals to 240 nm were taken for the 

calculation. Thus, the surface area, as, per Span 60 molecule was 9 Å2 and 18 Å2 for 

3.3 wt. % and 1.7 wt. %, respectively. Comparing these values with the value of 

Tab. 3. Interfacial tension σ12 at the water/oil interface 
 

Aqueous phase Oil phase σ12, mN/m 

Water Cyclohexane 46.6 

0.1 M NaCl Cyclohexane 40.7 

0.1 M NaCl+acrylamide 10% Cyclohexane 30.3 

0.1 M NaCl 22.6% LMA in cyclohexane 27.0 

0.1 M NaCl 1% Span 60 in cyclohexane 2.5 

0.1 M NaCl Miniemulsion (3.3% Span60) 14.7 
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as = 3.7 nm for the saturated adsorption layer of Span 60 (Tab. 2), one can conclude 

that the surface coverage of the miniemulsion droplets by surfactant molecules is 

incomplete. This conlusion is also independently supported from the measurement  of 

the interfacial tension on the boundary of inverse emulsion/aqueous solution of NaCl. 

As can be seen in Tab. 3, the interfacial tension at the boundary between aqueous 

NaCl and inverse miniemulsion (14.7 mN/m) is much higher than that at the 

boundary between the same aqueous phase and the saturated emulsifier solution (2.5 

mN/m). These data suggest that in the presence of emulsion droplets, the 

concentration of the surfactant in this system is smaller than CMC. Hence, surfactant 

micelles are absent in the continuous phase and interfacial layers on miniemulsion 

droplets did not reach saturation. The absence of free emulsifier micelles in the system 

argues for the benefit of the droplet nucleation. 

Tab. 3 shows that the addition of acrylamide into the aqueous phase or LMA 

into the organic phase leads to a decrease in the interfacial tension. By considering 

the fact of the interfacial activity of acrylamide [53, 115, 116], it is therefore 

reasonable to assume that the local concentration of the monomers near the interface 

becomes larger, and, as a consequence, the probability of these monomers 

copolymerization increases. 

3.2. Free-radical Polymerization and Copolymerization of Acrylamide 
Initiated by Azobisisobutyronitrile 

As it was shown by Gromov et al. [57], the solubility of AIBN in the aqueous 

phase is improved when emulsions of aqueous solution of acrylamide/heptane and 

aqueous solution of acrylamide/toluene are used. The conclusion that the local 

concentration of AIBN grows near the interfacial boundaries was reported for the 

microemulsion polymerization of acrylamide and its copolymerization of MMA [116, 

117]. Due to initiator concentration near interfacial boundaries, the copolymerizating 

of the monomers with different hydrophilicities becomes more probable. 

3.2.1.Free-radical Polymerization of Acrylamide 

In order to optimize the copolymerization conditions, the homopolymerization of 

acrylamide was studied. The influence of the amount of emulsifier (Span 60) and 

initiator on the rate of polymerization and the molecular mass of polyacrylamide was 

investigated. The following synthesis conditions were utilized: the concentration of 

acrylamide in the aqueous phase, сAAm, was 7 mol/l, water-to-oil mass ratio, W/O, was 

equal to 1/6, and the temperarure was about 60°C. The relevant data from all 
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syntheses are summarized in Tab. 4. The chemical structure of polymers was 

confirmed by 1Н NMR and IR – spectroscopy. 

It was found that the increase of emulsifier concentratrion, сem, from 1.7 to 3.3 

wt. % has improved the aggregative stability of emulsion and allowed one to avoid 

coagulum formation during polymerization (Tab. 4, samples PAAm-2AIBN and PAAm-

5AIBN). The quantitative yield of polymer (up to 100%) with high molecular mass 

(Mw = (2÷3) ×106, Mw/Mn = 4÷9) was obtained using relatively high concentration of 

initiator (cAIBN= 4.7×10-3 mol/l) (Tab. 4, samples PAAm-2AIBN, PAAm-4AIBN and PAAm-

5AIBN). At the reduced concentration of the initiator (cAIBN = 1.2×10-3 mol/l) the increase 

Tab. 4. Yield of polyacrylamide and its Mw in relation to the concentrations of 
initiator сAIBN and emulsifier сem in oil phase 

 

Mw×10-6 Sample, № сAIBN×103, 
mol/l 

сem, 
wt.% 

Time of 
synthesis, 

t, h 

Yield, 
wt. % 

GPC1 SLS2 

Span 60 

PAAm-1AIBN 1.2 3.3 3 24 0.82 — 

PAAm-2AIBN 4.7 3.3 3 99 2.70 2.65* 

PAAm-3AIBN 1.2 1.7 3 35 (coagulum) 1.54 — 

PAAm-4AIBN 4.7 3.3 4 99 2.00 — 

PAAm-5AIBN 4.7 1.7 3 80 (latex) 

15 (coagulum) 

2.92 

— 

3.00** 

— 

______________________________ 

* Measured in water and ** formamide. 
1 GPC – gel permeation chromatografy 
2 SLS – static light scattering 
 

 

Fig. 11. Dependence of polymer yield on 
reaction time at homopolymerization of 
acrylamide (Tab. 4, sample PAAm-4AIBN). 
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of the emulsifier amount negatively affected the yield (24 %) and molecular mass of 

polymers (Mw = 0.82×106) (Tab. 4, samples PAAm-1AIBN and PAAm-3AIBN). The 

participation of emulsifier molecules or its impurities in the reactions of 

decontamination of primary radicals and in the reactions of polymer chain termination 

can be the reason of the simultaneous decrease in molecular mass and reaction rate 

at relatively high amount of Span 60. By summarizing the data, the optimal conditions 

for copolymerization would be: сAIBN = 4.7×10-3 mol/l and сem = 3.3 wt. %. As it is seen 

from Fig.11 the quantitative yield of polymer (about 100%) is reached in 3-4 h at the 

chosen conditions. 

It is known from literature that variations in molecular mass and rate of 

polymerization follow different patterns depending on the amount of emulsifier, the 

concentrations of monomer and initiator, and the nature and ratio of phases, when 

polymerization of acrylamide is carried out in inverse emulsion stabilized by Span 60 

[61]. Our data on the effect of сAIBN and сem on the rate of polymerization and molecular 

mass are consistent with the study of the emulsion polymerization of acrylamide with 

the same initiator and emulsifier using heptane as a continuous phase [57]. In the 

cited paper, the reaction orders with respect to the emulsifier were negative, molecular 

mass decreased with an increase of сem, and self-acceleration of polymerization took 

place after the initial slow stage. These trends were the most noticeable at high 

concentration of acrylamide in the aqueous phase (7.45 mol/l). The authors explained 

these features by the redistribution of the reaction mixture components between 

phases, in particular, by experimentally observed partial transition of AIBN from 

heptane to the aqueous phase. The latter effect manifests itself most considerably in 

the presence of a large amount of acrylamide. 

The polymerization conditions used in this study were as follows: high 

concentrations of acrylamide and emulsifier and the use of cyclohexane as an oil 

phase (as heptane, this compound possesses low dissolving ability with respect to 

AIBN). These conditions are nearly the same as those in [57]. Therefore, the above-

described phenomena may also be explained by the redistribution of reaction mixture 

components between oil and aqueous phases, as well as at the interfacial layer. In 

particular, when high amount of emulsifier is used, it participates in a large 

proportion in termination of growing radicals. 

If the amount of initiator is relatively small, the primary radicals form mostly in 

continuous phase and interfacial layer. A large proportion of these radicals may be 

entrapped and deactivated in the interfacial layer, which lowers a polymerization rate. 

At the same time, growing radicals located near this layer can also be terminated with 

emulsifier and its impurities. When the amount of AIBN gets large, relatively large 
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proportion of it can be dissolved in an aqueous phase reach of acrylamide. So, primary 

radicals, formed in disperced phase contribute to increasing in polymerization rate 

and decreasing in chain termination at the interfacial boundary. 

3.2.2.Free-radical Copolymerization of Acrylamide with Styrene 

As it was pointed out above, the formation of a large surface between the water 

and oil phases and the increase of the local concentration of monomers and AIBN near 

the interfacial boundary create favorable conditions for the occurrence of 

polymerization near the interface. Therefore, the copolymerization of monomers with 

strongly different hydrophilicities becomes more probable. As a model reaction, the 

copolymerization of acrylamide with styrene was taken: 

H2C CH

C

NH2

O

+ x y

n

CH2 CH

C O

NH2

CH2 CH
60°C

AIBN

 
The initial mixture was equimolar; the concentrations of components were 7 

mol/l of acrylamide, 0.9 mol/l of styrene, 9.3×10-3 mol/l of AIBN, 1.7 wt. % of 

emulsifier; the ratio of W/O was 1/6; and the temperature was about 60°C. As one 

could see in Fig. 12, the yield of reaction products reached ~20 % in 3 h without 

further increase. 

The sample became completely water-dilutable after washing with hot 

chloloroform in a Soxhlet extractor. It was confirmed by 1Н NMR-spectroscopy that the 

product of reaction was the copolymer of acrylamide with styrene. The molar ratio of 

 

Fig. 12. Dependence of products yield 
on reaction time at copolymerization of 
acrylamide with styrene. 
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acrylamide units/styrene units (98/2) showed that only a small part of hydrophobic 

monomer was incorporated into the copolymer chain as microblocks or isolated 

monomer units. The obtained polydisperse copolymer (Mw=1.5×106, Mw/Mn=12) was 

separated into two fractions by GPC in analytical regime. As it was estimated by 1Н 

NMR-spectroscopy, the both high- (Mw=1.85×106, Mw/Mn=1.7), and low-molecular 

weight (Mw=0.17×106, Mw/Mn=3) fractions contained of about (1.2±0.1) mol. % styrene 

units. The associative properties of these fractions will be described in details in 

section 3.4. Homopolymer of acrylamide was not isolated. The total conversion of 

acrylamide has reached the value of 33%, while for styrene it was 1.4%. 

The obtained results correlate with the results presented by Willert and 

Landfester [54] for the case of the surface-active initiator. In the cited work, molar 

ratio of acrylamide with respect to styrene was 1.5:1; the concentration of acrylamide 

was 7 mol/l, and the concentration of styrene was 0.9 mol/l; azo-di(poly(ethylene 

glycol) isobutyrate) was used as a surface-active initiator. The products of reaction 

were: polyacrylamide – 3 wt. %, polystyrene – 1 wt. %, copolymer containing 1.5 % of 

styrene units – 96 wt. %, at total conversion of acrylamide of 63 % and styrene of 9%.  

Thus, this work, as well as the work [54] confirms the possibility of synthesis of 

amphiphilic copolymers based on acrylamide in inverse miniemulsions. Moreover the 

preferred formation of copolymer proves that AIBN concentrates on the interfacial 

boundary and works as the surface-active initiator under reaction conditions used in 

our experiment. 

3.2.3.Free-radical Copolymerization of Acrylamide with 
Laurylmethacrylate 

Series of HM polyacrylamides with different degree of modification was obtained 

on the basis of the above-described experimental data. LMA was used as a 

hydrophobic comonomer. Copolymerization was carried out at the acrylamide 

concentration in aqueous phase of 7 mol/l, the ratio of W/O of 1/6, сem of 3.3 wt. % 

and the temperature of 60°C. The amount of the initiator was 1.2×10-3 and 4.7×10-3 

mol/l. The comonomer ratio in aqueous and oil phases ([acrylamide]:[LMA]) was 

changed from 99:1 to 90:10; in addition, a ratio of 1:1 was taken. Tab. 5 shows the 

results of copolymerization. The scheme of copolymerization is: 
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x y

n

H2C CH

C

NH2

O

H2C C

C O

O

CH2

CH2

CH3

CH3

10

+ CH2 CH

C O

NH2

CH2 C

C O

O

CH2

CH2

CH3

CH3

10

60°C

AIBN

 
The analysis of obtained data (Tab. 5, GPC data) let one to make the following 

remarks. The yield of polymers was of about 25–50%, the molecular mass, Mw, of 

copolymers reached (0.7−1.2)×106 (Mw/Mn = 3÷5) at сAIBN = 1.2×10-3 mol/l and the time 

of synthesis took 2 h. The high-molecular weight HM polyacrylamides 

(Mw = (2.2−3.2)×106, Mw/Mn = 3÷6, yield of 85–95%) were obtained at сAIBN = 4.7×10-3 

mol/l within 3-4 h. Unfortunately, the direct comparison of the rates of 

copolymerization is impossible to determine because of different duration of synthesis. 

Tab. 5. Copolymerization of acrylamide and LMA in miniemulsions 
 

Sample, № [acrylamide]: 
[LMA] 

t, 
h 

Yield, 
wt. % 

Mw×10-6 
(GPC) 

Mw×10-6 (SLS) 
in water/in 
formamide 

Span 60 

сAIBN = 1.2 × 10-3mol/l 

HMPAAm-1AIBN 99:1 2 36 1.15 —/16.75 

HMPAAm-2AIBN 98:2 2 48 0.74 —/13.3 

HMPAAm-3AIBN 95:5 2 24 1.13 —/9.64 

HMPAAm-4AIBN 90:10 2 35 1.09 — 

сAIBN = 4.7 × 10-3mol/l 

HMPAAm-5AIBN 99:1 4 91 2.56 — 

HMPAAm-6AIBN 98:2 4 95 2.17 9.9/6.0 

HMPAAm-7AIBN 95:5 3 85 2.62 5.6/— 

HMPAAm-8AIBN 90:10 4 90 3.20 — 

HMPAAm-9AIBN* 50:50 4 47 0.50 (PLMA) 

3.30 (PAAm) 

— 

— 

PLMA** 0:100 20 83 0.30 — 

______________________________ 
* Synthesis conditions: [acrylamide] = 7 mol/l, [LMA] = 0.7 mol/l, сAIBN = 7.4×10-3 mol/l и 
сem = 3.3 wt. %. 
** Synthesis conditions: [LMA] = 0.7 mol/l, сAIBN = 7.4×10-3 mol/l и сem = 3.3 wt. %. 
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The self-acceleration of copolymerization was also observed after the initial slow stage 

(Fig. 13) similar to acrylamide homopolymerization. 

The solubility of copolymerization products in water depends on the content of 

LMA in the reaction mixture: polymers would be water soluble if LMA content is less 

than 10%. When LMA content is higher than 10% the polymers become only partially 

soluble in water. Moreover, if the LMA content does not exceed 50%, their solutions 

are opalescent. 

The fractional composition of acrylamide:LMA = 1:1 copolymerization product 

(Tab. 5, sample HMPAAm-9AIBN) was studied by means of selective extraction. The 

sample was successively extracted with water (to isolate polyacrylamide) and THF (to 

isolate PLMA). It turned out that, along with the copolymer (44 wt. %), which was 

soluble in none of the used solvents (water, THF, and formamide), homopolymers (8 

wt. % polyacrylamide and 48 wt. % PLMA) were presented. 

The chemical structure of homopolymers was investigated by 1Н NMR study 

and IR spectroscopy. The IR spectra of the copolymer exhibited a broad band peaking 

at 1631 cm-1, corresponding to vibrations of Amide I and Amide II and the band due to 

the stretching vibrations of a C=O bond of an ester group (1730 cm-1) (Fig. 14). 

 

Fig. 13. Dependence of copolymer yield on 
reaction time at copolymerization of 
acrylamide with LMA at LMA concentration of 
10 mol. % in the initial reaction mixture (Tab. 
5 sample HMPAAm-8AIBN). 
 
 
 
Fig. 14. The IR spectra of the samples PAAm-
2AIBN (Tab. 4), PLMA and copolymer 
HMPAAm-9AIBN (Tab. 5). 
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The content of acrylamide units in the copolymer, according to the elemental 

analysis data, was 98 mol. %, and the content of LMA units was 2 mol. % (C:N = 6.05). 

Thus, the total conversion of LMA was 31% at an almost 100% conversion of 

acrylamide. Similar to the above described copolymerization of acrylamide with 

styrene, the data on the compositional heterogeneity of copolymer HMPAAm-9AIBN 

correlate with the results from Ref. [54], in which homopolymers polyacrylamide, 

polystyrene, and poly(methyl methacrylate) were isolated along with the copolymers. 

The decreases in molecular masses and product yields, in the case of 

copolymerization, compared with homopolymerization of acrylamide arise from rapid 

formation of the polymeric radical carrying low-reacting styrene or LMA group on the 

end. The probability of a chain reaction therefore becomes small. Hence the rate of 

copolymerzation is sharply diminished due to decrease in kinetic chain length. The 

styrene radical is more low-reacting than LMA radical. It can be explained why in the 

case of the acrylamide-styrene copolymerization we observed the lower yield that for 

the acrylamide-LMA copolymerization. 

To confirm that PLMA may be prepared in the course of miniemulsion 

copolymerization, the homopolymerization of LMA was carried out in cyclohexane in 

the presence of miniemulsion droplets containing an aqueous solution of NaCl (Tab. 5, 

sample PLMA). As one could see in Fig. 15, the yields of the polymers were 44 and 

83% for 4 and 20 h, respectively. The amount of PLMA formed for 4 h and its 

molecular mass were found to be close to the corresponding parameters of copolymer 

 

 

Fig. 15. Dependence of PLMA yield on 
reaction time at the presents of 
miniemulsion (Tab. 5, sample PLMA). 

Fig. 16. Scheme of the miniemulsion 
copolymerization with initiation by AIBN at 
both phases and on the interfacial boundary. 
The hydrophilic monomer shows with red, 
and hydrophobic with green color. 
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(HMPAAm-9AIBN). Hence, it follows that the initiation of copolymerization may proceed 

in the continuous phase with participation of both acrylamide and LMA molecules. 

The chain propagation can also proceed with participation of LMA in this phase. 

In Fig. 16 the possible localization of initiation of copolymerization of 

acrylamide and hydrophobic monomer is schematically shown: in disperse phase with 

participation of acrylamide, in continuous phase with participation of acrylamide or 

hydrophobic comonomer, and at the interfacial boundary with participation of both 

monomers. The possibility of initiation and propagation of polymer chain in 

continuous phase results in increase of compositional heterogeneity of polymerization 

products due to the formation of PLMA. 

It was shown earlier [39] that HM polyacrylamides synthesized via the micellar 

polymerization procedure lose solubility in water, if the content of LMA units is above 

0.2–0.4 mol. %. Determination of such small content of hydrophobic units by means of 

direct spectral methods is practically impossible. Therefore, in this study, the amount 

of hydrophobic units incorporated into the polymer chain of soluble copolymers was 

estimated indirectly by studing their associative properties. Aqueous solutions of the 

copolymers were studied by fluorescence spectroscopy with pyrene as a probe, light 

scattering, and viscosimetry. The results of measurements are described below in  

section 3.4. 

3.3. Free-radical Polymerization and Copolymerization of Vinyl Monomers 
Initiated by Surface-Activ Redox System based on Ce (IV) Salt 

As was previously shown in the theoretical section, it is important to select a 

suitable initiator in order to obtain amphiphilic multiblock copolymers at 

miniemulsion condition. To provide the initiation at the interfacial boundary and 

propagation of polymer chain near interphase the initiator should be surface-active. It 

was also shown that free radicals capable to initiate polymerization of vinyl monomers 

formed when ceric ions act on diol fragment of mono- and polysaccharides. For the 

sake of experimental realization of the idea of heterophase copolymerization the new 

initiating redox system based on ceric ions and sorbitan monostearate (Span 60) is 

proposed in this work. By analogy with the initiation mechanism of grafting onto 

polysaccharides, the following mechanism of primary radical formation is supposed: 



E. Kobitskaya      3. RESULTS AND DISCUSSION  39 

 

OOH

OH

H
HO

O

O CH2(CH2)15CH3

Ce4+

C

O
H

HO

O

O CH2(CH2)15CH3

O

H H

OH + Ce3+ + H+[complex]

 
The use of the surface-activ component allows us to exclude any additional emulsion 

stabilizers. The components of the initiating system are brought into different phases; 

therefore, the formation of free radicals occurs exclusively at the interfacial boundary. 

Since an alkyl tail of a surfactant incorporates into polymer chain, the growing radical 

and rezulting polymers become surface-active. 

3.3.1.Free-radical Polymerization of Acrylamide 

Homopolymerization of acrylamide carried out by the given way of initiation 

leads to the incorporation of the surface-active initiator fragments, namely residual of 

stearic acid, in the growning polymeric chain. Thus, even in the absence of 

hydrophobic monomer, the proposed method allows us to receive the amphiphilic 

polymer. 

To select the optimal conditions for synthesis of a high-molecular weight 

polymer with a high yield, the effect of following factors on the above-mentioned 

parameters was investigated: the amounts of emulsifier and initiator (CAN), the mass 

ratio of phases, and temperature. The way of the introduction of ceric salt into 

reaction media was also studied. The concentration of acrylamide was varied in the 

range from 3.5 to 7 mol/l. The time of synthesis was 4 h. The results are summerized 

in Tab. 6. It was found that c =1.7÷2.2 wt. % of Span 60 in the oil-phase was enough 

to form stable emulsions and latexes at room temperature at the water-to-oil ratio of 

1/6. The double decrease in the surfactant amount resulted in insufficient 

sedimentation stability of miniemulsion and in the formation of about 30 % of 

coagulum (Tab. 6, sample PAAm-13CAN). Moreover, even higher amount of coagulum 

(~80%) was produced when the polymerization temperature was increased up to 60°С 

at сem=1.7 wt. % (Tab. 6, sample PAAm-6CAN). The emulsion stabilization at increased 

temperature is reached by increasing the emulsiefer amount up to 3.3 wt. % (Tab. 6, 

sample PAAm-7CAN). This argues that at high temperature the system becomes less 

stable to coalescence due to stronger Brownian motion of particles, an increased 

solubility of monomer in the opposite phase, and an increased solubility of Span 60 in 

the oil-phase. 
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The size of miniemulsion droplets and latex particles was measured by DLS. An 

example of the typical distribution over hydrodynamic radii is presented in Fig. 17 

(sample PAAm-11CAN, Tab. 6). The size of the miniemulsion droplets was measured 

just after sonication. Rh of latex particles was found to depend on the acrylamide 

concentration in the aqueous phase: from 50 – 55 nm at cAAm = 50 % to 75 – 80 nm at 

cAAm = 25 %, respectively. The increase of temperature up to 60°С did not alter the size 

of particles. 

Tab. 6. The results of polymerization of acrylamide in inverse miniemulsions with 
initiation by system CAN - Span 60 

 

Sample 
№ 

W/O сem, 
wt. % 

сCAN×103, 
mol/l 

Yield1, 
% 

Mw×10-6 
(GPC) 

Mw/Mn 

сAAm = 3.5 mol/l 

PAAm-1CAN 1/6 2.2 35 100 1.22 232 

PAAm-2CAN 1/6 2.2 17 100 1.65 9.2 

PAAm-3CAN 1/6 2.2 11 100 1.8 4.1 

PAAm-4CAN 1/6 2.2 7 68 0.92 6 

сAAm = 4.4 mol/l 

PAAm-5CAN 1/6 2.2 21 87 1.75 7.8 

PAAm-6CAN3 1/6 2.2 21 534 1.66 2.6 

PAAm-7CAN3 1/6 3.3 21 100 0.735 305 

сAAm = 7.0 mol/l 

PAAm-8CAN 1/6 1.7 35 536 0.69 5.9 

PAAm-9CAN7 1/6 2.2 17 89 1.28 9.58 

PAAm-10CAN 1/6 2.2 17 97 1.61 5.3 

PAAm-11CAN 1/6 2.2 14 98 1.8 5 

PAAm-12CAN 1/3 1.7 14 86.59 0.96 7 

PAAm-13CAN 1/6 0.85 14 85.5 0.86 7 

______________________________ 
1 Determined gravimetrically 
2 Bimodal molecular weight distribution: low-molecular weight fraction – Mw=0.009×106 
and high-molecular weight fraction – Mw=1.6×106, Mw/Mn=2.7 
3 Synthesis carried out at 60 °С 
4 Product composition: coagulum – 80%, latex – 20% 
5 Low-molecular weight fraction: Mw=0.025×106, Mw/Mn=2.6. High-molecular weight 
fraction: Mw=1.2×106, Mw/Mn=4.2 
6 Product composition: coagulum – 32%, latex – 68% 
7 CAN was added after sonication 
8 Low-molecular weight fraction: Mw=0.12×106, Mw/Mn=2.7. High-molecular weight fraction: 
Mw=1.5×106, Mw/Mn=2 
9 Product composition: coagulum – 30%, latex – 70% 
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The dependence of the yield and molecular mass of prepared polymers on the 

concentration of the redox system components grows through the maximum. While 

the amount of Span 60 was kept approximately constant to support the emulsion 

stability (сem=1.7-2.2 wt.%, W/O=1/6, Т=25°С), the concentration of oxidizer, cCAN, was 

varied over a wide range. As one can see from Fig. 18, by changing cCAN in the range 

(11÷21)×10-3 mol/l and by doubling the acrylamide concentration from 3.5 up to 7 

mol/l, molecular mass, Mw, remained practically on the same level of 1.6÷1.8 ×106. 

The polymers were prepared with a quantitative yield (Tab. 6, samples PAAm-2CAN, 

PAAm-3CAN, PAAm-5CAN, PAAm-10CAN and PAAm-11CAN). The decrease in polymer yield 

(down to 50%) and molecular mass (0.7÷1.2×106) was observed by decreasing the ceric 

ions concentration down to 7×10-3 mol/l (Tab. 6, sample PAAm-4CAN) and by 

increasing the ceric ions concentration up to 35×10-3 mol/l (Tab. 6, samples PAAm-

1CAN and PAAm-8CAN). Similar extremal dependence of polymer yield and molecular 

mass of polymer on Ce(IV) concentration of was observed earliar [91] when 

polymerization of acrylonitrile was initiated by the system amino tri(methylene 

phosphonic acid) (ATMP) and CAN. In the referenced work, the grow of polymer yield 

and molecular mass started at the concentration of Ce (IV) equal to 6×10-3 mol/l.  

The decrease in surfactant amount (сem=0.85 wt.%) resulted in the decrease of 

molecular mass of polymer (Mw=0.9×106, Mw/Mn=7) at сCAN of 14×10-3 mol/l, сAAm = 7 

mol/l (Tab. 6, sample PAAm-13CAN). 

Fig. 17. Distributions of scattered light over 
hydrodynamic radii (Rh) of scattering particles 
for (1) miniemulsion and (2) latex. The 
observation angle is 90°. Sample PAAm-11CAN 
(Tab. 6). 

Fig. 18. Dependence of molecular mass on 
concentration of Се(IV) in the system. 
Conditions of synthesis: W/O=1/6, 
сem=1.7÷2.2 wt.%, T=25°С, (●) – сAAm = 3.5 
mol/l, (▲) – сAAm = 4.4 mol/l and (○) – сAAm = 
7.0 mol/l. The figures are designated the 
numbers of samples from Tab. 6. 
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The increase in polymerization temperature reduces the polymer yield (down to 

50 %, from which 80 % is coagulum), but the molecular mass remains practically 

constant (Mw=1.7×106) (Tab. 6, sample PAAm-6CAN). This could be explained by a 

decrease in interfacial surface at coagulation resulting in a decrease of the initiation 

rate. The increase in emulsifier amount in order to support the aggregative stability 

has resulted in increase in the yield and polydispersity and decrease in the molecular 

mass (Mw=0.7×106, Mw/Mn=30) (Tab. 6, sample PAAm-7CAN).  

The decrease in oil phase volume up to W/O=1/3 at the constant concentration 

of initiator, emulsifier and acrylamide has resulted in decrease in the molecular mass 

(Mw=1×106, Mw/Mn=7) (Tab. 6, sample PAAm-12CAN). 

Thus, the optimal conditions for obtaining the high-molecular weight polymers 

(1.6÷1.8×106) with high yield are as follows: сCAN = (11÷21)×10-3 mol/l, which conforms 

[CAN]:[Span 60] from ~1:26 up to 1:17, сem = 1.7÷2.2 wt. %, W/O = 1:/6, T=25°С. The 

ratio [CAN]:[acrylamide] has to be in the range 1:200÷1:500. 

The structure of the formed polymers generally depends on the type of the 

termination reaction of a material chain. Thus, the mutual termination of growing 

chain radicals by disproportionation (it is more preferable for acrylamide) as well as 

monomolecular termination on Ce(IV) and transfer to monomer result in formation of 

monochelic polymers. The monomolecular termination of a macroradical by the 

primary radical results in formation of telechelic polymers. It is difficult to estimate the 

contribution of each type of termination reactions because the conditions of the 

polymerization are heterogeneous. The formation of monochelic polymer is more 

probable. At the following scheme, the residual fragment of emulsifier is shown with 

green, polyacrylamide chain – with red. 

 
The polydispersities of the prepared polymers are rather high (5 – 10). The error 

caused by band broadening was up to about 20% for high molecular mass polymers 

(estimated by the method of Hamielec and Ray [118]). The MMD broadening can be 

explained by the specific features of the heterophase polymerization under study: the 

initiation at the interfacial boundary and several possible termination reactions with 

different allocations (for example, termination by disproportionation inside the 

droplets, termination by ceric ions inside the droplets, and termination by radicals 

anchored at the interfacial boundary). One can also expect the incomplete 
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homogenization of miniemulsions (by fusion and fission processes) due to the fast 

mixing procedure prior the beginning of polymerization. By comparing the samples 

PAAm-9CAN and PAAm-10CAN (Tab. 6) one could notice that the method of injection of 

the initiating oxidizer has an impact on the polymer characteristics. The addition of a 

ceric salt solution in a prepared miniemulsion with subsequent additional 

emulsification results in lower molecular mass and broader MMD in contrast to 

polymers produced by emulsification of two phases, each containing the 

corresponding part of the redox initiator. 

If we assume that the sample contains only one residue of Span 60, an average 

degree of polyacrylamide modification should be about 0.04 mol. % (typical Mn = 

1.8×105). Determination of such a small content of hydrophobic units by means of 

direct spectral methods is practically impossible. 

The formation of an amphiphilic polymer during the synthesis provides the high 

aggregativ stability of the latex. The cross-linked latex particles were easily dispersed 

in organic and aqueous media. They were prepared as follows. Acrylamide was 

copolymerized with 2 mol. % of BAAm under the synthesis conditions specified in Tab. 

7. The prepared latexes were stable over a month. The particles size after dispersion 

was measured by DLS and transmission electron microscopy (TEM). The typical data 

is presented in Tab. 7 and in Fig. 19. The dispersions in organic medium were 

prepared by dilution of latex with cyclohexane. The dispersions in aqueous medium 

were prepared by dilution of dryed latex in water. The characteristic sizes of latex 

particles are given in Tab. 7. The growth of the particle size by two times in aqueous 

medium can be attributed to the swelling of weakly crosslinked polyacrylamide in 

water. The mean particle size by TEM is about three times smaller than that by DLS 

Tab. 7. Synthesis conditions and sizes of cross-linked latex based on acrylamide in 
inverse miniemulsion with initiation by system CAN – Span 60 (сem = 1.7 – 2.2 
wt.%, W/O =1/6) 

 

Rh (±RPW1) 
of latex, nm (DLS) 

d of latex, 
nm (TEM) 

Sample 
№ 

сAAm, 
mol/l 

сCAN×102, 
mol/l 

cyclohexane water cyclohexane water 

PAAm-14CAN 3.5 3.5 75 (±0.38) 115**(±0.41) 40 — 

PAAm-15CAN 4.4 2.1 85 (±0.38) 200 (±0.41) 65 — 

PAAm-16CAN* 7.0 1.7 65 (±0.46) 196 (±0.61) 56 100 

PAAm-17CAN 7.0 1.7 60 (±0.33) 142 (±0.35) 31 77 

______________________________ 

* CAN was added in emulsion as a solution 
** in 1% aqueous solution of SDS 
1 RPW – relative peak width 
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due to removal of a large amount (roughly ¾ by weight) of water from their interior 

and due to different way of averaging (z- average Rh and number-average d). 
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Fig. 19. TEM images of chemically crosslinked 
nanoparticles in (a, b, с) cyclohexane and their 
dispersion in (d) water. Distributions over 
hydrodynamic radii (Rh) of scattering particles in 
(e, 1) cyclohexane and (e, 2) water. Observation 
angle 90°. Samples: a – PAAm-14CAN, b – PAAm-
16CAN, c, d, e – PAAm-17CAN (Tab. 7). 
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3.3.2.Free-radical Polymerization of Acrylic Acid 

The possibility to apply this initiation system to the synthesis of latex particles 

based on various water soluble vinyl monomers was shown on the example of acrylic 

acid. The synthesis conditions were as follows: concentration of acrylic acid – 1.6 

mol/l, сCAN = 1.6×10-2 mol/l, сem = 2.2 wt. %, W/O = 1/6, T=60°C. BAAm (2 mol. % 

with respect to acrylic acid salt) was taken as a cross-linking agent. The polymer was 

obtained with the yield of 80 % within 24 h. The chemical structure of polymer was 

confirmed by IR – spectroscopy. The IR spectra of the polymer exhibited a band 

peaking at 1560 cm-1 corresponding to the stretching vibrations of COO–. 

The prepared latex was stable over at least a week. It was readily redispersed in 

cyclohexane (Rh = 180 nm, RPW = ±0.42) and water (Rh = 118 nm, RPW = ±0.37) (DLS 

data, Fig. 20). 

 

Fig. 20. Distributions of scattered light 
over hydrodynamic radii (Rh) of 
scattering particles of latex in (1) 
cyclohexane and (2) water. Observation 
angle 90°. 

3.3.3.Free-radical Copolymerization of Acrylamide with Styrene 

The usage of surface-active initiator provides the initiation at the interfacial 

boundary and propagation of polymer chain near the interphase. These features 

should favore the copolymerization of monomers of differing hydrophilicity distributed 

in different phases. The copolymerization reactions of acrylamide with styrene and 

LMA were taken as model reactions. 

The initial mixture was equimolar; the concentrations of components were 4.4 

mol/l for AAm, 0.56 mol/l for styrene, (1.7 ÷ 2.2) wt. % for emulsifier; the water-to-oil 

phase ratio was 1/6; and the polymerization time was about 24 h. The results are 

summerized in Tab. 8. The chemical structure of polymers was confirmed by 1Н NMR 

– spectroscopy. The degree of modification y was calculated according to equations 

given in the experimental part (Nuclear Magnetic Resonance). The latex particle size Rh 
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was about (100 ± 5) nm as revealed by DLS measurements.The influence of the 

following factors on copolymerization was investigated: the amount of initiator (CAN), 

the ratio of phases, and temperature. The yield and molecular mass of polymer were 

taken as an assessment. 

The copolymers with low molecular mass (Mw ~ (0.2 – 0.3)×106) and low yield (5 

– 10) % were received at ceric ion concentrations of (10÷20)×10-3 mol/l at room 

temperature (Tab. 8, samples HMPAAm-2CAN and HMPAAm-3CAN). The decrease in 

water-to-oil ratio to 1/3 resulted in copolymer with lower molecular mass (Mw = 

0.03×106) (Tab. 8, sample HMPAAm-1CAN). 

The high-molecular weight products (Mw ~ (0.8 – 1.2)×106, yield ~ 40%) were 

obtained at high temperature (60°С) (Tab. 8, samples HMPAAm-4CAN and HMPAAm-

5CAN). As it was pointed out above, the emulsion stability decreases when the 

temperature increases. Therefore, ~(10−20)% of coagulum was formed during the 

polymerization. The increase in ceric ion concentration from 12×10-3 to 42×10-3 mol/l 

resulted in decrease in molecular mass (~1.5) as expected for free-radical 

polymerization. 

The modification degree of polyacrylamide was about 1 mol. % of styrene units. 

It shoud be noted that all samples were completely soluble in water and able to form 

opalescent solutions. This allows assuming that no homopolystyrene was formed in 

Tab. 8. The results of copolymerization of acrylamide with styrene in inverse 
miniemulsions with CAN - Span initiation system, сem = 1.7 – 2.2 wt. %, 
W/O = 1/6 

 

Sample 
№ 

сCAN×103, 
mol/l 

[CAN]: 
[monomers] 

Yield, 
% 

y, 
mol.% 

Mw×10-6 

(GPC) 

Mw/M
n 

T = 25°C 

HMPAAm-1CAN* 21 1:400 5 1.05 0.03 3 
HMPAAm-2CAN 21 1:400 7 1 0.30 4 
HMPAAm-3CAN 12 1:714 11 

latex 94 
coagulum 6 

0.65 0.19 6 

T = 60°C 

HMPAAm-4CAN 42 1:200 40 
latex 75 

coagulum 25 

0.57 0.79 26 

HMPAAm-5CAN 12 1:714 40 
latex 82 

coagulum 12 

1.33 1.20 18 

______________________________ 

* Synthesis conditions: W/O = 1/3, сem = 3.4 wt.% 
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the course of copolymerization. 

To varify this conclusion, homopolymerization of styrene was carried out in 

cyclohexane in the presence of miniemulsion droplets containing an aqueous solution 

of NaCl. No polymer was obtained during 20 h at 60°С. 

Thus, the received data for the model copolymerization reaction of acrylamide 

with styrene confirms the possibility of synthesis of HM copolymers based on 

acrylamide with initiation by Се(IV) – Span 60 redox system. In this case, the initiation 

cannot occur in the continuous phase and hence hydrophobic polymer cannot be 

formed. 

3.3.4.Free-radical Copolymerization of Acrylamide with 
Laurylmethacrylate 

LMA was used as another hydrophobic comonomer. Equimolar monomer 

mixture was taken for copolymerization. The concentrations of components were as 

follows: 3.5 mol/l of acrylamide, 0.45 mol/l of LMA, 1.7 wt. % of emulsifier; 3.6×10-2 

mol/l for CAN, and the ratio of water-to-oil phases was 1/6. The yield of reaction 

products reached of about 20 % in 4 h at room temperature. 

The fractional composition of this product was estimated by selective extraction. 

It turned out that, along with the high yield (73 wt. %) of copolymer, which was 

soluble in none of the used solvents (water, THF, and formamide), some amount of 

homopolyacrylamide (27 wt.%, Mw = 6×104, Mw/Mn=2) was presented. The chemical 

structure of polyacrylamide was confirmed by IR spectroscopy. The absence of PLMA 

in THF extract was verified by 1Н NMR spectroscopy and GPC. The IR spectra for the 

copolymer exhibited a broad band peaking at 1631 cm-1, corresponding to vibrations 

of Amide I and Amide II and the band due to the stretching vibrations of a C=O bond 

of an ester group (1730 cm-1) (Fig. 21). The content of acrylamide units in the 

copolymer according to the elemental analysis data was 97 mol. % and the content of 

LMA units was 3 mol. % (C:N = 3). Thus, the total conversion of LMA reached 2% at 

the 80% conversion of acrylamide.  

The cross-linked latex particles were easily dispersed in organic and aqueous 

media. They were prepared by addition of 2 mol. % of BAAm in the course of 

polymerization. The prepared latexes were stable over a month. Latex particles were 

readily redispersed in cyclohexane (Rh = 84 nm, RPW = ±0.37) and water (Rh = 108 nm, 

RPW = ±0.16) (DLS data, Fig. 22). According to TEM (Fig. 23), the particle size of 

initial latex was d = 67 nm. 

The possibility of homopolymerization of LMA was verified by carriying out this 

reaction in cyclohexane in the presence of miniemulsion droplets containing an 
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aqueous solution of NaCl. We were not able to obtain any polymer by carrying out the 

reaction for 20 h at 20°С. 

The received results confirm the possibility of synthesis of HM copolymers based 

on acrylamide with initiation by Се(IV) – Span 60 redox system. In this case the 

initiation takes place only at the interfacial boundary. The scheme is shown on Fig. 

24. The finding excludes the probability of initiation and propagation of polymer chain 

in a continuous phase. 

Fig. 21. The IR spectra of the samples PAAm-
2AIBN (Tab. 4), PLMA and copolymer acrylamide–
LMA prepared with initiation by CAN – Span 60. 

 

 
Fig. 22. Hydrodynamic radius (Rh) distributions of crosslinked latex particles based on 
copolymer acrylamide–LMA in (1) cyclohexane and (2) water. Observation angle 90°. 
Fig. 23. TEM image of chemically crosslinked acrylamide–LMA copolymer nanoparticles in 
cyclohexane. 
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3.4. Assotiative and Rheological Polymer Properties 

As previously mentioned, the possible modification degree of water-soluble 

samples was about 0.2-0.4 mol. %. Determination of such small content of 

hydrophobic units by means of direct spectral methods is practically impossible. 

Therefore, in this study, the amount of hydrophobic units incorporated into the 

polymer chain of soluble copolymerization products was estimated indirectly by 

studing the associative properties of copolymers. Aqueous solutions of copolymers 

were studied by pyrene fluorescence spectroscopy, light scattering and viscosimetry. 

Fluorescent Spectroscopy 

It is known that the ratio of intensities of the first I1 and third I3 bands in the 

fluorescence spectrum of pyrene is extremely sensitive to the polarity of the probe 

microenvironment. Thus, the polarity parameter of pyrene in water is I1/I3 ~ 2. If 

hydrophobic micelles are formed, this parameter drops down to 1.2-1.1 [39]. 

It is known that polymers syntesized by the miniemulsion technique are 

polluted with emulsifier [47]. To purify, the polymer powders were washed with hot 

benzene. As one could see in Fig. 25, the curves of polarity parameter of pyrene shift 

after purification to higher concentrations both for copolymers acrylamide-LMA formed 

in the presence of AIBN (sample HMPAAm-6AIBN, Tab. 5) and for polymers containing 

the residual Span 60 (sample PAAm-2CAN, Tab. 6). This confirmes that the extraction 

removes the emulsifier, which is capable of forming mixed micelles. 

 

Fig. 24. Scheme of the miniemulsion 
copolymerization with initiation at the 
interfacial boundary by surface-active 
system based on Ce(IV). 
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The beginning of the hydrophobic domain formation (i.e. CAC) can be 

determined as a point where a pyrene polarity parameter (I1/I3) vs polymer 

concentration graph turns down. Fig. 26 plots the concentration dependences of the 

polarity parameter of pyrene for HM polyacrylamide prepared at LMA content in the 

initial reaction mixture equal to 2 and 5 mol. % (samples HMPAAm-6AIBN and 

HMPAAm-7AIBN, Tab. 5). Similar dependence is shown for HM polyacrylamide prepared 

with initiation by CAN – Span 60 redox system in Fig. 27 (samples PAAm-2CAN, PAAm-

          
Fig. 25. Concentration dependences of pyrene polarity parameter I1/I3 in aqueous solutions of
polymers (a) HMPAAm-6AIBN and (b) PAAm-2CAN. ● – initial polymer, ○ – purified polymer. 

  
Fig. 26. Concentration dependences of 
pyrene polarity parameter I1/I3 in aqueous 
solutions of HM polyacrylamide with various 
content of LMA in the initial reaction mixture: 
(curve 1, sample HMPAAm-6AIBN) 2 mol.% and 
(curve 2, sample HMPAAm-7AIBN) 5 mol. %. 

Fig. 27. Concentration dependences of 
pyrene polarity parameter I1/I3 in aqueous 
solutions of HM polyacrylamide: (○) PAAm-
9CAN, (▲) PAAm-2CAN and (●) PAAm-10CAN. 
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9CAN and PAAm-10CAN, Tab. 6). The fact that the polarity parameter of pyrene drops 

with the increase in polymer concentration indicates the formation of hydrophobic 

domains. This provides indirect confirmation of the incorporation of hydrophobic 

fragments into the polymer chains. In particular, this confermes the incorporation of 

LMA units into acrylamide–LMA copolymers prepared with AIBN as initiator, as well as 

the incorporation of Span 60 alkyl fragments as terminal groups into polyacrylamide 

prepared with CAN – Span 60 redox system. 

For LMA copolymers, the curves shift to lower concentration with the increase 

in modification degree. Thus, the hydrophobic aggregation for HM polyacrylamide 

prepared at the content of LMA in the initial reaction mixture equal to 5 mol. % begins 

at polymer concentration of 0.03 g/dl. For this sample, the bend of the curve was 

more pronounced than that for the sample prepared at the content of LMA equal to 2 

mol. % (Fig. 26). This confirms the higher content of hydrophobic domains in the 

system. 

In the case of initiation with redox system based on ceric ions the monochelic 

polyacrylamides, capable to form star-like micelles in aqueous medium, were 

obtained. This property is assigned by HLB, which depends on the number-average 

molecular mass (Mn) of the sample. The lower modification degree y corresponds to 

sample with higher molecular weight. Therefore, the CAC and the curve of pyrene 

polarity parameter shift to higher concentration of polymer of higher Mn (Fig. 27). As it 

was discussed earlier, the “monochelic” is the more probable copolymer type formed 

during polymerization. The formation of telechelic copolymers is also possible in this 

case. Therefore, star-like micelles as well as flower micelles connected by telechelic 

bridges can both contribute in associative properties. 

Static and Dynamic Light Scattering 

The ability of HM polyacrylamides to form supramolecular aggregates in water 

was confirmed by SLS and DLS studies. 

The copolymer AAm–styrene prepared with AIBN initiation was separated by 

GPC in analytical regime into two fractions: high- (Mw=1.85×106, Mw/Mn=1.7) and low-

molecular weight (Mw=0.17×106, Mw/Mn=3). The aqueous solutions (с = 1 mg/ml) of 

these narrow fractions were studed by DLS (Fig. 28). The results argue to the 

presence of macromolecules (1) and aggregates (2) in both fractions (low-molecular 

weight fraction: Rh1≈20 nm (RPW = ±0.21), Rh2≈236 nm (RPW = ±0.27), high-molecular 

weight fraction: Rh1≈42 nm (RPW = ±0.33), Rh2≈433 nm (RPW = ±0.31)). 
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Aqueous solutions of copolymers acrylamide–LMA prepared with AIBN initiation 

were studied by DLS and SLS. The distribution curves in dilute solutions of these 

polymers (Fig. 29) exhibit the peaks corresponding to macromolecules (curve 1: Rh≈12 

nm, RPW = ±0.31) along with the peaks corresponding to supramolecular aggregates 

(curve 1: Rh≈80 nm, RPW = ±0.45). Moreover, in the sample prepared at the content of 

LMA in the reaction mixture equal to 5 mol. %, beside the aggregates (Rh≈80 нм) the 

large clusters (Rh≈740 nm, RPW = ±0.33) are present. The comparison of SLS data for 

polyacrylamide and acrylamide–LMA copolymers prepared using AIBN confirms the 

aggregation of copolymers in contrast to homopolymers. For example, the normal 

  
Fig. 28. Intensity normalized spectra of decay 
times for high (○) and low-molecular weight 
(●) fractions of copolymer acrylamide–styrene, 
prepared with AIBN. The observation angle is 
90°. с = 1 mg/ml. 

Fig. 29. Scattered light intensity distribution 
with respect to the apparent size of scattering 
particles in the aqueous solution of copolymers 
(1) HMPAAm-6AIBN and (2) HMPAAm-7AIBN. The 
concentration is 0.5 mg/ml, and the 
observation angle is 60°. 

 

Fig. 30. Zimm plots for (a) PAAm-2AIBN and (b) HMPAAm-6AIBN in water. 
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Zimm plot was constructed (Fig. 30a) for aqueous solutions of polyacrylamide (Tab. 4, 

sample PAAm-2AIBN), and the value of Mw, as estimated from this plot, coincided with 

the value derived from GPC data. At the same time, the SLS study of strongly dilute 

aqueous solutions (c = 0.3–1 mg/ml) of the copolymers (Tab. 5, samples HMPAAm-

6AIBN, HMPAAm-7AIBN) led to the overestimated values of Mw compared to the GPC data 

(Tab. 5, Fig. 30b). The effective aggregation numbers calculated as Mw (SLS):Mw (GPC) 

turned out to be ~2.2–4.5. 

As evidenced by the SLS measurements of these samples in formamide (curved 

Zimm plots (Fig. 31) and overestimated values of Mw for samples HMPAAm-1AIBN, 

HMPAAm-2AIBN, HMPAAm-3AIBN and HMPAAm-6AIBN in Tab. 5), the intermolecular 

aggregation proceeds in this solvent as well. As was shown in [119], formamide is the 

most suitable solvent for molecular mass measurements of acrylamide copolymers 

with the substituted acrylamide. However, our data shows that LMA based copolymers 

may demonstrate both aggregation and macroseparation in formamide. In particular, 

dilute solutions in formamide (c = 1 mg/ml) for copolymers HMPAAm-3AIBN and 

HMPAAm-4AIBN synthesized at the content of LMA in the reaction mixture equal to 5 

and 10 mol. % turned out to be opalescent. These copolymers were also incompletely 

soluble in the mixture of 0.1 M NaNO3–acetonitrile used for GPC studies (solubility 

values, as estimated from the areas under chromatograms, were 90 and 40%, 

respectively). 

The ability of HM polyacrylamides prepared with redox system based on ceric 

ions to form supramolecular aggregates in water was confirmed by SLS and DLS 

studies. The copolymer was separated by GPC in analytical regime into two fractions: 

high- (Mw=1.5×106, Mw/Mn=2) and low-molecular weight (Mw=0.12×106, Mw/Mn=2.7). 

The aqueous solutions of these narrow-dispersed fractions were studed by DLS (Fig. 

 
Fig. 31. Zimm plots for (a) HMPAAm-1AIBN and (b) HMPAAm-2AIBN in formamide. 
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32). The results argue to presence of the macromolecules (1) and aggregates (2) in 

both fractions (low-molecular weight fraction: Rh1≈15 nm, Rh2≈150 nm, high-molecular 

weight fraction: Rh1≈35 nm, Rh2≈400 nm). Both, the size of macromolecules and 

aggregates are increased with the increase in molecular mass. 

As evidenced by the SLS measurements of the sample PAAm-2CAN in water 

(curved Zimm plots (Fig. 33) and overestimated values of Mw = 7.5×106), the 

intermolecular aggregation proceeds in this solvent. 

Rheological Properties of Polymer Solutions 

For copolymers acrylamide–LMA prepared by initiation with AIBN the 

viscosimetric measurements were carried out. Fig. 34 shows the viscosity of aqueous 

solutions of polyacrylamide (Tab. 4, sample PAAm-2AIBN) and HM polyacrylamide 

prepared at the content of LMA equal to 2 mol. % (Tab. 5, sample HMPAAm-6AIBN) as a 

function of concentration. The sharper rise in the viscosity at transition to semidilute 

regime was observed in the case of copolymer solution. The test samples are 

characterized by close Mw values; therefore, the above differences may be explained 

solely by hydrophobic association. 

 
Fig. 32. Scattered light intensity distribution 
with respect to the apparent size of scattering 
particles for (○) high- and (●) low-molecular 
weight fractions of copolymer PAAm-9CAN. The 
concentration is 1 mg/ml, and the 
observation angle is 90°. 

Fig. 33. Zimm plot for PAAm-2CAN in water. 
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Fig. 35 plots the kinematic viscosity of 0.5% solutions of the copolymers versus 

the content of LMA in the reaction mixture. This dependence has an extreme behavior. 

By increasing the content of LMA to 2 mol. % the viscosity of the polymer solution 

grows appreciably. Further increase in the amount of LMA in the reaction mixture to 5 

mol. % promotes the formation of opalescent solutions with lower viscosity owing to 

incomplete phase separation of the system. 

The rheologocal properties of a 2% aqueous solution of polyacrylamide (Tab. 4, 

sample PAAm-2AIBN) and HM polyacrylamide prepared at the content of LMA equal to 1 

mol. % (Tab. 5, sample HMPAAm-5AIBN) with similar molecular masses were studied at 

          
Fig. 36. Flow curves τ(D) (a) and dependende of effective viscosity η on shear rate D (b) of 2%
aqueous solutions of (1) PAAm-2AIBN and (2) copolymer PAAm-5AIBN, Т = 20°С. 

 
Fig. 34. Concentration dependence of the 
kinematic viscosity ν for the aqueous solution 
of (1) PAAm-2AIBN and (2) HMPAAm-6AIBN. 

Fig. 35. The kinematic viscosity ν of 0.5% 
aqueous solution of HM polyacrylamide vs the
content of LMA in the reaction mixture. The 
synthesis conditions are as follows: сAIBN = 
4.7×10-3 mol/l и сem = 3.3 wt. % (in the oil 
phase) (Tab. 4 and Tab. 5). 
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continuous shear strain regime. The flow curves at 20°С are given in Fig. 36. Their 

shape denotes non-Newtonian character of flow. 

All curves can be well fitted within the limits of the given range of measured 

values (with factors of correlation not below 0.99) with the Ostwald – de Waele 

equation [120]: 

τ=kDn ,     (3.4.1) 

where τ is the shear stress; D is the rate of shear strain; n and k are the empirical 

parameters describing the flow. 

The factor k, named as Ostwald – de Waele coefficient, is numerically equal to 

shear stress at the rate of shear strain equal to one. It characterizes the effective 

viscosity at the unity speed gradient. As one can see from Fig. 37 the value of k is 

much higher and its drop is sharper with the rise of temperature for the modified 

sample than for polyacrylamide. 

The flow index (the degree of flow anomaly) n shows a degree of a deviation from 

the Newtonian flow. Both studied systems are non-Newtonian and the values of n are 

less than unity. Moreover, in the case of copolymer, the deviation from the Newtonian 

flow is more pronounced as compared with homopolymer (the avarege value of flow 

index nav=0.51 for PAAm-2AIBN and nav=0.45 for HMPAAm-5AIBN). 

One of the major parameters of a polymer solution is the activation energy of 

viscous flow. It can serve as a criterion of strength of intermolecular interactions. This 

parameter was determined from the temperature dependence of viscosity (Fig. 38) in 

Arrenius coordinates. This can be described with the Arrenius - Frenkel - Airing 

 
 

Fig. 37. The dependence of Ostwald – de 
Waele coefficient on temperature for (1) 
PAAm-2AIBN and (2) HMPAAm-5AIBN. 

Fig. 38. The dependence of ln η on 1/Т for 
2% aqueous solutions of (1) PAAm-2AIBN and 
(2) copolymer PAAm-5AIBN for determination 
of Eа at τ = 20 Pa. 
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equation [121]: 

η=Bexp(Eа/RT),      (3.4.2) 

where Eа is the effective activation energy of viscous flow, and B is the empirical 

parameter with dimension of viscosity. The value of preexponential factor B depends 

on temperature as: 

B=B’Т3/2.     (3.4.3) 

However, taking into account the factor Т3/2, it gives only insignificant correction as 

compared with exponential factor. 

The value of Eа was calculated by evaluating the slope ratio (Fig. 38). The 

copolymer solution is characterized by higher activation energy of the viscous flow 

(17.8 kJ/mol for PAAm-2AIBN, 19.4 kJ/mol for HMPAAm-5AIBN). It allows one to assume 

that in solutions of HM polyacrylamides the hydrophobic domains bring an additional 

contribution to formation of a transient polymer network besides topological 

entanglement which is characteristic for the unmodified samples. 

A similar change in the solubility of polymers and a similar dependence of 

viscosity on the content of LMA units in the HM polyacrylamides were observed in the 

micellar copolymerization of acrylamide and LMA [5, 39]. 

The rheological characteristics of aqueous solutions of HM polyacrylamide 

synthesized by miniemulsion polymerization at LMA content of 2 mol. % in initial 

reaction mixture (sample HMPAAm-6AIBN, Tab. 5) were compared with those of HM 

polyacrylamided synthesize by either micellar or solution polymerization. The last 

copolymers contained about 0.2 mol.% of LMA units distributed statistically in the 

 
Fig. 39. The dependence of dynamic viscosity η on (a) reduced concentration c/c* and (b)
concentration c for aqueous solutions of copolymer acrylamide-LMA prepared by (1)
miniemulsion technique (Mw = 2.17×106) and by (2) micellar polymerization (Mw = 0.62×106)
and (3) homogeneous polymerization (Mw = 1.96×106). 
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case of solution polymerization or as microblocks in the case of micellar 

polymerization. The dependence of dynamic viscosity on reduced concentration c/c* is 

represented in Fig. 39a. Here, c* was calculated for polyacrylamide with appropriate 

molecular mass from the following equations [122]: 
* 1 [ ]c η≈      (3.4.4) 

[ ] 755.0410 wM−=η     (3.4.5). 

It is evident that the behaviour of a copolymer prepared via miniemulsion 

technique is similar to the behaviour of HM polyacrylamide with microblock structure. 

Statistical copolymer has lower value of viscosity in solution. At the same time, the 

absolute values of viscosity for miniemulsion sample are higher than that for 

microblock polymer prepared by micellar technique at the same concentration due to 

higher value of Mw (Fig. 39b). 

Thus, the reseived results confirm that HM polymers obtained by miniemulsion 

technique in which comonomers are distributed in different phases represent 

rheological characteristics similar to polymers obtained by micellar polymerization.
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4. EXPERIMENTAL PART 

4.1. Reagents and Materials 

Acrylamide (“Aldrich”) was recrystallized twice from chloroform. Lauryl 

methacrylate (“Aldrich”) and styrene (“Aldrich”) were distilled under reduced pressure 

prior to use (Tb = 165°C, 5 Torr and Tb = 40°C, 5 Torr, respectively). Ceric ammonium 

nitrate (“Sigma-Aldrich”), N,N′-methylenebis(acrylamide) (“Amresco”) and sorbitan 

monostearate (Span 60, “Aldrich”) were used as received. Azobisisobutyronitrile 

(“Aldrich”) was recrystallized from methanol. Cyclohexane (“Merck”) was distilled prior 

to use. Aqueous solution of NaCl (0.1 M) was utilized as osmotic agent in all 

miniemulsion preparations in order to prevent Oswald ripening of the droplets. 

Syntheses and analyses were performed with demineralised water of Milli-Q grade. 

4.2. Synthetic Methods 

Polymerization reactions were carried out in a three-necked flask (100 ml) 

equipped with backflow condenser, argon inlet and magnetic stirrer. For synthesises 

at high temperature, the flask was placed in oil-bath. Initial reaction mixtures were 

miniemulsified by ultrasonication with a sonifier (W450 Digital, Branson, Danbury, 

CT) at 90% amplitude (tip ½") for 120 - 150 s. To avoid polymerization, mixtures were 

cooled with an ice-bath during sonication. 

4.2.1.Polymerization and Copolymerization of Acrylamide Initiated by 
Azobisisobutyronitrile 

The copolymerization of acrylamide and LMA (molar ratio [acrylamide]:[LMA] = 

98:2) initiated by AIBN was performed in the following way. Acrylamide (2 g, 2.8×10–2 

mol) was dissolved in 0.1 M aqueous solution of NaCl (2 g) and then added to a 

solution of emulsifier (0.8 g) in cyclohexane (30 ml). Then the mixture was stirred and 

degassed with argon for 40 min. LMA (0.14 g, 5.6×10-4 mol) was added, and the 

resulting mixture was stirred for another 20 min under the argon flow. Miniemulsion, 

obtained by ultrasonication at low temperature for 150 s, was purged with argon for 1 

h. To initiate the polymerization, the temperature was raised to 60°C, and AIBN 
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solution (1.4×10-4 mol) in toluene (0.66 ml) was added. The synthesis leaved for 4 h 

under continous stirring with the rate of 300 rpm.  

The resulting polymer was precipitated into the excess acetone, then washed 

with hot acetone for 24 h in a Soxhlet extractor, and, finally, dried in vacuum at 40 ºС 

to a constant weight. 

Polymerization of acrylamide was performed in the same way, but without an 

addition of LMA. 

4.2.2.Polymerization and Copolymerization of Vinyl Monomers Initiated 
by Surface-Active Redox System based on Ce (IV) Salt 

Polymerization of acrylamide initiated by surface-active redox system based on 

Ce(IV) was performed in the following way. The aqueous phase, consisting of a solution 

of acrylamide (2 g, 2.8×10–2 mol) in 0.1 M of NaCl (1.5 g) and the oil phase, consisting 

of a solution of Span 60 (0.5236 g, 1.2×10–2 mol) in cyclohexane (30 ml), were 

separately degassed with argon during 15 min. After a solution of CAN (7.0×10-5 mol) 

in 0.1 M aqueous solution of NaCl (0.5 ml) was added to aqueous phase, both aqueous 

and oil phases were placed in the flask. While sonication continued for 120 s, a 

gradual change in the dispersion color from canary to primrose was observed as a 

result of the conversion of Ce (IV) into Ce (III). The polymerization was performed at 

room temperature for 4 h at the stirring rate of 300 rpm. The reaction mixture was 

purged with argon throughout the synthesis. 

Copolymers of acrylamide with hydrophobic comonomers were obtained by 

introducing an equimolecular amount of LMA or styrene into the oil phase. In the case 

of copolymerization with styrene, the synthesis temperature was kept at 60°С. 

The resulting polymers were precipitated as described in the previous chapter 

section. 

4.2.3.Synthesis of Cross-linked Polyacrylic Acid Initiated by Surface-
Active Redox System based on Ce (IV) Salt 

Acrylic acid (0.4597 g, 6.4×10-3 mol) was neutralized with a solution of NaOH 

(0.2552 g, 6.4×10-3 mol) in 0.1 M aqueous solution of NaCl (3 ml). The solution of 

acrylic acid salt (0.6 g, 6.4×10-3 mol) and BAAm (0.02 g, 1.3×10-5 mol) in 0.1 M of NaCl 

(3 ml) was used as an aqueous phase. The oil phase was consisted of a solution of 

Span 60 (0.5236 g, 1.2×10–2 mol) in cyclohexane (30 ml). Aqueous and oil phases were 

separately degassed with argon over 15 min. After the addition of CAN (6.4×10-5 mol in 

0.5 ml of 0.1 M NaCl) into aqeous phase both phases were placed in the flask. 

Miniemulsion was obtained by ultrasonication of the mixture for 120 s at low 



E. Kobitskaya       4. EXPERIMENTAL PART 62 

 

temperature. Polymerization was performed at 60°С for 24 h at the stirring rate of 300 

rpm under purging with argon throughout the synthesis. 

The resulting polymer was precipitated into the excess acetone, washed with 

hot acetone for 24 h in a Soxhlet extractor, and dried in vacuum at 40 ºС to a 

constant weight. 

4.2.4.Synthesis of Cross-linked Polymeric Latex 

In order to obtain cross-linked polymeric latexes, the procedure of 

polymerization or copolymerization was modified by the introduction of BAAm (2 

mol.% with respect to acrylamide) into the aqueous phase.  

4.2.5.Polymerization of Lauryl methacrylate  

Aqueous phase, consisting of 0.1 M aqueous solution of NaCl (4 g), was added 

to a solution of emulsifier (0.8 g) and LMA (4.16 g, 2.8×10-2 mol) in cyclohexane (30 

ml). Then the mixture was stirred and degassed with argon for 1 h at 40°С. 

Miniemulsion obtained by sonication was purged with argon for 1 h. To initiate the 

polymerization, the temperature was raised to 60°C and AIBN (2.8×10-4 mol) in toluene 

solution (1.3 ml) was added. Polymerization was performed at 60°С for 4 – 20 h at the 

stirring rate of 300 rpm. 

The resulting polymers were precipitated into the excess methanol. The 

precipitate was allowed to stand for about 10 min, followed by swirling the contents of 

the flasks to coagulate the polymers and collecting the solids. The polymer was 

redissolved in THF and again precipitated in methanol. Then it was dried in a vacuum 

oven at 40°C for several days to reach constant weight. Conversions were calculated 

by gravimetry. 

4.2.6.Polymer Purification from Emulsifier 

To purify polymers from emulsifier, first, the polymer powders were washed 

with hot acetone for 24 h in a Soxhlet extractor. Then 2% of aqueous solution of 

polymer was vigorously stirred with the twofold excess of benzene at 40°С for 3 h. This 

procedure was repeated two times. Then the upper layer was decanted and the sample 

was freeze dried. The next drying was carried out in a vacuum oven at 40 °C for 

several days to reach constant weight. 

4.2.7.Polymer Purification from Ceric Salts 

To purify polymers from ceric salts, 2% aqueous polymer solution (~50 ml) was 

dialyzed against demineralised water (2 l) for a day repetedly four times. The 
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membranes were purchased from “Spectrum” (Spectra/Por MWCO 12-14.000). The 

total amount of cerium in dry samples was 0.05 wt. %. The content of cerium in 

polymer was reduced to 0.005 % after dialysis. The solution was freeze dried to obtain 

polymers. The next drying was carried out in a vacuum oven at 40 °C for several days 

to reach constant weight. 

4.3. Methods of Polymer Characterization 

4.3.1.Static and Dynamic Light Scattering 

Static light scattering (SLS) measures the scattered light intensity as a function 

of scattering angle and solution concentration. This method allows to determine 

absolute molar masses in the range from 104 to 107 Dalton and a radius of gyration, 
2/12

gR , and to characterize thermodynamic quality of solutions.  

Data from SLS experiments are usually presented in a form of Zimm plot, which 

is based on the following equation [123]: 

2 2
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⎛ ⎞= + +⎜ ⎟
⎝ ⎠

,   (4.3.1) 

where, с is the concentration, Мw is the mass-average molecular mass, Rθ is the 

reduced Raleigh ratio, and q is the scattering wave vector. The later parameter is 

calculated in the following way: 
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where λ is the wavelength of the incident light, and θ is the scattering angle. The Rθ is 

calculated by: 
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where (90 )cR o  is the absolute scattering intensity of standard (toluene), Iθ is the 

experimental scattering intensity of solution at the angle θ, IC is the corrected 

experimental intensity of standard at 90°. The constant К for vertically polarized light 

is defined as: 
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where n is the index of refraction of solution, n0 is the index of refraction of solvent, ntol 

is the index of refraction of standard, λ0 is the wavelength of the incident light, NA is 

the Avogadro’s number, and 
dn
dc

 is the refractive index increment. 

By taking the value of 
Kc
Rθ

 vs. q2+kc, where k is an arbitrary plotting constant 

chosen purely for convenience in viewing the results, Zimm plot is then presented in a 

grid-like manner with two sets of parallel lines. One set consists of angular 

measurements at each concentration, and another set consists of concentration 

measurements at each angle. Extrapolating the concentration to zero for each angle 

yields a straight line in q2. The slope divided by the intercept of this line yields Rg. The 

intercept of both extrapolated lines (i.e. the double extrapolation to zero angle and zero 

concentration) yields the mass-average molecular mass of the polymer in solution (Fig. 

40). 

Dynamic light scattering (DLS) is the experimental method, where measured 

fluctuations of the intensity of scattered light are used to determine size, shape and 

interaction between particles in solution. In dilute solutions of macromolecules or 

colloidal particles DLS is related to diffusion motion [124]. 

In DLS experiments, the time autocorrelation function of the scattered light 

intensity G2(t)=<I(0)I(t)> is measured with the self-beating method within the range of 

delay times from nanoseconds to minutes. These intensity fluctuations are related to 

fluctuations of the corresponding electric field. And therefore the time autocorrelation 

function of the scattered light intensity, G2(t), has to be converted into the correlation 

Fig. 40. Schematic static 
Zimm plot. 
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function g1(t) of the scattered electric field. This is done by applying the Siegert’s 

relationship: 
2

2 1( ) 1 ( )g t g tβ= + ,    (4.3.5) 

or      
1

22
1

2

( )( ) 1
( )

G tg t
G

β
−

= −
∞

,    (4.3.6) 

where g2(t) = G2(t)/G2(∞), G2(∞) is the experimentally determined baseline, β is the 

coherence factor determined by the geometry of the detection. 

In dilute solutions of monodisperse particles, field correlation function is related 

with the translational diffusion as follows: 

|g1(t)| = exp(-t/τ) = exp(-Гt) = exp(-Dq2t) ,  (4.3.7) 
2

0
lim( / )
q

D q
→

= Γ ,    (4.3.8) 

where τ is the decay time, Г =1/τ is the decay rate, and D is the diffusion coefficient. If 

there is a large number of independent decay processes in the system, then g1(t) is a 

massed sum of individual contributions. In continuous form, one can write: 

g1(t) = 
0

( )exp( / )A t dτ τ τ
∞

−∫ ,   (4.3.9) 

where A(τ) is a distribution of scattered light over decay times. 

In present work, CONTIN program (“ALV”) was used for evaluation of the 

distribution function A(τ) by applying the inverse Laplace transform method. For every 

relaxation maximum found in the spectra of the decay times, the average decay time, 

τ , the efficient diffusion coefficient, D, and the hydrodynamic radius, Rh, were 

calculated using the following relations: 
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where η is the solvent viscosity, kБ is the Boltzmann constant, and Т is the absolute 

temperature. In the case of particles much smaller in size than the wavelength of the 

incident radiation (qR<<1), the values of D and Rh are independent of q and the angle 

of observation. The expression 4.3.12 is valid only in the case of an ensemble of 
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monodisperse spheres if qR~1. In other cases, the true values of D and Rh can be 

obtained by extrapolation the parameters q and c to zeros. 

Relative peak width (RPW) was calculated as following: 
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ii

A

A
RPW    (4.3.13) 

The size of emulsion droplets and latex particles were measured on “Malvern 

Particle Sizer” (“Zetasizer Nanoseries, Malvern Instrument”) or “ALV DLS/SLS-5022F” 

(“ALV GmbH”) instrument at 25ºС under the scattering angle of 150º. The Мw of 

polyacrylamide samples, the apparent molecular masses of hydrophobically modified 

polyacrylamides, and the hydrodynamic radii of macromolecules and aggregates were 

measured on the “ALV DLS/SLS-5022F” (“ALV GmbH”) instrument at 25ºС in the 

range of scattering angles of 30°–140°. A JDS Uniphase helium/neon laser operating 

at 633 nm with 22 mW was used as the light source. Refractive index increment dn/dc 

of 0.170 was determined for polyacrylamide and HM polyacrylamides in water [39] and 

dn/dc of 0.108 – in formamide [119]. The polymer solution for analysis was dedusted 

with filtration throw Durapore (“Millipore”) or Spartan (“Schleicher&Schuell”) 

membranes with the porous size of 0.45 µm. 

4.3.2.Gel Permeation Chromatography (GPC) 

The molecular mass of polyacrylamide and hydrophobically modified 

polyacrylamides were estimated by GPC on a Waters chromatograph equipped with a 

M2410 refractometer and Ultrahydrogel 2000 and 1000 columns. The flow velocity 

used in our experiments was 1 ml/min, and the temperature was equal to 30°C. 

Eluent was prepared by mixing 0.1 M NaNO3 and acetonitrile with the ratio of 7:3. The 

use of this eluent along with Ultrahydrogel columns ensured the complete washing of 

the hydrophobically modified polymers out of the column and the absence of the 

inverse-phase retention [39]. The salt was added to suppress electrostatic interaction 

between charged polymer groups (which could appear as a result of hydrolysis of 

amide group) with the charge on the sorbent surface. 

Calibration was performed by utilizing the polyacrylamide samples with known 

(from light scattering data) molecular masses of Mw = (0.5–3)×106 and standard PEO 

samples (Polymer Standards Service-USA Inc, Mp = (0.3–5.8)×105). 

The average molecular mass and molecular mass distribution were calculated 

using relations [125]: 
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The molecular mass, М, was evaluated from the calibration equation: 

0
lg

n
i

ei
i

M CV
=

=∑ ,    (4.3.17) 

where Ve –is the retention volume for i-fraction, and Сi is the calibration coefficient. 

The molecular mass of polylaurylmethacrylate was determined by GPC in THF. 

The measurement conditions were as follows: “Shodex RI-71” refractometer, “Waters” 

µ-Styragel 103, 104 columns, and a Polymer Standard Service column PSS 105 

calibrated relative to polystyrene standards. The transition to the universal calibration 

was performed via the Kuhn–Mark–Houwink equation with the use of the following 

constants: K = 1.5×10-4 and a = 0.70 for polystyrene and K = 6.55×10-5 and a = 0.70 

for PLMA, respectively [127]. 

The fractionation was carried out in analytical GPC regime by multiple eluting 

sample and fractions collecting. The first fraction was taken according to rising 

branche of a chromatogram and the second – according to descending branche of a 

chromatogram. After evaporation and freeze-drying, these fractions (1 – 2 mg) were 

dissolved in the mixture of 0.1 M NaNO3 and acetonitrile (7:3) for GPC analysis, and in 

water or D2O (copolymer of acrylamide and styrene) for DLS and NMR. 

4.3.3.Fluorescent Spectroscopy 

Fluorescence spectroscopy of pyrene, which is known to be very sensitive to the 

polarity of its microenvironment, is widely used to study the intramicellar interactions, 

polymer - emulsifier interactions, aggregation of emulsifier and macromolecules, etc 

[126]. Furthermore, the pyrene chromophore has a high extinction value and a high 
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quantum yield of fluorescence. Its fluorescence spectrum shows a fine structure with 

five predominant peaks (Fig. 41). The so-called emission peak I3 (λ=383) shows 

minimal intensity variation with polarity, whereas peak I1 (λ=371) shows significant 

intensity enhancement in polar solvents. The smaller the polarity of the probe 

microenvironment, the smaller the ratio I1/I3 of pyrene is. The 0-0 transition from the 

lowest excited electronic state, giving rise to the I1 peak, is symmetry-forbidden. Its 

intensity can be increased by distortion of the π-electron cloud in polar media, while 

the I3 peak is not forbidden and is solvent-insensitive. In water, I1/I3 = 2, whereas in 

apolar solvent it has a value well below unity, e.g. in cyclohexane, I1/I3 = 0.6 [128]. 

Pyrene, as a hydrophobic compound, is poorly soluble in water (up to 7×10-7 M). 

Therefore, the probe resides predominantly within the hydrophobic microdomain 

pseudophase when applied to the micellar systems. Hereby, the polarity of the 

microenvironment in which the probe is located is decreased and the I1/I3 ratio 

decreases to unity. 

In aqueous solutions, emulsifiers are known to self-aggregate into micelles at a 

well-defined critical micellar concentration (CMC). CMC can be determined as a point 

of inflection on the dependence curve of I1/I3 on emulsifier concentration. Likewise, 

polymer micelle-like aggregates start to form along the polymer chain at a critical 

aggregation concentration (CAC). I1/I3 gradually changes in a wide region of polymer 

concentration due to macromolecules heterogeneity. Therefore CAC is convenient to 

determine as a concentration at which the ratio I1/I3 begins to fall on the curve I1/I3 = 

f(с). 

In the present work, steady-state fluorescence spectra were recorded on a 

 

Fig. 41. Fluorescence spectrum of 
pyrene in water. Using pyrene 
properties to study hydrophobic 
interaction. 
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Hitachi MPF-3 fluorescence spectrophotometer using pyrene as a fluorescent probe. 

Pyrene, obtained from “Fluka”, was recrystallized three times from absolute ethanol. 

Excitation of pyrene was done at 338 nm. Sample solutions were prepared by 

dissolving a known amount of polymer in the deionized water. Solutions were stirred 

at room temperature for at least three days. Then 0.012 ml of pyrene stock solution in 

ethanol (2×10-4 mol/l) was added into the flask with polymer solution (3 ml). This 

solutions were stand in dark for a day prior to measurements. The intensity ratio of 

pyrene fluorescence was determined as the ratio of I371/I383 from the emission 

spectrum [39]. 

4.3.4.Other Physicochemical Metods 

Infra-Red Spectroscopy (IR) 

IR-spectroscopy measurements were performed on a “Bruker” “IRFS-113v” FTIR 

spectrophotometer equipped with a DTGS detector using samples prepared as KBr 

pellets. The spectra were recorded in the range of 1000–4000 cm-1 with the resolution 

of 2 cm-1. For polyacrylamide, the characteristic bands on the IR spectra 

corresponding to vibrations of alkene CH (ν = 2800 - 2950 cm-1), amine NH (ν = 3400 

cm-1), Amide I (ν = 1660 см-1), and Amide II (ν = 1610 см-1) were observed. In the case 

of polylaurylmethacrylate, the bands corresponding to vibrations of alkene СН (ν = 

2800 – 2950cm-1) and to the stretching vibrations of C=O bonds of the ester group 

(1730 cm–1) were monitored. 

Nuclear Magnetic Resonance (NMR) 

Proton nuclear magnetic resonance (1Н NMR) spectra were recorded on a 

Bruker AVANCE spectrometer at 400 MHz. In order to perform measurements, 

polyacrylamide and HM polyacrylamide were dissolved in deuterated water; PLMA was 

dissolved in deuterated chloroform using TMS as internal standard. For the backbone 

protons of polyacrylamide and HM polyacrylamide the chemical shift of (-СН2-) was 1.7 

ppm, the chemical shift of (-СН-) was 2.3 ppm. For PLMA the most characteristic 

shifts were 3.9 ppm (-O-CH2-), 1.6 ppm (-O-CH2-CH2-), 1.3 ppm (-(CH2)9-), and 0.9 (-

CH3) for side chain. 

In the case of benzene ring protons of copolymer acrylamide-styrene the 

chemical shift was 7.2-7.4 ppm. The content of styrene units in copolymer was 

calculated from the NMR data (Fig.42) using the following equations: 

5
(2 2 ) ( )

c

a b

I y
I I x y x y

=
+ + + +

,    (4.3.18) 

x+y=1;     (4.3.19) 
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where x, y are the mole fractions of acrylamide and styrene units, respectively, Ia, Ib, Ic 

are the integrated areas of protons in СН2, СН and C6H5 groups, respectively. 

Elemental Analysis 

The elemental analysis of the polymers was performed in the laboratory of 

microanalysis of the Nesmeyanov Institute of Organoelement Compounds, Russian 

Academy of Sciences. The C:N ratio in the sample HMPAAM-9AIBN, was calculated 

using the following equation: 

%
%

3 12(1 ) 16 12
14(1 )

C
N

y y
y

⋅ − + ⋅
=

−
,    (4.3.20) 

where y is the mole fraction of LMA units. The content of LMA in the copolymer can be 

calculated from the equation: 
%
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+
.     (4.3.21) 

Viscosimetry 

The viscosity of dilute solutions was measured using an Ostwald viscometer at 

25°C. The volume of sample was equal to 5 ml. 

Rheology 

The rheological characteristics of semidilute solutions were examined on a 

Rheotest 2 rotary viscometer under continuous shear strain regime in a thermostated 

 
Fig. 42. 1Н NMR spectrum of copolymer acrylamide-styrene in deuterated water. 
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measuring unit “Coaxial cylinders”. Temperature was varied from 20 to 80оС. Shear 

rates were varied in the range from 1.5 to 1300 s-1. 

Tensiometry 

Surface and interfacial tension measurements were carried out at 25°C using a 

tensiometer “DCAT 21” from Dataphysics, employing the Du Nouy ring method. The 

radius of the Pt-Ir ring was 9.4425 mm and the wire radius was 0.185 mm. In the 

surface tension experiments each measurement was repeated 10 times and the 

average value was taken as a result. The interfacial tension experiments were carried 

out three times on freshly prepared bilayers each time and the average value was 

taken afterwords. 

Transmission Electron Microscopy (TEM) 

Electron microscopy was performed with a LEO912 AB OMEGA electron 

microscope. The polymer suspension after synthesis was diluted with cyclohexane and 

then applied to a 400 mesh formvar-coated copper grid and left to dry. For study of 

aqueous polymer dispersions, the dry cross-linked polymer powder was let to saturate 

in water for a day. Then the dispersion was diluted with water and ultrasonicated for 

15 min. After that, the polymer dispersion was applied to a 400 mesh collodion-coated 

copper grid and left to dry. No further contrasting was applied. 
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CONCLUSION 

In this thesis, two important aspects have been considered: the development 

and characterization of the miniemulsion technique for the synthesis of 

hydrophobically modified polyacrylamides, and investigation of their associative and 

rheological properties. 

The synthesis of HM polyacrylamides in inverse miniemulsion was initialy 

optimized by free-radical polymerization of acrylamide initiated by AIBN. The 

possibility of copolymerization of monomers with different hydrophilicities was shown 

then on the acrylamide – styrene and acrylamide – lauryl methacrylate model pairs. 

The water-soluble copolymer containing 1-2 mol. % styrene unites was formed. 

Then a series of high-molecular weight (Mw = 1.6-2.7×106) water-soluble HM 

polyacrylamides with hydrophobic LMA units were obtained with high yield. The 

associative and rheological properties of their aqueous solutions were studied by 

means of pyrene fluorescence spectroscopy, light scattering and viscosimetry. It was 

shown that solutions of these polymers possess the increased viscosity in comparison 

with solutions of corresponding polyacrylamides. The dependence of associative 

properties of HM polyacrylamides on hydrophobe content in reaction mixture was also 

studied. The water-soluble copolymers with LMA content of up to 5 mol. % 

demonstrated the associative behavior in aqueous solutions. Further increase in the 

amount of LMA in the reaction mixture promotes the formation of opalescent solutions 

with lower viscosity owing to incomplete phase separation of the system. The 

rheological characteristics of miniemulsion HM polyacrylamides were compared to that 

of HM polyacrylamides synthesized by micellar and solution polymerization. It was 

shown that HM-polymers synthesized by miniemulsion and micellar technique have 

similar thickening properties. In other words, the behavior of miniemulsion copolymer 

is similar to the behavior of HM polyacrylamide with microblock structure. 

In this study, the new surface-active initiating system based on tetravalent 

cerium salt and emulsion stabilizer for polymerization of vinyl monomers in inverse 

miniemulsions has been proposed for the first time. It was found that polymerization 

of acrylamide proceeded under these conditions with the formation of water-soluble 
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monochelic HM polyacrylamides containing the residual of stearic acid as hydrophobic 

end-group. The influence of reagent ratio (acrylamide, Ce(IV) and Span 60) and the 

temperature on the molecular mass, yield of polymers and aggregative stability of the 

system was studied. The results allowed us to find the optimal conditions for the 

synthesis of high-molecular weight (Mw up to 2.0×106) HM polyacrylamides with high 

yield. The proposed method provides higher aggregative stability of resulted latexes as 

compared with conventional method with AIBN as initiatior. The associative properties 

of prepared polymer were studied by pyrene fluorescence spectroscopy, dynamic and 

static light scattering. It was shown that these polymers were able to form 

polymolecular micelles in water. 

Also we showed the possibility of copolymerization of acrylamide with 

hydrophobic monomers – styrene and LMA. The designed surface-active redox system 

initiates polymerization on the interfacial boundary but does not initiate 

polymerization in oil phase that provides the absence of hydrophobic homopolymer in 

the reaction products. 

Finally, chemically cross-linked nanoparticles based on polyacrylamide and 

polyacrylic acid were synthesied in inverse miniemulsions with the developed initiating 

system. The resulting nanoparticles (Rh = 50-70 nm) were easily redispersable in 

hydrophobic, so as in hydrophilic medium. 

Thus, in this work the miniemulsion successfully applied technique for the 

synthesis of HM polyacrylamides with good thickening properties. From an economic 

point of view this method is more profitable than micellar polymerization. 

Polymerization in inverse miniemulsion allows one to increase the monomer 

concentration in reaction medium at rather low amount of emulsifier. We also have 

designed the new initiating system based on the tetravalent cerium salt and emulsion 

stabilizer. On one hand, this system possesses the advantages of redox initiation 

systems, on the other hand, initiating occurs on the interfacial boundary due to 

surface-active character of this redox pair. The proposed initiating system seems to be 

perspective for the elaboration of a relatively inexpensive and simple method for 

synthesis of hydrophilic polymers, HM-polymers and polymer nanoparticles. Since 

cross-linked nanoparticles are easily re-dispersible and form stable colloidal solutions, 

further interesting work could be related to functionalyzing of these nanoparticles for 

the creation of biosensors and diagnostic systems.  
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ZUSAMMENFASSUNG 

Eine der neuen Entwicklungstendenzen in der Polymerforschung ist die Suche 

nach neuen synthetischen Verfahren für das Design von Polymerwerkstoffen mit 

besonderen Eigenschaften. Die Modifikation von bekannten Polymeren, denen neue 

qualitative Eigenschaften verliehen werden, ist das Hauptthema dieser Dissertation. 

Hydrophobisch modifizierte (HM) wasserlösliche Polymere auf Acrylamidbasis gehören 

zu den wichtigsten assoziierenden amphiphilen Polymeren. Die Zugabe einer kleinen 

Menge eines Hydrophobes Einheiten in die hydrophile Polymerkette ergibt Systeme 

mit einzigartigen rheologischen Eigenschaften. Aufgrund hydrophobischer 

Interaktionen können sich diese Polymere in wässrigen Lösungen mit einer Struktur 

von hydrophobischen Mikrodomänen verbinden. Daraus ergibt sich beim 

überschreiten einer gewissen Polymerkonzentration eine stark erhöhte Viskosität. 

Diese Systeme sind sehr vielversprechend als wässrige Verdickungsmittel in 

verschiedenen Bereichen der Industrie. 

Heutzutage ist die mizellare Polymerisation die am häufigsten angewandte 

synthetische Methode zur Herstellung von HM Polyacrylamiden (HM PAAm). Der 

Nachteil dieser Methode ist die begrenzte Anfangskonzentration der reagierenden 

Mischung beschränkt durch den Einsatz des Gelbildungsprozesses während der 

Polymersation. Dies kann durch eine inverse Emulsion verhindert werden, wobei die 

Konzentration der Monomere in der Reaktion erhöht wird. Eine der 

erfolgversprechendsten Emulsionspolymersationen ist die 

Miniemulsionspolymersation. Im Vergleich zu Mikroemulsionen zeichnet sich die 

Miniemulsionspolymersation durch einen effizienteren Einsatz des Emulgators aus, 

und im Gegensatz zur konventionellen Emulsionpolymerisation ergeben sich stabilere 

und homogenere Latexes. Dabei besteht die Idee darin, dass die Polymerisation in 

jedem Tropfen abläuft. Diese Tropfen sich durch Hinzfügen eines Emulgators gegen 

Koaleszenz und durch Hinzufügen eines osmotischen Druckagenten gegen den 

Ostwald Reifemgsprozess stabilisiert. Dieses Verfahren ermöglicht die Bildung einer 

deutlichen Grenze zwischen der Wasser- und Ölphase, was wiederum günstige 

Bedingungen für die Polymerisation an der Grenzfläche schafft. Zusätzlich steigt die 
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Wahrscheinlichkeit der Copolymerisation der Monomere mit stark differenzierten 

Hydrophiliestufen durch die Wahl des adäquaten Initiators  und die Einleitung der 

Polymerisation neben dieser Grenzfläche.  

In dieser Arbeit wird das Verfahren der freien radikalischen Copolymerisation in 

einer inversen Emulsion auf die Synthese der HM Polyacrylamide übertragen. Er 

wurde der Einfluß unterschiedlicher Faktoren wie Temperatur, Reaktionszeit, 

Konzentration der Monomere, des Emulgators und des Initiators, und das 

Phasenverhältnis auf die aggregierte Bestädigkeit von Emulsionen und Latexes sowie 

auf den Ertrag und die molekulare Masse der resultierenden Polymere untersucht. Es 

wurde gezeigt, dass HM Polyacrylamide mit guten Verdickungsfähigkeiten erzeugt 

werden können.  

Als erstes wurde um die Synthesebedingungen zu optimieren eine radikalische 

Miniemulsionspolymerisation der Acrylamide durchgeführt, eingeleitet  durch den 

öllöslichen Initiator Azobisisobutyronitrile (AIBN). Danach wurde die Möglichkeit der 

Copolymerisation von Comonomeren mit verschiedenen hydrophilen Eigenschaften am 

Beispiel der Paare der Acrylamide/Styrol und Acrylamide/Lauryl Methacrylate (LMA) 

gezeigt. Das Ergebnis dieser Untersuchung war die Erzeugung eines wasserlöslichen 

mit hohem Molekulargewicht HM Polyacrylamids mit hydrophoben LMA Einheiten 

durch das inverse Eulsionsverfahren. Es wurden die assoziativen und rheologischen 

Eigenschaften der wässrigen Lösungen untersucht. Es konnte bewiesen werden, dass 

Lösungen solcher Polymere eine erhöhte Viskosität im Vergleich zu den Lösungen der 

entsprechenden nicht modifizierten Polyacrylamide aufweisen. Außerdem wurde das 

rheologische Verhalten der HM Polyacrylamide, die durch die 

Miniemulsionspolymersation erhalten wurden, mit denen, die mit Hilfe einer 

mizellaren Polymerisation und einer Lösungs Polymerisation erhalten wurden 

verglichen. Daraus resultierte, dass HM-Polymere die durch Miniemulsions- und 

Mizellarverfahren erhaltenen wurden, ähnliche Verdickungseigenschaften haben. 

Gemeinsam mit dem bekannten Initiator AIBN wurde in dieser Studie ein neues 

oberflächenaktiv orientiertes System mit Hilfe des vierwertigem Cers erforscht. 

Bekannt ist, dass die unter Behandlung der 1,2-diol Substanzen mit Cer-Ionen 

geformten freien Radikale in der Impfung von Acrylamid, Acrylnitril, Acrylate und 

anderen Vinyl-Monomere auf Cellulose, Natriumalginat, Stärke und Dextran 

verwendet werden. Einer der handelsüblichen Emulgatoren für inverse Emulsionen ist 

Sorbitanmonostearat (Span 60), das 1,2-diol Fragmente enthält. Deshalb war es 

interessant, das Cer(IV) – Span 60 redox System für Miniemulsionspolymerisation von 

wasserlöslichen Vinylmonomeren, insbesondere Acrylamid, zu verwenden. Die 

vorgeschlagene Polymerisationsmethode ergab eine erhöhte Stabilität der Wasser-in-Öl 
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Emulsionen und Latexes bei einer geringeren Menge Emulgator im Vergleich zur 

Verwendung des konventionellen öllöslichen AIBN Initiators. 

Wasserlösliche HM Polyacrylamide mit einem Rest Stearinsäure als hydrophobe 

End-Gruppe wurden mit einem Cerium Ammoniumnitrat (CAN) – Span 60 redox 

System synthetisiert. Diese Polymere sind in der Lage in wässrigen Lösungen zu 

assoziieren. Dann wurde das Acrylamid mit den hydrophoben Monomeren – Styrol 

und LMA copolymerisiert. Es wurde bewiesen, dass dieses oberflächenaktiven 

Redoxsysteme die Polymerisation an der Phasengreuze im Gegensatz zum öllöslichen 

Initiatoren übertragen. Gleichzeitig kommt es nicht zu einer Polymerisation in der 

Ölphase, was durch das Fehlen des hydrophoben Homopolymer in den 

Reaktionsprodukten bewiesen wurde. 

Abschließend wurde die Möglichkeit der Synthese von chemisch vernetzten 

Nanopartikeln aufgrund von Polyacrylamide und Polyacrylsäure durch das 

Miniemulsionsverfahren mit CAN – Span 60 als Inintiator gezeigt. Resultierende 

Nanopartikel wurden mit Leichtigkeit im hydrophobischen und gleichermaßen im 

hydrophilischen Medium aufgelöst. In der Praxis können diese Nanopartikel, nach 

einer adäquaten Veränderung als Biosensoren sowie als Diagnostiksysteme 

angewendet werden. 
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