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SUMMARY 

The issue of construction of complex multi-block copolymers is currently one of the most 

researched areas. It became a logic consequence of the continuous development in polymer 

chemistry. Nowadays, a great interest is attracted to multi-responsive block copolymers. As a 

rule, they consist of hydrophilic, hydrophobic and responsive blocks. That responsive block can 

be thermo-sensitive or pH-sensitive as well as sensitive to some other external stimulus. Current 

achievements regarding stimuli-responsive polymers are briefly reviewed in the part 1.1, 

Introduction. That part overviews only homopolymers but it is considering the impact of various 

stimuli. In the present work, we will try to cover the topic of stimuli-responsive block 

copolymers and their interactions with different types of surfactants. We believe in the 

importance of understanding polymer/surfactant interactions. It can be a crucial step for future 

modeling of drug/polymer or protein(DNA)/surfactant interactions. The part 1.2, chapter 

Introduction, reviews general features of different surfactants and process of micelle formation, 

while the part 1.3 characterizes some mechanisms in polymer/surfactant interactions. 

Within this work we analyze two principal systems, thermo-sensitive block copolymers on the 

base of poly(2-alkyl-2-oxazolines) in the order of increase the structure complexity of polymers 

and their behavior in the presence of ionic and polymeric surfactants, and pH-sensitive polymers 

on the basis of amino acids in the presence of nonionic surfactant. Three articles devoted to the 

former topic and one article devoted to the latter one topic have been published and included 

(chapter Results) in the current doctoral thesis.  

We also pay a great attention to the careful analysis and interpretation of isothermal titration 

calorimetry data that is an important aspect of the present work. We took an attempt not only to 

qualitatively characterize the experimental results, but also to provide the quantitative analysis 

by using the modern regular solution theory.  Achievements in this field together with other 

results are summarized in chapter Discussion.  

We believe that the findings obtained in the present work can lift a veil in understanding the 

interaction mechanisms between polymers of the complex structure and different surfactants and 

also shed light on the methods of their characterization. 
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1. INTRODUCTION 

1.1. Stimuli-Responsive Polymers 

Stimuli-responsive polymers or smart polymers are polymers that change their conformation 

according to environment. Such materials can be sensitive to a number of factors, such as 

temperature, humidity, pH, ionic strength, solvent conditions, the intensity of incident light or 

strength of electrical or magnetic field and can respond in various ways, like altering color or 

transparency, becoming conductive or permeable to water or changing shape (shape memory 

polymers). Usually, minor changes in the environment are sufficient to induce greater change in 

the polymer’s properties.  

The nonlinear response in stimuli-responsive polymers makes them unique and effective. A 

significant change in structure and properties can be induced by a very small stimulus. Once that 

change occurs, there is no further change, meaning a predictable all-or-nothing response occurs, 

with complete uniformity throughout the polymer. The responses can also be manifold: 

dissolution/precipitation, degradation, change in hydration state, swelling/collapsing, 

hydrophilic/hydrophobic surface, change in shape, conformational change and micellization.  

Another factor in the effectiveness of smart polymers lies in the inherent nature of polymers in 

general. The strength of each molecule’s response to changes in stimuli is a combination of 

changes of individual monomer units which, alone, would be weak. However, these weak 

responses, repeated hundreds or thousands of times, create a considerable force for driving 

processes. 

The chemical structures of the most common stimuli-sensitive polymers are shown in Figure 

1.1. In the following only the most frequently employed stimuli will be discussed further. These 

stimuli are temperature and pH. Other stimuli will be briefly reviewed during this work as well. 
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Figure 1.1 Chemical structures of the most common stimuli-responsive polymers, divided by 

type of stimuli.  

1.1.1. Temperature-Responsive Polymers 

Polymers that respond to temperature are one of the widely used classes of polymer 

materials. Temperature-sensitive polymers in diluted solutions undergo a coil-to-globule 

transition upon a change in the solution temperature. The coil-to-globule transition is generally 

characterized by a change of the solvent quality from good to poor. There are two typical 

phenomena characterized by upper critical solution temperature (UCST), when the transition 

occurs upon cooling, and lower critical transition temperature (LCST), when the transition 

appears with increasing temperature. The second one is of the greatest interest over the last 

decade due to numerous possible applications: tissue engineering, drug delivery, surface 

engineering.[1-6] Figure 1.2 shows the idealized phase diagrams for the UCST and LCST type 

transitions in dependence of polymer concentration (ϕ) and temperature.  
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Figure 1.2 Idealized phase diagram for the (a) LCST-; and (b) UCST-transition. 

The UCST and LCST temperatures are defined as the highest and lowest points on the 

binodal, respectively. At all points of the binodal, a sharp transition from a stable single phase to 

two phases can be observed while increasing the temperature of the system (LCST). However, 

this phenomenon of a temperature-triggered hydrophobic-to-hydrophilic transition is fully 

reversible and cooling down the polymer solution can regenerate the initial state. This 

phenomenon is generally governed by the ratio of hydrophilic to lipophilic moieties on the 

polymer chain and is an energy-driven phenomenon which depends on the free energy of mixing 

or the enthalpy or entropy of the system. While the LCST (UCST) characterizes the lowest 

(highest) temperature at which phase separation can be observed on the phase diagram, the cloud 

point temperature (cpt) defines the onset of separation at each particular concentration.  Polymer 

starts to phase separate from solution due to a molecular transition from a coiled, enthalpic 

favored structure to a dense globular, entropically favored structure. This process will minimize 

the free energy of the system considerably. The value of LCST might be dependent on such 

parameters as molecular weight, tacticity, incorporation of co-monomers and chemical nature.[6-

8] 

The class of thermo-responsive polymers includes various polyacrylamides, polyvinylethers, 

polyoxazolines, as well as poly(oligoethyleneoxide)methacrylates (Figure 1.1). Poly(N-

isopropylacrylamide) (PNiPAAm) is probably most investigated thermo-responsive polymer in 

aqueous solution, what might be explained by the value of LCST of about 32 ºC, very close to 

body temperature.[6,9-11] Phase transition here is caused by the formation of hydrogen bonds in 

system. Initially formed hydrogen bonds between the amide groups of the polymer and water 

molecules are partly replaced by polymer/polymer inter- and intramolecular hydrogen bonds 

with increasing temperature and phase separation occurrs. The LCST phenomenon itself is quite 

widespread for polymers containing H-bonding sites for water.[7,12] One practical phenomenon 
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has to be noted, PNiPAAm shows a hysteresis in the heating/cooling process. That phenomenon 

is explained by the mentioned inter-, intra-molecular hydrogen bonds, which hinder rehydration 

process with decreasing temperature. Moreover, changes in hydrophilic/hydrophobic balance 

also contribute to the separation process. The LCST of PNiPAAm is almost independent of the 

molecular weight, but it can be changed upon shifting the hydrophilic/hydrophobic balance. 

Copolymerization with a second monomer could be used for that purpose. Hydrophobic 

comonomers favorable to segment-segment interactions in polymer tend to decrease the LCST, 

whereas hydrophilic comonomers favorable to segment-solvent interactions have the opposite 

effect.[6,8]  

Another interesting class of thermo-responsive polymers is poly(2-alkyl-2-oxazolines). Their 

properties vary from high hydrophilicity in (poly(2-metyl-2-oxazoline) (PMeOZ)[11] through 

thermal sensitivity in poly-(2-ethyl-2-oxazolne (PEtOZ), poly(2-n-propyl-2-oxazoline) and 

poly(2-isopropyl-2-oxazoline)(PiPrOZ))[2,13] with LCST transitions at 65 ºC, 36 ºC, and 24 ºC, 

respectively, to hydrophobicity typical for hydrophobic aromatic or aliphatic polymers (poly(2-

phenyl, butyl, nonyl etc.-2-oxzolines) (PPhOZ, PBuOZ, PNonOZ).[6,14] In contrast to 

PNiPAAm, poly(alkyl oxazoline)s show a solubility transition at LCST without hysteresis, 

which makes them more suitable for all applications involving a reversible 

assembly/disassembly event (e.g. smart surfaces, thermoresponsive micelles). It is interesting to 

note that poly(2-isopropyl-2-oxazoline) (PiPrOZ) is a structural isomer of PNiPAAm and of 

poly(L-leucine). However, conversely to PNiPAAm and polypeptides, poly(alkyl oxazoline)s' 

molecular structure lacks H-bond donors. Therefore, no stabilization of the dehydrated molecules 

by additional interactions occurs above LCST.[8]  Poly(2-alkyl-2-oxazolines) attracted increased 

attention in biomedical research due to their peptide-like structure and a wide range of adjustable 

physicochemical and biological properties depending on an alkyl substituent.[6,9,10]  

The relationship between molecular weight and transition temperature is more pronounced 

for all poly(2-oxazoline)s and particularly for the more hydrophilic ones (PEtOZ, PiPrOZ) than 

with PNIPAM. PiPrOZ samples of molecular weights ranging from 1900 to 5700 g/mol 

exhibited cloud points from 45–63 ºC.[15,16] Even though the phase transition of PiPrOZ has 

been reported to be fully reversible, an irreversible formation of coagulate particles was observed 

when annealing a solution of PiPrOZ for several hours at 60 ºC, which is far above the cloud 

point temperature. This observed coagulation was found to be a hierarchical self-assembly 

process based on the directional crystallization of PiPrOZ into nanoribbons, which further 

assemble into nanofibers.[8,15] 
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In contrast to the numerous studies on the LCST behavior of poly(2-oxazoline)s in solution, 

only in a few recent reports has been discussed an upper critical solution temperature (UCST). It 

was found that PPhOZ exhibited an UCST in ethanol. Interestingly, the solubility of PPhOZ 

increased on addition of water to the ethanol solution, leading to a solubility maximum in the 

range 6–25 wt% of water in ethanol. In addition, it was reported that PEtOZ80-stat-PPhOZ20 

exhibits both LCST and UCST transitions when heated in a water/ethanol mixture with 40 wt% 

ethanol. Furthermore, copolymers of EtOZ and NonOZ also display UCST behavior in water/ 

ethanol solvent mixtures. Moreover, the adjustment in LCST and UCST value can be done by 

copolymerization of several different moieties. 

The other class of thermoresponsive polymers, that has to be mentioned, is triblock 

copolymers of poly(alkylene oxide)s. The most famous poly(alkylene oxide)s are poly(ethylene 

oxide) (PEO) and poly(propylene oxide) (PPO). The PEO displays the presence of both LCST 

and UCST behavior, which can be described by a close-loop temperature vs. concentration phase 

diagram. However the range of PEO solubility is wide enough in regard to temperature and 

concentration. The LCST of PEO is above 100 ºC for low molecular weight chains, it decreases 

to 100 ºC with the molecular weight above 10
6
 g/mol. The LCST and UCST behavior has been 

studied both experimentally and theoretically, and been explained by the interaction between EO 

monomers and water molecules.[8,17] 

As should be expected, the solubility of poly(alkylene oxide) decreases with an increasing 

number of (hydrophobic) carbon atoms per monomer. Poly(propylene oxide) with a molecular 

weight of 1200 g/mol shows a LCST only at around -5ºC. In order to design water-soluble 

poly(alkylene oxide) polymers with a tunable LCST, copolymers of ethylene oxide and more 

hydrophobic monomers were prepared. Ucon® is for instance a random (statistical) copolymer 

of ethylene oxide (EO) and propylene oxide (PO). Ucon® with 50% of EO and 50% of PO and 

Mn = 4000 g/mol exhibits a LCST of 55 ºC in water.[8] Nevertheless, the thermoresponsive 

block copolymers composed of PEO and PPO chains are more exploited. Pluronic® is a family 

of PEO-b-PPO-b-PEO triblock copolymers. They self-assemble at room temperature into 

micelles in aqueous solutions and were widely studied for formulation applications. In opposite 

to the polymers mentioned above, Pluronic®s, besides the LCST, are characterized by critical 

micelle concentration (cmc) and critical micelle temperature (cmt). Typical phase diagram for 

Pluronic® molecules are presented in Figure 1.3. 
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Figure 1.3 Idealized phase diagram for the system of Pluronic molecules dissolved in water. 

1.1.2. pH-Responsive Polymers 

Another class of stimuli-responsive polymers is polymers with pH sensitivity (Figure 1.1). 

pH-sensitive polymers have attracted considerable research interest because of the potential 

usage as drug delivery agents. The pH-sensitive polymers can be classified into three categories: 

anionic, cationic, and neutral. Ionic polymers contain ionizable groups that can reversibly change 

solubility through ionization/deionization. pH- sensitive neutral polymers normally contain acid-

labile bonds in the main chain or side chains of the polymers. The most frequently used acid-

labile bonds include acetal, hydrazone, and benzoic imine bonds.[18] These bonds are usually 

degraded under mild acidic conditions (pH 5 to 7), resulting in the formation of a new 

hydrophilic polymer and the destruction of the initial structure of system. An important 

parameter of a pH-sensitive polymer is pKa value. Ionizable polymers with a pKa value between 

4 and 8 are candidates for pH-responsive systems.[6,18] Polymers with ionizable groups are 

usually referred to polyelectrolytes. It is possible to divide polyelectrolytes into two groups, 

strong and weak types. Strong polyelectrolytes, such as polysulfonates or polyphosphates, in 

sufficiently dilute solutions completely remove the counterions from the polyion. At the same 

time, in weak polyelectrolytes even at high charge density the counterion remains in close 

proximity of the polymer chain.[19] Thus, it creates the ability for a careful adjustment of 

dissociation process.  In highly polar solvents such as water, ionizable groups can dissociate, 

leaving charges on polymer chains and releasing counterions in solution. Electrostatic 

interactions between charges lead to the expanded rod-like conformation of the macromolecule. 

When the polymer is protonated an effective attraction between monomers prevails over 

monomer-solvent interactions, which causes a neutral polymer chain without charged groups to 
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collapse into dense spherical globules in order to maximize the number of favorable polymer-

polymer contacts and minimize the number of unfavorable polymer-solvent contacts. Thus, a 

polyelectrolyte chain undergoes an abrupt conformational transition from an extended to a 

collapsed state with decreasing chain charge.[20] Thus, for polyelectrolytes one can define the 

pKa as a pH value where transition from expanded coil to globule conformation can  occur. 

Cationic polymers deionize above their pKa and ionize below it causing an increase in 

hydrophilicity and electrostatic repulsions of the polymer molecules, whereas the opposite holds 

for anionic polymers.[21] The pH-dependent protonation/deprotonation mechanism of the weak 

base/acid regulates the overall polarity (charge density) of the polymer and, together with 

Coulombic repulsion of identically charged chains, leads to pH-responsiveness.[22] The 

electrostatic interactions between charged monomers in polar solvents can be decreased by 

addition of salt. The presence of high amount of counterions leads to the screening of polymer 

charges that decreases the electrostatic interaction and results in increase on polymer 

flexibility.[20] Eventually, the pKa value of a polymer can be adjusted by controlling the 

molecular weight of the polymer, changing the chemical environment of the ionizable groups, or 

copolymerizing monomers with different pKa values. [23-25] 

The most frequently used pH-sensitive anionic polymers are polyacids. Among them, 

poly(acrylic acid) (PAA) and its derivative poly(methacrylate acid) (PMAA), which have pKa 

values of about 4–5, are the most representative. The transition in polymer solubility for PAA 

and PMAA corresponds to the range of pH fluctuation in human gastro-intestinal tract. PAA and 

PMAA are hydrophilic at the physiological pH 7.4 and hydrophobic at low pH (pH about 1–2), 

which makes them prospective for oral drug delivery. [26] [23-25,27,28] Moreover, there is 

specificity for the behavior of aqueous solution of polyacids in protonated state. They enable the 

formation of intra- and inter-molecule hydrogen bonds with either water or suitable side 

compounds or even between each other.[29-35] That feature has a major effect on solution 

properties of the systems. Even more, the temperature dependence of hydrogen bond’s formation 

can determine the thermo-sensitivity of a whole system.[30,31]  

The cationic polymers with ionizable amine groups are prospective in cancer therapy. By 

controlling the pKa of the amine groups, these polymers can be made to deprotonate at pH 7.4 

and protonate when the pH is slightly reduced to tumor extracellular pH (6.8). The change in 

conformation state of polymer chain is used as essential mechanism for the release of loaded 

drug.[23] Cationic polymers have also been used in the task, which they can complex with 

nucleotides trough electrostatic interaction. Poly(ethylene imine) has been widely used as DNA 

nanocarrier.[6,18,24,36] 
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Another interesting object is poly(dialkylaminoethyl methacrylate) (PDMAEMA, 

PDEAEMA). This polymer displays either pH- or temperature sensitive behavior and may be 

exploited in dual conditions. At low pH, it is soluble due to the protonation of nitrogen atom. At 

both basic and neutral pH, PDMAEMA is also water-soluble due to the formation of hydrogen 

bonds, and the observed lower critical solution temperature of PDMAEMA between 32–52 ºC is 

dependent on molecular weight. On the other hand, PDEAEMA is more hydrophobic and is 

water-insoluble at ambient temperature in neutral or basic pH.[24,37,38] 

1.1.3. Other Responsive Polymers 

Besides the typical triggers (temperature, pH), there are a number of various external 

physical stimuli, such as light, electric/magnetic field, ultrasound, which also found a certain 

application.[39] The feature of external triggers is spatial- and temporal impact, which can play 

sometimes a pivotal role.[40,41] 

 Here, we also have to mention the special type of responsive polymers – stimuli-responsive 

block copolymers. These polymers are built up from blocks of different nature. One or two of 

blocks can possess either pH- or termo-responsivity or even be responsive to other stimuli. 

Stimuli-responsive block copolymers enable the formation of micelles at certain conditions.  

Common features of polymeric micelles constructed of such polymers are their high solubility, 

low toxicity and longtime stability. The thermodynamic and kinetic stability of the micelles is 

controlled by the mass ratio of hydrophobic and hydrophilic blocks.[6] The hydrophobic domain 

has a dual assignment. First, hydrophobicity forces the polymer molecules to assemble in 

aqueous environment and second, the hydrophobic nature can be used for the entrapment of 

hydrophobic substances into them. Thus, the core, consisting of the hydrophobic domain, acts as 

a reservoir and protects the load whereas the hydrophilic shell mainly confers aqueous solubility 

and steric stability to the ensemble. These unique characteristics of amphiphilic block 

copolymers are responsible for the special advantage of using micelles for various applications. 

There are considerable numbers of reports on the controlled release of hydrophobic drugs from 

the block copolymer micelles in aqueous solutions.[23,24,27,28,37,40,42-44] 

1.2. Surfactants and Their Applications 

Surfactant molecules are molecules that are composed of a polar head that is compatible with 

water and a nonpolar or hydrophobic part that is compatible with oil. They are generally termed 

as amphiphilic molecules. This dual nature endows the surfactants with their unique solution and 

interfacial characteristics. Molecules of surfactant are fully dissolved at low concentration. 
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However, an increase in surfactant concentration promotes self-assembly and formation of 

aggregates, where hydrophobic parts of molecules segregate in the internal part of aggregates. 

Further increase in surfactant concentration leads to a corresponding increase in the amount of 

aggregates while the monomer concentration stays roughly independent of the total amphiphile 

concentration. The concentration value, where the pronounced change in the surfactant 

architecture results in significant change in a large number of solution properties, is named as 

critical micelle concentration (cmc).[45,46] 

 

Figure 1.4 Classification of surfactant molecules. 

Generally, it is possible to classify surfactants according to several parameters: architecture, 

nature, structure and chemical structure of hydrophilic part (Figure 1.4).  Depending on the 

solution conditions and the type, surfactants can form the aggregates with spherical, cylidrical, or 

planar, or even spherical bilayer architecture. The spherical aggregates are usually referred to 

micelles, the planar aggregates are referred to lamellae and the spherical bilayers containing an 

encapsulated aqueous phase are called vesicles (Figure 1.4). [45,47,48] The other criteria 

describe the chemical structure of surfactants on a molecular level. Below we will try to attribute 

the architecture of surfactant aggregates to their chemical structure.  
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There are two main classes of surfactants, natural and synthetic surfactants. The term “natural 

surfactant” is often used in a broad meaning. Most typically it is referred to a surfactant taken 

directly from a natural source, such as lecithin. However, surfactants synthesized from natural 

raw materials (fatty acid esters) are also called “natural”, as well as a surfactant with one of the 

main building blocks obtained from a natural source. The latter class covers a number of 

compounds such as alkyl glucosides with a ‘natural’ sugar unit polar group or sterol-based 

surfactant with a ‘natural’ hydrophobic tail.[49]  All other surfactants belong to the synthetic 

compounds and will be described further. Surfactants used in pharmacy and industry are usually 

called detergents. Detergents typically possess alkylbenzenesulfonate structure.  

From the point of spatial structure, surfactants can be divided into three classes: low molecular 

weight surfactants, polymeric surfactants and Gemini surfactants (Figure 1.4). The polymeric 

and Gemini surfactants were intensively developed recently. They have certain advantages over 

low molecular weight surfactants and will be discussed later on. Low molecular weight 

surfactants that are simple in their spatial structure are usually classified to anionic, cationic, 

zwitterionic and nonionic ones (Figure 1.5).[50-54] 

 

Figure 1.5 Chemical structures of the most typical surfactants, divided by the type of hydrophilic 

part.  
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1.2.1. Ionic Surfactants 

The term ‘ionic surfactant’ historically defines a big class of either anionic or cationic 

surfactants. That type of surfactant has a charged group on the hydrophilic head of surfactant 

molecule. Logically, anionic surfactants carry negative charge while cationic ones are positively 

charged. The list of most frequently encountered anionic surfactants includes sulfates/sulfonates, 

carboxylates and phosphates (Figure 1.5).[50] However, the sulfates/sulfonates are mentioned 

more often. In sulfate the hydrophobe is attached to the hydrophilic group of molecule by a labile 

C-O-S linkage, this is relatively easily hydrolyzed to the corresponding alcohol and (bi)sulfate 

ion by dilute aqueous acids. Sulfonates, on the other hand, contain a robust C-S linkage that is 

much more stable. The sulfonates, therefore, find application in a variety of pH conditions that 

are too drastic for sulfate esters.[50] Commonly, anionic surfactants  find a major application in 

the fields of detergency and solubilization. The other field of application is destruction the 

membrane’s lipid bilayers and the following solubilization of involved enzymes, receptors and 

proteins without their denaturation.[55]  

The cationic surfactants are typically the derivatives of alkylammonium or imidazolinium salts 

with quaternary ammonium substituted (Figure 1.5). The primary usage of cationic surfactants 

was related to their tendency to absorb at surfaces i.e. metals, minerals, plastics, cell membranes 

since the majority of surfaces are negatively charged.[53] Cationic surfactants have utility as 

nucleic acid-binding and cleaning agents, potential pharmacological agents, electron 

donors/acceptors in intramolecular electron transfer processes, and analytical reagents.[51] 

Besides that, they have strong bactericidal properties and, thus, are extensively used for 

cleansing wounds or burns on skin.  

Typically, anionic surfactants display the strongest solubilization properties among all surfactant 

systems and capable to interact with either hydrophilic or hydrophobic polymers. Interestingly, 

introduction of a cationic surfactant into anionic surfactant mixture and vice versa enhances the 

solubilization properties of the system. Explanation of that lies in the field of electrostatic 

interactions. Electrostatic repulsion between the head groups of ionic surfactants with the same 

charge increases the free energy of micelle formation. If other surfactants with oppositely 

charged head groups are incorporated into the micelles, the strong attractive interactions between 

the oppositely charged head groups of the surfactant molecules compensate the repulsive forces 

between the other ones and stabilize it. [51,52] High sensitivity of ionic surfactants to electrolyte 

effect can be described by the same process. 
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1.2.2. Nonionic Surfactants 

Nonionic surfactants as opposed to the ionic ones do not have any electrical charges. The 

hydrophilic part of such surfactants contains either polyether or polyhydroxyl groups. Non-ionic 

surfactants have long been recognized as compounds with a low irritating effect, and hence are 

widely used in pharmacy and cosmetics industry. Besides giving physical stability, nonionic 

surface active agents may have a biological activity as membrane-disrupting permeabilizers or 

may influence the activity of other molecules. Non-ionic surfactants are known to have effects 

on the permeability of biological membranes, including the skin. Their comparatively low 

toxicity and irritation potential have made these compounds good candidates as potential 

penetration enhancers for use in transdermal drug delivery systems. The nonionic surfactants can 

be classified as polyol esters, glucoside alkyl esters and poloxamers (block copolymers of 

polyethylene glycol and polypropylene glycol) (Figure 1.5). The most commonly used non-ionic 

surfactants are ethers of fatty alcohols.[53] 

Non-ionic surfactants are compatible with all other types of surfactants and their 

physicochemical properties unlike those of ionic surfactants are not markedly affected by 

electrolytes. The physicochemical properties of ethoxylated compounds are very temperature-

dependent and a reverse solubility versus temperature behavior is observed in water. The 

temperature at which the surfactant becomes insoluble is cpt. The cloud point is an important 

parameter of non-ionic surfactants and several properties, e.g. detergency, relate with cpt 

value.[53] 

Zwitterionic (amphoteric) surfactants have both cationic and anionic centers attached to the same 

molecule. The cationic part is based on primary, secondary, or tertiary amines or quaternary 

ammonium cations. The anionic part can be variable and usually includes sulfonates or other 

anionic groups. The zwitterionic surfactants as a group are characterized by excellent 

dermatological properties. They also exhibit low eye irritation and are frequently used in 

shampoos and other cosmetic products. They are compatible with all other classes of surfactants, 

but are the smallest surfactant class, partly due to high price.[53] 

1.2.3. Thermodynamics of Association Process in Surfactants  

As was mentioned above, the basic reason for micelle formation is the tendency for the alkyl 

chains to avoid contact with water in combination with the affinity to water of the polar head 

group. Micellar aggregation is thus due to a delicate balance between these two types of 

thermodynamic forces. General concept for interpretation of micelle formation mechanism is 
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based on a partitioning of the free energy in system into a hydrophobic and an electrostatic or 

solvation part. With reference to monomeric surfactants in solution it is the hydrophobic 

interaction that promotes aggregation while the electrostatic effects are opposing it. The 

contribution of hydrophobic interactions can be estimated by considering the aggregate core to 

be like a liquid hydrocarbon. Then, the magnitude of that contribution is defined by alkyl chain 

length and is independent of the aggregation number in micelles.[45,56] At the same time, the 

aggregation number has been found to increase with increasing length of the hydrophobic 

chain.[46,57] The electrostatic contribution, in the simplest way, was attributed to Coulombic 

repulsion between the charged head-groups. Moreover, the counterions play a very important 

role for the stabilization of an overcharged micelle. It was proven experimentally that the energy 

gain in reducing the water-hydrocarbon contact dominates over the repulsion interactions 

between the polar headgroups in process of micelles formation.[56] Thus, the micellization 

process is governed primarily by the entropy gain. This large entropy increase in aqueous 

medium has been explained in two ways: structuring of the water molecules surrounding the 

hydrocarbon chains in aqueous medium, resulting in an increase in the entropy of the system 

when the hydrocarbon chains are removed from the aqueous medium to the interior of the 

micelle; increased freedom of the hydrophobic chain in the nonpolar interior of the micelle 

compared to the aqueous environment.[58] Nevertheless, the nature of the hydrophilic group 

regulates most of the parameters in the aggregation process: cmc value, size and shape of 

structures. The factor of repulsion between polar head-groups of surfactant molecules also exists 

for nonionic surfactant. This repulsion can be generated by dipolar forces or by the requirement 

that the polar groups remain solvated by water. It seems that specific solvation effects are of 

greater importance in the nonionic systems.[56] For a given length of the surfactant tail, the cmc 

value is lower for a nonionic surfactant than for an ionic one.[45] 

When the concentration of surfactant exceeds the cmc value the formation of aggregates is 

induced. However, it was noted, the increase in the size of aggregates is limited within the 

stability region of the isotropic micellar phase, while the change in aggregation number is 

significant. Nowadays, it is well accepted that micelles exist in dynamic equilibrium with 

individual surfactant molecules that are constantly being exchanged between the bulk solution 

and the micelles. Additionally, the micelles themselves are continuously disintegrating and 

reassembling. There are two relaxation processed involved in micellar solutions. The first is a 

fast relaxation process with characteristic time in the order of microseconds, which is associated 

with the quick exchange of monomers between micelles and the surrounding bulk phase. The 

second relaxation time in the order of milliseconds is attributed to the micelle formation and 
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dissolution process.[46,56,59] The second process is significantly retarded in nonionic and 

polymeric surfactants as well as in mixed systems.[46,60-62] Micellar relaxation kinetics shows 

dependence on temperature, pressure, and concentration, as well as on the addition of other 

species such as short-chain alcohols.[46] Thus, when the dynamic mechanism of micelle kinetics 

is taken into account, the behavior in system with increase in surfactant concentration can be 

easily understood. At concentrations slightly above the cmc, micelles are considered to be of 

spherical shape. A small increase in surfactant concentration above the cmc value does not have 

effect on the shape, size and aggregation number of micelles.[63] The further addition results in 

the increase an aggregation number of micelles.[58] The size and the shape are kept on the same 

level by a squeezing the water molecule from the hydration shell. At a certain surfactant 

concentration, the surface becomes increasingly saturated by surfactant molecules. The 

aggregation number reaches a second critical value when the spherical shape is no longer the 

most energetically favorable, then the spherical to rod-like transition takes place. The point of 

shape transition is strongly dependent on the relative size of the alkyl chains and the polar head 

group repulsion. For nonionic surfactants the process might be significantly constricted by weak 

repulsion activity of polar heads. Changes in temperature or additives in the solution may also 

change the shape and stability of the micelles.  

The important molecular characteristics of the surfactant are the alkyl chain length lo, the volume 

of the apolar part, vo, and the polar head cross section area, ap.[45,56,64] The molecular packing 

of the surfactant molecules is mainly determined by the area ap which a surfactant molecule 

requires at the interface. If the area ap is larger than the cross section of the hydrocarbon chain in 

its equilibrium conformation, the interface of the micelle will be curved towards the hydrocarbon 

core; if they are equal, the interface will be flat on a local scale; and if it is smaller, the interface 

will be curved the other way. The significant increase in surfactant concentration leads to 

increase in aggregation number of micelles, as was noted in kinetic determination of aggregation 

process. The consequence of such behavior would be the change in ap, which results in curvature 

change.[46,64] The structure of a micelle, thus, could vary from spherical to rod- or disc-like to 

lamellar in shape. Additives, such as medium-chain alcohols that are solubilized in the vicinity 

of the head groups, increase the value of ap. With ionic surfactants, ap decreases with increase in 

the electrolyte content of the solution, due to compression of the electrical double layer, and also 

with increase in the concentration of the ionic surfactant, since that increases the concentration of 

counterions in the solution.[58] From simple geometrical considerations it follows that the shape 

of a micelle can be expressed by the packing parameter p = vo / loap. The packing parameter 

varies from 1/3 for spherical micelles to 1 for bilayers (Figure 1.6).[59,64] 
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Figure 1.6 Geometric structures of surfactant aggregates in dependence on packing parameter. 

The ability of the aqueous surfactant solutions to enhance the solubility of hydrophobic solutes 

that have poor solubility in water, is one of the distinguishable features of surfactant systems. 

This solubilization is a consequence of the presence of hydrophobic domains in the surfactant 

aggregates which act as compatible microenvironment for the location of hydrophobic moieties. 

The enhanced solubility of a hydrophobic solute has been found to be orders of magnitude higher 

than its aqueous solubility in the absence of surfactants.[45] If the solubilized molecules are 

entirely located in the region of the surfactant tails, the shapes of aggregates (micelles) are 

usually well-preserved. Alternately, if the solubilized molecules form a domain themselves in the 

interior of the aggregates in addition to being present among the surfactant tails, then the 

aggregates are referred to as microemulsions.[45] Solubilization is a factor which generally 

influences the aggregation process. Solubilizates may markedly promote micelle formation, so 

cmc value determined from solubilization studies varies significantly.[47] The presence of 

electrolyte also decreases the cmc, due to the so-called “salting out” effect. The work required to 

accommodate a nonpolar solute in a specific volume of water is increased in electrolyte solution 

because of strong water/ion interactions. When surfactant monomers are salted out by the 

presence of an electrolyte, micellization is favored and the cmc is decreased.[46] 

1.3. Polymer-Surfactant Interactions 

The behavior of polymer-surfactant systems and their interactions observed in mixtures are 

important for understanding of biochemically and physiologically related issues. They may 

clarify the behavior and functionality of lung (pulmonary) surfactants, the role of surfactants and 

lipids in DNA transfection, and the synergistic effects of some natural components. From a 
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fundamental point of view there is no significant difference in the observed phase behavior of 

polymer-surfactant systems when proteins or DNA are replaced by a synthetic polymer.[65] 

Proteins and DNA can be considered as polyelectrolytes in many of their physicochemical 

properties. Further developments showed that polymer–surfactant mixtures have more appealing 

applications as gelling agents, stabilizers, thickeners, and regulators of matter exchange. 

Furthermore, polymer-surfactant systems find more intensive application in field of control drug 

delivery systems. 

Polymers and surfactants are often used together in industrial formulations to combine 

advantages of their different properties. Polymer-surfactant combinations in aqueous solutions 

can be broadly classified into four categories, namely uncharged polymer - ionic surfactant, 

oppositely charged polymer-surfactant, hydrophobe-modified polymer-surfactant and charged 

polymer – nonionic surfactant systems. While the dominant forces responsible for interactions in 

the second and third systems are obvious, the reasons for the interaction in the remaining two 

cases are less clear.[66] Obviously, there are several properties of polymers which influence their 

interaction with surfactants. In charged polymer-oppositely charged surfactant systems, the 

interactions are significantly stronger than those in uncharged polymer-charged surfactant 

systems because of the dominant electrostatic forces. But even here it is quite apparent that it is 

not only the charge density of the polymer which is important.[66] 

1.3.1. Uncharged Polymer – Ionic Surfactant Interactions 

According to one theory the driving force for micelle formation and binding of surfactant to the 

polymer (in the absence of strong ionic interactions) is essentially the same, namely, as the 

hydrophobic interactions. [67,68] The polymer molecules are considered to be composed of 

hydrocarbon segments and polar segments. For a given polymer conformation in solution, a 

definite number of contacts between the polar and the non-polar segments are generated. These 

contacts between the dissimilar segments resemble on a molecular scale, the macroscopic 

hydrocarbon-polar medium interface. Therefore, they may be viewed as the probable sites of 

surfactant binding. Clusters of surfactant molecules bind at these sites to form pseudo-micelles in 

a such way that the hydrocarbon segments of the polymer as well as the hydrocarbon tail of the 

surfactant both are effectively shielded from unfavorable contacts with water.[67,68] The model 

is based on the mass balance equation and on assumed intrinsic equilibrium constant for the 

binding of surfactant on the polymer and surfactant concentration as essential parameters for the 

treatment of the binding process. Thus, the equilibrium binding constant is independent of type, 
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position of binding site on polymer, as well as of surfactant concentration. Even more, the 

kinetic mechanism of micelle formation was not taken into account. 

When surfactant molecules are added to the polymer solution, two possibilities can occur, 

surfactant can bind to a polymer binding site in the form of a cluster or self-associate to form 

micellar aggregates in solution. Therefore, at equilibrium, the aqueous solution consists of singly 

dispersed surfactant molecules and micellar aggregates of all possible sizes in addition to the 

surfactant-bound polymer molecules with different degrees of saturation. The extent of binding 

of the surfactant to the polymer depends both on the free surfactant and the free polymer 

concentrations as well as on the standard free energy difference between the surfactant-bound 

polymer in solution and the free surfactant plus the free polymer in solution. Because of the 

similarity of the thermodynamic driving forces and of the end states of the surfactant in the two 

processes, the standard free energy changes per surfactant molecule associated with the two 

processes are assumed to be equal. In the case of moderate cooperative binding, the binding of 

surfactant to polymer occurs only at certain concentration of surfactant. The critical aggregation 

concentration (cac) is a first critical point at which the surfactant binding to polymer is observed. 

That binding proceeds rapidly as the surfactant concentration is increased. When the free 

surfactant concentration reaches the critical micelle concentration, a second critical concentration 

(C2) is observed corresponding to the onset of micellization which subsequently overtakes the 

surfactant binding to the polymer. In general case, the cac is characteristic of particular 

surfactant and does not depend on polymer content and molecular weight; on the other hand the 

C2 can be considered as the micelle-polymer saturation point and it exhibits strong dependence 

on the concentration and molecular weight of the polymer. The values of cac, cmc and C2 can be 

deduced from either surface tension technique or isothermal titration calorimetry method (Figure 

1.7).[65,69] Experiments show weak dependence of both parameters on temperature and a great 

one on addition of extra salt. The relation cac/cmc is usually used for estimation the interaction 

strength between compounds.[65,70]  
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Figure 1.7 Ways of evaluation the characteristic parameters for polymer/surfactant 

interactions.[65,69] 

The model suggests a possible way based on stereochemical rearrangements of the polymer 

segments for reducing the surfactant binding to the polymer while retaining the polymer 

characteristics. If the segment lengths of polymer chain are decreased below certain critical 

values, then due to steric requirements, effective hydrophobic bonding of the hydrocarbon 

regions of the polymer as well as the surfactant in the pseudomicelles is not realized. That 

means, that the standard free energy difference associated with surfactant binding to the polymer 

becomes less favorable than that for micellization. Therefore, the micellization process will 

overshadow surfactant binding to the polymer, thus reducing, if not eliminating the binding 

process.[67] Obviously, there is another effect, when the polymer influences the interaction 

between surfactant head groups making the micellization process weaker or stronger.[66]  

Several parameters have effect on the polymer-surfactant interaction process. Among them 

temperature, salt content, as well as cationic/anionic nature and type of counter ion in surfactant 

play a predominant role.. As was mentioned above, the type of counter ion plays an important 

role in the micelle formation process. The counter ion compensates the charge of hydrophilic 

head group in the surfactant and makes possible the coexistence of surfactant molecules in 

micelle in spite of the electrostatic repulsion in their head groups. The same effect has the salt 

addition. The presence of polymer molecule, indeed, results in structure changes in micellar 

solution that is pronounced in the appearing of cac. Thus, the nature of counter ion should have 

significant effect on the stabilization of polymer-surfactant interactions. 
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The interactions in uncharged polymer – ionic surfactant system are typically described through 

the PEO – SDS interactions. Historically, this was the first system under the investigation in 

polymer-surfactant association process and most of conclusions were done essentially for this 

system. The counterion of the ionic surfactant is known to be of great importance. Thus, the 

replacement of Na by Li on SDS molecule increases the strength of polymer-surfactant 

interaction, while the insertion of Cs has the opposite effect. Moreover, the analysis of surface 

tension in polymer-surfactant (LiSD) complexes exhibits a slight penetration of the hydrophobic 

region of surfactant by PEO. Nevertheless, that penetration is not so large to rule out the 

possibility of complete PEO location in the underside layer of strongly interacting SDS/PEO 

system.[71] Sodium alkyl phosphates, in comparison with alkyl sulfates (in particular SDS), 

were seen to interact more weakly than their sulfate analogs. An increase in charge of the alkyl 

phosphate head group from one to two results in a marked reduction of interaction with 

PEO.[72] The similar effect was observed for alkyl sulfonate surfactants.[73] The other type of 

anionic surfactant, carboxylate sodium dodecanoate, exhibits more intensive interactions with 

PEO than in the case of SDS-PEO system. [74] The analysis shows that the strong surfactant 

binding is predominantly induced by folding of the polymer molecule around the surfactant 

aggregates.  

In general, nonionic polymers interact strongly with anionic surfactants but weakly with cationic 

surfactants. This is interpreted as due to the bulkiness of the cationic head group, to a more 

favorable interaction between anionic surfactants and the hydration shell of polymers, or to an 

electrostatic repulsion between polymer and the surfactant due to the protonation of 

polymer.[66,75] The complex formation between cationic surfactants and both poly(vinyl methyl 

ether) and poly(propylene oxide) was observed, but no interaction has been revealed for PEO or 

poly(vinyl pyrrolidone). The experiments show that an interaction between PEO and cationic 

TTAB (tetradecyltrimethylammonium bromide) occurs only at temperatures above 35 ºC. It 

seems that the strength of polymer-cationic surfactant interactions is a function of polymer 

hydrophobicity. The more hydrophobic the polymer is, the more pronounced would be 

interactions in a system. At the same time, the polymer hydrophobicity is defined by solvent 

quality, surrounding temperature and molecular weight of polymer.[75] By the same factor, the 

temperature dependence of polymer-surfactant interaction can be described - the increase in 

temperature reduces the hydration ability of polymer, through the breaking down of stabilized 

hydrogen bonds, as well as through the solubilization of hydrophobic tails of the surfactant. 

Therefore, the elevation in temperature speeds up the interaction process.   
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At the recent time a wide attention was paid to the interaction of block copolymer, type PEO-

PPO-PEO, with various surfactants. Water soluble poly(ethylene oxide)–poly(propylene oxide)–

poly(ethylene oxide) triblock copolymers are essentially nonionic polymers. They are also 

surface active and behave like non-ionic surfactants; they form micelles above cmc. In polymer–

surfactant studies, the most widely used Pluronic®s are the BASF code named F127, EO97–

PO69–EO97 (MW 12,500 g/mol) and L64, EO13–PO30–EO13 (MW 2900 g/mol). The Pluronic®s 

bind strongly to anionic, cationic and non-ionic surfactants.[76-90] We will focus initially on 

their behavior with SDS because this is the most widely used surfactant. At temperatures below 

the cmt the Pluronic®s exist predominantly as unassociated nonionic polymers and form what is 

regarded as normal complex with SDS micelles. The Pluronic® monomers have a high affinity 

for SDS micelles.[80-83] Above the cmt the pluronics exist in micellar state and their interaction 

with SDS is more dramatic. When SDS is first added to micellar F127 or L64 the mixed 

SDS/pluronic micelles are formed in which the hydrophobic chain of the SDS penetrates to the 

PPO core of the Pluronic® micelle and the anionic SO4
2-

 head group together with PEO groups 

are located on the surface. As SDS content increases, the electrostatic repulsion caused by 

anionic head groups results in a breakdown of the mixed micelle into smaller mixed aggregates. 

This gradual decomposition of L64 in the mixed micelles takes place over a broad concentration 

range of SDS. During this process, SDS binds to Pluronic®, and mixed SDS-rich micelles 

become to prevail. Eventually the amount of SDS monomers in the mixed micelles reaches a 

limit and pure SDS micelles are formed. 

 The Pluronic®s F127 and L64 also interact strongly with the non-ionic surfactant C12EO6 both 

above and below the cmt of the Pluronic®s.[88,89] In all cases mixed Pluronic®–C12EO6 

micelles are formed and the mixing of both surfactants is synergistic. The structure of the mixed 

micelles involves the C12 alkyl group incorporated into the PPO core with the EO6 chains and the 

EO blocks of the Pluronic®s making out the outer hydrophilic shell of the mixed micelles. 

1.3.2. Oppositely Charged Polymer- Ionic Surfactant Interactions 

Systems of a polyelectrolyte and an oppositely charged surfactant have been extensively studied 

in dilute solution.[65,66,91-112] The interactions in such systems start at very low surfactant 

concentrations, due to the strong attraction between the two species. Often, binding starts at a 

concentration several orders of magnitude lower than the cmc in polymer-free solution. Before 

going into the details of particular systems, one has to point out some general features for 

systems of a polyelectrolyte and oppositely charged surfactant. First, it should be noted that, 
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there is a considerable increase in an uneven radial distribution of ions in a polyelectrolytes 

solution, due to the electrostatic interactions. The concentration of counterions is highest close to 

the polyelectrolyte and decays rapidly with increasing distance from it. The uneven distribution 

of counterions also applies to monomeric surfactant counterions, present in the polyelectrolyte 

solution. Thus, the Poisson-Boltzmann theory is quite important for a correct interpretation of 

data, as the electrostatic interactions influence the activity of the surfactant ions. Second, the 

major reason for cooperative binding of surfactant molecules to an oppositely charged 

polyelectrolyte is the electrostatic stabilization of the surfactant micelles. In general case, this 

binding is not related to the amphiphilic nature of the surfactant ions.[66,91] The strong affinity 

between the components entails ion condensation and phase separation in the system.[65,66,91-

93] The process is controlled by the net charge of the macromolecule. An increase in the net 

charge of a polymer chain modifies the broadness of the interaction region and shifts the charge 

neutralization line toward high surfactant content.[65] 

The current understanding on the interaction between fully ionized polyelectrolyte and 

oppositely charged surfactant can be exemplified by interaction between polyacrylic acid (PAA) 

and cationic surfactant, e.g. DTAB. As it will be shown further, the polymer chains induce the 

formation of bound micelles. The hydrophobic binding ceases as the PAA is progressively 

ionized and DTAB binds to the charged polymer chains driven by electrostatic attraction. The 

counterions condensed on the charged polymer chains are released via the ion exchange process. 

The experiments suggest that the electrostatic binding is a process driven by entropy when the 

counterions of macromolecules as well as counterions of surfactant are released from the 

diffusive layer.[94] Continued addition of surfactant results in precipitation. The maximum 

precipitation yield takes place when the charge ratio between the polyelectrolyte and the 

surfactant is around 1:1, which implies the formation of precipitate in some kind of 

stoichiometric manner. Depending on the nature of the polyelectrolyte, further addition of excess 

surfactant may result in redissolution of the precipitate. Charge sign reversal was also observed 

in surfactant excess. The point where polyelectrolyte-surfactant complex precipitates was 

referred to as the point of turbidity.[65,66,92] The efforts for structure characterization in 

surfactant-polyelectrolyte complexes were based on viscosity measurements on dilute 

polyelectrolyte solutions. One has observed a dramatic decrease in the viscosity of 

polyelectrolyte solution on addition of cationic surfactant. That decrease was ascribed to coiling 

up of the polymer chains accompanying the surfactant binding. A polyelectrolyte chain in water 

solution is extended due to the repulsive forces in between polymer units. Therefore, the 

exchange of counterions in polyelectrolyte molecule with the surfactant ions results in coiling up 
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the polymer chain. The coiling of the chains can be expected both for electrostatic and for 

topological reasons in order to create a large contact area between the polymer chain and the 

micelle.[66,95] The polymer wraps around the surfactant micelles.[96] It has to be noted that the 

present mechanism of complex formation is valid for negatively charged polymer/cationic 

surfactant (PAA/CTAB [94], poly(sterenesulfonate)/CTAB) [97], poly(vinyl 

sulfate)/hexadecylbenzyldimethylammonium [98]) as well as vice versa, for positively charged 

polymer/anionic surfactant (polydiallyldimethylammonium chloride/SDS [92], 

hedroxyethylcellulose/SDS [99]). 

Since, the presence of counterions has a significant effect on screening or reducing the repulsion 

forces at the micellar surface and makes the micelle formation process essentially possible, then 

the type of counterion has to be crucial. Therefore, one can consider the interaction process 

between a charged polymer and ionic surfactant with respect to 1) original counterion in 

surfactant; 2) type of polyelectrolyte; 3) type of counterion in polyelectrolyte molecule. Added 

salt and buffer modulate the process, because of the occurrence of some competition in 

surfactant ions.[65,100]  

The experiments on poly(styrenesulfonate) (PSS)/alkyltrimethylammonium  surfactant systems 

show that the type of counterion in surfactant molecule does not affect the interaction process. 

The halide counterions are effectively expelled from the cluster surface, even at the highest 

concentrations of added surfactant. All halide counterions are replaced by the polyelectrolyte 

molecules.[97] In some occasions the strength of polymer-surfactant interactions in 

polyelectrolyte-oppositely charged surfactant complexes can be tuned by introduction of the 

nonionic surfactant. The formation of mixed micelles decreases the charge density on micellar 

surface and attenuates the process of complex formation.[92] 

The conformational properties and the dynamic behavior of polyelectrolyte chains are 

determined by the degree of ionization in polyelectrolyte and by the counterion concentration 

and distribution. The counterions may be solvated in different ways. The charges on the weak 

polyacids (PAA) can fluctuate due to the mobility of bound protons, whereas charges on the 

strong polyanions (PSS) are essentially immutable. Nevertheless, neither PAA nor PSS display 

any significant dependence on counterion type in interaction with CTAB/C12E8 mixed 

micelles.[101] While the counterion binding would be expected to diminish the effective charge 

on polycarboxylic acids, the mobility of bound protons in partially ionized polyacrylic acid can 

enhance the effective charge density through a polarization effect in which the local degree of 

ionization of the polyion increases in the vicinity of a positively charged surface.[101] Therefore, 
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the binding process is insensitive to the degree of ionization, when the value of degree of 

ionization is high enough. Addition of co-electrolyte such as salt results in sufficient screening of 

charges on the polymer chain; it makes the macromolecule more flexible.[93] Increase in 

polymer flexibility makes the polymer-surfactant interactions less favorable. Furthermore, the 

same effect can prevent the appearance of turbidity point.[93] 

One can also try to characterize the interactions between a polyelectrolyte and charged surfactant 

at low values of degree of polymer ionization (α). The system of PAA and cationic/anionic 

surfactants has been taken for the analysis. When α is lower than a critical value (αC), the 

hydrocarbon chains of dodecyltrimethylammonium bromide (DTAB) cooperatively bind to the 

apolar segments of PAA driven by hydrophobic interaction in DTAB molecules. The mixture 

precipitates at sufficiently low concentration of surfactant. It is attributed to the interchain 

polymer complexation via hydrogen bonding induced by the surfactant binding.[94,102,103] The 

precipitate is soon resolubilized with further addition of surfactant as more DTAB micelles are 

bound on the polymer backbones with their ionic head groups extending outwards. Contrary to 

previous studies on fully ionized polymers, evidence of interaction between anionic SDS and 

PAA was observed when the degree of neutralization of PAA is lower than 0.2. The process of 

interaction is the same, as it was mentioned for PAA/DTAB system.[102,103] With increasing α 

to 0.2 the interaction is significantly weakened and the amount of bound SDS on PAA is reduced 

considerably due to the enhanced electrostatic repulsion between negatively charged SDS and 

PAA chains.[94]  

Recently, a number of works devoted to the interactions in a new class of block or graft 

polyelectrolytes with oppositely charged surfactants have been published. The blocked or grafted 

segments in such polymers could be either hydrophilic (PEO, PVP), hydrophobic (poly(n-alkyl 

acrylate)) or lipophilic (PNiPAm). Thus, this type of polymer/surfactant complexes represents a 

special class of lyophilic systems that exhibit combined amphiphilic and polyelectrolyte 

behavior.[104] 

The situation will be somewhat special for the case of so-called hydrophobe-modified polymers. 

Hydrophobically modified water-soluble polymers consist of long hydrophilic chains to which 

small amounts of hydrophobic substituents are covalently incorporated as pendant chains, blocks 

or terminal (end capped) groups.[94] These polymers not only contain hydrophobic “nucleation 

sites” for micelle formation, but also can self-associate even in absence of surfactant.[105]  In 

case of high persistence length of macromolecule, the elastic constraints do not allow the alkyl 

chains to segregate into nonpolar domains. The formation of intramolecular micelles is not 
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possible. Meanwhile, the nucleation of surfactants on the rigid hydrophobically modified chains 

helps to avoids the exposure of nonpolar moieties in water.[65] In particular, there will be a 

“mixed micelle” formation between the polymer and the surfactant alkyl chains.[106-108] The 

mechanism of interaction can be formulated as follows. At low polymer concentration the 

molecules are fully dissolved in water solution. The increase in polymer concentration results in 

formation of intermolecular or both intra- and intermolecular clusters of the hydrophobic 

tails.[105,107-109] As surfactant is added, the surfactant molecules associate with alkyl groups 

of polymer, often the cross-linking of the alkyl chains via the bound micelles is 

observed.[66,94,108] Depending on the polymer and surfactant concentrations, this cross-linking 

can lead to a three dimensional structure showing high viscosity and gel-like behavior.[94,108] 

As the binding proceeds, more micelles become available for binding and the network structure 

breaks down. This breakdown and subsequent disintegration of the polymer leads to a 

dissociated polymer–micellar surfactant complex which is fully saturated with bound micelles. 

Simplistically, the interaction in hydrophobically modified polymer/surfactant systems can be 

regarded as interaction between uncharged polymer and ionic surfactants. However, recently it 

has been reported that hydrophobically modified polymers can be incorporated not only with 

anionic surfactant, as it is possible for uncharged polymers, but they exhibit a high selectivity to 

cationic and nonionic surfactant as well.[105,106] There is a clear manifestation of effectiveness 

of the hydrophobic effect compared to electrostatic forces.[94] 

 

1.3.3. Charged Polymer – Nonionic Surfactant and Uncharged Polymer – Nonionic Surfactant 

Interactions 

There are only few reports on neutral polymer – nonionic surfactant systems.[66] The 

interactions in these systems are typically weak compared to other classes of polymer/surfactant 

systems. Ethylene oxide –type nonionic surfactants are, however, known to interact with 

polycarboxylic acids.[113-116] This interaction is analogous to the interaction between PEO and 

polycarboxylic acids, and is suggested to proceed by a combination of cooperative hydrogen 

bonding and hydrophobic interaction. Surface activity is not a requirement for such behavior. It 

has been found that the addition of polyethoxylated nonionic surfactants to PPO induces a rise in 

the cloud point temperature (cpt), which can be attributed to the interaction process. However, 

the cmc in the presence of polymer is essentially equal to the cmc of the pure surfactant, which is 

an indication of no, or only insignificant, interactions.[66] 
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1.4. Methods of Characterization 

The samples studied in this work are diluted aqueous solutions of polymers or 

polymer/surfactant mixtures. Several experimental techniques were exploited for samples 

characterization. Scattering techniques, such as dynamic light scattering (DLS), static light 

scattering (SLS), small-angle X-ray scattering (SAXS) and small-angle neutron scattering 

(SANS) have been used for structure characterization of polymer/surfactant complexes in 

solution and to monitor the evolution of them under the change in the environment. 

1.4.1. Dynamic Light Scattering (DLS) 

DLS method takes advantage of the fact that the Brownian motion in liquids broadens the 

spectrum line of the incident laser beam (due to Doppler effect) and changes the dynamics of 

laser intensity fluctuations.[117] The spectral line widening can be transformed from frequency 

domain into time domain to analyze the time dependence of the electric field of scattered light 

represented by autocorrelation function of the electric field G
(1)

(t): 

𝐺(1)(𝑡) =< 𝐸𝑠
∗(𝑡)𝐸𝑠(𝑡 + 𝜏) >= lim𝑇→∞

1

2𝑇
∫ 𝐸𝑠

∗(𝑡)𝐸𝑠(𝑡 + 𝜏)𝑑𝑡
𝑇

−𝑇
  (1) 

𝐺(1)(𝑡) =< 𝐼𝑠 > 𝑔(1)(𝑡)     (2) 

where Es(t) and Es(t + τ) are intensities of the electric field at time t and t + τ, resp., τ is the time 

delay between two observations, <Is> =< Es*(t)Es(t)> is time-averaged light scattering intensity 

and 𝑔(1)
(t) is the normalized time correlation function of the electric field. Experimentally, the 

intensity correlation function G
(2)

(t) is measured and it is given by 

𝐺(2)(𝑡) =< 𝐸𝑠
∗(𝑡)𝐸𝑠(𝑡)𝐸𝑠

∗(𝑡 + 𝜏)𝐸𝑠(𝑡 + 𝜏) >   (3) 

The relation between G
(2)

(t) and 𝑔 (1)
(t), allowing calculation of 𝑔 (1)

(t) from experimental data, is 

given by the Siegert relation 

𝐺(2)(𝑡) = 𝐵 (1 + 𝛽|𝑔(1)(𝑡)|
2
)    (4) 

where B is the “baseline” constant and β is the coherence factor. In the simplest case of dilute 

dispersions of small (qRG < 1), identical and not interacting spherical particles without any 

internal structure, the 𝑔 (1)
(t) function can be expressed as 

𝑔(1)(𝑡) = exp(−𝛤𝑡)      (5) 

where 

𝛤 =
1

𝜏
= 𝐷0𝑞

2    𝑞 =
4𝜋𝑛

𝜆
sin( 𝜃 2⁄ )   (6,7) 
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Γ is the relaxation (decay) rate, τ is the relaxation time, Do is the coefficient of translational 

diffusion of particles, λ is the wavelength of incident light in vacuum, n is the refractive index 

and θ is the scattering angle. Then, the hydrodynamic radius Rh of the molecules or particles can 

be calculated from the Stokes-Einstein relation 

𝑅ℎ = 𝑘𝑇 𝑓⁄ = 𝑘𝑇 6𝜋𝜂0𝐷0⁄      (8) 

where k is the Boltzmann constant, T the absolute temperature, f the friction coefficient and ηo is 

the viscosity of solvent. 

In case of polydispersity, one relaxation time is substituted by a distribution of relaxation times 

A(τ) and 𝑔 (1)
(t) is given by its Laplace transformation: 

𝑔(1)(𝑡) = ∫𝐴(𝜏) exp(− 𝑡 𝜏⁄ )𝑑𝜏    (9) 

An inverse Laplace transformation is used to obtain the distribution of relaxation times (and 

corresponding distribution of hydrodynamic radii) from the measured G
(2)

(t). An illustrative 

example is given in Figure 1.8, where 𝑔 (2)
(t) = G

(2)
(t)/B is a normalized intensity correlation 

function. 

 

Figure 1.8 Typical correlation function with one and two decays and corresponding distribution 

functions of relaxation times obtained by inverse Laplace transformation.  

1.4.2. Static Light Scattering (SLS) 

Using SLS measurement technique, time averaged intensity of the scattered light is measured 

under assumption of elastic scattering. The light scattering occurs in the presence of fluctuations 
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of refractive index which have two main sources: density fluctuations and concentration 

fluctuations.[117] A relation between the changes in refractive index and the thermodynamic 

quantities (such as osmotic compressibility) was described by Smoluchowski and Einstein in 

fluctuation theory. Moreover, for particles with characteristic size d > λ/20 intraparticle 

interference must be taken into account and the scattered intensity becomes strongly angularly 

dependent which is described by a form factor P(θ). It is possible to calculate the form factor for 

simple geometrical shapes, sphere, rod, Gaussian-coil etc., but generally, the rigorous 

determination of P(θ) is very difficult, thus appropriate approximations are used. A useful 

approximation in respect to angular and concentration dependence is expressed by Zimm 

equation: 

𝐾𝑐

𝑅(𝑞)
=

1

𝑀
[1 +

1

3
𝑅𝐺
2𝑞2] + 2𝐴2𝑐    (10) 

This approximation allows to evaluate the molecular mass Mw, second virial coefficient A2 and 

radius of gyration RG independently of the specific form factor, i.e. for arbitrary shape of 

particles (over an interval ca λ/20 < d < λ/2). Typical Zimm plot for a polydisperse system is 

shown in Figure 1.9. 

 

Figure 1.9 Typical Zimm plot obtained for a polydisperse system. 

 

In general, besides the form factor, the structure factor reflecting the possible order of scattering 

objects in more concentrated systems should be included. Such evaluation can be used both for 

macromolecules and supramolecular structures.  
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1.4.3. SAXS and SANS 

The small-angle X-ray and neutron scattering can be applied for characterization the 

nanoparticles with approximately 1-100 nm dimensions.  The interference attenuation in such 

methods arises due to the local variations in scattering density within the sample resulting in a 

characteristic scattering curve. From that point of view, they are analogs to SLS method. The 

scattering contrast in X-ray scattering arises from the fluctuations in electron density in the shells 

of atoms and the interaction of neutrons with atomic nuclei is responsible for the neutron 

scattering. Nevertheless, the techniques of experimental data interpretation can be built on a 

common small angle scattering (SAS) theory.[118] Two contributions are also involved here. 

The form factor brings information about an average particle shape (because of interference from 

scattering centers within the same particle) and the structure factor gives information about 

average short or long-range order between the particles (as a result of the interparticle 

interference). In diluted systems the interparticle interaction decreases and the total intensity is a 

sum of scattering intensities from the single particles. It has been shown by SAS theory that in 

diluted systems the form factor can be approximated in accordance with the Guinier law [118] 

𝑃0(𝑞) = 𝑒𝑥𝑝 (
−𝑞2𝑅𝐺

2

3
)      (11) 

P0(q) is normalized form factor and RG is the radius of gyration of the particle. The region of 

validity of that approximation is usually taken as qRG ≤ 1. The behavior of the form factor for 

qRG >> 1 can be evaluated as the Porod law [119] 

𝑃0(𝑞) = 2𝜋 (
𝑆1

𝑣1
2) 𝑞

−4      (12) 

Here, S1 and v1 are the surface and the volume of the particle, respectively. The assumption for 

validity of the Porod law is the sharpness of the phase boundary. Thus, several parameters can be 

obtained from the small angle scattering techniques. While the nanoparticle‘s size and shape can 

be deduced from Guinier regime, their structure can be analyzed by Porod law.  Moreover, each 

of the methods has specific applicability. Synchrotron X-ray radiation offers the opportunity to 

use high-brilliance beam for collection of scattering patterns over short acquisition times. On the 

other hand, in SANS, the scattering amplitude can differ considerably between some chemical 

elements with similar atomic masses and even between isotopes of the same element. The most 

important pair of such isotopes is hydrogen (scattering amplitude bi = -3.74 fm) and deuterium 

(bi = +6.67 fm). By substituting one for another it is possible to make some moieties “visible” or 

“invisible” for neutrons, which substantially enhances the use of SANS. 
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In practice, a number of models can be applied to fit an experimental scattering curve (due to 

low signal-to-noise ratio or limited q interval). Therefore, apriori information about structure of 

nanoparticles is very useful.  

1.4.4. Isothermal Titration Calorimetry (ITC) 

Isothermal titration calorimetry (ITC) is widely used to study the thermodynamics of interactions 

in solution. The range of interactions studied by ITC is very general and covers, although not 

exclusively, protein–protein, protein-peptide or polymer-surfactant interactions. Basically, an 

ITC instrument, as shown in Figure 1.10, consists of a sample cell containing the analyte 

solution and a cell containing a reference solution (e.g., buffer solution) within an isothermal 

enclosure (adiabatic jacket). A syringe is positioned above the sample cell so that small aliquots 

of a titrant can be titrated into and mixed with the analyte in the sample cell.[120] Injection of 

titrant into the sample cell produces heat effects that are due to stirring and dilution of the ligand, 

dilution of the macromolecule and the heat of the interaction. The amount of power that must be 

applied to actively compensate for the heat produced in the sample cell, after an injection of 

ligand, is measured directly. The applied thermal power as a function of time that is required to 

return the calorimeter to its steady state, following an injection, is directly proportional to the 

absolute heat of reaction.[121]  

𝑞(𝑖) = 𝑁𝑡∆𝐻       (13) 

where q(i) is the absolute heat of reaction; ΔH is the enthalpy of the interaction; Nt is the total 

molar amount of injected titrant. The transfer of power per injection is converted to a transfer of 

heat by integration of the transfer of power pulse over the time (Figure 1.11). The titration is 

continued until the transfer of heat reaches a constant minimum value. To obtain the final curves 

the values of the normalized heat of injection have to be calculated [122]: 

𝑄(𝑖) = 
𝑞(𝑖)

∆𝑉(𝑖)𝑐𝑠𝑦𝑟
+𝑄𝑑𝑖𝑙     (14) 

where ΔV(i) is the injected volume; c
syr

 is the concentration of the added component (component 

in the syringe); Qdil is the normalized heat of dilution. Thus, the ITC binding data converted to 

binding isotherms are the plot of heat per molar amount of injected titrant against the molar 

concentration of titrant or the ratio of the amounts of titrant and analyte.  
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Figure 1.10 Principal scheme of isothermal titration experiment. 

 

Figure 1.11 The example of data treatment on ITC experiment 

Historically, the ITC method has been developed for investigation of interaction in biologically 

active substances (proteins and peptides). These compounds are, typically, characterized by 

specific binding sites, that determine the fitting model applied for ITC 

analysis.[120,121,123,124] The binding process, in general case, can be presented as following: 

𝑥[𝑆𝑖𝑡𝑒𝑠] + 𝑦[𝐿] → 𝑦[𝑆𝑖𝑡𝑒𝑠𝐿] + (𝑥 − 𝑦)[𝑆𝑖𝑡𝑒𝑠]    (15) 

(𝑥 − 𝑦)[𝑆𝑖𝑡𝑒𝑠] + 𝑦[𝐿] → 𝑦[𝑆𝑖𝑡𝑒𝑠𝐿] + (𝑥 − 2𝑦)[𝑆𝑖𝑡𝑒𝑠]   (16) 

where, [Sites] is molar concentration of specific binding sites; [L] is molar concentration of 

ligand (titrant). The thermodynamic parameters obtained from such analysis are: the binding 

constant (Ka), the apparent ratio of the amount of titrant to the amount of analyte, and the 

reaction enthalpy (∆H). The binding enthalpy may also include heat contributions from heats of 

protonation of the buffer if proton transfer occurs in the binding reaction and/or heat 

contributions from conformational changes occurring in the analyte and/or titrant upon binding. 

The change in the standard entropy of the reaction or binding entropy can then be determined 

from the fundamental equation of thermodynamics 
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∆𝐺 = ∆𝐻° − 𝑇∆𝑆°      (17) 

where      ∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑎                 (18) 

That theory seems hardly applied to the case of polymer-surfactant interactions. The main reason 

to that is high cooperativity of the interaction process. The first added amount of surfactant not 

only defines the place of binding but also accelerates it (See part Polymer-Surfactant 

Interactions). Due to that fact, it becomes incorrect to use the former model for the analysis of 

ITC data in mixed polymer-surfactant systems. 

Recently, the regular solution theory has been suggested for the treatment of ITC data.[125-127] 

This model is based on the assumption of uniform complex formation.  

[𝑃] + 𝑛[𝑆] → 𝑥[𝑃𝑆𝑛]      (19) 

𝑥[𝑃𝑆𝑛] + 𝑛[𝑆] → 𝑥1[𝑃𝑆𝑗] +𝑥2[𝑃𝑆𝑖]    (20) 

where, [P] is concentration of polymer; [S] is concentration of surfactant and [PSx] is 

concentration of polymer-surfactant complex in variety of binding ratios . Thus, the addition of 

one component to the other leads to the formation of one type of complexes irrespective of their 

mixing ratios. Further addition of a component promotes a rearrangement of the existing 

complexes. The process takes place until the full exhaustion of the added component. The 

general equation for the regular solution theory can be written as 

𝑞(𝑖) = 𝑁𝑠∆𝐻 = (𝑁𝑠 − 𝑁𝑚𝑖𝑐,𝑠)∆𝐻𝑚𝑖𝑐,𝑠 +
𝑁𝑝𝑁𝑠𝛽𝑅𝑇

𝑁𝑝+𝑁𝑠
   (21) 

where q(i) is the absolute heat of reaction; ΔH is the enthalpy of the interaction; Ns, Nmic,s, and Np 

are the total molar amount of surfactant injected, the molar amount of surfactant injected in 

micellar form, and the total molar amount of polymer in the calorimetrical cell, respectively. 

Then, Xs = Ns /( Ns + Np) is the mole fraction of surfactant, and Xp = Np /( Ns + Np) is the mole 

fraction of polymer in the assemblies. The value ΔHmic,s is the enthalpy of surfactant 

micellization. The term  corresponds to the mixing excess enthalpy and defines the 

difference between the experimental enthalpy and the value expected for ideal mixing. Insertion 

of eq 21 into eq 14 yields the normalized heat of injection and can be used for the further fitting 

procedure. 
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2. AIMS OF THE STUDY 

There is a great interest in the investigation of polymer-surfactant interactions. The reason for 

such interest is the widespread use of polymer-surfactant systems in technology, pharmacy and 

some other applications. However, while the homopolymer-surfactant interactions are 

characterized well enough, the same interactions for block copolymers are poorly described. The 

main development in the latter topic has been achieved for Pluronic molecules (block 

copolymers of PEO and PPO) in the presence of variety of surfactants. Interestingly, the Pluronic 

molecules, due to the structure complexity, exhibit a thermo-responsive and surface-active 

behavior and in some occasions can be considered as a cosurfactant. In our work we took an 

attempt to expand our knowledge about polymer-surfactant interactions to the more complex 

systems and to figure out the driving forces for such processes. 

In the present work we focus on structural and thermodynamic interpretation of processes 

between complex stimuli-responsive block copolymers and surfactants. Due to unprecedented 

complexity of the copolymers the analysis of their interaction with ionic and non-ionic 

surfactants has to be performed very thoroughly. To achieve that purpose, scattering techniques 

and the isothermal titration calorimetry method were exploited. Moreover, our sideline purpose 

was to shed light on the interpretation of titration curves obtained from ITC experiment.  

The aims of the study are: 

 The analysis of solution behavior of the statistical block copolymers PBuOZ-co-PiPrOZ 

in the presence and absence of polymeric nonionic surfactant F127; 

 The structural characterization of hybrid nanoparticles formed by the copolymer PBuOZ-

co-PiPrOZ of different composition ratios and polymeric surfactant F127. The study of 

temperature-dependent behavior in such nanoparticles; 

 The analysis of solution behavior of the triblock copolymers PMeOZ-stat-(PBuOZ-co-

PiPrOZ)-MeOZ with different ratios of hydrophilic, hydrophobic and thermosensitive 

blocks. The investigation of the temperature behavior of the triblock copolymers and 

their interactions with ionic surfactants (SDS, CTAB). The analysis of structure and 

thermodynamic evolution in the polymer/surfactant complex nanoparticles.   

 The analysis of solution behavior of pH-sensitive amino acid based polymers in the 

presence and absence of nonionic surfactant Brij98. The structure and thermodynamic 

characterization of polymer/surfactant interactions and of the resulting complexes. 
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4. RESULTS 
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5. DISCUSSION 

The above presented original articles are a collection of results obtained in a mixture of 

surfactant and stimuli-responsive polymers. In Discussion Part we will try to summarize the 

important results and to make some conclusions on this topic. 

The idea of controlled phase separation was explored for all of our systems. That idea assumes 

the careful adjustment of separation process through the change in surrounding conditions. Two 

external variables were chosen for investigation, temperature and pH. The polymer, indeed, has 

been used as an object for thermo- or pH-sensitivity.  

5.1. Thermoresponsive Polymer Systems 

In the current part, we would like to monitor through the Articles 1, 2 and 3 the sequential 

modification of block copolymers built from poly(2-alkyl-2-oxazoline) and the effect that has 

such modification on the interaction activity between polymers and surfactants. General 

structures of block copolymers are shown in Scheme 5.1. There are two main objects here, the 

statistical diblock copolymer, PBuOZ-co-PiPrOZ, and a more complex triblock PMeOZ-stat-

(PBuOZ-co-PiPrOZ)-MeOZ. Moreover, the latter polymer was synthesized from the former one 

by addition of the terminal MeOZ units. The polymers studied on the present work were 

synthesized by O. Sedlacek and M. Hruby from Department of Supramolecular Polymer Systems 

in Institute of Macromolecular Chemistry. 
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Scheme 5.1. Chemical structure and schematic image of poly(2-alkyl-2-oxazoline)s block 

copolymers. 

Table 5.1. Molecular characteristics of the polymers 

Polymers 
type of 

polymer 

2-butyl-2-
oxazoline in 

thermoresponsiv
e block, mol % 

Mw cpt, oC nMeOx niPrOX nBuOX 

A 
diblock 

copolymer 
10 6500 28.5a - 51 6 

B 
diblock 

copolymer 
20 6200 21.5a - 44 11 

C 
diblock 

copolymer 
10 12600 28.5a - 99 11 

ox(2:1) 
3c-triblock 
copolymer 

15 10100 19b 31.5 52.5 10.5 

ox(1:1) 
3c-triblock 
copolymer 

15 10300 17b 52 40 8 

ox(1:2) 
3c-triblock 
copolymer 

15 10000 24b 72 27 6 
a
 cpt at the polymer concentration c=0.5 wt%, 

b
 cpt at the polymer concentration c=1.4 wt%. 

The statistical diblock copolymer, PBuOZ-co-PiPrOZ, consists only from hydrophobic (BuOZ) 

and thermo-responsive (PiPrOZ) part with absence of any hydrophilic one (Table 5.1.). The 

absence of hydrophilic part creates a high instability of polymer in the condition of temperature 

increase and results in abrupt micro-phase separation in system. Thus, our purpose was the 

creation of stable system with the ability to regulate the phase separation process. We used 

polymeric surfactant F127 for that purpose. Polymeric structure of F127 surfactant effectively 

stabilizes the polymer and solubilizes it inside of micellar hydrophobic core. Interestingly, not 

only the polymer but also the surfactant displays thermo-responsive properties in this case. That 

leads to the extra complexity in the analysis of such mixed system.  

We have found that the interactions between statistical polymer and F127 can be detected long 

before the transition temperature of the polymer as well as that of the surfactant. The premicellar 

complexes were observed by DLS and ITC technics (Figure 5.1. a, b, c). Moreover, the polymer 

composition has essential effect to the structure of resulting complexes.  
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Figure 5.1. DLS data for the Polymer C+F127 system. a) Rh data for: (●) – aggregates, (●)- 

complexes and (●)- single F127 molecules and nanoparticles ; c(pol)/c(F127) = 0.1; b) 

Amplitudes data: (●) – aggregates; (●)- complexes, (●)- single F127 molecules and 

nanoparticles, c) ITC curves for titration F127 by Polymer B, molar ratio = c(pol)/c(F127). 

It was observed that the hydrophobicity of the polymers in particular is more important than the 

thermosensitivity of them in respect to the strength of interactions. While the process of 

interaction for the hydrophobic and for the thermo-responsive polymers is the same, the final 

structure of more hydrophobic polymer/F127 nanoparticles would be more compact (at equal 

amount of surfactant). The evolution of polymer/surfactant complexes as a function of 

temperature is presented on Figure 5.2 in the form of a SAXS curves. It is possible to interpret 

the structure sequence in the polymer/surfactant complexation process in the following way.  

 

Figure 5.2. 3D plot of SAXS data as a function of scattering vector and temperature for the 

Polymer B/F127 system. 
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F127 at low temperature identifies the hydrophobic moieties (BuOZ) of macromolecule and 

forms intermediate complexes. When the temperature rises, more and more molecules of F127 

transfer from the solution to the polymer. However, since the polymer as well as the surfactant 

has thermo-sensitive properties, and thermosensitivity is a temperature-dependent process in 

time, there is certain competition between homo- and hetero-association. One can assume, when 

the association process began (at cpt) the presence of hydrophobic moieties in polymer makes 

the process of homo-association in polymer more preferable. That leads to aggregation of some 

polymer molecules. The aggregation of the polymer molecules increases the instantaneous 

concentration of surfactant in a limited volume, and it becomes possible to observe correlations 

between different molecules of F127. Eventually, enough surfactant molecules are transferred to 

the polymers to cover them, the correlation of molecules disappears and the shape of complexes 

becomes fully identical to pure F127 micelles. Finally, the structure of hybrid (mixed) 

nanoparticles can be referred to a spherical shell model, where the core consist of the statistical 

polymer and the PPO group of F127, and the shell is a sequence of the PEO group of F127 

(Figure 5.3) 

 
Figure 5.3. (a) SAXS results from the Polymer B/F127 and Polymer C/F127 systems over a 

range of temperatures. Solid lines are fits to the spherical shell model; (b) Schematic 

representation of hybrid nanoparticles. 

The complex polymers with statistical BuOZ-co-PiPrOZ central block and hydrophilic 

terminated PMeOZ blocks show better stability than diblock copolymers and form micelles with 

temperature increase (Figure 5.4).  
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Figure 5.4. DLS data from pure 3c-triblock poly(2-alkyl-2-oxazoline)s, C = 14 mg/mL. 

Thus, there is no need to use a polymeric surfactant to stabilize the system. Therefore, low 

molecular weight surfactants (CTAB, SDS) were taken to analyze the polymer/surfactant 

interactions. The purpose of that part of research was to assess how the mechanism of 

polymer/surfactant interactions changes in conditions of temperature elevation; and what is 

different in that process of interactions if we use the thermo-responsive polymer of complex 

architecture in contrast to homopolymer (Figure 5.5 a, b). Experiments show that the behavior in 

the mixed system is sensitive to the chemical structure of polymers as well as to the surrounding 

temperature. Both parameters affect the compactness of polymeric micelles. And then, the 

compactness of micelles defines the mechanism of polymer/surfactant interactions.  
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Figure 5.5. ITC curves for (a) SDS titration of polymer ox(2:1) and (b) CTAB titration of 

polymer ox(1:2) at different temperatures. 

In general the mechanism can be presented as follows (Figure 5.6). At the temperature above cpt, 

the polymer exists in the form of swollen Gaussian coil and forms aggregates before the addition 

of surfactant. The addition of surfactant induces two simultaneous processes. The first one 

results in an increase in the volume of single Gaussian chain in the polymer aggregates, and the 

second one promotes the breaking down of large mixed aggregates and the formation of small 

ones. Furthermore, the first process starts at the lowest concentration and proceeds more 

intensively. As soon as a sufficient amount of surfactant was added the aggregates disappear 

from the solution, and polymer/surfactant complexes become visible. These complexes can be 

characterized by a model of sphere with an attached Gaussian coil. One can assume the micelles 

of surfactant with the hydrophobic central block of polymer inside of them form spheres, 

whereas the MeOZ blocks are expanded to the aqueous solution. If the addition of surfactant to 

polymer is performed at temperature below cpt, then any copolymer can be referred to as 

homopolymer. The mechanism of interactions can be described in two stages: a simple act of 

interaction and the release of bonding water from the surrounding shell. 
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Figure 5.6. Structure sequence of the complexation process of triblock poly(2-alkyl-2-

oxazolines) with increasing the concentration of surfactants. 

Analysis of ITC thermograms shows no difference in the mechanism of interactions between tri-

block copolymer and either anionic SDS or cationic CTAB. The only point is that the cationic 

CTAB is more sensitive to the conformation of the polymer (Table 5.2). 

 Table 5.2. Parameters of the interaction between the polymers and surfactant.  

surfactant cmc*, mM cac** 
(molecular 
state), mM 

cac (micellar 
state), mM 

C2, mM 

SDS 8.4 0.15 0.35 12-14 
CTAB 1.25 0.7 0.07 >20 

*
 - cmc is taken from the blank titration of surfactant to water and does not show a significant variation with 

temperature; 
**

 - cac is an average value across all polymers; the molecular state and the micellar state correspond to 

the conformation of the polymer at 15 and 25 (or 41) ºC, respectively.  
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5.2. pH-Responsive Polymer Systems 

Weak polyacids are usually described as polyelectrolytes. They undergo to micro- and 

sometimes macro-phase separation at low pHs. In our work we used modification of 

polymethacrylic acid with some amino acids on the side chain of polymer (Sheme 5.2). The 

polymers were synthesized by H. Mackova and M. Hruby from Department of Supramolecular 

Polymer Systems in Institute of Macromolecular Chemistry. 

 
Scheme 5.2. Chemical structure of poly(N-methacryloyl-L-valine) (P1), poly(N-methacryloyl-L-

phenylalanine) (P2) and poly(N-methacryloyl glycyl-L-leucine) (P3) (sodium salt forms). 

The introduction of amino acid allows us to adjust the hydrophobicity of the whole 

macromolecule and to regulate eventually the tendency of the polymer to the phase separation. 

The addition of surfactants is a typical way to prevent the self-association in polymer solutions. 

Even more, the reaction between polyelectrolytes and oppositely charged surfactants is reviewed 

very well. Surprisingly, our polymers showed a good solubility in the solution of nonionic 

surfactant Brij98. Because of only little information about charged polymer – nonionic surfactant 

interactions, we decided to analyze that type of interactions thoroughly. We found that the type 

of amino acid regulates the predominant way of interactions in the mixed system that can be 

driven either by hydrophobic forces or through hydrogen bonding (Figure 5.7 a, b, c). At the 

same time, while the hydrogen bonding between polyacids and etoxylated surfactants has been 

described recently, the existence of hydrophobic interactions in such system has not yet been 

mentioned. The type of interactions has a strong effect on the structure of the final complexes. 

Complexes which have been formed through the hydrophobic interactions are characterized by a 

pearl-necklace model. Oppositely, the core-shell structure with the polymer placed on the 

micellar surface is a result of predominant hydrogen bonding (Figure 5.8). 
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Figure 5.7. ITC curve for the titration of the polymers (a) P1 solution, (b) P2 solution, (c) P3 

solution with surfactant Brij98 at different concentrations and pH values (T=25ºC). 

 

Figure 5.8. Structure sequence of the complexation process in amino-acid-based polymers with 

increasing the concentration of surfactants and decreasing the pH of solution. 
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The important aspect of the current work was the interpretation of ITC data. And here, we also 

have to mention these results. We were able to compare the results obtained from SAXS 

experiment at certain polymer/surfactant concentration ratios with the results of ITC experiment. 

In other words, we have tried to analyze the thermodynamic processes in the system and the 

conformation changes that are responsible for a particular heat effect. Such procedure of 

investigation is extremely important if we are dealing with a complex process, where a number 

of stages can be assumed. Assuredly, single measurement of complex structure cannot be used 

for interpretation of the whole process but a number of consecutive measurements makes the 

process of transformation in such systems more understandable. Moreover, if the reaction 

between polymer and surfactant is one act of interaction or several acts but each act can be 

distinguished, it is also possible to provide a quantitative analysis of interactions. Typically, the 

models of binding sites are used for ITC experiments. That model supposes a noncooperative 

binding in the system and fails in case of polymer/surfactant interactions. It is well known that 

the reason for surface activity lies in cooperation of surfactant molecules. The regular solution 

theory is more appropriate for that situation. The theory is based on the assumption that the 

enthalpy of interaction is a combination of heat effects (heat of reaction, heat of dilution, heat of 

transfer from one solvent to another, heat of aggregation and etc.). We have shown a good 

applicability of the regular solution theory to the analysis of interactions in polyelectrolyte – 

nonionic surfactant systems and believe in the perspective of using it for other 

polymer/surfactant systems. 
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6. CONCLUSION 

1. The idea of controlled phase separation related to the system of thermoresponsive polymers 

and surfactants has been exploited. Hybrid nanoparticles were obtained by combination of 

the statistical PBuOZ-co-PiPrOZ copolymer and polymeric nonionic surfactant F127. Four 

polymers with different ratios of hydrophobic (BuOZ) and thermoresponsive (iPrOZ) blocks 

were analyzed. It was shown that the polymeric structure of surfactant effectively stabilizes 

the nanoparticles and protects them from further aggregation. The size of hybrid 

nanoparticles was found to be equal to 10-12 nm in radius, which is very similar to the size 

of micelle obtained for pure F127 (10 nm). The addition of surfactant affects the value of 

critical transition temperature. While the cpt for pure polymers was 28.5 ºC (Polymers A and 

C) and 21.5 ºC (Polymer B), the presence of surfactant results in a shift of the cpt value 

down to 26.0, 24.5 and 25.5  ºC for polymers A, B, C, correspondingly. There is a certain 

relationship between hydrophobicity of the polymer and their critical temperature. 

Moreover, the preliminary data show that the process of nanoparticle formation proceeds 

through the stage when the critical temperature is still not reached, but the association 

between polymer and surfactant has been observed.  

Further analysis of the systems confirms the existence of premicellar complexes with radius 

of 20 nm followed by rearrangement to the 13 nm dense nanoparticles. It has been shown 

that there is a dependence between hydrophobicity of the polymer and a presence of 

aggregates in the solution. Aggregates can be found in the initial step of nanoparticles 

formation and they disappear with raising temperature. The structure of hybrid nanoparticles 

can be characterized by a spherical shell model. The core consists of a polymer and the PPO 

group of F127, whereas the shell composed by the PEO group of surfactant.   

The analysis of the statistical PBuOZ-co-PiPrOZ copolymers has been continued by 

considering the solution behavior of the triblock copolymer PMeOZ-stat-( PBuOZ-co-

PiPrOZ)-MeOZ. The modification of statistical copolymers by introduction of hydrophilic 

terminal group improves the stability of polymers. The triblock copolymers were able to 

form micelle-like structure. The important result of our comprehensive analysis is the 

following; whereas the position of cpt is defined predominantly by the ratio of 

thermoresponsive (iPrOZ) and hydrophilic (MeOZ) blocks, the hydrophobicity of polymers 

is determined by the difference in the number of thermoresponsive and hydrophobic (BuOZ) 

blocks. A smaller difference would lead to less thermoresponsive and more hydrophobic 
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character of polymer. Additionally, the behavior of complex triblock poly(2-alkyl-2-

oxazoline)s in combination with ionic surfactants (SDS, CTAB) revealed a dissociation of 

the initially formed polymeric micelles and formation of the mixed ones. The process of 

polymer/surfactant interaction is strongly dependent on the polymer state and, basically, on 

the surrounding temperature. The more compact is the structure of polymer the more 

complex would be a process of interaction. We were able to monitor the mechanism of 

polymer/surfactant association on each particular stage. One has to note that while CTAB 

typically displays weak interactions with uncharged polymers, the binding of CTAB is more 

selective in respect to the conformation of polymer molecule. 

2. The behavior in a system of pH-responsive polymer and nonionic surfactant was 

investigated. Polymers were obtained from methacrylic acid modified in an initial step by 

three different amino acids. Thus, three homopolymers with one particular amino acid on the 

side chain were analyzed. It was observed that the addition of nonionic surfactant to the 

polymer has an important impact on the polymer conformation and charge distribution on 

the surface of resulting complexes, but only slightly affects the pHtr. The type of amino acid 

is a crucial point in the process of complex formation between polymer and nonionic Brij98. 

Competition of hydrophobic and hydrogen bonds regulates the mechanism of interaction in 

the current systems. The ability of polymer to hydrogen bonding results in the situation, 

when the polymer wraps round the surfactant micelle and intermolecular hydrogen bonds 

between the polymer and the surfactant stabilize this structure. Interestingly it was observed 

that nonionic surfactant can also interact with a partially protonated polymer via 

hydrophobic forces. In the latter case, the pearl-necklace structure was found. Molecules of 

nonionic Brij not only adsorb on the polymer surface but block polymer charge as well. 

3. We were able to interpret the ITC curves for uncharged polymer-ionic surfactant 

interactions at any state of polymer molecule. Regular solution theory was successfully 

applied to fit results obtained from ITC experiments. The effect of hydrogen bonds on ITC 

signal was figured out. 
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