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STELLINGEN 

1) Het gebruik van surfactant selectieve elektrodes wordt alom beschreven als een zeer 

betrouwbare methode om de vrije surfactantconcentratie te bepalen. Hierbij is de 

kwaliteit van het zelfgemaakte elektrodemembraan echter essentieel. 

Zana, R. Surfactant Solutions. New Methods of Investigation; Dekker, New York: 1987; Ch. 9. 
Goddard, E. D. J. Am. Oil Chem. Soc. 1994, 71, 1. 
Dit onderzoek. 

2) Op grond van het type overdrachtsproces dat plaatsvindt bij Langmuir-Blodgett 

experimenten kan geen definitieve conclusie getrokken worden over de uiteindelijke 

ordening in de overgedragen lagen. 

Dit onderzoek. 
Ganguly, P.; Sastry, M.; Choudhury, S.; Paranjape, D. V. Langmuir 1997,13, 6582. 

3) Hoewel het gebruik van 14N NMR zeker informatie kan verschaffen over het effect 

van oppervlaktekromming van vesikels en micellen op de beweeglijkheid van de 

kopgroepen van stikstofbevattende surfactanten, hebben Okamura et al. geen rekening 

gehouden met het feit dat de beweeglijkheid van diezelfde kopgroepen aan de 

binnenzijde van het membraan ook wordt bepaald door de oppervlaktekromming. 

Okamura, E.; Wakai, C ; Matubayasi, N.; Nakahara, M. Chem. Lett. 1997, 1061. 

4) Het door Ortega et al. gevonden minimum in de geleidbaarheidsmetingen van een 

oplossing van Al3+ en bismuthiolaat als functie van de molfractie Al3+ leidt niet tot 

de door hun vermelde stoichiometric van het gevormde polymeer van Al3+ en 

bismuthiolaat. 

Ortega, P.; Vera, L. R.; Guzman, M. E. Macromol. Chem. Phys. 1997,198, 2949. 

5) Bij de in situ omzetting van 'latent' naar onoplosbaar pigment in een p-hydroxy-

polystyreen hars melden Zambounis et al. op basis van TEM metingen de vorming 

van goed gedispergeerde pigmentdeeltjes met een grootte kleiner dan 20 nm. 

Gezien de hoge concentratie pigment in het monster (40 %, w/w) is de individuele 

deeltjesgrootte echter niet goed te bepalen met deze techniek. 

Zambounis, J. S.; Hao, Z.; Iqbal, A. Nature 1997,388, 131. 

6) De door Kamidate et al. aangedragen verklaring voor de opname van Cu2+ en Zn2+ 

door liposomen in afwezigheid van ionoforen is niet aannemelijk. 

Kamidate, T.; Yamaguchi, J.; Suita, T.; Tani, H.; Watanabe, H. Chem. Lett. 1997,971. 



7) Dynamische lichtverstrooiing is een geschikte methode om vesikelfusie te bestuderen. 

Morgan, J. D.; Johnson, C. A.; Kaler, E. W. Langmuir 1997,13, 6447. 
Yatcilla, M. T.; Herrington, K. L.; Brasher, L. L.; Kaler, E. W.; Chirovolu, S.; Zasadzinski, J. A. 
J. Phys. Chem. 1996,100,5874. 

8) Zonder fundamenteel onderzoek is er geen vooruitgang mogelijk. 

9) Het zou goed zijn voor het milieubewustzijn van menigeen, wanneer men bij de slager 

bij ieder ons vlees een evenredige hoeveelheid mest mee zou krijgen. 

10) Het is nai'ef te veronderstellen dat er op Mars alleen mannen zouden wonen. 

11) Het helpen van met olie besmeurde vogels dient meer om het geweten van de mens 

te sussen dan dat het daadwerkelijk leidt tot het overleven van deze vogels. 

12) Gezien het alcoholpercentage is zwaar bier lichter dan gewoon bier. 

13) Het gelijke tred houden van het duurder worden van het openbaar vervoer en het 

autogebruik zal uiteindelijk leiden tot nog meer gebruik van de auto als 

vervoermiddel. 

14) Windenergie is alleen een schone vorm van energie voor diegenen die ver van een 

windmolenpark af wonen. 

Stellingen behorende bij het proefschrift 

"Hydrophobically Modified Polyelectrolytes: Synthesis, Properties and Interactions with 

Surfactants" 

Wageningen, 20 februari 1998 Armanda C. Nieuwkerk 

Met dank aan M. D. E., A. T. M. M. 
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General Introduction 



Chapter 1 

Aqueous systems containing polymers and surfactants are encountered in biological systems 

and everyday life. The interactions between these compounds are important in e.g. protein-lipid 

complexes in biomembranes.1-4 Aqueous polymer-surfactant systems also find application in 

cosmetics, tertiary oil recovery, drug delivery, paint formulation and paper production.5 The 

use of polymer-surfactant complexes in these applications is based on their ability to solubilize 

water-insoluble compounds within their apolar domains and on the possibility to adjust their 

rheological properties to a specific application. A special class of polymers are the 

hydrophobically modified charged polymers which can form micelle-like structures, so-called 

microdomains, in aqueous solution. The formation of the microdomains depends on the length 

and structure of the hydrophobic moiety and charge density of the polyelectrolyte. 

In aqueous solution strong complexation occurs between hydrophobically modified 

polyelectrolytes and oppositely charged surfactants due to electrostatic and hydrophobic 

interactions. The effects of varying hydrophobicity and charge density of hydrophobically 

modified polyelectrolytes or surfactants on their mutual interactions are the main topics of this 

thesis. 

Before going deeper into the interactions between hydrophobically modified polyelectrolytes 

and surfactants some general aspects of the individual constituents used in this study will be 

presented. 

1.1 Liquid Crystalline Behaviour 

Many of the polyelectrolytes and surfactants used in this study are labelled with rigid aromatic 

units which offer the possibility to monitor microdomain formation and polyelectrolyte-

surfactant interactions in aqueous solution by UV spectroscopy. Furthermore, these rigid units 

can induce liquid crystalline phases. Liquid crystalline phases are anisotropic fluid phases 

characterised by long-range orientational order and varying degrees of spatial order. There is a 

large number of chemically different compounds forming different kinds of liquid crystalline 

phases, also called mesophases. The self-organisation into mesophases can occur upon heating 

of the pure compound (thermotropic liquid crystalline phases) or is induced by isotropic 

solvents (lyotropic liquid crystalline phases). The molecular structure of typical compounds 

forming thermotropic mesophases differs considerably from those forming lyotropic 

mesophases. 

1.1.1 Thermotropic liquid crystals 
Thermotropic liquid crystals usually consist of an anisometric rigid moiety (rod-like or disc­

like) to which flexible alkyl chains are attached.69 These rigid units are essential for the 

temperature induced mesophase formation, and are therefore called mesogenic units. The rod-
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like molecules can form smectic and/or nematic mesophases as shown in Figure 1.1. The 

formation of these phases stems from the preference of the mesogens to arrange parallel to each 

other. The smectic phase can be divided into many subphases which differ in the way the 

molecules are packed within the layers. Disc-like molecules can give columnar structures, like 

columnar nematic, or discotic mesophases. Optically active molecules can give chiral nematic 

(or cholesteric) mesophases. In these mesophases a spontaneous twist in the phase is induced 

about an axis normal to the preferred molecular orientation. 

crystal smectic nematic isotropic 

Figure 1.1 Schematic representation of different thermotropic phases. 

The formation of mesophases can be studied by differential scanning calorimetry (DSC) and 

optical polarisation microscopy. With DSC the exact phase transition temperatures and the 

corresponding transition enthalpies can be determined. The reversibility of phase transitions can 

also be determined by DSC. Usually, little or no hysteresis is observed for liquid crystalline to 

liquid crystalline (lc —> lc) and liquid crystalline to isotropic (lc —> i) phase transitions, whereas 

solid to liquid crystalline (s —> lc) or solid to isotropic (s —» i) phase transitions may display 

considerable hysteresis. Transitions between different crystalline phases (s —> s) depend on the 

history of the sample and may not appear in a second heating run. 

Figure 1.2 Nematic Schlieren texture (a) and smectic fan-shaped focal-conic texture (b) 
viewed between crossed polarizers. 
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By polarisation microscopy the textures of thin films of liquid crystalline material can be 

observed. These textures are characteristic for a given mesophase. A nematic phase is 

characterised by thread-like, marbled or Schlieren textures between crossed polarizers (see 

Figure 1.2a). For a smectic A phase a fan-shaped focal-conic texture as in Figure 1.2b is 

observed. Other smectic phases have a different appearance under the microscope, providing a 

possibility to distinguish them. 

DSC and optical polarisation microscopy are complementary techniques in the sense that 

transitions that are not accompanied by a change in texture and are therefore invisible, often 

have a detectable transition enthalpy. On the other hand, phase transitions with a very low 

enthalpy may well be visible as a result of textural change. 

1.1.2 Lyotropic liquid crystals 
Compounds forming lyotropic mesophases usually consist of two chemically distinct regions, a 

flexible apolar part (the tail) and a polar (ionic or non-ionic) headgroup. These compounds are 

called amphiphiles, indicating that one part of the molecule likes a polar solvent and the other 

part prefers an apolar solvent. Due to their chemical structure they concentrate at the solvent-air 

interface, thus reducing the surface tension of a solvent. Therefore amphiphiles are also called 

SURFace ACTive AgeNTS or briefly surfactants. Some representative surfactants used in this 

study are shown in Scheme 1.1. 

CH3 

u r M+ ir-u \ ru Alkyltrimethylammonium Bromide 
H 3 C - N _ (CH 2 ) n —CH 3 D T £ B n = 1 » | C T A B n = 1 5 

CH3 Br" 

o 

Na + -0 -S -0 - (CH 2 ) 1 1 -CH 3 f ° d i u m D o d e c y l S u l f a , e 

11 oUo 
o 

C12H25(OCH2CH2)4OH Polyoxyethyleen(4)lauryl ether 

Scheme 1.1 Some of the surfactant molecules used in this study. 

The hydrophobic part of a surfactant usually consists of one or more hydrocarbon chains, 

sometimes with various degrees of unsaturation or branching. The size and the length of the 

hydrocarbon chains may vary considerably, but must consist of at least 8 carbon atoms. The 

hydrophilic headgroups may be cationic, anionic, zwitterionic or non-ionic. Also the number of 

headgroups can be varied.10"13 Self-aggregation of surfactants has been observed in polar 

solvents like water, hydrazine14 and ethylene glycol15, but also in apolar solvents like 

cyclohexane.16 The common driving forces for aggregation are the solvent-solute 

immiscibilities (enthalpic force) that arise from differences in cohesive energy between solute 



General Introduction 

(amphiphile) and solvent.17 The forces that govern the attraction between two or more 

molecules in water, the hydrophobic interactions, are however, up to now, not well 

understood. There is strong evidence that the hydrophobic interactions are caused by the 

extensive hydrophobic hydration shells that form around hydrophobic moieties in water. When 

the concentration of the hydrophobic molecules is increased above a certain value, the number 

of water molecules necessary to independently hydrate the hydrophobic groups becomes 

insufficient and the hydrophobic groups aggregate. Because the hydrophobic hydration shells 

are very large, cooperative interaction of, for example, surfactant molecules can indeed occur at 

very low surfactant concentrations (i.e. at the cmc).18 

A delicate balance of the attractive interactions between the hydrophobic groups of the 

surfactants and the repulsive interactions between the hydrated surfactant headgroups 

determines the aggregate morphology. The molecular packing constraints within an aggregate 

are also very important. The surfactant parameter P, which was introduced by Israelachvili et 

al.19 , provides a qualitative prediction of the aggregate morphology of surfactants in water. 

P = 
aolc 

In this equation v (= 27.5 + 27 nc, in A3) is the volume of the hydrophobic moiety of the 

surfactant molecule, a0 the optimal headgroup area (A2) and lc (= 1.5 + 1.27 nc, in A) the 

maximum length of the alkyl chains (nc is the number of carbon atoms in the hydrophobic 

tail).20 The headgroup area a0 can be estimated. 

Table 1.1 Dependence of aggregate type on the packing requirements of surfactant 
headgroup and chains. 

spherical micelles 

rod-like micelles 

bilayers 

inverted micelles 

P< 1/3 

1/3 < P < 1/2 

1/2 < P < 1 

P> 1 

Cone shaped surfactants, like surfactants with one tail, can pack into highly curved aggregates 

like micelles, whereas double chained surfactants generally have a cylindrical shape (P = 1) and 

prefer to pack into bilayer structures (Table 1.1). 

The monomer shape, and thus aggregate morphology, is affected by factors as the chemical 

structure of the monomer (hydrogen bonding capability, unsaturation of the alkyl chains), 

solvent and solvent ionic strength, pressure and temperature. Furthermore, the surfactant 
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concentration influences the morphology of the aggregates formed. Figure 1.3 shows some 

common aggregate morphologies. 

micelle 

small unilamellar 
vesicle 

inverted micelle rod-like micelle 

giant multilamellar vesicle 
large unilamellar vesicle 

Figure 1.3 Schematic representation of common aggregate morphologies. 

At higher surfactant concentrations lyotropic mesophases of the cubic, hexagonal, lamellar and 

nematic type can be formed.21 These mesophases can be regarded as superstructures formed 

from micelles and bilayer fragments. 

$a 

cubic S1c hexagonal M1 lamellar G 

nematic Nc nematic N1 

Figure 1.4 Schematic representation of lyotropic mesophases. Taken from reference 48. 
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The cubic phase e.g. is thought to be build up from spherical micelles arranged in a cubic lattice 

whereas the hexagonal M|-phase is assumed to consist of rodlike micelles arranged in a 

hexagonal array. In the lamellar phases the molecules are arranged in planar sheets on top of 

each other. When the micellar units are only orientationally ordered nematic phases are formed. 

A schematic representation of these lyotropic phases is shown in Figure 1.4. 

Ion pair amphiphiles form a specific class of amphiphiles. They consist of two oppositely 

charged single chained surfactant molecules and often form both thermotropic and lyotropic 

liquid crystalline phases.22'23 For these compounds the formation of vesicles is usually 

observed.24 The oppositely charged headgroups combine at the surface of the aggregate 

reducing the electrostatic repulsions between the alike species, and the alkyl chains concentrate 

in the interior of the bilayer structure. 

A third class of compounds combines the possibility to form both lyotropic and thermotropic 

liquid crystalline phases, and are therefore called amphotropic liquid crystals. Amphotropic 

behaviour has e.g. been observed for some phospholipids25, alkylated monosaccharides26 and 

amphiphilic diols.27 

Q H 3 J k J 1 

HOCH2CH2—N—(CH2)mO—(( \— X — U \ - 0 ( C H 2 ) n C H 3 X = N=N, N=CH 
I \=J \ — / m = 8, 12;n = 5,10 

Br t /H3 

H3C-N—(CH2)nO (( \ (( \—Y Y = CN, N0 2 

Xu \=/ \ = / n = 10, 12 
Br CH3 

Scheme 1.2 Amphotropes taken from references 28 and 29. 

By introducing rod- or disk-like building blocks into amphiphilic molecules the known amount 

of amphotropic molecules has increased considerably.28"31 Some examples of these 

amphotropes are shown in Scheme 1.2. Amphotropism can also be observed in polymers when 

the structural units responsible for the formation of thermotropic and lyotropic mesophases are 

combined within the same polymer. 

1.1.3 Thermotropic liquid crystalline polymers 

Liquid crystalline polymers (LCPs) have become an important area of research effort because 

they combine the properties of low molar mass mesogens with the mechanical and thermal 

stability of the polymer main chain. Thermotropic liquid crystalline polymers can find 

applications in e.g. optical data storage, non-linear optics and in conductive LCP devices.332,33 

Liquid crystalline polymers are prepared by introducing rigid units into the polymers which tend 

to orient themselves into a particular direction. There are two major classes of LCPs, the main 
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chain and side chain liquid crystalline polymers (MCLCPs and SCLCPs, respectively). In the 

MCLCPs the mesogenic units are incorporated in the main chain and in SCLCPs the mesogens 

are attached to the polymeric backbone via a flexible spacer. Some examples are shown in 

Scheme 1.3. 

The design of MCLCPs is based on lowering of the melting temperature of rigid polymers. In 

many MCLCPs this is accomplished by alternating the rigid-rod units with flexible spacers 

consisting of methylene or ethylene oxide groups.34 The length and length-to-diameter ratio of 

the rigid units and the length of the flexible spacer influence the type of mesophase that is 

formed and its stability. Mesophase behaviour in otherwise rigid, nonmesogenic polymers can 

also be induced by introducing kinked bonds like e.g. -0-, -S02-, -CO- and -C(CH3)2- between 

the rigid units, or by introducing substituents on the rigid units.35 

H 
O O 
II II 

- - O - C — ( C H 2 ) n — C - 0 

O-
\ \ // 

& C-tt-OCH2CH20 

H - C - H 

H a O - C - C - O - C C H ^ — O // \\_// A 

H-C-H 
I 

H - C - C - O - -(CH2)5-0 // v / ' ^ 

OCH3 

CN 

O 

H3C-Si— (CH 2 ) 3 -0 

4̂  w // 
o 
II 
C - 0 w // OCH3 

Scheme 1.3 Examples of thermotropic liquid crystalline polymers.-" 3 ' 

The mesophase order in SCLCPs is mainly determined by the mesogenic group, allowing for 

incorporation in a wide variety of polymers with different backbones. Acrylates (4), 

methacrylates (3) and siloxanes (5) are backbones which are often used. The flexible spacer, 

connecting the mesogen with the backbone, usually consists of methylene units and decouples 

the motions of the polymer backbone and the mesogens.38 An increase in spacer length leads to 
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the formation of more ordered mesophases, e.g. smectic instead of nematic, due to the 

increased freedom of the mesogens to attain their most favourable orientation.39 

Although the mesophase order is mainly determined by the mesogenic unit, the flexibility of the 

main chain also is an important factor. A more flexible main chain, having a lower glass 

transition temperature Tg, allows for a broader temperature range of the mesophase. Other 

factors influencing the mesophase behaviour are the endgroup length, coupling unit, polymer 

tacticity, polymer molecular weight and polydispersity of the polymer. More ordered 

mesophases are favoured by increasing the molecular weight up to a degree of polymerisation 

of about 10, above which the mesophase order and transition temperatures remain rather 

constant.37 Removal of oligomers from polymers is important because they have a strong 

influence on the mesophase formation, usually lowering the stability and order.40 

1.1.4 Lyotropic liquid crystalline polymers 

When immersed in a low molecular weight liquid like water, dioxane or benzene, some 

polymers form lyotropic mesophases. The self-ordering in these systems is caused by their 

amphiphilic character, i.e., the presence of solvophobic (lyophobic) and solvophilic (lyophilic) 

groups in the polymer. Both SCLCPs and MCLCPs can form lyotropic mesophases.41 The 

tobacco mosaic virus, DNA, collagen and cotton cellulose are biopolymers capable of forming 

lyotropic mesophases.42 
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Scheme 1.4 Polymers capable of forming lyotropic mesophases. ^"45 

Some synthetic lyotropic LCPs are shown in Scheme 1.4. Lyotropic liquid crystalline 

polymeric systems are mainly used for fiber spinning.46 An example is the mechanically very 

strong fiber poly(p-phenylene terephthalamide) (6) which is better known as Twaron and is 

commercially available from Akzo Nobel. A similar polymer is produced by Du Pont under the 
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name Kevlar. By preparing an anisotropic solution of the biopoiymer cellulose in a phosphoric 

acid/water mixture products like e.g. flame retarding fibers or additives for paints and laundry 

detergents can be produced.47 

By varying the solubilisation quality of the solvent (by using various solvents, solvent mixtures 

or by varying temperature) the extent of inter- and/or intramolecular aggregation between the 

alike groups may be altered leading to various lyotropic phases. Other factors influencing 

lyotropic behaviour are the polymer molecular weight, polydispersity and chain rigidity.43 

1.2 Amphiphilic Polymers 

Polymers bearing hydrophilic and hydrophobic fragments, so-called amphiphilic polymers, 

have been known for a long time. They have attracted much attention due to their resemblance 

to biopolymers and their strong tendency for self-organisation in aqueous solution (lyotropic 

mesomorphism). The conformational behaviour of amphiphilic polymers is intriguing from the 

point of protein science. The secondary structure of these polymers is of course much simpler 

than that found in proteins, but the factors controlling the secondary structure are similar. 

Hydrophobic interactions, electrostatic repulsions between headgroups, and excluded volume 

interactions play an important role in both systems. Furthermore, both systems undergo 

conformational changes upon addition of free surfactants. This makes amphiphilic polymers 

attractive model systems for proteins. By incorporation of different surfactants in a polymer 

chain proteins may be mimicked (Figure 4.1)48 Amphiphilic polymers are often called 'micellar 

polymers' because of their resemblance in both properties and structures of surfactant micelles. 

Both systems have a high solubilisation capacity for non water-soluble molecules and have low 

viscosities in aqueous solution due to hydrophobic aggregation. 

Q 

^/V^/V\Al?l\AA/V^A.l'\AAAAAJJr\AAAAA>?VW^AA/S\A/V, 

Figure 1.4 Schematic representation of amphiphilic polymers. 

1.2.1 Microdomain formation 
Amphiphilic polymers are characterised by versatile molecular architectures. An important class 

of amphiphilic polymers are the polysoaps in which the hydrophilic and hydrophobic groups 

are scattered all over the macromolecule. The amphiphilic character stems from the presence of 

many independent, surfactant-like structural units which are covalently linked as depicted in 

10 
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Figure 1.4. The ionic groups can be incorporated in an otherwise hydrophobic backbone or be 

present in side chains. Many types of hydrophilic headgroups have been employed in 

polysoaps, covering non-ionic, cationic, anionic and zwitterionic ones. Also a variety of side 

chains have been used. Some examples are shown in Scheme 1.5. 
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Scheme 1.5 Amphiphilic polymers. ""52 

A well known class of polysoaps are the poly(maleic acid-co-alkyl vinyl ether)s 13 which have 

been studied to a great extent by Zana et a/.53-55 and Strauss et a/.56-59 In aqueous solution the 

ionic groups prefer to be hydrated by the surrounding water molecules, whereas the 

hydrophobic side chains shy from the water molecules by forming so-called microdomains. The 

charge density on the polyelectrolyte backbone and the size of the hydrophobic side chains 

govern the formation of microdomains. The electrostatic interactions between the charged 

groups on the backbone favour the stretching of the polyelectrolyte chain in order to decrease 

the repulsions between the chain segments. Opposing this are the hydrophobic interactions 

between the side chains. Increasing alkyl chain length will increase the intramolecular 

hydrophobic interactions favouring a more compact polymer coil.60 This is schematically 

depicted in Figure 1.5. 

degree of ionisation (a) 

side chain length 

Figure 1.5 Polymer conformation as function of charge density and side chain length. 
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For n = 0 or 1 polysoap 13 behaves as a normal hydrophilic polyelectrolyte which undergoes 

progressive conformational expansion when the charge density is increased. The increase in 

charge density is obtained by deprotonation of the carboxylic acid groups. For 2 < n < 9 an 

increase in charge density results in a conformational transition whereby the copolymer coil 

goes from a compact globular conformation stabilised by hydrophobic interactions at low 

charge density (low a), to a normal extended polyelectrolyte conformation at high charge 

density (high a). The transition takes place within a fairly narrow range of a which increases 

with n. For n > 9 the polysoaps appear to retain the compact conformation in the whole range 

of a. Similar results are obtained for poly(l-alkene-co-maleic acid)s upon varying charge 

density and alkyl chain length.61"63 

The presence of hydrophobic microdomains has been ascertained by techniques like 

viscometry64'65, surface tensiometry66 and fluorescence probing.51-54 This last technique 

makes use of probe molecules of which small amounts are added to the solution or are 

covalently linked to the polysoap. The disadvantage of these systems is that the probe molecules 

do not form an intrinsic part of the system, and can therefore affect the microdomain formation. 

When the probe molecules are regularly distributed along the polymer chains, e.g. on each side 

chain, they form an intrinsic part of these polymers and play a role in determining the physical 

properties. Aggregation of the probe molecules, also called chromophores, can then be used to 

monitor the microdomain formation. 

1.2.2 Exciton coupling 

Spectroscopic techniques like NMR, UV/VIS and fluorescence spectroscopy are very helpful in 

elucidating conformational transitions in both synthetic and biopolymers.67 In lyotropic systems 

the formation of highly ordered aggregates is usually accompanied by an increase in linewidth 

of the NMR peaks due to restricted molecular motions, changes in relaxation times and changes 

in chemical shifts due to a different chemical surrounding.68 In UV/VIS and fluorescence 

experiments use is made of spectral changes, like shifts in absorption maxima, peak widths and 

peak asymmetry, which result from a different micropolarity (solvatochromic shifts) or from 

exciton formation. As many polymers have no UV sensitive or fluorescent groups, labelling 

with chromophores can be helpful in elucidating physical changes.69 

The close proximity and preferred orientation of molecules within an aggregate structure lead to 

intermolecular interactions which affect the energies of both the ground and excited states. 

Under these conditions molecules do not behave as isolated species but participate in an 

extended electronic network. Kasha proposed the "molecular exciton theory" to explain the 

observed spectral changes upon aggregation.70"73 This model, which neglects the electronic 

overlap of the it-systems, is based on the interaction between localised transition dipole 

moments. The coupling between the dipole moments results in a splitting of the monomer 
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excited state into a higher energy and a lower energy state. The resulting transition energy (E*) 

is related to the energy of the monomer, Em, by 

E ^ E +E +D 
m ex 

in which D is the dispersion or Van der Waals interaction energy reflecting the change in 

environment from monomer to oligomer, and Eex is the exciton splitting energy. 

For parallel transition dipole moments only the in-phase transition dipole arrangement, with the 

transition to the higher energy level (E+), is allowed. Transition to the lower energy level (E"), 

with out-of-phase transition dipole arrangement, is forbidden because the transition dipoles 

cancel each other. Parallel chromophore orientation therefore results in a shift of the UV 

absorption maximum to lower wavelengths (blue shift) with respect to the monomer absorption 

maximum. These types of aggregates are also called H-aggregates. 

N molecules 

A 

7^ 

D 

monomer H-aggregate monomer J-aggregate 

Figure 1.6 Molecular exciton model. Taken from reference 74. 

For in-line transition dipole moments only the transition to the lowest energy level, with the in-

phase transition dipole arrangement, is allowed. In-line chromophore orientation, also called J-

aggregation, thus results in a shift of the UV absorption maximum to higher wavelengths (red 

shift). 

The spectral shift (in wavenumber, Av) for an aggregate consisting of N monomers with 

respect to the monomer absorption is given by73: 

,2 

Av = 
2 N-\/i 

he N 
—(l-3cos2aj 
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in which jx is the magnitude of the transition dipole moment, r is the centre-to-centre distance 

between the dipoles and a is the angle between the chromophore long axes and the 

chromophore centre-to-centre line. Av is believed to be mainly governed by r and a. As for the 

tilt angle a, a blue shift means H-aggregation having a relatively large a value and a red shift 

means J-aggregation having a relatively small a value. 

1.2.3 Monolayer formation 

Due to their distinct hydrophilic and hydrophobic parts amphiphilic polymers do not only 

aggregate in aqueous solution, but they can also aggregate at an air-water interface. A technique 

used to prepare these ordered layers is the Langmuir technique. 

Accumulation of polar organic molecules, like surfactants or polyelectrolytes, at the air-water 

interface may result in the formation of well-ordered molecular films, the so-called Langmuir 

films. These Langmuir films can be prepared on a Langmuir trough. A small quantity of an 

amphiphilic compound is dissolved into a volatile organic solvent and spread onto a purified 

subphase (usually water). When the solvent has evaporated the compound remains at the 

interface. The use of moveable barriers allows compression and expansion of the film at the air-

water interface and the surface pressure and available area can be simultaneously recorded. The 

surface pressure is the difference between the surface tension of pure subphase and that of the 

subphase covered with a monolayer. Since the total number of molecules and the total area that 

the monolayer occupies are known, the available area per molecule can be calculated and a 

surface pressure-area (TC-A) isotherm can be constructed.75 

The 7t-A isotherms give information on the molecular cross-section, orientational behaviour of 

the compounds and information about the interactions with substances dissolved in the 

subphase. Monolayer films can exhibit a multiplicity of phases depending on the area available 

per molecule, the temperature and composition of the subphase and the nature of the compound 

(Figure 1.7).76-?8 

For compounds with strong headgroup repulsions a liquid expanded phase is formed at large 

molecular areas. Upon compression the intermolecular distance decreases and a liquid 

condensed (Figure 1.7c) or crystalline phase (Figure 1.7a,b) can be adopted. This phase 

sometimes coexists with the liquid expanded phase. When all molecules are in the condensed or 

crystalline phase all rotational freedom is lost. Further compression of the monolayer results in 

a steep rise in surface pressure followed by collapse of the monolayer due to mechanical 

instability. Upon collapse a sharp decrease in surface pressure is usually observed. Nonionic 

amphiphiles form isolated crystalline or amorphous domains at large molecular areas due to 

their self-assembling characteristics. The crystalline domains can assemble as a large 

homogeneous crystalline monolayer (Figure 1.7d) or as a polycrystalline monolayer without 

crystallographic orientation due to the thermal molecular motion at the domain bounderies 
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(Figure 1.7e). The amorphous monolayer can not be crystallised upon compression due to 

collapse before reaching the surface pressure at which the monolayer can be crystallised at a 

given subphase temperature (Figure 1.7f). 
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Figure 1.7 Surface pressure-area isotherms for compounds with strong (a,b,c) and weak 
(d,e,f) headgroup repulsion as a function of temperature. The temperature 
increases from left to right. The monolayer can be amorphous or crystalline. 
Taken from reference 77. 

To prepare polymeric monolayers the interactions of the hydrophilic groups in the polymer with 

the subphase must be strong enough to make it energetically favourable for the polymer 

molecules to uncoil and to become relatively ordered at the water-air interface. In this respect 

polymers with frequent and regular placement of the hydrophilic and lipophilic groups like e.g. 

alternating copolymers of maleic anhydride or maleic acid with various comonomers comprise 

an interesting class of polymers for the formation of stable monolayers. 

With Brewster Angle Microscopy (BAM) it is possible to visualise the morphology and domain 

structures of a monolayer at the air-water interface.79-80 The principle of this technique is the 

almost zero reflectivity of the water surface for light polarised in the plane of incidence and 

incident at the Brewster angle (53°). This means that the surface will appear dark. If a polarised 

laser beam is directed to a monolayer-covered surface at 53°, the Brewster angle is slightly 

different, and therefore the reflectivity from the interface is not zero. The reflected beam can be 

imaged by a CCD camera and contrast is provided by local differences in the thickness and 

optical dispersion properties of the monolayer. 

1.2.4 Langmuir-Blodgett films 
Organised films necessary for electronic and electro-optical applications can be prepared by the 

Langmuir-Blodgett technique. If the surface pressure (surface tension) of the monolayer is held 
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constant in a liquid condensed phase and a stable monolayer is obtained, a monomolecular film 

can be transferred from the surface onto a suitable solid substrate by dipping the latter through 

the monolayer-air interface. In this way highly ordered (multilayer) films can be obtained where 

the thickness can be controlled exactly by the number of dipping cycles. Arrays of molecules 

are formed, preferably with cooperative properties different from those of the individual 

molecular components and perhaps possessing some functional enhancement. Liquid crystals 

are a well-known example of a cooperative function, nowadays used in numerous 

applications.81 

Commonly used substrates are glass and quartz slides, silicon wafers and mica. Depending on 

the interactions between the polar and nonpolar parts of the molecules and the nature of the 

interaction between the first layer and the substrate several deposition modes are possible. 

These include X-type (film transfer on downstroke only), Z-type (transfer on upstroke only) 

and Y-type deposition (transfer on both the upstroke and downstroke). Y-type deposition is the 

most commonly observed deposition mode and yields stable, centrosymmetric multilayers. 

However, for non-linear optics (NLO), piezoelectric and pyroelectric devices non-

centrosymmetrical structures are required. The X- and Z-type multilayers may have sufficient 

asymmetry, but they often transform into Y-type multilayers due to molecular turnaround.75 So 

far only few monomeric materials have been reported to produce genuine X- or Z-type 

multilayers.82"84 When deposited in a X- or Z-type fashion polymeric materials are more 

attractive for use in non-linear optics than low molecular weight materials due to their superior 

thermal and mechanical stability.85-88 

1.3 Polyelectrolyte-Surfactant Interactions 

A large number of studies have been dedicated to polymer-surfactant interactions.89'90 These 

studies provide information on biological processes, like protein denaturation by surfactants and 

the binding of proteins to biological tissues like membranes.91'92 Biopolymers like bovine 

serum albumin (BSA) and collagen, bind strongly to oppositely charged surfactants like sodium 

dodecyl sulfate (SDS).92-93 Various researchers have e.g. studied the interaction of DNA with 

cationic surfactants.94'95 Recently, the interaction between DNA and cationic liposomes has 

become a focus of interest. These liposomes were shown to be promising gene delivery 

systems.96 The use of synthetic polymers in biological systems is also gaining interest. The 

synthetic polymer polyethyleenglycol (PEG) has been used to coat red blood cells which makes 

it possible to use the blood for transfusion to patients irrespective of their blood type. 

Experiments using mice have shown that the coated blood cells are accepted by all blood types 

because the immune system does not recognize the antigens of the injected blood cells.97 
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Polyelectrolytes and oppositely charged surfactants provide a good model system to study the 

binding of biopolymers to individual or aggregated surfactant molecules.98 The binding of 

surfactants to polymers usually starts at concentrations far below the critical aggregation 

concentration of the surfactants in pure water and is highly cooperative. The electrostatic forces 

between the oppositely charged components are reinforced by a cooperative process involving 

aggregation of the alkyl chains of the bound surfactant molecules.68 

For many polyelectrolyte-surfactant systems of opposite charge, it has been found that the 

interaction strength increases with surfactant chain length and polyelectrolyte hydrophobicity 

and that binding is a cooperative process.94-99-100 For inorganic compounds anticooperative 

binding to polyelectrolytes is observed, which means that the presence of the polyelectrolyte 

counterion does not stimulate a next counterion to bind in its proximity. This suggests that there 

are not only electrostatic interactions involved in the process of surfactant binding, but also 

hydrophobic interactions between bound surfactant molecules.99 

The cooperativity of binding suggests that the surfactants bind to the polyelectrolytes in the 

form of micelle-like aggregates.101 The polyelectrolyte serves as the counterion in these 

complexes, shielding the inner part of the micelles from the surrounding water molecules.102-

104 This usually results in critical aggregation concentrations far below the critical micelle 

concentrations observed without polyelectrolytes. 

(+\zvw 

Figure 1.8 Schematic representation of the binding of cationic surfactants to a polysoap 
which forms intramolecular microdomains in aqueous solution. 

For hydrophobically modified polyelectrolytes the interaction is also seen to increase in strength 

upon increasing polyelectrolyte and/or surfactant hydrophobicity, but the cooperativity of the 

interaction decreases. Hydrophobically modified polyelectrolytes are capable of forming 

microdomains by aggregation of the polyelectrolyte side chains themselves. Due to electrostatic 

attraction and hydrophobic interactions a surfactant molecule will preferably incorporate into a 

microdomain. A next surfactant molecule tends to incorporate in another microdomain for 

entropic reasons and, to a lesser extent, because the first surfactant molecule has reduced the 

overall electrical charge of the microdomain.105 This is thought to lead to the decrease in 

cooperativity upon surfactant binding to the oppositely charged hydrophobically modified 

polyelectrolyte and finally leads to the formation of mixed aggregates as depicted in Figure 1.8. 
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In these aggregates the charged headgroups of the surfactants are located close to the polymer's 

charged groups, that replace the surfactant counterions, while the surfactant alkyl chains swell 

the microdomains. 

Several systematic investigations of the effect of polymer hydrophobicity and electrical charge 

density on the polyelectrolyte-surfactant interaction have been performed using techniques like 

fluorescence probing106 and potentiometry using surfactant selective electrodes.107 Using this 

last technique Zana et al. have extensively studied the interaction between alternating 

poly(maleic acid-co-alkyl vinyl ether)s 13, and ammonium amphiphiles.51'105'108 For these 

systems the strength of binding indeed increases upon increasing polyelectrolyte hydrophobicity 

and the cooperativity of binding decreases due to surfactant binding to the microdomains 

formed by the polyelectrolyte itself. 

1.4 Outline of the thesis 

Although many studies have been performed on polyelectrolyte-surfactant interactions the 

precise influence of variables in polyelectrolyte and/or surfactant structure on the interactions 

can still not be predicted accurately and the structures of the complexes are not yet completely 

elucidated. The study described in this thesis is performed to gain a better insight into the 

mutual interactions and factors influencing these interactions. This has been done by designing 

and synthesising a new series of hydrophobically modified polyelectrolytes in which the side 

chain lengths and the charge density can be varied relatively easy. Chromophores have been 

attached to the ends of the hydrophobic side chains to be able to monitor changes in the interior 

of the microdomains formed by these polyelectrolytes upon varying hydrophobicity, charge 

density and upon interaction with surfactants. Furthermore, these chromophores, which consist 

of rigid aromatic units, can induce the formation of liquid crystalline mesophases. 

In Chapter 2 the synthesis of the used polyelectrolytes is described and their thermotropic 

behaviour is discussed. Chapter 3 describes the polyelectrolyte behaviour in aqueous solution 

as a function of side chain length, charge density and polyelectrolyte headgroup. Furthermore, 

the sizes and nature of the formed aggregates are discussed. 

Chapters 4 and 5 deal with polyelectrolyte-surfactant interactions. In Chapter 4 the interaction 

between polyelectrolytes and surfactants as studied with a dodecyltrimethylammonium cation 

selectieve electrode, surface tensiometry and UV spectroscopy is described. In this chapter 

surfactants and polyelectrolytes are discussed in which chromophores are introduced in the 

polyelectrolyte or in the surfactant or in both components. In Chapter 5 interactions between 

chromophore labelled surfactants and polyelectrolytes with and without chromophores are 

discussed. 
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In Chapter 6 the monolayer formation of the polyelectrolytes as studied with the Langmuir 

technique is presented, together with the observed effects of the interaction with simple salts 

and surfactants which are added to the subphase. Also, the results of some transfer experiments 

of the polyelectrolytes onto various substrates are presented. 

Chapter 7 describes the formation of ion pair amphiphiles between chromophore labelled 

ammonium surfactants and oppositely charged sodium dodecyl sulfate. Their amphotropism is 

presented and the formation of vesicles is described. 

The thesis is concluded with a Summary containing the most relevant results and conclusions. 
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Synthesis and Characterisation of Maleic 
Anhydride Based Copolymers 

Novel alternating copolymers were obtained by radical 

copolymerisation of maleic anhydride and alkyl vinyl 

ethers with spacer lengths of 6 to 12 methylene units and 

terminal (cyanobiphenylyl)oxy moieties. These polymers 

were hydrolysed to the corresponding poly(maleic acid-

co-alkyl vinyl etherjs. By reaction of the maleic anhydride 

groups with 2-aminoethanesulfonic acid copolymers with 

both a carboxylic acid and a sulfonic acid moiety were 

synthesised. 

The maleic anhydride and maleic acid copolymers display 

liquid crystalline behaviour. The transition temperatures 

are lower for the more rigid polyfmaleic anhydride-co-

alkyl vinyl ether)s. The enthalpy gain associated with the 

phase transition increases with decreasing rigidity of the 

polymeric backbone and with increasing spacer lengths. 

For the polymers with a maleic acid and a potassium 

sulfonate moiety no liquid crystalline phases have been 

observed. 



Chapter 2 

2.1 Introduction 

In the past decade numerous papers have appeared on liquid crystalline polymers. These 

polymers have better mechanical and thermal stability as compared to the low molar mass 

liquid crystals. Possible applications in data storage, non-linear optics and conductive 

materials have increased the efforts to synthesise new liquid crystalline polymers.' The main 

chain liquid crystalline polymers combine rigid units and flexible spacers within the main 

chain, whereas in side chain liquid crystalline polymers the rigid units are coupled to the 

polymeric backbone via a flexible spacer. Above a certain length of the flexible spacer the 

motion of the rigid mesogens and the backbone become decoupled. In this way mesophase 

formation is largely determined by the mesogen and a large number of different mesogens can 

relatively easy be introduced into a specific polymer.2 

Some main chain and side chain LCPs are capable of forming lyotropic mesophases. In these 

systems the thermodynamic quality of the solvent determines the extent of intra- and 

intermolecular aggregation between the alike groups within the polymers. 

In an effort to obtain both thermotropic and lyotropic liquid crystallinity, copolymers of 

maleic anhydride and alkyl vinyl ethers carrying a (cyanobiphenylyl)oxy mesogen are 

synthesised. In a water/THF mixture these copolymers are hydrolysed to the corresponding 

maleic acid copolymers. By reacting the maleic anhydride copolymers with 2-

aminoethanesulfonic acid copolymers with a carboxylic acid and a sulfonic acid moiety are 

obtained. In this chapter the synthesis and thermal behaviour of these three classes of new 

copolymers is described. 

2.2 Some Theoretical Aspects 

2.2.1 General aspects of radical polymerisations 
The general reaction scheme for free radical polymerisation can be expressed as drawn in 

Scheme 2.1. In this scheme I represents an initiator molecule and R- a free radical produced 

thermally or photochemically in the initial step. Usually the initiator is a peroxide or aliphatic 

azo compound, such as benzoyl peroxide, cumene hydroxyperoxide and 

azobisisobutyronitrile (Scheme 2.2). 

The radical produced from the initiator attacks a double or triple bond of a monomer to form a 

radical which can then react with other compounds having a double or triple bond, resulting in 

chain propagation. Chain termination can occur by chain transfer, disproportionation or 

recombination of radicals. In chain transfer the polymer chain is terminated by transfer of the 

radical centre to a monomer, polymer, solvent or even to the initiator. This does not affect the 

overall rate of polymerisation, but the molecular weight distribution broadens. 

24 



-Polymer Synthesis and Characterisation 

decomposition of the initiator I *~ 2 R" 
H 
I 

initiation R- + CH 2 =CHX *- RCH2—"C" 

H x H 
1 A 

propagation RCH2—C" + CH 2 =CHX »- RCH2CHXCH2 — 9 and 
x H X H 

R - fCH 2 CHX) -CH2—C - + CH 2 =CHX *- R-fCH2CHX)— CH2—C -

v i I 'i+1 | 
X X 

H H X 
I I I 

termination 2 R ' / W , C H 2 — C " *- R J W C H 2 — C - C - C H 2 ^ V R 
X X H 

recombination of radicals 
H H 
I I 

2 R - / W ' C H 2 — C ' *• R > ~ v C H 2 — C H + R>/v-CH=CHX 
X X 

disproportionate 

H H H 
I I CH 2 =CHX | 

R % W v C H 2 — c - + T H *• R - ~ ^ C H 2 — CH +T *- TCH 2 -C ' 
X X X 

chain transfer 

Scheme 2.1 General reaction scheme for radical polymerisation. 

By disproportionation two radicals combine yielding short chains with saturated and 

unsaturated chain ends. The preferred chain termination occurs by recombination of radicals 

belonging to two identically initiated chains, or by use of a chain inhibitor like e.g. quinone, 

O2 or nitrobenzene.3"5 

CH3 CH3 CH3 

H 3 C - C — N = N - C - C H 3 < - 2 H 3 C - C ' + N2 I 
I I 20-100 °C I 

CN CN CN 

azobisisobutyronitrile (AIBN) 

(/ \— C - O - O - H *• (/ \ - C - 0 - +HO-
\ / I 50-100 °C \ — / I 

CH3 CH3 
cumene peroxide 

, . O O . . . . o 

^ \ ii ii r^\ ^ \ ii ^ ^ ^ 0 - o - C l - ( J ) 4 - ^ r 2 ^ J ^ C , - 0 - —^2^J)+2C02t 

benzoylperoxide (BPO) 

Scheme 2.2 Common initiators for radical polymerisations. 
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Chapter 2 

2.2.2 Radical copolymerisation 

When two monomers copolymerise a competition in the propagation reaction will occur, as 

visualised in Scheme 2.3. In this Scheme, r\ and r2 are the reactivity ratios which control the 

copolymer composition. They can be determined by analyzing the composition of the 

copolymer formed from a number of comonomer mixtures with various [A]/[B] ratios at low 

conversion (5 to 10%). 

From Scheme 2.3 it can be seen that there is an increasing tendency to form alternating 

copolymers when the product T\.i2 approaches zero. This is found for copolymers of maleic 

anhydride with acrylonitrile (n.r2 = 0.04) or maleic anhydride with methacrylate (rj.r2 = 

0.02)6.7 

Reactivity ratios of maleic anhydride with various vinyl ethers, like butyl vinyl ether and 

dodecyl vinyl ether (both with n.r2 = 0), confirm the tendency of these monomer pairs to 

form perfectly alternating copolymers.8 

^AA/VW* A* + A ^" i / U W W A A-

k12 
J V W W A' + B ^* ^ A / W W Ag* 

k22 
.AAAAA/" B' + B * " >AAAA/\/» Bg-

k21 
^AA/WA/* B' + A * " . A A A / W * BA' 

n = k n / k 1 2 

r2 = k22 / k2 i 

Scheme 2.3 Competing copolymerisation reactions. 

Monomer reactivities in radical copolymerisations depend on factors like resonance stability, 

polarity and steric effects. If, in a vinyl monomer (CH2=CHR), the group R is capable of 

aiding in the delocalisation of the radical, the radical stability will increase, decreasing its 

reactivity. Styrene and acrylonitrile, both conjugated monomers, are examples of highly 

reactive monomers but they will form relatively stable radicals leading to a decrease in 

reactivity. Nonconjugated monomers like ethylene and vinylacetate are, on the other hand, 

relatively unreactive towards free radicals, but they will form a highly unstable adduct which 

is very reactive. 

The polarity is, like the resonance stability, largely determined by the substituents. Electron 

withdrawing substituents like -COOR, -CN, -COCH3, all decrease the electron density of the 

double bond of a monomer relative to ethylene, whereas electron donating substituents like 

-CH3, -OR, -OCOCH3, increase the electron density of the double bond. Strongly alternating 

copolymers are obtained when comonomers which differ widely in polarity are reacted. The 

polar interactions between two comonomers can be so strong that steric hindrance between 

the comonomers is overcome and alternating copolymerisation is observed. 
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