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ABSTRACT 

New kinds of reactive catanionic vesicles were formed and their physical and 

chemical properties were studied. All ion-paired amphiphiles studied formed 

vesicular aggregates of over 100 nm in diameter as determined by differential 

scanning calorimetry and quasielastic light scattering. This is the first report on 

cross-linked ion-paired amphiphiles containing heterobifunctional fatty acid 

components. The reaction of heterobifunctional fatty acids produced, depending 

on the type of initiator, different polymers. Redox initiaton produced cross-linked 

polymers and hydrogen peroxide produced linear-ladder-like polymers. These 

polymerized structures were analyzed by UV and NMR spectroscopy, vesicle 

dissolution experiments, and solubility experiments. The polymerization of some 

reactive catanionic vesicles gave information on the competition between 1,4 and 

3,4-addition of monomers. These polymerized structures are a new class of 

compounds with promising properties. A new form of polymerizable reactive 

ester was synthesized in conjunction with different types of polymerizable 

phospholipids and their behavior at the air-water interface and ability to form 

Langmuir-Blodgett type films was tested. 
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1. Polymer Supported Tethered Lipid Bilayers 

1.1. Introduction 

In recent years the areas of Materials and Interface Sciences have developed 

many new techniques to provide modifications and studies on interfaces. The 

focus was on understanding surface processes and well defined structural 

modifications. Interfaces have important roles in many technological applications, 

e.g. dispersions and surface modifications. Material and surface properties are 

Influenced by interactions with the surrounding environment causing adhesion or 

repulsion. Therefore studies to understand the interactions of these forces are 

essential. Since nature has provided a large reservoir of optimized materials and 

interfaces, there has been special emphasis on biomimetic approaches for 

Improvement of surface properties. An example of biomimetics is the structural 

and functional modeling of biomembranes. 

Singer and Nicolson postulated the "Fluid Mosaic Model" of cell membranes 

(Figure 1-1).̂  The membrane is described as an arrangement of proteins within a 

fluid lipid membrane each responsible for essential functions like communication 

or transport. This enables living cells to notice their molecular environment as a 

stimulus and to react to changing conditions with a response. 
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Figure 1-1: Fluid mosaic model 

Based on knowledge of the high sensitivity of biological recognition reactions and 

the great demand for fast and inexpensive analytical procedures was the 

principle to apply biological systems for new biosensors.̂  Their advantage 

compared to conventional analytical methods is increased time and cost 

efficiency and independence of solvents. 

in general, sensors are miniaturized measurement devices capable of collecting 

data microelectronically. A biosensor (Figure 1-2) contains biomolecules called 

receptor components that are coupled to a transducer. Selective binding of the 

analyte to the receptor produces a signal which the transducer transforms into a 

measurable electronical signal and sends it for data processing. Good 
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understanding of the anaiyte-receptor interaction is essential for reliable 

substance identification. 

Figure 1-2: Biosensor 

The complex structure of bioreceptors and their lability outside living organisms 

have limited their application as biosensors. In order to preserve their 

functionality, it is desirable to incorporate the proteins, just like in their natural 

environment, into fluid lipid membranes. There is strong interest in creating 

synthetic membranes that can incorporate these proteins. 

1.1.1. Biomembranes in vivo 

All biological membranes have the same structural principle: They consist of 

lipids and proteins which aggregate in lipid bilayers attracted by non-covalent 

interactions (Figure 1-3). 

analyte receptor transducer electronic 
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Figure 1-3: Biomembrane  ̂
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The different lipids are amphiphilic molecules with a hydrophilic, polar headgroup 

and a hydrophobic, nonpolar hydrocartxsn tail. In water they aggregate 

spontaneously by self-assembly to form bilayers. vesicles or micelles depending 

on various parameters. They act as a dividing layer between two aqueous 

phases separating the cell into compartments and provide the hydrophobic areas 

for the incorporated proteins. At physiological temperatures all cell membranes 

are dynamic, fluid structures. The dynamic character is important for parameters 

like permeability, diffusion and flexibility. Proteins are essential for the functional 

character of membranes. On the outside membranes are coated by a 

cart)ohydrate-rich layer, the glycocalix. It consists of oligosaccharide head groups 

of the glycoproteins and glycolipids and determines the surface recognition of 
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cells. The cytoskeletcn is a polymeric protein network providing stabilization of 

the cell membrane from the inside. 

1.1.2. Membrane models 

The concept for synthetic membranes contains a model of essential functional 

and structural principles of biological membranes. There are several ways for 

structural modeling of membranes: 

1.1.2.1. Self-Assembly of amphiphilic molecules 

Based on their chemical structure amphiphilic molecules possess a tendency for 

self-assembly for thermodynamic reasons (Figure 1-4). It provides the molecules 

with a compromise of enthalpy gain through maximized interaction of neighboring 

molecules and entropy loss through increased supramolecular order. It is the 

energetically favored state. As surfactants (surface active agents) they migrate 

spontaneously to interfaces and form supramolecular assemblies; They form 

association colloids like micelles, vesicles or monolayers which have many 

technical applications.'* 



22 

Figure 1-4: Self-assembly of amphiphiles  ̂
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Amphiphiles decrease the surface tension of water because they form insoluble 

thin films on the water surface. Their water solubility decreases exponentially 

with increasing chain length of the molecule. This is due to insufficient energy 

gain by hydration of the polar headgroup to be able to keep the hydrophobic tail 

in the polar environment of water. 

The phase t)ehavior of films at the air/water interface can be studied with 

pressure-area isotherms based on technology developed by Langmuir and 

Pockels^-  ̂with a Langmuir-Blodgett trough. A more detailed look into this 

technique will follow later in this text 

A problem of synthetic membrane models was their low long term stability. This 

issue was addressed by polymerization of amphiphiles (Figure 1-5). Variation of 
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the location and number of the polymerizable functional groups within the 

molecule resulted in increased stability with large restrictions on molecular 

mobility. In some examples the shape of the association colloids could be frozen 

by polymerization^-  ̂ yielding new materials without the characteristic fluidity of 

biological membranes. In order to compromise stability and fluidity Ringsdorf et 

al. developed a new concept by introduction of spacer units for decoupling the 

dynamics of polymer main chain and lipid side chain.̂  

Figure 1-5: Polymerized biomembranes  ̂
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This strategy of membrane stability increase with preservation of molecular 

mobility is also pursued in the design of polymer supported biomembrane 

models. 

1.1.2.2. Planar Bilayers 

Some measurement techniques require planar geometry of the bilayer instead of 

the vesicular shape. 

Examples for these planar bilayers are the black lipid membranes (BLM, Figure 

1-6). They cover a very small hole in a separation wall between two aqueous 

chambers.̂  Due to light reflections at both membrane interfaces and light 

interferences they appear to be black. Their disadvantage is low mechanical 

stability in long term studies. 

Figure 1-6: Black Lipid Membrane (BLM)'° 

Compartinent Compartment 
A B 

An advantage of planar bilayers is the ability to conduct measurements that are 

impossible with vesicles. Immobilized lipid membranes can be studied, e.g. by 
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cyclovoltametry, Impedance analysis, ellipsometry, surface plasmon 

spectroscopy or atomic force microscopy (AFM). These methods are capable of 

measuring rates of certain membrane processes. 

There have been several studies on model membranes directly located on solid 

supports using various preparation techniques like Langmuir-Blodgett transfer or 

self-assembly of molecules  ̂̂  It has been impossible to do long term studies of 

membranes with functional proteins due to the denaturation effect of solid 

surfaces. It requires a biocompatible surface. 
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1.1.3. Synthetic routes for polymer supported bilayers 

There have been studies applying the spacer concept, introduced by Ringsdorf 

for polymerized liposomes, to solid supported bilayers.̂  It was expected that a 

soft, hydrophilic spacer could compensate for uneven surfaces and also provide 

space and fluidity for incorporated proteins. The new concept considered a 

polymer supported membrane as a possible solution. 

There are two synthetic routes to create these systems: 

1) Successive layer build-up 

The hydrophilic polymer is fixed onto a modified surface and subsequently 

covered by a lipid layer (Figure 1-7). 

Figure 1-7: Successive layer build-up^  ̂

Peptide and aminopolymers have been used due to their reactive amine 

functionality. Positively charged, branched polyethyleneimine (BPEI) was 

AluchnoM 
LipMDtpaiUaa 
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physisorbed onto the surface of negatively charged mica, followed by deposition 

of a monolayer of stearic acid.̂  ̂Another study involved electrostatically bound 

BPEI covered with amphiphilic L-glutamate derivative monolayers.̂  ̂Osa et al. 

studied BPEI as a spacer for immobilized enzymes on pH-sensitive field effect 

transistors Other studies with hydrophilic polymers involved 

polysaccharides^^-^  ̂and polyacrylamides.̂  ̂

2) Self-assembly 

Functionalized lipids or terpolymers are deposited on the surface by self-

assembly (Figure 1-8). 

Figure 1-8: Self-assembly^  ̂

Vogel et al. reported the adsorption of thiolipids that had been modified by 

incorporation of ethylene oxide oligomer spacer units (PEO) to separate the lipid 

part of the molecule from the sulfur anchor group on the other end.̂ '̂  ̂In a 
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similar way pentaalanine spacer units have been used to synthesize 

functionalized lipids.̂  

The concept of functionalized terpolymers was demonstrated by Ringsdorf et 

al.̂ '̂̂  ̂A copolymer of acrylate, disulfide functionalized methacrylate and 

amphiphile coupled methacrylate was used in this study. 

1.1.4. Macromolecules on solid surfeces 

Deposition of thin polymer films on solid surfaces has many important technical 

applications because the polymer layer changes the interactions with the 

molecular environment and the material properties. Theoretical studies of 

polymers at interfaces provided information on the polymer layer structure in 

dependence to their anchoring density, molecular weight and molecular weight 

distribution.̂ ®'̂ ®'̂ '̂̂ ® New experimental methods were described for studies of the 

monolayer microstructure.̂  ̂It was shown that polymers on surfaces have 

restricted mobility due to surface interactions. Reduced segment mobility 

changes polymer properties like glass transition temperatures and diffusion 

coefficients.̂ ® 
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There are different methods for polymer film deposition; 

1) Physisorption of polymer films 

The attractive forces of substrate and adsorbate are only based on van-der-

Waals interactions, electrostatic interactions or hydrogen bonding. The binding 

enthalpy can be up to 20 kJ/mole.̂  ̂ These values are additive when multiple 

chain segments of the same polymer interact with the surface. It can result in 

very strong, irreversible adsorption. Thin films having a thickness of 0.1 jim to 1 

mm can be obtained with techniques like spin coating or spraying. There is only 

limited control of the mechanical film properties with these techniques. 

A more challenging procedure is film transfer using the Langmuir-Blodgett 

technique. Well defined mono- or multilayers of amphiphilic molecules can be 

prepared in this manner. 

The structure of an adsorbed polymer layer is described as adsorbed segments 

(train), parts between two adsorbed segments (loop) and chain ends that are 

attached to the surface by only one adsorbed segment (tail; Figure 1-9).̂  ̂
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Figure 1-9: Structure of an adsort}ed polymer layer  ̂
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The disadvantage of producing polymer films by physisorption is possible 

desorption or displacement by competing adsorbing molecules, e.g. water from 

air humidity. Improved film stability can be obtained by formation of chemical 

t)onds between the polymer and the surface. 

2) Chemisorption of polymer films 

The polymer films prepared by chemisorption have covalent t)onds with the solid 

surface. The tethered chains can be connected to the surface by terminus or side 

chains (Figure 1-10). 
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Figure 1-10: Tethered polymers by terminus and side chain 

Terminally connected polymers require the introduction of a new length scale: 

The distance of anchor sites. Theoretical and experimental studies of these films 

exhibit a dependence of the chain conformation to this new parameter.̂  ̂If the 

anchor distance is larger than the molecular diameter, there are isolated polymer 

coils. The macromolecules adopt, depending on the tendency of chain segments 

for adsorption to the surface, limiting structures called mushroom or pancake 

conformations (Figure 1-11).̂  ̂
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Figure 1-11: Seif-assembly of polymers on the surface 

Mushroom 

If the anchor distance is smaller than the molecular diameter, the chains overlap 

and elongate in order to avoid increased chain interaction energies. The 

elongation process away from the surface is limited by entropical restriction 

forces of the polymer chains until equilibrium is reached. The molecular structure 

of these overiapped chains is called polymer brush. 

Another important feature to the structure of the polymer film is the attachment 

procedure. The distinction is between the "grafting to" and the "grafting from" 

method. The first method involves chemisorption of the polymer molecules out of 

solution onto the solid surface where their active functional groups react with 

groups on the surface. Due to increase of molecular crowding on the surface 

molecules trying to diffuse to the surface at an advanced stage are sterically 

Pancake Polymer brush 
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hindered, leading to limitation of the layer thickness. Values of 50 A can be 

achieved.Another limiting factor of this method is the requirement of low 

molecular weight of the polymer due to higher probability of the reactive group 

being hidden within the polymer coil of a very long chain molecule. 

The "grafting from" method does not have these limitations. There have been 

studies on the method using radical and ionic polymerizations.̂ '̂ '̂̂  ̂

1.1.5. Recent Designs of Tethered Supported Lipid Bilayers 

Promising attempts towards the synthesis of functional tethered bilayers were 

recently reported by Knoll et Different approaches using chemisorption 

of hydrophilic polymers were investigated in creating these models of 

immobilized polymer layers on a solid substrate. Both synthetic concepts were 

applied; "grafting to" and "grafting from" technique. 

In the "grafting to" technique the polymers were immobilized at the surface of the 

substrate by end group attachment of telechelic poly(oxazolines) equipped with a 

silane anchor group on one end of the molecule and a reactive group or a lipid on 

the other end. The attachment of the whole supramolecular assembly was 

performed in one reaction step. Depending on the polymer chain length, film 

thicknesses of up to 46 A were obtained. The limiting factor appeared to be a 

diffusion barrier experienced by the attaching polymer molecules of high 

molecular weight. 
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The "grafting from" approach was done in a reaction sequence (Figure 1-12). 

First, the glass surface was modified by attachment of NHS-ester silanes as 

anchor molecules. The silanes formed covalent bonds with hydroxy! groups of 

the glass surface. In a second step a partially hydrolyzed linear 

poly(ethyloxazoline-stat-ethyleneimine) polymer (PEOX-LPEI) was covalently 

connected by formation of amide bonds. This technique allows coupling of 

polymers that cannot be obtained by "living" polymerization or contain functional 

groups incompatible with the anchor group reaction. The PEOX-LPEI was 

prepared by cationic ring opening polymerization followed by various degrees of 

partial acid hydrolysis. Depending on the reaction conditions polymer film 

thickness up to 44 A was achieved. The coupling step leaves the polymer with 

plenty of unreacted amine functional groups which can be used for reactions with 

lipid molecules. Activated NHS-ester of saturated fatty acid molecules were used 

in a mixture with lipid molecules (DMPC) and deposited onto the polymer 

modified glass surface by Langmuir-Blodgett transfer. This creates a lipid 

monolayer of amphiphilic molecules containing some covalently attached and a 

majority of non-attached molecules that are not fixated into their positions and 

are able to diffuse within the monolayer. The thickness of the lipid layer on the 

polymer was 16 A. Swelling experiments of the polymer layer revealed its ability 

to reversibly incorporate water into its structure increasing the layer thickness by 

22 A. This result indicated the ability of the hydrophilic polymer layer to act as a 
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polymer cushion for biomembranes, tethering it to the solid surface under 

preservation of its membrane properties. 

Figure 1-12: Polymer supported lipid monolayer  ̂

Variation of position and nature of the coupling functional groups could also be 

changed as shown in another report?  ̂Surface modification was performed by 

covalent attachment of a isocyanate/maleic anhydride copolymer (lAP) yielding a 

film thickness of 50 A. This provided a polymer layer with a large number of 

different reactive groups available for further functionalization and repetition of 



polymer deposition resulting in multiple polymer layers. Multilayers of up to 200 A 

in film thickness were obtained with this reaction sequence. This methodology 

opened up possibilities for fine tuning the polymer layer thickness on surfaces. 

These reports proved the feasibility of tethered lipid membrane bilayer models. 
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1.2. Experimental 

1.2.1. Materials 

The chemicals were purchased from Aldrich Chemical Co. except L-glycero-

phosphorylcholine-cadmium chloride (Avanti Polar Lipids). The solvents were 

dried and distilled before they were used. CHCb and CHaCIa were distilled from 

CaHa under argon and THF was distilled from sodium benzophenone ketyl. The 

reactions were monitored by TLC and visualized by UV lamp or 

phosphomolybdenic acid dye. 

1.2.2. Molecule Design 

In the present study it was attempted to use reactive phospholipids mixed with an 

NHS active ester to fomn a stabilized tethered lipid bilayer. It was reported that 

phospholipids could be synthesized with different reactive functional groups 

within the fatty acids (sorbyl, acryl and dienoyl).'*®'̂ ^-^  ̂Vesicles containing those 

reactive phospholipids were stabilized through polymerization by a variety of 

different initiation techniques. The amount, nature and position of the reactive 

groups were varied. Using these reactive phospholipids to forni a stabilized 

tethered bilayer would open the opportunity to stabilize the membrane through 

polymerization. The incorporation of an NHS-ester containing similar fatty acids 

would covalently integrate this compound into the bilayer. The active ester would 

provide an opportunity to covalently attach the polymerized bilayer to a polymer 

cushion on the solid support (Figure 1-13). 
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Figure 1-13: Stabilized tethered lipid bilayer 

The molecules that were designed for this study contained the sorbyl group as 

reactive functional group in both compounds, the phosphatidylcholine molecule 8 

and the NHS active ester 4 (Figure 1-14). 
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Figure 1-14: Design of polymerizable phosphatidylcholine lipid and NHS-ester 
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1.2.3. Syntheses of Sorb-NHS-ester and BIsSorb-PC 

Scheme 1-1: Synthesis of Sorb-NHS-esters 4a,b 
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Sorbyl chloride (1): 

2,4-Mexadienoic acid (5 g, 47 mmol) was stirred at room temperature and oxalyl 

chloride (8.5 g, 67 mmol) was added dropwise to the pure acid. The reaction 

mixture was stirred overnight. The reaction product sorbyl chloride 1 was isolated 

by vacuum distillation at 50 °C (0.4 Torr) as a clear liquid (4.4 g, 76%). 

8-Sorbyloxyoctane-1-ol (2a): 

1,8-Octanediol (14.8 g, 101 mmol) was stirred with pyridine (2.7 g, 34 mmol) in 

200 ml THF. A solution of sorbyl chloride (1, 4.4 g, 34 mmol) In 50 ml THF was 

added dropwise. The mixture was stirred overnight and filtered, removing 

precipitated pyridinium hydrochloride. The solvent was removed under reduced 

pressure. Carbon tetrachloride (200 ml) was added and cooled to -20 °C for two 

hours. The excess diol precipitated and was removed by vacuum filtration. The 

reaction product was concentrated by Rotovap. The crude ester 2a was purified 

by column chromatography (hexane/EtOAc 80:20) to give a yield of 3.5 g (43%). 

^H-NMR (CDCb) 6 7.22 ppm (dd, 1H). 6.11 ppm (m, 2H), 5.74 ppm (d, 1H), 4.10 

ppm (t, 2H), 3.58 ppm (t, 2H), 1.85 ppm (d, 3H), 1.57 ppm (m, 4H), 1.30 ppm (m, 

8H). 

9-Sorbyloxynonane-1-ol (2b): 

The synthesis was conducted similar to the procedure for compound 2a. 
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^H-NMR (CDCI3) 5 7.18 ppm (dd, 1H). 6.12 ppm (m. 2H), 5.75 ppm (d, 1H), 4.10 

ppm (t, 2H), 3.61 ppm (t, 2H), 1.83 ppm (d, 3H), 1.60 ppm (m, 4H), 1.32 ppm (m, 

10H). 

S-Sorbyloxyoctanoic acid (3a): 

8-Sorbyloxyoctan-1-ol (2a, 3.5 g, 15 mmol) in 20 ml DMF was added dropwise to 

a solution of pyridinium dichromate (19.2 g, 51 mmol) in 20 ml DMF at 0 °C. 

When the addition was completed, the mixture was allowed to warm up to room 

temperature and stirred overnight. 20 ml saturated sodium chloride solution was 

added to the brown, viscous reaction mixture. The crude acid 3a was extracted 

with diethyl ether until the water layer lost its UV activity, indicating a complete 

phase transfer of the product to the organic phase. The ether extract was dried 

with anhydrous magnesium sulfate. The acid 3a was filtered, the solvent 

removed and purified through column chromatography (hexane/ EtOAc/formic 

acid 80:20:1) to give a yield of 1.9 g (52%). 

^H-NMR (CDCI3) 5 7.21 ppm (dd. 1H). 6.13 ppm (m, 2H), 5.74 ppm (d, 1H), 4.09 

ppm (t, 2H), 2.32 ppm (t, 2H), 1.85 ppm (d, 3H), 1.61 ppm (m, 4H), 1.32 ppm (m, 

6H). 

S-Sorbyloxynonanoic acid (3b): 

The synthesis was conducted similar to the procedure for compound 3a. 
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^H-NMR (CDCI3) 5 7.18 ppm (dd, 1H). 6.13 ppm (m. 2H), 5.72 ppm (d, 1H), 4.08 

ppm (t, 2H). 2.31 ppm (t, 2H), 1.82 ppm (d, 3H), 1.60 ppm (m, 4H), 1.32 ppm (m, 

8H). 

SorthlS-NHS-ester (4b): 

N-Hydroxysuccimide (0.13 g, 1.1 mmol) was dissolved in 10 ml freshly distilled 

ethyl acetate, mixed with fatty acid (3b, 0.3 g, 1.1 mmol) and stirred under argon. 

DCC (0.23 g, 1.1 mmol) was dissolved in 5 ml ethyl acetate and added to the 

mixture. The reaction mixture was stirred ovemight at room temperature. After 

completion of the reaction the mixture was filtered to remove precipitated 

dicyclohexylurea and the solvent removed by Rotovap. The crude ester 4b was 

purified by column chromatography (chlorofomn/ether 80:20) to yield 0.24 g 

(63%). 

^H-NMR (CDCI3) 5 7.18 ppm (dd, 1H). 6.13 ppm (m, 2H), 5.72 ppm (d, 1H), 4.09 

ppm (t, 2H), 2.81 ppm (s, 4H), 2.56 ppm (t, 2H), 1.82 ppm (d, 3H), 1.63 ppm (m, 

4H). 1.32 ppm (m, 8H). 

Sorb-1S-NHS-ester (4a): 

The synthesis was conducted similar to the procedure for compound 4b. 

^H-NMR (CDCI3) 6 7.18 ppm (dd. 1H), 6.13 ppm (m. 2H). 5.72 ppm (d, 1H), 4.09 

ppm (t, 2H), 2.81 ppm (s, 4H), 2.56 ppm (t, 2H). 1.84 ppm (d, 3H), 1.65 ppm (m, 

4H), 1.30 ppm (m, 10H). 
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Scheme 1-2: Synthesis of BisSort)-PC 7-9 
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BisSorb-15,15-PC 7 and BisSorb-16,16-PC 8 were synthesized as illustrated in 

Scheme 1-4 from the corresponding alkyldiols following a procedure reported by 

Lamparski et al.'*° BisSorb-17,17-PC 9 was synthesized by Bruce Bondourant 

following a similar procedure. BlsDen-18.18-PC 10 was synthesized by Warunee 

Srisiri following reported procedures.̂  ̂
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Figure 1-15: Compounds for Langmuir-Blodgett studies on a film balance 
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1.2.4. Methods 

1.2.4.1. Instruments 

^H-NMR and ^^C-NMR spectra were acquired predominantly on a Bruker AM-250 

instrument. The solvent for these experiments was deuterated chloroform. UV 

spectra were obtained on a HP spectrophotometer in methanol or Milli-Q water. 

The film balance used in these experiments was from Lauda. 
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1.2.4.2. Langmuir-Blodgett technique 

a) Sample preparation for LB studies 

The lipid samples (Figure 1-15) were dissolved in benzene and freeze-dried. 

Chloroform was added to prepare dilute stock solutions for each compound of a 

concentration of approximately 1 mmol/l. The lipid solutions were spread 

dropwise from a calibrated syringe onto an aqueous phase of Milli-Q water in a 

Teflon-coated Lauda film balance, equipped with a Wilhelmi-plate for surface 

pressure detection. A time of five minutes was allowed for evaporation of the 

volatile chloroform solvent. 

b) Pressure-area isotherms 

After complete solvent evaporation the surface area of the film balance was 

reduced by a motor driven mobile barrier. The change in surface pressure was 

measured and plotted versus the surface area per molecule. 

c) Hysteresis experiment 

The sample was prepared the same way as described for the determination of 

pressure-area isotherms. The trough area was reduced with the moving barrier 

until a preset surface pressure value was reached. After maintaining this 

pressure for 3 minutes the area of the film balance was completely expanded. 

The sequence of compression and expansion was repeated three times. 
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d) Monolayer transfer onto solid supports 

The Langmuir-Blodgett method was used to prepare the films and assemblies. 

The hydrophilic glass slides were cleaned in a solution of sulfuric acid / hydrogen 

peroxide (3:1) prior to use. They were submersed in the water phase before the 

lipid was spread on the trough area. The lipid film was prepared by reducing the 

film balance area with the moving barrier until the preset surface pressure was 

obtained. The lipid monolayer was transferred by lifting the slide at a rate of 0.5 

cm/min. 

e) Determination off layer thickness 

The thickness of transferred lipid layers on solid supports was determined by 

waveguide mode spectroscopy (WaMS)'̂ *^®'̂ ® with a home-built spectrometer of 

the Max-Planck-Institute for Polymer Research (Mainz/Germany). This was a 

highly sensitive method to characterize optical properties of thin layers.'*  ̂

The refractive index na and the film thickness da could be determined by this 

method with accuracies of 0.1 nm for film thickness and 0.01 for the refractive 

index. The waveguide sensor was fabricated by depositing a 220 nm thick 

SixOyNz layer with a refractive index of 1.70 on top of a quartz substrate. The lipid 

monolayer was transferred onto this device by lifting it from the water phase 

containing a lipid monolayer at the air-water interface by the previously described 

Langmuir-Blodget method. 



47 

1.3. Results and Discussion 

1.3.1. Pressure-Area isotherms 

The shape of the pressure area isotherms of the synthesized polymerizable lipids 

could be compared to the isotherm of unreactive DMPC. There was a noticeable 

difference between Bis-Sorb and Bis-Den PC. The BisDen-18,18-PC 10 

exhibited the onset of a surface pressure increase at an area of approximately 80 

Angstroms/molecule with a steep increase in pressure until the collapse pressure 

of 50 mN/m was reached at an area of about 40 Angstroms/molecule (Figure 1-

17). This result was comparable to the behavior of Dimyristoylphosphatidyl-

choline (DMPC) showing an onset of pressure increase at an area of ca. 90 

Angstroms/molecule, followed by a sharp pressure increase until the collapse 

pressure of 50 mN/m was reached at 50 Angstroms/molecule (Figure 1-16). 

Figure 1-16: Pressure-area isotherm of DMPC 
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Figure 1-17: Comparison of pressure-area isothenms of different phosphatidyl

cholines 
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These results indicated that both lipids, OMPC and BisDen-18,18-PC 10, were 

comparable in their behavior at the air-water interface. This was probably due to 

their very similar structure, having the dienoyi functional groups with their carbon-

carbon double bonds as their only significant structural difference. Bis-Sorb-PC's 

7-9 showed a very different behavior in their pressure-area isotherms (Figures 1-

17 and 1-18). The onset in pressure increase started already at about 200 

Angstroms/molecule for BisSorb-16,16-PC 8. Upon compression the pressure 

increased slowly with a sharper increase at the end before the collapse pressure 

of 35 mN/m at an area of 50 Angstroms/molecule was reached. 

The structures of the BisSort)-PC's 7-9 were quite different than those of DM PC 

and BisOen-18,18-PC 10. These lipids contained the sorbyl ester group at the 

end of the hydrophobic chain. It was believed that this ester group decreased the 
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hydrophobicity to a certain extent. This could alter the behavior of the lipid at the 

air-water interface. The ends of the hydrophobic chains were probably, due to the 

ester groups, more attracted to the water surface than for DM PC and BisDen-

18,18-PC 10, compounds that contained only hydrocarbon chains. This 

interaction with the water surface could be the reason for the earlier surface 

pressure increase. The BisSort>-PC's were probably more resistant to flipping up 

of their hydrophobic tails perpendicular to the water surface and forming a 

monolayer than the other lipids in this study. 

Figure 1-18: Comparison of pressure-area isotherms of BisSorb-PC with 

different chain length: BisSorb-15,15-PC 7, BisSorb-16,16-PC 8, BisSorb-17,17-

PC9 
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The overall shapes of the Isotherms were very similar for BisSorb-PC's 7-9 of 

different hydrophobic chain lengths (Figure 1-18), significantly different from the 

other lipids in the present study. The main effect of different chain length was on 

the onset of surface pressure increase. Longer chain lengths caused an earlier 

pressure increase in the isotherm at a larger area per molecule value (300 for 

BisSorb-17,17-PC 9 and 200 for BisSorb-15,15-PC 7). This result was not 

surprising due to the larger size of the molecules; longer chains were expected to 

occupy more space on the water surface and therefore compressed faster than 

shorter ones. 

Figure 1-19: Comparison of pressure-area isothenms of pure BisSorb-16,16-PC 

8 with BisSorb-16,16-PC 8 / Sorb-16 NHS-ester 4 mix (9:1) 
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In another experiment the pressure-area isotherm of pure BisSorb-16,16-PC 8 

was compared to that of a mixture containing 10% Sorb-16 NHS-ester (4, Figure 

1-19). The isotherm of the mixture was almost identical with one obtained from 

the pure lipid and showed no significant difference. This experiment was 

performed in preparation for attempted Langmuir-Blodgett transfers of active-

ester-containing lipid mixtures onto solid supports. 

1.3.2. Stability of amphiphiiic films on water troughs 

A series of experiments was performed to test the stability of the different 

amphiphiles on the film balance. It was investigated if the material stayed at the 

air-water interface or migrated into the water phase to possibly form vesicular 

aggregates. 

1.3.2.1. Hysteresis experiments 

The hysteresis experiments consisted of a series of consecutive compressions 

and expansions of the water surface area. The experiment was designed to 

study the pressure-area isotherms and detect any changes during repetitions. 

The experiment started with a compression of the amphiphiiic film to a preset 

pressure in the monolayer region, followed by three expansions and 

recompressions. 
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All different amphiphiles used in this hysteresis study showed that after the first 

compression all following expansions yielded a remaining surface pressure of 2 

mN/m. The overall shape of the isotherms remained the same for each individual 

compound during the repetition series. 

Dimyristoylphosphatidylcholine (DMPC) showed that all repetitive isotherms after 

the first cycle overiapped perfectly. This implied the good stability of the DMPC 

amphiphile at the air-water interface. 

Figure 1-20: Hysteresis experiment of DMPC 
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BisSorb-16,16-PC 8 showed a shift towards a smaller area per molecule after 

each compression cycle. It was believed that the reason for this behavior was a 

decrease in the amount of lipid at the air-water interface due to some lipid 

dissolving into the water phase. 

Figure 1-21: Hysteresis experiment of BisSorb-16,16-PC 8 
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BisOen-18,18-PC 10 showed only a slight shift towards a smaller area per 

molecule after each compression cycle (Figure 1-22). This behavior was similar 

to the one described for BisSorb-16,16-PC 8. but the shift was to a lower extent 

than observed for the other lipid. 

it was believed that the reason for this behavior was a very slight decrease in the 

amount of lipid at the interface due to dissolution of the lipid into the water phase. 
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But the extent was lower than for BisSorb-16,16-PC 8. The more polar sorbyl 

group seemed to facilitate the transfer into the water phase. 

Figure 1-22: Hysteresis experiment of BisOen-18,18-PC 10 
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1.3.2.2. Constant trough area experiments 

In these experiments the lipids were spread on the film balance and the trough 

area was decreased with the bam'er until a high surface pressure was reached. 

The values for the initial pressure setting were chosen based on the pressure-

area isotherms (Figures 1-16 and 1-17), about 10-15 mN/m below the collapse 

pressure. The surface pressure values were 35.5 mN/m for DMPC, 25 and 20 

mN/m for BisSort}-16,16-PC 8. The trough area was kept constant after 
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compressing the amphiphilic films to these preset pressure values with the 

moving barrier. 

DMPC was very stable on the trough with only a slight decrease of 6% in surface 

pressure over the first few minutes. There was no more loss in surface pressure 

detected within the following 100 minutes. 

On the other hand, BisSorb-16,16-PC 8 showed a constant decrease in surface 

pressure. For both initial pressure settings a steady decrease was observed, 

17% for 25 mN/m setting and 15% for 20 mN/m setting in 30 minutes. 

Figure 1-23: Surface pressure vs time for DMPC and BisSorb-16.16-PC 8 
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1.3.2.3. Constant pressure experiments 

The lipids were spread on the water surface and the trough area was slowly 

reduced, causing a compression of the lipid film until a preset surface pressure 

was reached. A constant value was kept by movement of the barrier. The change 

in area of the film balance was observed over time with surface pressure 

maintained. The values for the pressure setting were chosen based on the 

pressure-area isotherms (Figure 1-17), about 10-15 mN/m below the collapse 

pressure. It was observed that the trough area decreased to a lesser extent for 

BisDen-18,18-PC (10, Figure 1-25) than for BisSorb-16,16-PC (8, Figure 1-24) 

over an extended period of time. This result indicated a higher stability of the 

BisDen-18,18-PC 10 on the water surface. 



57 

Figure 1-24: Surface pressure vs time for BisSorb-16,16-PC (8; surface pressure 

= 25 mN/m) 
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Figure 1-25: Surface pressure vs time for BisDen-18,18-PC (10; surface 

pressure = 35 mN/m) 
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The three types of film stability experiments could be summarized as indicating 

that BisDen-18,18-PC 10 and DMPC formed more stable films at the air-water 

interface than BisSorb-16,16-PC 8. It was assumed that the sorbyl ester 

functional group introduced less hydrophobic character into the lipid chains than 

the pure hydrocarbon chains of the other two amphiphiles, DMPC and BisDen-

PC. Any BisSorb-PC that dissolved into the water phase would probably form 

vesicles. 

1.3.3. Langmuir-Blodgett transfer of amphiphiles onto solid materials 

A few attempts to transfer monolayers of amphiphiles onto different types of solid 

materials by the Langmuir-Blodgett technique were performed. BisDen-18,18-PC 

10 was transferred onto a hydrophilic gold-covered glass slide at a surface 

pressure of 35 mN/m (Figure 1-26). The plot of film balance area versus time 

illustrated that during the first two minutes of the data acquisition, before the start 

of the lipid transfer, the negative slope indicated that some lipid disappeared from 

the air-water interface probably due to vesicle fonmation in the water phase. The 

start of the LB-transfer marked a drastic decrease in the slope. This sudden 

change indicated that the lipid was transferred onto the glass slide. 
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Figure 1-26: LB transfer of BisDen-18.18-PC 10 (surface pressure = 35 mN/m) 
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Figure 1-27: Determination of film thickness of BisSorb-17,17-PC 9 monolayer 

using waveguide mode spectroscopy 
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The thickness of a monolayer of BisSorb-17,17-PC 9 on a solid surface was 

determined using waveguide mode spectroscopy (WaMS).̂  The lipid was 

deposited on a quartz glass waveguide for this purpose at a surface pressure of 

25 mN/m using the Langmuir-Blodgett technique. The hydrophilic waveguide was 

submersed in the water phase and the lipid was transferred on the upstroke. The 

two graphs (Figure 1-27) showed the zeroth transversal electric (TEo) and 

transversal magnetic mode (TMo) for the waveguide before (black line) and after 

(red line) transfer of the lipid monolayer. The shift of both intensity maxima gave 

the change in detection angles and was used for the determination of the 

layer thickness of da = 16 A and refractive index of na = 1.394 for BisSorb-17,17-

PC 9. This value was comparable to reported values for deposited DPPC lipid 

bilayers of 43-49 and 57 A*® determined by X-ray diffraction. Based on 

those reports a monolayer should have a thickness of 21-28 A. The lower value 

for BisSorb-17,17-PC 9 could be due to a tilted alignment of the lipid molecules 

with the lipid tails not perfectly aligned perpendicular to the surface area. On the 

other hand, it was reported that a mixture of DMPC/NHS-reactive ester formed 

monolayers of 16 A on a polymer modified glass surface by LB transfer as well.̂ ® 

This value was in good agreement to the result obtained in this experiment. 
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1.4. Conclusions 

A new fonm of active ester, Sort)-16 NHS-ester4, was synthesized. Its 

properties at the air-water inferface in a mixture with the polymerizable lipid 

BisScrb-17,17-PC 9 were detemnined and compared to other polymerizble and 

non-polymerizable lipids. 

All polymerizable phospholipids that were studied in these experiments, BisSorb-

15,15-PC 7, BisSorb-16,16-PC 8. BisSorb-17,17-PC 9 and BisDen-18,18-PC 10, 

appeared to be less stable at the air-water interface than the non-polymerizable 

lipid DMPC. The sorbyl ester group at the end of the hydrophobic chains of the 

majority of the these lipid molecules was probably polar enough to interact with 

the water surface. This was concluded from the eariy onset of the surface 

pressure increase in pressure-area isotherms of all BisSorb-PC's 7-9. BisDen-

18,18-PC 10 seemed to be more stable on the water surface, probably due to the 

lack of an ester group at that position. The collapse pressure appeared to be very 

similar in value compared to DMPC and the shape of the pressure-area isotherm 

was similar as well. 

Waveguide mode spectroscopy (WaMS) proved to be a very useful technique in 

the detenmination of the layer thickness on solid supports of the Langmuir-

Blodgett transferred lipids. The layer thickness for a monolayer of BisSorb-17,17-

PC 9 was determined as 16 A. 

For future studies it might be useful to synthesize the NHS active ester of a Den-

acid since BisDen-PC showed an overall better stability on the water surface. 
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2. POLYMERIZATION OF ION-PAIRED AMPHIPHILES 

2.1. Introduction 

2.1.1. General Information on Ion-Paired Amphiphiles 

In recent years there were several studies on aqueous mixtures of oppositely 

charged surfactants. Joensson et al. introduced the term "catanionic" to 

designate this class of surfactants.̂  Catanionic surfactants are defined as 

equimolar mixtures of two oppositely charged surfactants from which the 

inorganic counterions are completely removed. When the counterions are not 

removed or the mixtures deviate from equimolarity, surfactant systems are called 

catanionic mixtures.®  ̂

The first report of spontaneous vesicle formation in aqueous mixtures of single-

tailed surfactants was by Kaler et al.̂  ̂These structures are called ion-paired 

amphiphiles (IRA) or catanionic vesicles. It was achieved by combination of the 

single-tailed cationic surfactant cetyltrimethylammonium tosylate (CTAT) and the 

anionic surfactant dodecylbenzenesulfonate (SDBS). They are 

thermodynamically stable vesicles which spontaneous form in aqueous solution. 

These single-bilayer shells were 30 to 150 nm in diameter depending on the ionic 

ratio as determined by freeze fracture electron micrographs. Anion-cation pairs 

form and then act as double-tailed zwitterionic surfactants. The electrostatic 
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interaction between the oppositely charged molecules reduces the effective area 

of the head group and the resulting structure has a cylindrical shape (Figure 2-1). 

Figure 2-1: Micelle versus IPA' 53 
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lonically paired single-chain surfactants were expected to behave like double-

chain amphiphiles as lamellar forming material. There are a large number of 

inexpensive single-chain surfactants commercially available. Others are 

synthetically more accessible than double-chain amphiphiles. 

The evidence for formation of large unilamellar vesicles (LUV) was achieved with 

quasielastic light scattering (QELS) and cryo-TEM.̂  The lamellar thickness was 

determined to be 50 A. 
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Mixtures of anionic surfactants, cationic surfactants and water have been 

described in ternary phase diagrams revealing their complex nature (Figure 2-

2).®  ̂In very dilute aqueous solutions with more than 95% water content, 

catanionic vesicles are observed. In more concentrated surfactant regions of the 

phase diagrams, there are micelles, lamellar structures, liquid crystals, 

hexagonal phases, cubic phases or precipitates present (Figure 2-3). There are 

also areas with multiple phase aggregation types. 

Figure 2-2: General phase diagram of diluted region  ̂
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Figure 2-3: Phase equilibria for catanionic vesicles^  ̂
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Kaler et ai. studied the influence of different acyl chain lengths on the phase 

behavior of IPA. The vesicle region is larger for combination of catanionic 

components of different chain length.̂  The asymmetry seems to favor vesicular 

aggregation. The same asymmetry effect was observed in a different study.̂  

A study of vesicle formation as a function of surfactant alkyi chain length has 

been reported for the system of alkylcart}oxylates/cetyltrimethylammonium 

bromide with variation of chain length of each component.̂  Vesicles were 

formed when the sum of cartxsn atoms of both chains was at least 19 atoms. 
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All I PA systems investigated by Kaler et al. formed vesicles spontaneously, 

therefore implying an equilibrium state. The vesicles great long term stability. 

This feature distinguishes IPA from phospholipids forming multilamellar vesicles 

(MLV) upon hydration. Only when subjected to extrusion or sonication do these 

lipids form LUV. It is a metastable state with reversion to MLV over time. 

Other examples of equilibrium catanionic vesicles include mixtures of 

- Sodium alkylbenzenesulfonates / alkyltrimethylammonium halides^ '̂̂  

- Sodium alkylsulfates / quaternary alkylammonium halides^ '̂̂  ̂

- Sodium alkylcarboxylates / quaternary alkylammonium bromides^  ̂

- Sodium acylated aminoacid surfactants / dodecylpyridinium chloride^°'̂  ̂

- Oppositely charged single-chained perfluorinated surfactants^  ̂

There are also examples of metastable catanionic vesicles produced by 

sonication of equimolar mixtures: 

- Anionic hydrocarbon / cationic fluorocarbon mixtures^  ̂

- Sodium alkylcarboxylates / quaternary alkylammonium bromides  ̂®  ̂

It has been discovered that the aggregation type depends on the nature of the 

anionic headgroup. Sulfate and sulfonate headgroups in the anionic amphiphile 

require an excess of ionic surfactant for vesicle formation, with equimolarity 

leading to precipitation.̂  The carboxylate headgroup in amphiphiles, on the 
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other hand, can produce catanionic vesicles in equimolar mixtures.̂  ̂Catanionic 

vesicles produced by sonication are short-lived and form precipitates after 

several hours of existence.̂  

There have been some theoretical studies on the spontaneous vesicle formation 

of IPA.®® It is important to consider the bending constant K. 

Equilibrium LUV are stabilized by one of two distinct mechanisms, Helfrich-

undulation repulsions or spontaneous curvature, depending on the bending 

constant K. The first mechanism has K values in the order of keT (K - keT). 

Stabilization by spontaneous curvature has large K values (K » keT). Double-

tailed phospholipid bilayers have K values from K = 10 keT to 40 keT. 

Kaler demonstrated this concept for catanionic vesicles by determination of K 

values for several catanionic mixtures using cryogenic transmission electron 

microscopy (cryo-TEM) and small angle neutron scattering (SANS) to measure 

their vesicle size distribution.®® The bending constants for several IPA were 

resolved, e.g. CTAB / sodium perfluorooctylsulfonate (K = 6 ksT) and CTAB / 

sodium octylsulfonate (SOS) (K = OJ ksT). This result demonstrated that each 

IPA was stabilized by a different one of the described mechanisms. 

There have been reports on the design of multiple chain IPA's (MlPA). One of the 

ionic surfactants contained multiple hydrophobic chains. This class of 

compounds can be divided into three different types (Figure 2-4): 
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Figure 2-4: Multiple chain IPA (MlPA) 
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a) Double chain IPA 

A series of double chain IPA's was studied by Regen et al.̂  ̂in their efforts to 

examine counterion effects on bilayer permeability properties (Figure 2-5). 

Double chain anionic and cationic amphiphiles were synthesized and combined 

with the appropriate single chain counterion amphiphile. Dihexadecyl phosphate 

was combined with trimethylhexadecylammonium, with having the phosphate 

anion a hydrophobic double chain. The other IPA was made by combination of 

palmitic acid with dimethyldihexadecylammonium. 



69 

Figure 2-5: Double chain IPA 
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Vesicles with a diameter of 100 nm were produced and their permeability 

properties toward radioactively labeled sucrose examined. The encapsulation 

ability of the IPA's in both cases was lower than for the phospholipid 

dipalmitoylphosphatidylcholine (DPPC). This suggested a less tight packing of 

the cationic and anionic components of the IPA causing the vesicle to be more 

leaky.®® 

b) Boiaphile IPA 

Bolaphile molecules consist of two polar headgroups of the same charge that are 

separated by a hydrophobic segment (Figure 2-6). Synthetic bolaphiles are 

mimics of archaebacterial membranes which can sustain extreme physiological 

conditions (85°C, high pH) and form ultrathin "monolayer" membranes.®® There 

are recent reports of their application in formation of bolaphile/amphiphile 

IPA.̂ °'̂  ̂A series of bolaphile dicarboxylic acids was synthesized differing only in 
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the substitution position (ortho, meta and para) of the phenyl ring located in the 

spacer unit. 

Figure 2-6: Bolaphile IPA (meta substitution) 

The vesicle size, determined by TEM and QELS, was unexpectedly dependent 

on the substitution pattern of the phenyl ring. Ether linkage In the ortho position 

resulted in a vesicle diameter of 51 nm, meta position of 98 nm and para position 

of 125 nm. DSC measurements showed endothermic transitions depending 

strongly on the substitution position. The melting points were 38.12 and 85 °C 

for substitution in the ortho, meta and para position, respectively. It was 

demonstrated that incorporation of a central, disubstituted aromatic unit as a 

structural anchor can control the properties of the resulting vesicles. 
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c) Gemini IPA 

Bhattacharya et ai. reported the synthesis of a series of Gemini IPA's^^-^  ̂using 

palmitic acid and a bis-cationic Gemini (Figure 2-7). 

Bis(hexadecyldimethylammonium)alkanes with variation in length of the 

polymethylene spacer unit were synthesized. 

Figure 2-7: Gemini IPA 

The vesicles were 50 - 60 nm in diameter. DSC measurements exhibited 

endothermic phase transitions. They showed a dependence on the length of the 

spacer unit between the two polar headgroups. Long spacer units (12 methylene 

groups) had low transition temperatures (39 °C) and short spacer units (2 

methylene groups) had high transition temperatures (74 °C). Entrapment 

experiments with riboflavin revealed a lower resistance to hydroxide permeation 

with increasing length of the spacer units. An interesting property of Gemini 

surfactants is their very low surface tension. 

C 

m = 2-12 
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A quantitative study on the entrapment ability of IPA's was reported by Tondre et 

al/̂  The IPA consisting of SOS and CTAB used in this study revealed a much 

lower entrapment ability than classical phospholipid vesicles. It showed 

continuous content release of probe molecules such as carboxyfluorescein (CF), 

riboflavin (RF) and glucose. It was speculated that the short alkyI chain length of 

the anion is a major cause for the dynamic character of the amphiphilic 

membrane. 

More studies on the permeabilities of IPA's were reported by Regen et al.̂  ̂and 

by Chung et al.̂  ̂In order to decrease the permeability of these membranes, 

larger area amphiphiles were designed which contained multiple-chain 

amphiphilic ionic surfactants, therefore lowering the gap density within the 

membrane. The IPA of choice consisted of double alkyI chain ammonium and 

double alkyI chain phosphate ions in combination with the appropriate single alkyI 

chain counterionic amphiphile.̂  Divalent counterions were also successfully 

used to "patch up" leaky membranes and decrease the permeability. Similar 

studies were reported by Chung et al. with double alkyI chain ammonium 

surfactants combined with dicarboxylated single chain surfactants. These IPA's 

exhibited enhanced membrane tightness in encapsulation experiments with 

sucrose and CF, comparable to phospholipids (DPPC). 
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In a different attempt to increase stability of IPA, several mesogenic moieties 

(Figure 2-8) were incorporated into the amphiphilic ammonium cation by 

Sudhoelter et al7 '̂̂  The ammonium cation was designed with two different 

headgroups (trimethylammonium and dimethylhydroxyethylammonium) and the 

mesogenic unit of functionalized azobenzene or biphenyl separated by variable 

methylene spacers. The anionic component chosen was SOS. 

Figure 2-8: Mesogenic IPA 

QO/VXA/VAA/VA/X  ̂N" 

X = -CN. -OCH3. -F 

The IRA's formed vesicles at high temperatures (70 °C) and 100 nm in diameter 

as determined by TEM. Optical microscopy studies revealed formation of smectic 

phases of the IPA in some examples. The n-n stacking interactions of biphenyl 

and azobenzene units were detected by a blue shift in the UV spectrum. 
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A very unusual aggregation of IPA's was reported by Zemb et al7° In this study 

the formation of nanometer sized discs was observed. The combination of 

myristic acid with cetyltrimethylammonium hydroxide yielded these structures. 

The dimensions of the nanodiscs were a few nanometers in thickness and 30 to 

several thousands of nanometers in diameter as determined by freeze-fracture 

TEM and small angle neutron scattering (SANS). It was assumed that a crucial 

requirement for obtaining nanodisc self-assemblies was the presence of only 

hydroxide and hydronium ions as counterions. 

Kaler et al.̂  ̂reported the preparation of IPA using perfluorinated hexanoic and 

octanoic acids as anionic components in combination with CTAB. It had 

previously been shown that tail length asymmetry expanded the composition 

range of IPA vesicles.°° This combination of a hydrocarbon and a fluorocarbon 

provided a new approach for controlling the aggregation process. Both of them 

are hydrophobic but possess chemical and physical differences. This molecular 

design was expected to influence the type of microstructure formed and possibly 

provide new ways to control its transitions. The vesicle sizes of the IPA using 

perfluorinated hexanoic acid were polydisperse ranging from 50-80 nm in 

diameter determined by cryo transmission electron microscopy (cryo-TEM) and 

small angle neutron scattering (SANS). Perfluorinated octanoic acid on the other 

hand formed much smaller vesicles (23 nm) with a significantly narrower size 

distribution, but also some elongated vesicular structures. A significant feature 
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about the latter IPA is their ability to form stable double-layer vesicles in the 

presence of 1 wt % sodium bromide. The non-fluorinated counterpart SOS/CTAB 

formed vesicles 37 nm in diameter with a broader size distribution. Theoretical 

studies explained the differences of these structures considering their bending 

constants. The perfluorooctanoate IPA possesses a large bending constant 

coupled with a spontaneous curvature. This combination enables the formation of 

double bilayer vesicles. 

There is another report of the formation of multiple layer vesicles with catanionic 

surfactants, by Caria et al.°  ̂The combination of sodium bis(2-

ethylhexyl)sulfosuccinate (AOT) / didodecyldimethylammonium bromide (DDAB) 

was studied in different regions of its phase diagram. This IPA represents an 

example of a pseudo-four-alkyl-chain catanionic surfactant mixture, containing 

double chain cationic and anionic components. Stable polydispersed vesicles 

were detected in the very dilute part (>98% water) independent of its ionic ratio. 

The presence of the inorganic counterion pair (NaBr) seemed to be significant in 

both reports about the formation of multilayer catanionic vesicles. 

There have been reports on vesicle formation of catanionic surfactant mixtures in 

various polar nonaqueous solvents and mixtures with water by Huang et al.°^-°  ̂

The IPA consisted of sodium alkylcarboxylates (Cio. C12) and 

alkyltrimethylammonium bromides (Cs. C10, Cia)- The vesicles in ethanolic 
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solution were characterized by freeze-fracture TEM, revealing vesicle sizes of 

20-40 nm in diameter, and DSC. Endothermic phase transitions at 43 and 28 °C 

were revealed respectively in pure ethanolic solutions. The vesicles in various 

mixtures of ethanol / water were detected with and without sonication, indicating 

formation of equilibrium vesicles. Formation of these aggregates was due to the 

medium dielectric effect of ethanol. The dielectric contant of ethanol {e = 24.3) is 

much lower than the value for water (e - 78.5). The lower value is 

disadvantageous on the hydrophobic effect, the interaction of the hydrophobic 

chains of the molecules. On the other hand, the value is advantageous for 

increased electrostatic interaction of the oppositely charged polar headgroups. 

The attractive interaction can be significantly strengthened by ethanol addition. It 

was shown that for some catanionic surfactant systems the addition of ethanol 

increased vesicle formability, revealing a large contrast to the situation in the 

phospholipid system. 

The IPA system with both chain lengths of Cio gave some particular interesting 

results. It did not form spontaneous vesicles in pure water, but did in various 

alcohol-water mixtures. Spontaneous vesicle formation of catanionic surfactant 

mixtures was observed in the solvent systems DMSO-water, alcohol-water and 

pure alcohol. All of these solvents possess smaller dielectric constants than 

water. Solvents with a higher dielectric constant than water, e.g. formamide, 

destroy vesicles formed in aqueous solution. The vesicles formed in polar 

nonaqueous solvents have a high stability regarding time and temperature 
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change. These observations may open large applications of vesicular systems 

beyond the limit of aqueous solutions. 

The synthesis of a glyco-lPA was reported by Menger et al.̂  The equimolar 

mixture of the catanionic compounds trimethylammonium hydroxide / glucuronate 

glycoside (C12) formed vesicles with a very broad size distribution (30-500 nm) 

after sonication. A mixture of this IPA with phosphatidylcholine / cholesterol (10% 

IRA) produced giant vesicles, incorporating the IPA into the PC bilayer. The 

addition of the IPA had the effects of increasing the vesicle population and 

adhesion of vesicles. 

Another report on a glycollpid IPA (Figure 2-9) was by Blanzat et al.®® ®® Their 

IPA represents a catanionic analogue of galactosylceramide (gal/?icer), a 

compound showing anti-HIV activity. The amide covalent bond was replaced by 

an amine-acid ionic bond. The IPA consisted of equimolar amounts of N-

alkylaminolactitol and carboxylic fatty acid to form a single chain IPA. A gemini 

IPA was prepared by mixing the N-alkylaminolactitol with a dicarboxylic fatty acid. 

Vesicles formed spontaneously with a very broad size distribution (10-500 nm in 

diameter). Some of these catanionic analogues, especially the Gemini 

compound, showed very good anti-HIV activity, comparable to galy^cer. An 

interesting compound was obtained by mixing the cationic N-alkylaminolactitol 

with 12-(4-amino-coumarin)-dodecanoic acid. The resulting IPA showed a very 
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large variety of assembly morphologies: polydispersed vesicles (60-160 nm), 

helices and tubules. It was assumed that the combination of the chiral sugar 

headgroup and the aromatic stacking of the fluorescent coumarinic group was 

the origin of the bending force leading to the helices and tubules. Molecular 

modeling supported the assumption of formation of helical bilayer structures. 

Figure 2-9: Glyco-lPA 
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2.1.2. Polymerizable IP A 

The only example of a polymerized IPA was reported by Fukuda et al.̂  ̂(Figure 

2-10). It was attempted to increase the IPA stability by polymerization of one of 

its components. This would create more robust analogues for utilization for 

membrane modeling and device applications. The reactive functional group was 

an acrylamide incorporated into the quartemary amphiphilic ammonium cation. 
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The IPA consisted of N,N-dimethyl-N-octadecyl-N-[3-(1-

acrylamido)propyl]ammonium stearate and fomned vesicles 60 nm in diameter. 

Photopolymerization resulted in membranes with enhanced stability consisting of 

linear polymers. This is the only report for the preparation of a polymerizable IPA 

where the momomer is one of the ionic components. 

Figure 2-10: Polymerizable ion-paired amphiphile 

o 

A different approach to stabilization of spherical microstructures was reported by 

Kaler et al.̂ ^*^  ̂In this study the IPA was used as a template for the 

copolymerization of styrene / divinylbenzene. The IPA formed by combination of 

CTAB or DTAB and SDBS was added to the monomer mixture which dissolved 

within the IPA bilayer. The polymerization was initiated by the radical initiator 

AAPD. The resulting polymeric spheres were crosslinked and no change in 
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vesicle size was detected by QELS. Characterization by atomic force microscopy 

(AFM) under water revealed images of a polydisperse distribution of hollow, 

hemispherical structures. 

2.1.3. Technical applications of IPA 

A potential application of IPA's as microreactors for precipitation reactions inside 

of vesicles was reported by Bose et Micellar solutions of 

CTAT/aluminum chloride and SDBS were combined to form the IPA. The Al̂ * 

ions that were not encapsulated inside the vesicles were removed by passing 

through a cationic ion exchange column. An increase in pH by addition of a base 

allowed hydroxide ions to permeate through the vesicle walls, and cause the 

precipitation of nanometer sized aluminum hydroxide particles. Addition of the 

non-ionic detergent Triton X-100 broke up the vesicles and yielded the particles, 

4 - 8 nm in diameter. This was the first demonstration of precipitation within IPA 

vesicles.®® In a similar way the formation of magnetic femte (y-FeaOa) 

nanoparticles was achieved. The IPA was formed with CTAB and HDBS as ionic 

components.®  ̂

A few years ago the method of micellar electrokinetic chromatography (MEKC) 

was introduced as a mode of capillary electrophoresis for high-efficiency 

separations of molecules.®  ̂Neutral and ionic biomolecules were separated 
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based on their hydrophobicity. The material of choice in these applications was 

sodium dodecylsulfate (SDS). Its drawback was the limited elution range. 

A recent study by Foley et al.̂  used oppositely charged surfactant mixtures 

instead of the purely negatively charged SDS micelles as an alternative 

pseudostationary phase for this application. The IPA system used in this study 

was sodium SDS / DTAB in a ratio of 60:40 forming vesicles 100 nm In diameter. 

It was demonstrated that the catanionic vesicles provide a larger elution range 

compared to SDS micelles and mixed micelles of the same catanionic mixture. 

The vesicular system had an improved resolution for analytes. These results 

indicate that spontaneous catanionic vesicles have great potential as a 

pseudostationary phase in electrokinetic chromatography (EKC). 

It was demonstrated that mixed surfactant aggregates are a useful strategy for 

the synthesis of mesoporous particles. Ryoo et al. formed a cubic phase 

aggregate from a mixture of a cationic and a neutral surfactant.̂  ̂The mixture of 

alkyltrimethylammonium bromide (C12 - Cis) and polyethyleneoxide ether was 

used as a template for the preparation of mesoporous silica molecular sieves 

(MCM-48). 

Studies on the conformational behavior of fluorescently labeled DNA with non-

equimolar IPA was reported by Mel'nikov et al.̂  The catanionic mixtures of 
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CTAB / SOS formed vesicles with varying molar ionic ratio. Positively charged 

catanionic vesicles were successfully applied to induce the folding transition in a 

large single linear DNA and adsorption of DNA globules onto the surface of the 

vesicles. A change in the molar ratio of the catanionic mixture led to release and 

unfolding of the DNA. This mechanism could be applied for controlled DNA 

delivery in vitro and in vivo. 

2.1.4. IPA in planar bilayers (BLM) 

There have been several reports on the ion channel properties of IPA mixed with 

phosphatidylcholines. 

Amphiphilic ion pairs consisting of an oligoether-trimethylammonium cation and a 

series of different hydrophobic phosphate and carboxylate anions (stearic acid, 

dioctadecyl phosphate, L-a-phosphatidic acid and cardiolipin) were synthesized 

and incorporated into planar lipid bllayer membranes (BLM) of soybean lecithin to 

observe their capability to function as artificial supramolecular ion channels.̂  ̂

Depending on the nature of the anion, different single ion channel cunrents 

across the planar bilayer were determined for d'rfferent metal cations. Some of 

the combinations also showed cation selectivity and voltage dependence due to 

incorporation of charges into the membrane. 
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In a different study Kobuke et al. reported the introduction of a photoisonnerizable 

ion pair for the same purpose.̂  The ammonium cation contained a trans-

azobenzene unit in the hydrophobic chain and the anion consisted of an 

oligoether acid. Incorporation of this ion pair into a phospholipid membrane 

caused the detection of single ion channel currents. Photoisomerization to the cis 

form stopped the ion cunrents. It was demonstrated that the ionic fluxes of 

supramolecular channels could successfully be controlled by photoirradiation. 

Another study using IPA's mixed with PC's was reported by Sarapuk et al.®® 

(Figure 2-11). The ion pair formed by combination of the biologically active 

antimicrobial compound N-dodecyl-N-methylmorpholinium chloride (DMM) and a 

series of sodium alkylsulfonates (AS-n, n = 1-14) was mixed with phosphatidyl

choline (Figure 2-11). 

Figure 2-11: DMM / AS-n IPA 
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Both common membrane models, liposome and BLM, were used to study the 

effect of iPA incorporation on phospholipid membrane stability and release of 

adsorbed metal cations It was detennined that the ion pair formation 

increased the biological activity of the morpholinium cation. 
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2.2. Experimental 

2.2.1. Materials 

The chemicals were purchased from Aldrich Chemical Co. except for trimethyl 4-

phosphonocrotonate (Lancaster Inc.). The anion exchange resin was obtained 

from BioRad Co. The solvents were dried and distilled before they were used. 

CHCI3 and CH2CI2 were distilled from CaHa under argon and THF was distilled 

from sodium benzophenone ketyl. The reactions were monitored by TLC and 

visualized by UV lamp or phosphomolybdenic acid dye. The catanionic vesicles 

were formed in Milli-Q water that had been degassed and purged with argon. 

2.2.2. Syntheses of IMonoffunctional and Heterobifunctional IPA 

2.2.2.1. Synthesis of DenSorb-23 acid (2-6) 

Scheme 2-1: Synthesis of DenSorb-23 acid 2-6 

2-1 2-2 2-3 2-4 2-5 2-6 
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12-(Acetyloxy)dodecan-1-ol 2-1 

Acetyl chloride (1.3 g. 16.3 mmol) was dissolved in 50 ml TMF and added 

dropwise to a solution of pyridine (1.3 g, 16.3 mmol) and 1,12-dodecandiol (5.5 g, 

27.2 mmol) in 300 ml THF at room temperature. The mixture was stirred 

ovemight under argon. The precipitate of pyridinium chloride was separated by 

vacuum filtration and the solvent was removed by rotary evaporation. The white 

crude product was dissolved in CH2CI2 and cooled to -45 °C for 3 hours. The 

precipitate of excess diol was removed by vacuum filtration and the methylene 

chloride was removed by rotary evaporation. The crude ester 2-1 was purified by 

column chromatography using hexane/ethyl acetate (8:2). 

Yield: 3.6 g (57%) 

^H-NMR (CDCI3) 8 4.12 ppm (t, 2H), 3.52 ppm (t. 2H), 2.35 ppm (m, 1H), 2.07 

ppm (s, 3H), 1.65 ppm (m, 4H), 1.32 ppm (m, 16H). 

12-(Acetyloxy)dodecan-1-al 2-2 

12-(Acetyloxy)dodecan-1-ol 2-1 (3.0 g, 12.3 mmol) was dissolved in 50 ml 

CH2CI2 and added dropwise to a slurry of pyridinium dichromate (PDC) (6.9 g, 

18.4 mmol) in 150 ml CH2CI2 at 0 °C. The reaction mixture was allowed to warm 

to room temperature and stirred ovemight under argon. The mixture was filtered 

through silica gel to remove the PDC. This procedure was repeated until no PDC 

was detected. The solvent was removed and the crude aldehyde 2-2 purified by 
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column chromatography using a mixture of hexane/ethyl acetate (80:20). 

Yield: 2.74 g (92%) 

^H-NMR (CDCb) 5 4.12 ppm (t. 2H), 2.36 ppm (t, 2H). 2.07 ppm (s, 3H). 1.65 

ppm (m, 4H), 1.32 ppm (m, 14H). 

Methyl 16-(acetyloxy)-2,4-hexadecadienoate 2'3 

A solution of trimethyl phosphonocrotonate (2.14 g, 10.3 mmol) in 40 ml THF was 

added to a slurry of lithium hydroxide monohydrate (0.43 g, 10.3 mmol) in 50 ml 

THF. The mixture was stirred for a few minutes until no more gas formation was 

detected. 12-(Acetyloxy)dodecan-1-al 2-2 (2.26 g, 9.3 mmol) was dissolved in 50 

ml THF and added dropwise. After stirring for 1.5 hours, the reaction mixture was 

concentrated and extracted with saturated NaCI solution and ether. The organic 

phase was dried with anhydrous MgS04 and the solvent removed with a rotovap. 

The crude ester 2-3 was purified by column chromatography with hexane/ethyl 

acetate (80:20). Isomer ratio (E,E)-2,4-dienoyl ester 2-4 to (E,Z)-isomer was 

85/15 as determined by ^H-NMR. The intensity of the signals at 7.59 ppm (E,Z)-

isomer and 7.23 ppm (E,E)-isomer 2-4 were compared. 

Yield: 1.92 g (63%) 

^H-NMR (CD2CI2) 6 7.59 ppm (dd, 0.15H), 7.21 ppm (dd, 0.85H). 6.20 ppm (m, 

2H), 5.76 ppm (d, 1H), 4.11 ppm (t, 2H), 3.67 ppm (s, 3H), 2.16 ppm (t, 2H), 1.95 

ppm (s, 3H), 1.63 ppm (m, 4H), 1.31 ppm (m, 14H). 
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Methyl 16-acetyloxy-(E,E)-2,4-hexadecadienoate 2-4 

Urea (4.35 g, 72.5 mmol) was dissolved in 40 ml methanol and added to a 

solution of methyl 16-(acetyloxy)-2,4-hexadecadienoate 2-3 (1.81 g, 5.6 mmol) in 

30 ml methanol. The mixture was cooled to -18 °C overnight. The precipitate of 

long colorless needles was filtered with a Buechner funnel and thoroughly 

washed with cold methanol. After drying, the precipitate was dissolved in dilute 

hydrochloric acid and extracted three times with diethyl ether. The combined 

ether fractions were washed with saturated sodium chloride solution and dried 

with magnesium chloride. The solvent was removed by rotary evaporation. 

Yield: 1.44 g 

^H-NMR (CDCb) 5 7.21 ppm (dd. 1H), 6.20 ppm (m, 2H). 5.76 ppm (d, 1H). 4.11 

ppm (t, 2H), 3.67 ppm (s, 3H), 2.16 ppm (t, 2H), 1.95 ppm (s, 3H), 1.63 ppm (m, 

4H), 1.31 ppm (m, 14H). 

16-Hydroxy-2,4-hexadecadienoic acid 2-5 

The ester 2-4 (1.14 g, 3.5 mmol) was dissolved in 50 ml methanol, added to 

aqueous solution of potassium hydroxide (80%) and heated to reflux for four 

hours. The mixture was concentrated by rotary evaporation and neutralized with 

sodium bicarbonate. The acid 2-5 was extracted with diethyl ether. The ether 

fraction was dried with anhydrous MgS04. The solvent was removed by rotary 

evaporation. 

Yield: 0.8 g (85%) 
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^H-NMR (CDCI3) 5 7.21 ppm (dd. 1H), 6.20 ppm (m. 2H), 5.76 ppm (d. 1H). 4.11 

ppm (t, 2H), 3.45 ppm (m, 1H), 2.16 ppm (t, 2H), 1.63 ppm (m, 4H), 1.31 ppm (m, 

14H). 

16-(Sorbyloxy)-2,4-hexadecadienoic acid 2-6 

The hydroxyacid 2-5 (0.084 g, 0.31 mmol) was dissolved in 30 ml THF, mixed 

with pyridine (0.025 g, 0.40 mmol) and stired at 0 °C. A solution of sorbyl 

chloride (0.053 g, 0.40 mmol) in THF was added dropwise. The mixture was 

allowed to warm to room temperature and stinred for six hours. The mixture was 

filtered and concentrated by rotary evaporation. The crude acid 2-6 was purified 

by column chromatography using hexanes/EtOAc/formic acid (100:100:1). 

Additional purification was performed by reverse phase HPLC with a 

MeOH/water gradient (1:1 to 4:1). 

Yield: 0.051 g (45%) 

^H-NMR (CDCI3) 5 7.21 ppm (dd. 2H). 6.20 ppm (m. 4H), 5.76 ppm (d, 2H), 4.11 

ppm (t, 2H), 2.16 ppm (t, 2H), 1.83 ppm (d, 3H), 1.63 ppm (m, 4H), 1.31 ppm (m, 

14H). 
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2.2.2.2. Synthesis of mono- and heterobifunctional acids 

Figure 2-12: Structures of mono- and heterobifunctional acids 2-6a - 2-6d 

Sorb-19 acid DenSorb-19 acid DenAcryl-16 acid DenDiene-16 acid 

2-6a 2-6b 2-6c 2-6d 

Sorb-19 acid 2-6a was synthesized from the corresponding alkyidiol following a 

procedure reported by Lamparski et al.̂ ° (Figure 2-12). DenSort)-19 acid 2-6b 

and DenAcryl-16 acid 2-6c were synthesized by Sanchao Liu following a 

reported procedure.̂ °  ̂DenDiene-16 acid 2-€d was synthesized by Warunee 

Srisiri following reported procedures.̂ °  ̂
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2.2.2.3. IPA Preparation 

The ion-paired amphiphiles (IPA) were prepared by mixing methanolic solutions 

of both components, the fatty acid and the quatemary 

octadecyltrimethylammonium hydroxide (OTAOH) compound, removal of the 

solvent under reduced pressure and addition of degassed, purged Milli-Q water. 

The total surfactant concentration was approximately 1% by weight for all IPA 

(Table 2-1). 

Table 2-1: Weight Percent of heterobifunctionai IPA in water 

w t %  

DenSorb-19 IPA 2-7 1.1 

DenAcryMS IPA 2-8 1.5 

DenDiene-16 IPA 2-9 1.1 

DenSorb-23 IPA 2-10 1.4 

A series of Sorb-19 IPA 2-11 was prepared by combination of the appropriate 

amounts of the anionic and cationic components which were dissolved in 

methanol. The solvent was removed under reduced pressure and degassed, 

purged Milli-Q water added (Table 2-2). 
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Table 2-2: List of prepared Sorb-19 IPA 2-11 mixtures 

% Sorb-19 acid 2-11 % OTAOH 

Sorb-19 IPA 30:70 30 70 

Sorb-19 IPA 40:60 40 60 

Sorb-19 IPA 50:50 50 50 

Sorb-19 IPA 60:40 60 40 

Figure 2-13: Structures of heterobifunctional IPA 2-7 - 2-10 

DenSorb-23 IPA DenSorb-19 IPA DenAcryM6 IPA DenDiene-16 IPA 

2-10 2-7 2-8 2-9 
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Figure 2-14: Structure of monofunctional IPA 

Sorb-19 IPA 

o 

2-11 

2.2.2.4. Preparation of catanionic vesicles 

The IPA were subjected to ten freeze-thaw-vortex cycles (-78 to 60 °C) and 

sonicated at 55 °C for 12 minutes. Sonication was chosen over extrusion in order 

to avoid a possible change In stoichiometry during the extrusion procedure. 

2.2.3. Methods 

2.2.3.1. Instruments 

^H-NMR and ̂ ^C-NMR spectra were acquired predominantly on a Bruker DRX-

500 instrument. Some NMR spectra were measured on a Bruker AM-250 

instrument. The solvents for these experiments were deuterated chloroform, 

deuterated methylene chloride and deuterated methanol. Quasi-elastic light 

scattering (QELS) was performed with a Bl 8000 autocorrelator from Brookhaven 

Instrument Co. and the particle sizes were determined with the provided software 
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for the instrument. UV spectra were obtained on a HP spectrophotometer in 

methanol or Milli-Q water. 

2.2.3.2. Calorimetry 

The I PA were prepared in an aqueous solution at a concentration of 

approximately 10 mM, subjected to five freeze-thaw-vortex cycles (-78 to 60 °C). 

A MC-2 differential scanning calorimeter (DSC) instrument from Microcai Inc. 

was used to determine the phase transitions. Thermograms were measured at a 

scan rate of 10 °C/h and a temperature range from 5 to 60 °C. 

2.2.3.3. IRA polymerization 

a) Redox polymerization 

The initiator system of choice was the oxidant KBrOa and the reductant L-

cysteine. The ratio KBrOa/L-cysteine was 1 and the monomer to initiator ratio was 

[M]/[l] = 5. The polymerization sample was subjected to ten freeze-thaw-vortex 

cycles and sonicated at 55 °C for 12 min. The IPA was purged with argon for 30 

min in a sealed polymerization tube. The mixture was heated to 60 °C in a water 

bath. Taking aliquots for UV spectroscopy measurements monitored the percent 

conversion of the monomer to the polymer. 
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b) Hydrogen peroxide polymerization 

Polymerization was initiated by themrial decomposition of hydrogen peroxide to 

yield hydroxyl radicals. The IPA polymerization mixture was prepared as 

previously described (freeze-thawing, sonication). The addition of 30% aqueous 

HaOa-solution started the polymerization. The overall concentration of HaOa in the 

reaction mixture was 15%. After purging with argon, the polymerization tube was 

sealed and heated to 60 °C. Taking aliquots via syringe for UV measurements 

monitored the polymer conversion. These aliquots were freeze-dried before 

measurement to remove H2O2. 

2.2.3.4. Surfactant dissolution of catanionic vesicles 

It was reported that the stability of phosphatidyl choline vesicles towards addition 

of the non-ionic surfactant Triton X-100 (TX-100) increases in the following order: 

unpolymerized < linear polymerized < cross-linked.̂ °  ̂The increased stability 

toward surfactant addition was due to the cross-linking of the lipids to a 

covalently bonded polymerized vesicle. It has been known that surfactant 

micelles are capable of solubilization of lipids. Surfactant solubilization is a 

common method to characterize the colloid stability in aqueous suspensions 

when the polymer chains are short enough to be incorporated into mixed 

micelles.̂ '̂̂ °  ̂The effective solubilization of lipids into micelles requires the 

surfactant concentration to be larger than its critical micelle concentration (CMC) 

and the surfactant to lipid molar ratio to be approximately 3 to 5. At a higher ratio 
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the vesicles no longer exist and the lipid molecules are incorporated into mixed 

micelles (Figure 2-16).̂ *  ̂Cross-linked polymerized vesicles do not form mixed 

micelles. Linear polymerized vesicles form mixed micelles with addition of 

sufficient surfactant. 

Figure 2-16: Vesicle dissolution by TX-100 

Unilamellar Vealeles 
(120±40nm) 

Mixed Micelles 
(5-30 nm) 

Linear Polynwrization 

Crosslinking Polymerization 
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The extent of vesicle dissolution can be observed by QELS after addition of 

portions of the non-ionic detergent TX-100. Previous experiments* '̂ 

showed that unpolymerized and linear polymerized vesicles were dissolved after 

addition of 2-4 equivalents of TX-100. Cross-linked vesicles showed stability 

toward surfactant addition of at least 10 equivalents. In the present study addition 

of portions of two equivalents of TX-100 followed by observation of the catanionic 

vesicle size was used to characterize the nature of the polymerized I PA. 

2.2.3.5. Solubility in organic solvents 

Cross-linking Is associated with a gel-point, above which the polymer is insoluble. 

Therefore the solubility characterization of a polymer sample can give information 

on the nature of a polymer, linear or cross-linked. Freeze-dried cross-linked 

vesicles yield a dry polymer that is insoluble in organic solvents. The solubility 

percentage can be used to determine if a polymer is cross-linked. 

The polymerized catanionic vesicles were freeze-dried and organic solvents 

added to investigate the polymer solubility. The solvents of choice were methanol 

and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). The latter is an excellent hydrogen 

bond donor and therefore can strongly interact with carbonyl groups of 

polymerized lipids.Linear polymerized phospholipids showed enough 

solubility in these organic solvents to permit a judgment on the polymer 

sample.̂ °  ̂The solubility method has a limit which is determined by the molecular 

weight. The degree of polymerization has to be lower than 10 .̂ 
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2.3. Results 

2.3.1. IPA Monomer Characterization 

2.3.1.1. DenDiene-16 iPA (2-9) 

a) NMR 

The sample was freeze-dried to yield a white residue and dissolved in deuterated 

methanol for the NMR experiment. 

'H-NMR (CD3OD) 5 6.92 ppm (dd, 1H), 6.08 ppm (m, 2H), 5.92 ppm (m, 2H). 

5.76 ppm (d, 1H), 5.46 ppm (m, 2H), 3.25 ppm (m, 2H), 3.05 ppm (s, 9H), 2.07 

ppm (q, 2H), 1.98 ppm (q, 2H), 1.72 ppm (m, 2H), 1.64 ppm (d, 3H), 1.29 pm (m, 

34 H), 0.84 ppm (t, 3H). 

"C-NMR (CD3OD) 6 141.6 ppm, 141.4 ppm, 133.2 ppm, 132.8 ppm, 132 ppm, 

131 ppm, 127.9 ppm, 127.3 ppm, 68 ppm, 54 ppm, 34.0 ppm, 33.5 ppm, 33.1 

ppm, 30.9 ppm, 30.7 ppm, 30.6 ppm. 30.5 ppm, 30.2 ppm, 30.1 ppm, 30.0 ppm, 

27.3 ppm, 24.0 ppm, 23.8 ppm, 18 ppm, 14 ppm. 

The NMR spectra showed the signals for the fatty acid and the ammonium 

compound. 
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b) UV spectroscopy 

The UV spectrum of DenDiene-16 IPA 2-9 in methanol (Figure 2-17) had an 

absorption maximum at 222 nm due to the diene group and a shoulder at 252 nm 

due to the dienoyi group. 

Figure 2-17: UV spectrum of DenDiene-16 IPA 2-9 in methanol 
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c) QELS 

Quasi-elastic light scattering (QELS) was used to determine the size of the 

vesicles that were formed by DenDiene-16 IPA 2-9. It was assumed that the 

measured samples formed spherical aggregates. Vesicle sizes of 160 nm were 

detected. 

A vesicle dissolution experiment (Figure 2-18) tested the stability of the vesicles 

toward addition of the nonionic detergent Triton X-100 (TX-100). This reagent 
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was known for its ability to dissolve non-polymerized and linear polymerized 

vesicles into small mixed micelles. The experiment showed that addition of six 

equivalents of TX-100 per lipid was sufficient to dissolve the DenDiene-16 IPA 

2-9 vesicles. 

Figure 2-18: Vesicle dissolution experiment of DenDiene-16 IPA 2-9 with TX-100 
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d) DSC 

The phase transitions of the DenDiene-16 IPA 2-9 of different fatty acid content 

(40, 50 and 60%) were determined by DSC (Figure 2-19). The samples were 

prepared for the measurements by doing ten freeze-thaw-vortex cycles. Each 

IPA had one endothermic transition at 33, 36 and 49 °C, respectively. 
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Figure 2-19: DSC of DenDiene-16 IPA 2-9 
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2.3.1.2. DenAcry|.16 IPA (2-8) 

a) UV spectroscopy 

The UV spectrum of DenAcryl-16 IPA 2-8 in methanol had two absorption 

maxima. The one at 204 nm was due to the acryl group, and the other one at 254 

nm was due to the dienoyi group. 

Figure 2-20: UV-spectrum of DenAcryl-16 IPA 2-8 in methanol 
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b) QELS 

Quasi-elastic light scattering (QELS) was used to determine the size of the 

vesicles that were formed by DenAcryl-16 IPA 2-8. Aggregates with a diameter of 

130 nm were detected at 25 °C. The vesicle size changed significantly with a 

change in temperature. At higher temperature (60 °C) the vesicle diameter 

decreased to 40 nm. This change was reversible at lower temperatures. The 
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vesicle dissolution experiment (Figure 2-21) showed that the addition of two 

equivalents of the nonionic detergent TX-100 per lipid was enough to dissolve 

DenAcryl-16 catanionic vesicles 2-8 into mixed micelles. 

Figure 2-21: Vesicle dissolution experiment of DenAcryl-16 IPA 2-8 with TX-100 
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c) DSC 

The phase transition of DenAcryl-16 IPA 2-8 was detenmined by DSC 

(Figure 2-22). The IPA exhibited an unusual phase behavior with endothermic 

phase transitions at 15 and 23 °C. 
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Figure 2-22: DSC of DenAcryl-16 IPA 2-8 
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2.3.1.3. DenSorb-19 IPA (2-7) 

a) IR 

There was a shift of the absorption of the carboxylic acid moiety from 1690 to 

1559 cm'̂  due to the appearance of the ammonium carboxylate group. A similar 

observation was described by Regen et al.̂  for the formation of different IPA. 

The other IPA in the present study had similar results. 
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b) UV spectroscopy 

The UV spectrum of DenSort)-19 IPA 2-7 in methanol (Figure 2-23) had an 

absorption maximum at 254 nm due to both, the dienoyi group and the sorbyl 

group. 

Figure 2-23: UV-spectrum of DenSorb-19 IPA 2-7 in methanol 

« u e (B 
•e o 
(A 
A < 

1.8 
1.6 
1.4 
1.2 

1 
0.8 
0.6 
0.4 
0.2 

0 
190 240 290 340 

wavelength [nm] 

390 

c) QELS 

The size of the catanionic vesicles formed by the DenSorb-19 IPA 2-7 was 

determined as 105 nm in diameter by QELS. The vesicle dissolution experiment 

(Figure 2-24) showed that the addition of four equivalents of the nonionic 

detergent TX-100 per lipid was enough to dissolve the DenSorb-19 IPA 2-7 into 

mixed micelles. 
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Figure 2-24: Vesicle dissolution experiment of DenSort>-19 IPA 2-7 with TX-100 
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Overall, vesicles formed with OenSorb-19 IPA 2-7 were not as stable as other 

IPA vesicles in the present study. Large aggregates formed within five hours. 

d) DSC 

The phase transition of the DenSorb-19 IPA 2-7 was detemnined by DSC (Figure 

2-25). The IPA had an endothermic phase transition at 37 °C. 

Figure 2-25: DSC of DenSorb-19 IPA 2-7 
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2.3.1.4. DenSorb-23 IPA (2-10) 

The UV spectrum of DenSort)-23 IPA 2-10 in methanol (Figure 2-26) had an 

absorption maximum at 254 nm due to both, the dIenoyI group and the sorbyl 

group. 

Figure 2-26: UV spectrum of DenSorb-23 IPA 2-10 in methanol 
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The size of the catanionic vesicles formed by the DenSorb-23 IPA 2-10 was 

determined as 180 nm in diameter by QELS. 
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2.3.1.5. Sorb-19 IPA (2-11) 

a) NMR 

The sample was freeze-dried to yield a white residue and dissolved in deuterated 

methanol for the NMR experiment (500 MHz). 

^H-NMR (CD3OD) 5 7.22 ppm (dd. 1H), 6.20 ppm (m. 2H), 5.77 ppm (d. 1H). 4.10 

ppm (t, 2H), 3.29 ppm (m, 2H), 3.09 ppm (s, 9H), 2.21 ppm (t, 2H), 1.83 ppm (d, 

3H), 1.76 ppm (m, 2H), 1.63 ppm (m, 2H), 1.57 ppm (m, 2H), 1.37 ppm (m, 4H), 

1.27 ppm (m, 40H), 0.88 ppm (t. 3H). 

b) IR 

A methanolic IPA solution was used to form a thin film on a KBr disk to measure 

the IR absorption spectrum. There was a shift of the absorption of the carboxylic 

acid moiety from 1690 to 1570 cm'̂  due to the appearance of the ammonium 

carboxylate group. A similar observation was described by Regen et al.̂  for the 

formation of different IPA. 

c) MS 

FAB-MS showed the molecular ion signals for the ammonium compound at 312 

and for the Sorb-19 acid at 310. 
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d)UV 

Sorb-19 IPA 2-11 had a dienoyi absorption maximum at 258 nm (Figure 2-27). 

Figure 2-27: UV spectrum of Sort}-19 IPA 2-11 in methanol 
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e) DSC 

The phase transitions of the IPA were determined by Differential Scanning 

Calorimetry (DSC). All catanionic compounds had endothermic phase transitions. 

The composition series of Sorb-19 IPA (2-11, Figure 2-28) showed an interesting 

trend in their phase transition temperatures. At low fatty acid content (30%) there 

was only one transition temperature, at 41 °C. Increasing the ratio of fatty acid to 

40 and 50% each revealed transition temperatures at 42 and 45 °C whose 

integrated signal ratio, the transition enthalpy, shifted toward the higher 

temperature with increasing acid percentage. At a higher fatty acid ratio (60%), 

only one transition temperature, at 49 °C. was observed. These two transition 

temperatures were not due the melting points of the pure indivdual ionic 

compounds. The pure ammonium compound had a melting point of 31 °C and 
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the pure acid had a melting point of 56 °C. Therefore the observed phase 

transitions had to be related to the IPA formation. 

Figure 2-28: DSC of Sort)-19 IPA 2-11 mixtures 
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f)QELS 

Quasi-elastic light scattering (QELS) was used to detennine the size of the 

vesicles that were formed by the IPA. It was assumed that the measured 

samples formed spherical aggregates. Other researchers (Zemb et al.̂ ,̂ Kaler et 

al.̂ ^) showed by cryo-TEM that IRA's could also form non-spherical oval-shaped 

or other structures. Therefore light scattering had its limitations in size 

determination for IPA and was not necessarily the best method for this purpose. 

On the other hand, it was the only available method. 

The following vesicle sizes were determined for Sorb-19 IPA of different 

composition gave slightly larger vesicles (Figure 2-29) than those previously 

reported for different ion-paired amphiphiles (Kaler et al.̂ ,̂ Regen et al.̂ ^) which 

ranged from 30 to 150 nm. 

Figure 2-29: Vesicle sizes of Sorb-19 IPA 2-11 mixtures 

Ratio Diameter [nm] 

Sorb-19 IPA 30:70 580 ± 20 

Sorb-19 IPA 40:60 180 ±20 

Sorb-19 IPA 50:50 116±20 

Sorb-19 IPA 60:40 190 ±20 
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2.3.2. IPA Polymer Characterization 

2.3.2.1. Polymerization of DenDiene-16 IPA (2-9) 

a) DenDiene-16 IPA (2-9) Hydrogen Peroxide Polymerization 

The sample was subjected to ten freeze-thaw cycles and sonicated at 55 °C for 

12 minutes. The warm mixture was immediately transferred into the 

polymerization tube and the hydrogen peroxide solution was added. The reaction 

mixture was heated to 60 °C and aliquots were taken to monitor the progress of 

the reaction by UV spectroscopy (Figure 2-30). The loss of monomer was 

observed by the decrease of the dienoyi absorbance maximum at 258 nm and 

the diene absorbance maximum at 228 nm. The polymerization was stopped 

after five hours. 

Figure 2-30: UV-spectra of OenDiene16-IPA 2-9 hydrogen peroxide 

polymerization 
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In a vesicle dissolution experiment the stability of the polymerized catanionic 

vesicles toward addition of the nonionic detergent Triton X-100 was tested. The 

particle size after the polymerization reaction was 320 nm. The experiment 

(Figure 2-31) showed that addition of six equivalents of TX-100 per lipid 

dissolved the polymerized DenDiene-16 IPA 2-9 vesicles into small mixed 

micelles. The freeze-dried sample yielded a clear film that was 90% soluble in 

methanol and HFIP. The combination of both results indicated that the 

heterobifunctional DenOiene-16 IPA 2-9 probably formed linear-ladder like 

polymers with this initiator. 

Figure 2-31: Dissolution experiment of DenDiene-16 IPA 2-9 after hydrogen 

peroxide polymerization with TX-100 
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The soluble fraction was filtered through a 0.2 |im filter to remove any small 

insoluble particles and further investigated by NMR spectroscopy. 

'H-NMR (CD3OD) 5 5.65 ppm (m, 1H). 3.25 ppm (m, 2H), 3.09 ppm (s. 9H), 2.22 

ppm (m, 2H), 1.77 ppm (m, 2H), 1.58 ppm (m, 4H), 1.29 pm (m, 35H), 0.88 ppm 

(t. 3H). 

'̂ C-NMR (CD3OD) 8 110 ppm, 68 ppm, 54 ppm, 33 ppm, 30.9 ppm, 30.7 ppm, 

30.2 ppm, 30.1 ppm, 27.3 ppm, 24.0 ppm, 23.8 ppm, 21 ppm, 14 ppm. 

The '̂ C-NMR-spectrum showed the disappearance of the eight signals of the 

vinyl carbons of the diene and dienoyi functional groups. The signal of the 

tenminal methyl group of the fatty acid shifted downfield. The 'H-NMR showed 

the disappearance of the doublet of the terminal methyl group which appeared in 

a broad signal slightly upfield. 

b) DenDiene-16 IPA (2-9) Redox Polymerization 

The sample was subjected to ten freeze-thaw cycles and sonicated at 55 °C for 

12 minutes. The warm mixture was immediately transferred into the 

polymerization tube and purged with argon. The initiator solutions were added via 

syringe. The ratio [M]/[l] = 5 and the reaction mixture was heated to 60 °C. The 

progress of the polymerization was monitored by taking aliquots for 

measurement of the UV absorption spectrum (Figure 2-32). After six hours more 
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initiator solutions were added. The polymerization reaction was stopped seven 

hours later. 

Figure 2-32: UV-spectra of DenDiene-16 IPA 2-9 Redox Polymerization with 

potassium bromate/L-cysteine in methanol 

The sample was freeze-dried to yield a white residue. Solubility tests in methanol 

and HFIP showed that the polymerized sample was only 50% soluble. This 

fraction was further investigated in a NMR experiment, which showed that the 

soluble part of the polymerized IPA sample only consisted of the unreacted 

octadecyltrimethylammonium compound. 
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'H-NMR (CD3OD) 5 3.25 ppm (m, 2H). 3.07 ppm (s. 9H), 1.75 ppm (m, 2H). 1.64 

ppm (d, 3H), 1.29 ppm (m, 25 H), 0.84 ppm (t, 3H). 
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After polymerization the vesicle size was 66 nm. Testing the vesicle stability 

(Figure 2-33) revealed that the addition often equivalents of TX-100 per lipid did 

not appear to change the particle size and dissolve them into mixed micelles. 

In combination with the insolubility of the polymerized fatty acid part of the IPA in 

organic solvents, it was concluded that OenDiene-16 IPA 2-9 formed a 

crosslinked polymer with redox initiation. 

Figure 2-33: Dissolution experiment of DenOiene-16 IPA 2-9 with TX-100 after 

potassium bromate/L-cysteine redox polymerization 
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c) DenDiene-16 IPA (2-9) Photopolymerization 

The sample was subjected to ten freeze-thaw cycles and sonicated at 55 °C for 

12 minutes. The warm mixture was immediately transferred into a cuvette. The 
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sample was heated to 50 °C and stirred during UV-irradiation with a pen lamp. 

The UV spectra are shown in Figure 2-34. 

Figure 2-34: UV spectra of DenDiene16-IPA 2-9 Photopolymerization 
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A series of different cutoff filters was used subsequently in this experiment. The 

250 and 230 nm cutoff filters, after two hours of UV irradiation showed only slight 

decreases in both absorption maxima and not just a decrease of the dienoyi 

absorption at 250 nm. Additional irradiation without any filter caused a complete 

decrease in both absorption maxima in five hours. The vesicle size was 250 nm. 

The vesicle stability after polymerization was tested with the vesicle dissolution 

experiment using TX-100 (Figure 2-35). It was shown that four equivalents of TX-

100 per lipid dissolved them into mixed micelles. This result indicated that the 

polymerized fatty acid probably formed linear-ladder like polymers with UV-

irradiation. 



Figure 2-35: Dissolution experiment of DenDiene-16 IPA 2-9 after 

photoinradiation 
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The sample was freeze-dried to yield a clear film and dissolved in methanol and 

HFIP. The solubility in these organic solvents was 97%. Filtration through a 0.2 

^m filter removed any small insoluble particles. The extracted fraction was 

freeze-dried and dissolved in deuterated methanol for the NMR experiment. 

^H-NMR (CD3OD) 6 5.65 ppm (m, 1H), 3.25 ppm (m, 2H), 3.04 ppm (s. 9H), 2.08 

ppm (m, 2H), 1.92 ppm (m, 2H), 1.70 ppm (m, 2H), 1.28 ppm (m, 37H), 0.88 ppm 

(t. 3H). 

^^C-NMR (CD3OD) 6 68 ppm, 54 ppm, 33 ppm, 30.9 ppm, 30.7 ppm, 30.6 ppm, 

30.5 ppm, 30.2 ppm, 27.4 ppm, 24.0 ppm, 23.8 ppm, 14.4 ppm. 
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The ̂ ^C-NMR-spectaim showed the disappearance of the eight signals of the 

vinyl carbons of the diene and dienoyi functional groups. The signal of the 

terminal methyl group of the fatty acid shifted downfield. The ̂ H-NMR showed 

the disappearance of the doublet of the methyl group which appeared in a broad 

signal slightly upfield. 

2.3.2.2. Polymerization of DenAcryi-16 IPA (2-8) 

a) DenAcryl-16 IRA (2-8) Hydrogen Peroxide Polymerization 

The reaction mixture was heated to 60 °C and aliquots were taken to monitor the 

progress of the reaction by UV spectroscopy (Figure 2-36). The loss of monomer 

was observed by a decrease of the dienoyi absorbance at 254 nm and the acryl 

absorbance at 204 nm. The polymerization reaction was stopped after 12 hours. 
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Figure 2-36: UV-spectra of DenAcryl-16 IP A 2-8 Hydrogen Peroxide 

Polymerization 
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The particle size after polymerization was determined as 134 nm by QELS. 

The vesicle dissolution experiment showed that addition of six equivalents of TX-

100 per lipid dissolved the polymerized DenDiene-16 IPA vesicles into small 

mixed micelles (Figure 2-37). The freeze-dried sample yielded a clear film that 

was 94% soluble in methanol and HFIP. The combination of both results 

indicated that the heterobifunctional DenAcryl-16 IPA 2-8 probably fomned linear-

ladder like polymers with this initiator. 
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Figure 2-37: Dissolution experiment of DenAcryl-16 I PA 2-8 with TX-100 after 

Hydrogen Peroxide Polymerization 
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A sample of the soluble fraction was filtered through a 0.2 (im filter to remove any 

small insoluble particles and further investigated by NMR spectroscopy in 

deuterated methanol: 

^H-NMR (CD3OD) 6 5.65 ppm (m. 1H), 3.09 ppm (s, 9H). 2.25 ppm (m, 2H), 1.77 

ppm (m, 4H), 1.65 ppm (m, 4H), 1.29 pm (m, 36H), 0.88 ppm (t, 3H). 

^^C-NMR (CD3OD) 5 121 ppm, 68 ppm, 54 ppm, 33 ppm, 30.9 ppm, 30.8 ppm, 

30.7 ppm, 30.6 ppm, 30.2 ppm, 27.3 ppm, 24.0 ppm, 23.8 ppm, 14 ppm. 

MS results (FAB) of the soluble reaction product revealed the disappearance of 

the monomeric fatty acid, therefore indicating the formation of a polymer. The 
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mass of the polymer could not be determined by MALOl due the inavailability of a 

suitable matrix for this system. 

b) DenAcryl-16 IPA (2-8) Redox Polymerization 

The sample was subjected to ten freeze-thaw cycles and sonicated at 55 °C for 

12 minutes. The warm mixture was immediately transferred into the 

polymerization tube and purged with argon. The initiator solutions were added via 

syringe. The ratio [M]/[l] = 5 and the reaction mixture was heated to 60 °C. The 

progress of the polymerization was monitored by taking aliquots for 

measurement of the UV absorption spectra (Figure 2-38). The reaction was 

stopped after 12 hours. 

Figure 2-38: UV spectra of DenAcryl-16 IPA 2-8 Redox Polymerization with 

potassium bromate/L-cysteine in methanol 
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After polymerization the particle size was 130 nm. Testing the vesicle stability 

(Figure 2-39) revealed that the addition of ten equivalents of TX-100 per lipid did 

not appear to change the particle size and dissolve them into mixed micelles. 

Figure 2-39: Dissolution experiment of DenAcryl-16 IPA 2-8 with TX-100 after 

potassium bromate/L-cysteine Redox Polymerization 
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A temperature experiment performing QELS at higher temperatures (60 °C) 

showed no change in particle size. This presented a significant difference to the 

behavior of the unreacted monomer IPA where a decrease in vesicle size was 

observed in a similar experiment. The sample was freeze-dried to yield a white 

residue and dissolved in deuterated methanol for the NMR experiment; 

^H-NMR (CD3OD) 6 3.08 ppm (s, 9H), 2.25 ppm (m, 2H), 1.74 ppm (m, 2H), 1.35 

ppm (m, 6H), 1.24 pm (m, 24H), 0.85 ppm (t, 3H). 
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The NMR spectrum showed only the unreacted octadecyltrlmethylammonium 

compound. This result was supported by the fact that only 50% of the reacted 

IPA was soluble in organic solvents after polymerization. It indicated that the 

addition of methanol and HFIP only dissolved the unreacted ammonium 

compound, which did not participate in the crosslinking polymerization reaction 

due to the lack of a reactive functional group. 

These facts indicated that the DenAcryl-16 IPA 2-8 formed a crosslinked polymer 

with a polymer network of connected fatty acid molecules. 

2.3.2.3. Polymerization of DenSorb-19 IPA (2-7) 

a) DenSorb-19 IPA (2-7) Hydrogen Peroxide Polymerization 

The reaction mixture was heated to 60 °C and aliquots were taken in order to 

monitor the progress of the reaction by UV spectroscopy (Figure 2-40). The loss 

of monomer was observed by a decrease of the absorbance maximum at 254 

nm, that was due to both, the dienoyi group and the sorbyl group. The 

polymerization reaction was stopped after 24 hours. The absorption maximum at 

212 nm could be due to the appearance of an isolated carbon-carbon double 

bond. 
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Figure 2-40: UV spectra of DenSort)-19 iPA2-7 Hydrogen Peroxide 

Polymerization in methanol 
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After polymerization the particle size was 107 nm. The vesicle dissolution 

experiment showed that addition of six equivalents of TX-100 per lipid dissolved 

the polymerized DenSorb-19 IPA2-7 vesicles into small mixed micelles (Figure 

2-41). The freeze-dried sample yielded a clear film that was 96% soluble in 

methanol and HFIP. The combination of both results indicated that the 

heterobifunctional OenSort)-19 IPA 2-7 probably formed linear-ladder like 

polymers with this initiator. 
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Figure 2-41: Vesicle dissolution experiment of OenSorb-19 IPA 2-7 with TX-100 

after Hydrogen Peroxide Polymerization 
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The polymerization sample was freeze-dried to yield a clear residue. It was 96% 

soluble in methanol and HFIP. The soluble polymer sample was examined in a 

NMR experiment: 

^H-NMR (CD3OD) 8 6.84 ppm (d, 1H). 6.54 ppm (d, 1H), 3.09 ppm (s. 9H), 2.25 

ppm (m. 2H), 1.77 ppm (m, 2H), 1.58 ppm (m, 4H), 1.25 pm (m, 38H), 0.88 ppm 

(t. 3H). 

^^C-NMR (CD3OD) 5 68 ppm, 54 ppm, 33 ppm, 30.9 ppm, 30.8 ppm, 30.7 ppm, 

30.2 ppm, 27.3 ppm, 24.0 ppm, 23.8 ppm, 14 ppm. 
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b) DenSorb-19 IPA (2-7) Redox Polymerization 

The sample was subjected to ten freeze-thaw cycles and sonicated at 55 °C for 

12 minutes. The warm mixture was immediately transferred into the 

polymerization tube and purged with argon. The initiator solutions were added via 

syringe. The ratio [M]/[l] - 5 and the reaction mixture was heated to 60 °C. The 

progress of the polymerization was monitored by taking aliquots for 

measurement of the UV absorption spectrum (Figure 2-42). The reaction was 

stopped after 12 hours. 

Figure 2-42: UV spectra of DenSorb19-IPA 2-7 Redox Polymerization with 

potassium bromate/L-cysteine in methanol 
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The sample was freeze-dried to yield a white residue that was 48% soluble in 

methanol and HFIP. The soluble fraction of the polymerization sample was 

further investigated in a NMR experiment: 
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^H-NMR (CD3OD) S 3.07 ppm (s. 9H), 2.25 ppm (m. 2H). 1.75 ppm (m. 2H). 1.35 

ppm (m, 4H), 1.24 pm (m, 26H), 0.85 ppm (t, 3H). 

The NMR spectrum showed the unreacted octadecyltrimethylammonium 

compound. This result was supported by the fact that only 48% of the 

polymerized catanionic vesicles were soluble in organic solvents. 

After polymerization the particle size was 107 nm. Testing the vesicle stability 

(Figure 2-43) revealed that the addition of ten equivalents of TX-100 per lipid did 

not appear to change the particle size and dissolve them into mixed micelles. 

Figure 2'43: Vesicle dissolution experiment of DenSorb-19 IPA 2-7 with TX-100 

after potassium bromate/L-cysteine Redox Polymerization 
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From these results it was concluded that DenSorb-19 IPA 2-7 formed a 

crosslinked polymer with this initiator during redox polymerization. 



129 

c) DenSorfo-19 IPA (2-7) Photopolymerization 

The sample was subjected to ten freeze-thaw cycles and sonicated at 55 °C for 

12 minutes. The wami mixture was immediately transferred into a cuvette. The 

sample was heated to 50 °C and stirred during UV- irradiation with a pen lamp 

(Figure 2-44). The UV polymerization was performed using a 220 nm cutoff filter. 

Figure 2-44: UV spectra of DenSorb-19 IPA 2-7 Photoirradiation in water 

2.3.2.4. Polymerization of DenSorb-23 IPA (2-10) 

a) DenSorb-23 IPA (2-10) Hydrogen Peroxide Polymerization 

The reaction mixture was heated to 60 °C and aliquots were taken in order to 

monitor the progress of the reaction by UV spectroscopy (Figure 2-45). The loss 

of monomer was observed by a decrease of the absorbance maximum at 254 
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nm, that was due to both, the dienoyi group and the sorbyl group. The 

polymerization reaction was stopped after 24 hours. 

Figure 2-45: UV spectra of OenSorb-23 IPA 2-10 Hydrogen Peroxide 

Polymerization in water 
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The polymerization sample was freeze-dried to yield a clear residue. It was 94% 

soluble in methanol and HFIP. 

2.3.2.5. Polymerization of Sorb-19 IPA (2-11) 

a) Redox Polymerization of Sorb-19 IPA (2-11) 

Monitoring the UV spectrum during the polymerization showed a decrease in the 

absorption of the dienoyi group at 258 nm, indicating a loss of monomer (Figure 

2-46). The reaction was stopped after 5.5 hours. 
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Figure 2-46: UV spectra of Sorb-19 IPA (60:40) 2-11 Redox Polymerization with 

potassium bromate/L-cysteine in methanol 
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After the polymerization the sample was freeze-dried under reduced pressure 

yielding a clear film. This residue was 91% soluble in methanol and HFIP. The 

soluble fraction was filtered through a 0.2 (am filter and freeze-dried for NMR 

measurement. 

Sorb-19 IPA 2-11 (60:40) after Redox Polymerization: 

^H-NMR (CD3OD) 6 5.38 ppm (m, 2H), 4.09 ppm (m, 2H), 3.29 ppm (m, 2H), 

3.07 ppm (s, 9H), 2.23 ppm (t, 2H), 1.75 ppm (m, 2H), 1.56 ppm (m, 4H), 1.23 

ppm (m, 42H), 0.90 ppm (m, 2H), 0.85 ppm (t, 3H). 

"C-NMR (CD3OD) 5 54 ppm. 35 ppm, 33 ppm, 31 ppm, 30 ppm, 27 ppm, 26 

ppm, 24 ppm, 14 ppm. 
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The ̂ H-NMR showed that the doublet of the terminal methyl group of the sorbyl 

group had shifted upfield overlapping with other proton signals. This fact 

indicated a 1,4- or 3,4-addition mechanism, because the methyl group was no 

longer adjacent to a carbon-carbon double and therefore shifted upfield. This 

conclusion was also supported by the fact that the ̂ ^C-NMR signal of the sorbyl-

methyl group at 18 ppm had shifted. The signal at 5.38 ppm in the ^H-NMR was 

an indication for 1,4-addition when compared to calculated values for 1,4- and 

3,4-addition products. The signal due to the 3,4-addition product would have 

been more downfield. Therefore it was probable that the Redox Polymerization 

occurred by 1,4-addition. 

A vesicle dissolution experiment (Figure 2-47) tested the stability of the 

polymerized vesicles toward addition of the nonionic detergent Triton X-100. This 

reagent was known for its ability to break up non-polymerized and linear 

polymerized vesicles into small mixed micelles. The dissolution experiment 

showed that addition of 2 equivalents of TX-100 per lipid was sufficient to 

dissolve the polymerized Sorb-19 IPA 2-11 vesicles. 



133 

Figure 2-47: Dissolution experiment of Sorb-19 IPA (60:40) 2-11 with TX-100 

after Redox Polymerization with potassium bromate/L-cysteine 
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This result indicated that Sorb-19 IPA 2-11, which contained only one 

polymerizable functional group per fatty acid molecule, formed linear polymers. 

There was no crosslinking possible due to the lack of multiple polymerizable 

functional groups. 

b) Hydrogen Peroxide Polymerization of Sorb-19 iPA (2-11) 

All polymerization experiments of Sorb-19 IPA 2-11 with different ionic 

compositions showed a loss of monomer by decrease of the dienoyi absorption 

at 258 nm (Figure 2-48). They also indicated a slight increase in absorbance at 

208 nm indicating the formation of an isolated carbon-carbon double bond. 
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Figure 2-48: UV spectra of Sorb-19 IPA (60:40) 2-11 Hydrogen Peroxide 

Poiymerization in methanol 
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The freeze-dried polymerization sample provided a clear film, which was 92% 

soluble in methanol. Filtration through a 0.2 filter removed any small insoluble 

particles. It was investigated by NMR. 

Sorb-19 IPA 2-11 (60:40) after Hydrogen Peroxide Polymerization: 

^H-NMR (CD3OD) 8 6.75 ppm (d, 1H). 6.56 ppm (d. 1H), 4.10 ppm (t, 2H), 3.29 

ppm (m, 2H), 3.09 ppm (s, 9H), 2.21 ppm (t, 2H), 1.76 ppm (m, 2H), 1.63 ppm 

(m, 2H), 1.57 ppm (m, 2H), 1.37 ppm (m, 4H), 1.27 ppm (m, 40H), 0.88 ppm (t, 

3H). 

^^C-NMR (CD3OD) S 139 ppm. 132 ppm, 68 ppm, 66 ppm, 54 ppm, 50 ppm, 35 

ppm. 33 ppm, 31 ppm, 30 ppm. 27.5 ppm, 27.0 ppm, 26 ppm, 24 ppm, 14 ppm. 
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The doublets at 6.75 and 6.56 ppm had coupling constants of 15 Hz indicating a 

trans double bond. Comparison of the chemical shifts of the vinyl protons with 

calculated shift predictions of different addition products (1,4; 1,2; 3.4) led to the 

conclusion that this was a 3,4-type polymerization. The doublet of the terminal 

methyl group of the sorbyl group at 1.83 ppm had shifted upfield and overiapped 

with other signals. A similar shift was observed for its signal in the ^^C-NMR at 18 

ppm. The 1,2-type polymerization product would still exhibit that doublet. The 

increase in UV absorption at 208 nm also indicated the formation of a carbon-

carbon double bond in conjugation with the carbonyl functionality of the ester 

group. 

Sorb-19 IPA (30:70) 2-11 Hydrogen Peroxide Polymerization: 

^H-NMR (CD3OD) 5 6.81 ppm (d, 1H). 6.44 ppm (d, 1H). 4.06 ppm (m. 2H), 3.45 

ppm (t, 2H), 3.04 ppm (s, 9H), 2.18 ppm (t, 2H), 1.70 ppm (m, 2H), 1.51 ppm (m, 

4H). 1.25 ppm (m, 43H), 0.81 ppm (t. 3H). 

^^C-NMR (CD3OD) 6 178 ppm, 142 ppm, 130 ppm, 68 ppm, 63 ppm, 54 ppm, 35 

ppm, 33 ppm, 30 ppm, 27 ppm, 26 ppm, 24 ppm, 14 ppm. 
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Figure 2-49: UV spectra of Sorb-19 IPA (30:70) 2-11 l-iydrogen Peroxide 

Polymerization in methanol 
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Sorb-19 IPA (50:50) 2-11 Hydrogen Peroxide Polymerization: 

Figure 2-50: UV spectra of Sorb-19 IPA (50:50) 2-11 Hydrogen Peroxide 

Polymerization in water 
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Sorb-19 IPA (50:50) 2-11 Hydrogen Peroxide Polymerization: 

^H-NMR (CD3OD) 5 6.85 ppm (d. 1H). 6.54 ppm (d. 1H). 4.15 ppm (t, 2H), 3.52 

ppm (t, 2H), 3.12 ppm (s, 9H), 2.25 ppm (t, 2H), 1.78 ppm (m, 2H), 1.60 ppm (m, 

4H), 1.31 ppm (m, 4H), 1.20 ppm (m, 40H), 0.88 ppm (t, 3H). 

The UV and NMR data of polymerization reactions of Sorb-19 IPA 2-11 of 

different composition, (30:70) and (50:50), had similar results as previously 

described for Sorb-19 IPA 2-11 (60:40). The NMR experiment revealed the 

previously described two sets of doublets in the vinyl region above 6 ppm and the 

change in chemical shift (^H-NMR and ̂ ^C-NMR) for the terminal methyl of the 

sorbyl group. The polymerization seemed to occur by 3,4-addition independent of 

the IPA composition. 
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2.4. Discussion 

2.4.1. IPA IMonomer Comparison 

2.4.1.1. Thermotropic Properties 

All of the investigated IPA in this study exhibited endothermic phase transitions. 

This observation indicated a main transition (Tm) from a Lo phase, a solid-like 

phase with all trans extended chains, to a U phase, a liquid-like phase with less 

ordered chain aggregation. It is similar to the thermotropic behavior of other lipid 

compounds. This is consistent with the existence of lamellar phase structures 

similar to those observed for phosphatidylcholine lipids. 

Table 2-3: Thermotropic characteristics of the heating endotherms of IPA 

containing reactive functional groups 

TmrC] aH [kcal/mol] 

Sorb-19IPA 2-11 42, 45 3.3, 5.9 

Sorb-17IPA 14 4.8 

DenSorb-19 IPA 2-7 37 8.5 

DenAcryl-16IPA 2-8 15,23 3.0, 3.3 

DenOiene-16 IPA 2-9 36 1.5 

Den-16 IPA 17 1.2 
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These Tm values could be compared to those of other IPA and PC, containing 

similar fatty acids. A comparison of the monofunctional Sorb-19 IPA 2-11 (Tm = 

42 °C) to the similar Sorb-17 IPA (Tm = 13.9 containing the shorter Sorb-

17 acid in combination with the shorter cetyltrimethylammonium cationic 

surfactant (Cie) showed the influence of longer chain lengths in both 

components. The increased Tm value of the longer chain compound was in 

agreement with previous reports that the phase transition temperatures of PC 

increase with increasing chain length.̂ °° 

Figure 2-51: Structures of the heterobifunctional DenDiene-16 IPA 2-9 and the 

monofunctional Den-16 IPA 2-9a 
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Comparing the DenOiene-16 IPA 2-9 (Tm = 36 °C) to the similar Den-16 IPA 2-9a 

(Tm = 17.2 (Figure 2-51) showed the influence of longer chain length in the 

ammonium compound, Ci8 for 2-9 and Ci6 for 2-9a. The heterobifunctional IPA 

2-9 contained two more carbon-carbon double bonds in the fatty acid within the 

same acid chain length (Cie). it was reported that a longer chain length leads to 

an increase and a larger number of double bonds to a decrease in the phase 

transition temperature/"  ̂ Overall, the combination of these two effects in this 

presented example caused an increase in Tm. This indicated that the increase in 

chain length for the ammonium cation had a larger influence on Tm than the 

larger number of multiple bonds. 

An unusual observation was the existence of two transition temperatures for 

DenAcryl-16 IPA 2-8 at 15 and 23 °C. The other heterobifunctional IPA in this 

study showed only one transition temperature. It was reported by Regen et al.̂  ̂

that the ion-paired amphiphile fomned by hexadecyltrimethylammonium 

hydroxide and dihexadecylphosphoric acid had two transition temperatures at 40 

and 62 °C. In the literature it was reported that lamellar lipid structures were 

capable of showing some kind of pre-transition.̂ °  ̂Because pre-transitions have 

a very small aH, which are 10-20% of the of the Tm, it is unlikely that the 15 °C 

transition is a pre-transition. 
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Another interesting result was obtained by studying the phase transitions as a 

function of the ratios of anionic to cationic surfactant. In one series different 

compositions of monofunctional Sorb-19 IPA 2-11 were investigated, the other 

had different compositions of the heterobifunctional OenDiene-16 IPA 2-9. The 

Sorb-19 IPA 2-11 series (30,40, 50, 60% fatty acid content) revealed the 

appearance of one and two transition temperatures at 42 and 45 °C. When the 

acid content was low the lower temperature transition was more pronounced. 

When the acid content was increased the higher temperature transition became 

more important. The portion of the total aH due to the transition at 45 °C 

increased with increasing fatty acid content. The sum of both transition 

enthalpies decreased with higher acid content. It would be interesting to examine 

If DenAcryl-16 IPA 2-8 exhibited a similar trend in thermal behavior at different 

ionic ratios as well. 

On the other hand, when the acid content of DenDiene-16 IPA 2-9 was varied 

(40, 50, 60% fatty acid content), a single transition was observed, but the 

temperature shifted from 33 to 49 °C. Only one endothermic signal was obtained 

for each different ionic ratio. 

The phase transition temperatures for DenSorb-19 IPA 2-7 and DenAcryl-16 IPA 

2-8 can be compared to reported values for phosphatidylcholine molecules (2-12, 

2-13) containing the same fatty acid in the sn-2 chain of the lipid molecule 

(Figure 2-52). For the DenAcryl-16 acid the Tm values were 15 and 23 "0 for the 
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DenAcryl-16 IPA 2-8 and 9.2 °C for the Acryl/DenPCie.ie 2-13.̂ °° For the 

DenSorb-19 acid the Tm was 37.3 °C for the DenSorb-19 IPA 2-7 and 31.9 °C for 

the Sorb/DenPCi6.i9 2-12.̂ °° The sn-1 chain length of both PC was 16 atoms and 

therefore two methylene groups shorter than the octadecyltrimethyl ammonium 

counterion of the appropriate IPA. In both cases the PC had a lower Tm value 

than the appropriate IPA. One contributing factor for this phase behavior should 

be the slightly shorter sn-1 chain of the PC. These data indicate that a higher 

temperature is required to melt the IPA chains than the PC chains. This was 

concluded from reports that well ordered lipid structures had higher transition 

temperatures than less ordered ones.̂ °® The molar transition enthalpies for both 

systems were similar; 8.5 kcal/mol for DenSorb-19 IPA 2-7 and 6.3 kcal/mol for 

DenAcryl-16 IPA 2-8. 
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Figure 2-52: Structures of IPA and PC containing the same heterobifunctional 

DenSorb-19 acid and DenAcryl-16 acid 
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A comparison of a different heterobifunctional fatty acid, DenDiene-16 acid, 

incorporated in a phosphatidylcholine molecule to incorporation in a catanionic 

vesicle was also possible (Figure 2-53). The results were similar to the above 

reported comparison. The DenOienePCie.ie 2-14 had a lower phase transition 

temperature at 18 °C than the DenOiene-16 IPA 2-9 at 36.2°C.̂ °  ̂The higher 

transition temperature of the IPA is due in part to the longer chain length of the 

quaternary ammonium counterion. On the other hand, the transition enthalpies of 
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the PC and IPA were 4.7 kcal/mol and 1.5 kcal/moi respectively. This was a 

difference to the previously presented comparison of other heterobifunctional IPA 

with their respective PC, where the transition enthalpies of both types of 

compounds had similar values. 

Figure 2-53: Structures of IPA and PC containing the same heterobifunctional 

DenDiene-16 fatty acid 
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The themnotropic behavior of the monofunctionai Sorb-19 IPA 2-11 was 

compared to that of a PC containing a Sorb acid as well (Figure 2-54). The 

Mono-SorbPCi6.i7 2-15 had a lower phase transition temperature at 36.1 °C than 

the Sorb-19 IPA 2-11 at 42 and 45 The transition enthalpies for this 

presented comparison were of similar value at 10.5 kcal/mol and 9.1 kcal/mol 

respectively, when both transition enthalpies of Sorb-19 IPA 2-11 were 

combined. The lower transition temperature of the PC could be due to the slightly 

shorter chain length of the Sorb acid. 

Figure 2-54: Structures of IPA and PC containing a monofunctionai Sorb fatty 

acid 

Mono-Sorb Sorb-19 IPA 

/ 

2-1S 2-11 
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It was Interesting to compare the phase behavior of DenSorb-19 IPA 2-7 and 

Sorb-19 IPA 2-11. Both IPA had the same cationic surfactant and the same fatty 

acid chain length. The difference was that DenSorb-19 acid contained two more 

carbon-carbon double bonds in conjugation to the carboxylic group and therefore 

represented a heterobifunctional fatty acid. The phase transition temperatures 

were 37.3 "C for DenSorb-19 IPA 2-7 and 42 and 45 °C for Sorb-19 IPA 2-11, 

indicating that the additional double bonds lowered the Tm. This result was in 

accordance to previous reports on the effects of double bonds on transition 

temperatures of PC molecules,̂ ®® 

2.4.1.2. Size of IPA Aggregates 

In this study all size determinations for catanionic vesicles were performed by 

Quasielastic Light Scattering (QELS). This method had been widely applied for 

the characterization of natural and synthetic lipids (e.g. PC, PE etc.). An 

important feature of this method was to assume perfect spherical shape of the 

studied compounds. It was reported that catanionic vesicles were also able to 

form non-spherical aggregates (oval, disc).̂ ®-^® These structures were 

determined by cryogenic Transmission Electron Microscopy (cryo-TEM). This 

method was not available in the present study and QELS was the only method of 

choice. Therefore, aspects of possible non-spherical aggregation structures in 

the mono- and heterobifunctional IPA could not be addressed. Cryo-TEM studies 

found that ion-paired amphiphiles formed multilamellar vesicles (MLV).®^-^^° The 
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observed sizes of mono- and heterobifunctional IPA aggregates were all 

determined by QELS. It was impossible to judge if these catanionic vesicles 

formed unilamellar vesicles (LUV) or MLV. A study by cryo-TEM or freeze-

fracture TEM would be necessary to answer this question. 

Table 2-4 summarizes the particle sizes determined for IPA of mono- and 

heterobifunctional IPA. Published data for some catanionic vesicles is shown in 

Table 2-5 for comparison. 

Table 2-4: Sizes of sonicated catanionic vesicles of IPA (equimolar ionic ratio) 

Diameter [nm] 

Sorb-19 IPA 2-11 116 ±20 

DenSorb-19 IPA 2-7 105 ± 20 

DenAcryl-16 IPA 2-8 130 ± 20 

DenDiene-16 IPA 2-9 160 ± 20 

DenSorb-23 IPA 2-10 180 ± 20 
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Table 2-5: Sizes of catanionic vesicles of IPA from literature reports 

Diameter [nm] Reference 

Den-16/CTAOH 149 104 

Sorb-17/CTAOH 164 104 

CTAT/SDBS 30-150 52 

Acrylamidoammonium/stearate 59 53 

CTAOH/palmitate 100 68 

CTAB/HDBS 20-50 92 

Sorb-19 IPA 2-11 mixtures of different ionic ratio showed a very broad range of 

sample sizes (Figure 2-29). There was no obvious trend in change of particle 

size with increase in fatty acid content. An increase in acid content from 30 to 

50% caused a decrease in sample size (116 nm), but an increase to 60% caused 

again an increase in vesicle size to 190 nm. It was demonstrated that the size of 

the IPA was temperature dependent with smaller sizes at higher temperatures, 

e.g. DenAcryl-16 IPA 2-8 exhibited 105 nm at 25 °C and 40 nm at 60 °C. 
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Figure 2-29: Particle sizes of Sort)-19 IPA 2-11 mixtures 

Ratio Diameter [nm] 

Sorb-19IPA 30:70 580 ± 20 

Sorb-19 IPA 40:60 180 ±20 

Sorb-19 IPA 50:50 116±20 

Sorb-19 IPA 60:40 190 ±20 

Overall, the IPA examined in this study showed slightly larger sizes than have 

previously been reported for most other catanionic systems (Table 2-3) with 

diameters ranging from 105 to 180 nm. The majority of published data on 

catanionic vesicles accounted sizes of under 100 nm. There are no reports in the 

chemical literature as to how the vesicle sizes of catanionic vesicles are related 

to the structure and ratio of their ionic components. No information on the 

influence of the amphiphilic chain length, contained functional groups or the 

nature of the polar headgroup on the vesicle size was available. 

The ability to control the particle size by subjecting the catanionic sample to 

extrusion instead of sonication had been demonstrated by Regen et al.̂  ̂and 

Menger et al.®* 
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2.4.2. IPA Polymer Formation 

The heterobifunctional IPA investigated in this study have two reactive functional 

groups located in different positions of the fatty acid molecule. This makes it 

possible to form two different kinds of polymers, cross-linked or linear-ladder. If 

the reaction paths of both reactive groups are independent of each other, a 

cross-linked polymer will be formed (Scheme 2-3). In this case the two reactive 

groups of the fatty acid react with different neighboring fatty acids. 

If the reaction paths of both reactive groups are dependent of each other, a 

linear-ladder like polymer will be formed (Scheme 2-2). In this case the two 

reactive groups of the fatty acid both react with the same neighboring fatty acids. 
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Scheme 2-2: Linear ladder polymerization of I PA 

Linear Ladder 
Polymerization 

Scheme 2-3: Cross-linked polymerization of IPA 

Crosslinking 
Polymerization 

There are reports of heterobifunctional phosphatidylcholine lipids containing 

DenSorb fatty acid as well as DenDiene fatty acid, which formed cross-linked or 

linear-ladder polymers, respectiveiy.̂ °°'̂ °  ̂It was interesting to compare the 

reactivity and polymerization products from vesicles of zwitterionic, covalent lipid 
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molecules to those of catanlonic vesicles where the oppositely charged polar 

headgroups of both amphiphilic components were not covalently bonded; rather 

they were associated by electrostatic interaction. 

Two kinds of radical polymerizations were used with prepared catanionic vesicles 

of mono- and heterobifunctional fatty acids combined with amphiphilic quaternary 

ammonium compounds. The thermal decomposition of hydrogen peroxide and 

the redox initiator system potassium bromate (oxidant) and L-cysteine 

(reductant). Both initiation systems were known for their ability to polymerize 

amphiphilic monomers.̂ °®'̂ ^  ̂

2.4.2.1. Redox Polymerization 

All heterobifunctional IPA in this study polymerized to about 80% conversion with 

the redox initiator system potassium bromate / L-cysteine. The generated 

hydroxyl radicals were able to initiate polymerization in both positions of the fatty 

acid molecule, the dienoyi group near the polar head group and the respective 

second functional group (sorbyl, acryl or diene) at the end of the hydrophobic tail, 

as shown by decrease in UV absorption maxima. They were able to penetrate 

deep into the lipid bilayer to reach all reactive groups. DenAcryl-16 IPA 2-8 and 

DenSorb-19 IPA 2-7 reached their conversion limit of 80 and 74% respectively 

within a reaction time of five hours (Figures 2-56 and 2-56). 
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Figure 2-55: Monomer to polymer conversion of DenAcryl-16 IPA 2-8 during 

potassium bromate / L-cysteine polymerization 
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Figure 2-56: Monomer to polymer conversion of DenSorb-19 IPA 2-7 during 

potassium bromate / L-cysteine polymerization 
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These were significantly higher values than the one observed for DenDiene-16 

tPA 2-9. After six hours of reaction time only 20% conversion was obtained ([M] / 

[I] = 5). Addition of more redox initiator ([M] / [I] =: 2.5) caused an increase in 

monomer conversion to 82% within an additional six hours, comparable to the 

value for the other heterobifunctional IPA (Figure 2-57). 

Figure 2-57: Monomer to polymer conversion of DenDiene-16 IPA 2-9 during 

potassium bromate / L-cysteine polymerization 
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The monofunctional Sorb-19 IPA 2-11 showed a similar reactivity as the 

heterobifunctional IPA with a conversion of 85% within five hours (Figure 2-58). 
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Figure 2-58: Monomer to polymer conversion of Sorb-19 IPA 2-11 (60:40) during 

potassium bromate / L-cysteine polymerization 
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The percent conversions for all IPA in this study were lower than reported values 

for phosphatidylcholine lipids with similar fatty acids in their hydrophobic 

chains/°° Conversions of 90-95% were reported for these compounds. On 

the other hand, it was reported that Sorb-17 and Den-16 IPA reached 78 and 

65% conversion in radical polymerizations with AIBN and AAPD as initiators, 

respectively/®  ̂These values were in the same range as reported for the 

catanionic vesicles in this study. It seemed that in general polymerization of IPA 

led to lower conversion than the corresponding PC's under similar conditions. 

A possible factor for this result could be that all heterobifunctional IPA formed 

cross-linked IPA with redox initiators. This could decrease the fraction of 

polymerizable groups were able to react with each other due to the decreased 

mobility of the fatty acid as the high conversion increases. It does not explain the 



156 

lower conversion values for monofunctional IPA, where cross-linking was 

impossible. 

Different initiator systems produced different polymer structures. The redox 

initiator system potassium bromate and L-cysteine produced cross-linked 

polymers for all heterobifunctional IPA. Solubility tests in organic solvents 

showed that only the unreactive amphiphilic quaternary ammonium cation was 

soluble (Scheme 2-4), as shown by NMR. Monofunctional IPA formed only linear 

polymers due to the lack of a second reactive group. They showed solubility of 

over 95% in organic solvents after freeze-drying. 

Scheme 2-4: Cross-linked fatty acid polymer 

dissolution 

Cross-linked IPA Cross-linked fatty acid 
polymer 

The cross-linked IPA polymer consisted of a network of fatty acid molecules that 

contained quatemary ammonium amphiphiles which were associated by 
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electrostatic interaction. The dissolution experiments in organic solvents of the 

freeze-dried polymerized vesicles removed these cationic components and the 

resulting compound was a vesicular material of cross-linked fatty acid molecules 

(Scheme 2-4). This procedure removed half of the content of the polymerized 

catanionic vesicles. It could be imagined that the cross-linked fatty acid vesicle 

after the dissolution procedure was a spherical, more porous material than 

before. The increased porosity was due to the elimination of the cationic 

amphiphilic components of the bilayer. This material could have interesting 

properties, such as the ability to entrap and release molecules or function as 

microreactors for chemical reactions, as demonstrated by Bose et 

The polymerized catanionic vesicles can be compared to recently reported new 

materials. Kaler et used catanionic vesicles as templates to produce 

hollow polymeric spheres. The monomers styrene and divinylbenzene were 

incorporated into the catanionic vesicle bilayer and then polymerized with AAPD. 

After removal of the I PA template and water by freeze-drying, hollow polymeric 

spheres were detected by cryo-TEM and AFM. The cross-linked IRA proposed in 

the present study may form similar hollow spheres after removal of the water. 

Microscopy studies would be needed to test this possibility. 
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2.4.2.2. Hydrogen Peroxide Polymerization 

All IPA polymerized quantitatively (>95%) with this initiation system. The hydroxyl 

radicals, which were generated by thermal decomposition of the initiator, were 

able to reach all reactive groups of the fatty acid regardless of their position 

within the amphiphile. 

All heterobifunctional IPA reacted in a similar manner with the hydrogen peroxide 

initiator. This judgment was based on the combination of solubility of the freeze-

dried polymerized catanionic vesicles in organic solvents after polymerization 

and vesicle dissolution with addition of the nonionic detergent Triton X-100. All 

freeze-dried polymerized IPA were almost completely soluble in methanol and 

hexafluoroisopropanol (HFIP). The physical appearance of each sample after the 

freeze-drying procedure was always as a clear film. This was very different from 

IPA monomer samples or products of different polymerization types, yielding a 

white, powdry residue upon the drying procedure. These facts indicated that 

these IPA polymers were either linear-ladder-like or oligomers and not cross-

linked. This result was in good agreement with previous reports on the 

polymerization of diacylglycerols containing multiple similar monofunctional 

dienoyi fatty acids.̂ ^  ̂Using the same initiator system (thermal hydrogen 

peroxide decomposition) produced non cross-linked polymers as well. The 

polymers were also quantitatively soluble in organic solvents. 
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In the present study the fatty acids were bifunctlonal. The solubility indicated that 

the resulting polymers were linear-ladder like polymers with both functional 

groups reacting with the same neighboring fatty acid molecule. 

This hypothesis was supported by the results of the vesicle dissolution 

experiments after polymerization. In all cases it took six equivalents of TX-100 to 

dissolve the polymerized vesicles to mixed micelles. This result was consistent 

with previous reports on fomnation of linear ladder type polymers from 

polymerizable, heterobifunctional phosphatidylcholine molecules.̂ °  ̂

Scheme 2-5: Linear ladder fatty acid polymer 

It could be concluded that dissolution of the polymerized IPA in organic solvents 

removed the associated cationic ammonium component and produced a linear-

ladder like fatty acid polymer (Scheme 2-5). Apparently all reacting fatty acid 

molecules had enough mobility to reach each other since no cross-linking 

dissolution 

Linear Ladder IPA Linear Ladder fatty 
acid polymer 
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occurred. The decrease in UV absorption maxima indicated a very high 

conversion (>95%). 

A comparison of the catanionic vesicle sizes before and after polymerization 

revealed quite different results for the polymerized IPA. OenAcryl-16 IPA 2-8, 

DenSorb-19 IPA 2-7 and Sorb-19 IPA 2-11 did not change size during all 

different types of polymerization. This result is in agreement with a previous 

report̂  ̂that the polymerization of IPA did not change the vesicle size. 

Polymerization of vesicles of heterobifunctional phosphatidylcholines did not 

change the vesicle size.̂ °°'̂ °  ̂However, polymerization of vesicles of DenDiene-

16 IPA 2-9 caused a change in vesicle size. The monomer IPA formed vesicles 

of 160 nm in diameter. Depending on the mode of initiation of the polymerization, 

different sizes were determined after the reactions. Radical polymerization with 

hydrogen peroxide yielded vesicles of 320 nm and photopolymerization resulted 

in vesicles of 250 nm in diameter. These sizes were much larger than before the 

reaction. It seemed that the catanionic vesicles aggregated with each other to a 

certain extent to form these larger structures. It was not clear if these resulting 

structures were unilamellar or muitilamellar. Formation of multilamellar catanionic 

vesicles was reported by Caria et Light scattering as the method for size 

determination was not sufficient to answer that question. Cryo-TEM could give 

more structural information, but this technique was unavailable for the present 

study. 
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2.4.2.3. UV polymerization of heterobifunctional IPA 

It was reported that in phosphatidylcholine containing OenDiene-16 acid as one 

of its hydrophobic chains, both functional groups, diene and dienoyi, could be 

selectively polymerized/̂  ̂It seemed to be interesting to explore the possibility if 

an IPA containing the same fatty acid (DenDiene-16 IPA 2-9) would react in a 

similar manner. The two absorption maxima of 2-9 at 220 nm for the diene group 

and 250 nm for the dienoyi group provided an opportunity to observe the 

selective polymerization of only one group upon photoirradiation from a filtered 

light source. The cutoff filter, eliminating wavelengths lower than 270 nm, was not 

able to selectively polymerize the dienoyi group. After inradiation for 90 minutes 

both functional groups exhibited a low conversion of 15%. This value was very 

low and there was no indication for selectivity. This result was different than 

reports for the earlier described PC. In that compound selective polymerization of 

the dienoyi group with the same cutoff filter was achieved with 50% conversion in 

one hour and a conversion limit of 85% was reached with longer inradiation 

times.̂ ^-^°  ̂

A subsequent change in cutoff filter (< 230 nm) showed no increased selectivity 

and both groups of DenDiene-16 IPA 2-9 were converted to 38% within an 

additional two hours of inradiation time. Removing the filter finally led to about 

90% conversion of both groups within an additional five hours of unfiltered 

photoirradiation. 
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The fact that the resulting polymer was 97% soluble in organic solvents and the 

polymerized vesicles were broken up into mixed micelles by TX-100 (4 eq) 

indicated that no cross-linking occunred and that either a linear-ladder polymer or 

oligomers were formed. These data showed that the IPA formed a similar type of 

polymer as the previously reported DenDiene-16 acid containing 

The other heterobifunctional IPA that was polymerized by UV-irradiation In this 

study, DenSorb-19 IPA 2-7, had a much faster reaction rate. Since the 

absorption maxima of the dienoyi and sorbyl group overlap at 260 nm, it was 

impossible to attempt to selectively polymerize one functional group by filtered 

UV-in-adiation. The compound was polymerized by unfiltered UV-irradiation with 

83% conversion in five minutes (Figure 2-59). 

Figure 2-59: Monomer to polymer conversion of DenSorb-19 IPA 2-7 during 

photoirradiation 
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DenSorb-21 acid as a hydrophobic chain in a phosphatidyl choline molecule was 

reported to reach 97% conversion in 90 minutes.̂ °° The reported reaction 

product was an oligomer. 

2.4.2.4. Mechanistic consideration off iPA polymerization 

Figure 2-60: Possible polymerization mechanisms for conjugated diene 

functional groups 

1,2-addition 1,4-addition 

3,4-addition 

There were several possible polymerization mechanisms for diene and dienoyi 

functional groups (Figure 2-60). They could be polymerized by a 1,2-. 3,4- or 1,4-
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addition mechanism. ̂ H-NMR, ̂ ^C-NMR and UV spectroscopy were used to 

characterize the structures of the polymers and to provide information on the 

probable polymerization mechanism. 

a) Monofunctional IPA 

The ̂ H-NMR and ^^C-NMR spectra were used to observe a possible change of 

several sets of signals, the terminal methyl of the sorbyl group (doublet, 1.83 

ppm) and the four vinyl hydrogens of the sorbyl group (7.22, 6.20 and 5.77 ppm), 

during the polymerization. All three Sorb-19 IPA 2-11 composition samples 

(60:40, 50:50 and 30:70) gave very similar results for hydrogen peroxide 

polymerization. In all samples the doublet of the terminal methyl of the sorbyl 

group at 1.83 ppm had shifted upfield and overlapped with other signals. A 

similar shift was observed for its original signal in the ^^C-NMR at 18 ppm. The 

1,2-type polymerization product would still exhibit that doublet, shifted upfield to 

ca. 1.6-1.7 ppm, which was not observed. Therefore the possibility of that 

mechanism could be eliminated. The C-4 carbon of the dienoyi group was 

expected to be attacked by the hydroxyl radical in the first step, because a 

resonance stabilized allyl radical in conjugation to a carbonyl group would be 

formed. 

In the region of vinyl hydrogens two sets of doublets were detected for each 

sample with coupling constants of 15 Hz, indicating trans carbon-carbon double 
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bonds. The chemical shifts were at 6.81 ppm and 6.54 ppm. These results could 

be compared to reports by Matsumoto et al.̂ ^  ̂on the polymerization of octadecyl 

sorbate. It was reported that 1,4-polymerization yielded one signal at 5.4 ppm for 

both vinyl hydrogens and 3,4-polymerization yielded two separate signals at 6.9 

and 6.1 ppm for the vinyl hydrogens. The chemical shifts for the Sorb-19 IPA 

samples 2-11 were very close to these reported values and indicated a 3,4-

addition reaction occunred. The shift values were also compared to computer 

generated NMR shift values using the ChemDraw Software. The simulated 

values for the 3,4-type product were the farthest downfield with values of over 6 

ppm. The other two types (1,4 and 1,2) resulted in calculated chemical shift 

values between 5 and 6 ppm, much lower than predictions for the 3,4-addition 

product. The UV spectra of these samples (Figures 2-48 - 2-50) were strongly 

supportive of the proposed mechanism as well. They all showed a decrease in 

the dienoyi absorption maximum at 252 nm and the emergence of a new 

absorption maximum for a carbon-carbon double bond in conjugation to a 

carbonyl group at 208 nm. An isolated double bond, which would be formed in 

the 1,2- and 1,4-mechanism, was expected to have an absorption maximum of 

approximately 190 nm. This new absorbance maximum was assumed to be due 

to the double bond between carbons 1 and 2, which were located in conjugation 

to the cartxjnyl group. The combination of the results of the NMR- and UV-

experiments led to the conclusion of the proposed 3.4-addition mechanism. 
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The redox initiator produced a different type of polymer at the same temperature. 

A similar upfield shift in the NMR for the terminal methyl group again ruled out 

1.2-addition. But the signals for the vinyl hydrogens were different. They 

appeared to overlap at 5.38 ppm yielding a signal like the one described by 

Matsumoto et al.^^^ for the 1,4-polymerization of octadecyl sorbate. In 

combination with the fact that there was no new UV absorption maximum 

detected at 208 nm, it could be concluded that redox initiation caused a 1,4-

polymerization with Sorb-19 IPA2-11. Previous reports"*®'̂ ®^ on 

phosphatidylcholines containing sorbyl described predominantly 1,4-addition with 

photopolymerization and radical polymerization. It is not clear why the two 

different initiator systems in the present study produced different polymer types, 

because both systems presumably formed hydroxyl radicals in the initiation step. 

The 3,4-addition by hydrogen peroxide initiation gives the thermodynamic 

product, whereas redox initiation to the 1,4-addition product shows kinetic 

control. 

b) Heterobifunctional IPA 

All heterobifunctional IPA produced cross-linked, insoluble polymers with redox 

initiators. Therefore the determination of the addition mechanism by NMR was 

impossible. The NMR spectra showed only the unreactive, soluble quatemary 

ammonium compound. Hydrogen peroxide produced soluble polymers that could 

be investigated by NMR. DenSorb-19 IPA 2-7 had two signals in the region of 
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vinyl hydrogens at 6.85 and 6.55 ppm. These values were very similar to the 

results obtained for Sorb-19 IPA 2-11. The terminal methyl group was shifted 

upield. An emerging UV absorption maximum at 210 nm contributed as well to 

the conclusion for 3,4-polymerization in a similar manner as observed for the 

monofunctional IPA. DenAcryl-16 IPA 2-8 showed similar NMR data for vinyl 

hydrogens, leading to the conclusion that the dienoyi group also polymerized in a 

3,4-addition. 

2.5. Conclusions 

New kinds of reactive catanionic vesicles were formed and their physical and 

chemical properties were studied. Two different types of ion-paired amphiphiles 

in various ionic ratios were produced. They all contained reactive fatty acids that 

were polymerized with several initiator systems. All studied ion-paired 

amphiphiles formed vesicular aggregates of over 100 nm in diameter as 

determined by differential scanning calorimetry and quasielastic light scattering. 

The first group of IPA had the monofunctional Sorb-19 acid as their anionic 

component. Sori3-19 IPA 2-11 was polymerized by hydrogen peroxide initiation 

and redox initiation as detected by UV and NMR spectroscopy. Both initiator 

systems produced soluble, linear polymers as determined by vesicle surfactant 

dissolution experiments (TX-100) and organic solvent dissolution experiments. 

The combination of UV and NMR experiments indicated two different 
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polymerization types for the dienoyi group. Hydrogen peroxide initiator formed a 

3,4-addition type polymer, whereas redox initiator formed a 1,4- addition type 

polymer. 

The second group of IPA had different heterobifunctional acids as their anionic 

component. DenDiene-16 IPA 2-9, DenSorb-19 IPA 2-7, DenSorb-23 IPA 2-10 

and DenAcryl-16 IPA 2-8 were polymerized by hydrogen peroxide initiation and 

redox initiation as detected by UV and NMR spectroscopy, similar to the 

monofunctional IPA. Hydrogen peroxide produced soluble, linear-ladder-like IPA 

polymers as characterized by vesicle surfactant dissolution experiments (TX-100) 

and organic solvent dissolution experiments. Redox initiation produced insoluble, 

cross-linked IPA polymers. These products represented a new kind of material, 

consisting of a vesicular network of connected fatty acid molecules with 

potentially interesting properties. This study is the first report of 

heterobifunctional. catanionic vesicles regarding their physical and chemical 

properties in polymerization experiments. 
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APPENDIX A: NMR spectra 

Figure A-1: ^H-NMR of Sorb-16 NHS-ester 

Figure A-2: ^^C-NMR of Sorb-16 NHS-ester 

Figure A-3: ^H-NMR of DenSorb-23 acid 

Figure A-4: ^^C-NMR of DenSorb-23 acid 

Figure A-5: ^H-NMR of DenDiene-16 IPA 

Figure A-6: "C-NMR of Den Diene-16 IPA 

Figure A-7: ^H-NMR of Sorb-19 IPA (60:40) after hydrogen peroxide 
polymerization 

Figure A-8: ^^C-NMR of Sorb-19 IPA (60:40) after hydrogen peroxide 
polymerization 

Figure A-9: ^H-NMR of Sorb-19 IPA (60:40) after redox polymerization 

Figure A-10: ^H-NMR of Sorb-19 IPA (30:70) after hydrogen peroxide 
polymerization 

Figure A-11: ^^C-NMR of Sorb-19 IPA (30:70) after hydrogen peroxide 
polymerization 

Figure A-12: ^H-NMR of DenSorb-19 IPA after hydrogen peroxide 
polymerization 
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Figure A-13: ^^C-NMR of DenSorb-19 IPA after hydrogen peroxide 
polymerization 

Figure A-14: ^H-NMR of DenAcryl-16 IPA after hydrogen peroxide 
polymerization 

Figure A-15: ^^C-NMR of DenAcryl-16 IPA after hydrogen peroxide 
polymerization 

Figure A-16: ^H-NMR of DenDiene-16 IPA after hydrogen peroxide 
polymerization 
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Figure A-4; ^^C-NMR of DenSorb-23 acid 
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Figure A-6: "C-NMR of Den Djene-16 IPA 
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Figure A-7: ^H-NMR of Sorb-19 IPA (60:40) after hydrogen peroxide polymerization 
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Figure A-8; "C-NMR of Sorb-19 IPA (60:40) after hydrogen peroxide polymerization 



Figure A-9: ^H-NMR of Sorb-19 IPA (60:40) after redox polymerization 
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Figure A-10: ^H-NMR of Sorb-19 IPA (30:70) after hydrogen peroxide polymerization 
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Figure A-11: '̂ C-NMR of Sorb-19 IPA (30:70) after hydrogen peroxide polymerization 00 
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Figure A-12: ^H-NMR of DenSorb-19 IPA after hydrogen peroxide polymerization 
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Figure A-13: ^^C-NMR of DenSorb-19 IPA after hydrogen peroxide polymerization 
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Figure A-14: ^H-NMR of DenAcryl-16 IPA after hydrogen peroxide polymerization 
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Figure A-15: ^^C-NMR of DenAcryM6 IPA after hydrogen peroxide polymerization 
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Figure A-16: ^H-NMR of DenDiene-16 IPA after hydrogen peroxide polymerization 
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