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Chapter 1

Introduction

1.1 Polymerisation in organised media

The development, characterisation and exploitation of novel materials has constituted a major

driving force and challenge in chemical research. Over many decades, polymer chemists have

primarily been concerned with the bulk synthesis of macromolecules in isotropic media. The

use of a seemingly endless reservoir of monomers, functionalities and synthetic techniques

has produced a myriad of valuable materials possessing tailor-made properties. The increasing

demand for more refined and organised materials stimulated research in an area which is

nowadays referred to as nanotechnology1, i.e. the technology of materials which exhibit order

in the nanometre range. From the viewpoint of polymer chemistry it was desirable to access

novel polymer architectures in these dimensions by a directed, anisotropic growth of polymer

molecules in a given matrix. This field of polymer research is often called polymerisation in

organised media2-6.

Generally speaking, the common strategy of all approaches subsumed in the family of

polymerisation in organised media is to translate a pre-established molecular order of a matrix

into a polymeric material – while preserving the order. The act of translation can be

interpreted as a conversion of physically aggregated structures into chemically bound

materials. In practice, this can be achieved either by pre-arranging the monomeric molecules

themselves, or by forcing the monomeric molecules into an ordered medium. Within the

diversity of experimental routes one could classify the individual examples into several

categories. Our distinction is guided by the question “What is the role of the ordered phase in

the polymerisation process?” and we want to discriminate – on an abstract level – between the

following three scenarios (see Figure 1):

1. Fixation

The building blocks of the matrix intrinsically bear a polymerisable moiety and they are

polymerised after formation of a nano-scaled aggregate. This procedure is the most direct way

to “lock in” the original structure.
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2. Templating

A monomer molecule that interacts sufficiently with a pre-established matrix can be inserted

in-between the non-polymerisable building blocks of the matrix. The subsequent poly-

merisation of the monomer introduces a macromolecule in the matrix which should then be a

one-to-one copy of the original.

3. Negative templating

Polymerisable molecules are introduced in the spaces outside the matrix structure. A fixation

of the negative form of the matrix should provide a negative imprint.

1 2 3

Figure 1. Schematically, the
concepts of fixation (1),
templating (2) and negative
templating (3) are shown. The
blocks symbolise the building
blocks of the matrix while the
dots represent monomer
molecules.

1.2 Lyotropic phases as matrices

Potential matrices for polymerisation reactions in organised media should fulfil several

prerequisites. Of course, they should exhibit order on nanometre scale and the structure must

be stable enough to transfer the order to a polymeric product. In addition, the structure should

be well-defined and easy to obtain.

Lyotropic liquid crystalline phases are able to fulfil these requirements as matrix material and

they are widely used in practice7,8. Several different lyotropic liquid crystalline phases are

formed if amphiphilic molecules are dispersed in water where they aggregate spontaneously

to supra-molecular assemblies9-13. Dependent on amphiphile concentration, the molecular

structure of the amphiphile and other physical-chemical parameters, diverse aggregation

structures are found (see Figure 2). Among those, the micellar and vesicular phase are the

most common in the diluted range, while the lamellar, hexagonal, several cubic and their

inverse phases are known to exist at higher concentrations of the amphiphile.
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Many examples of polymerisations in surfactant phases are found in literature. In terms of the

above introduced classification we want to highlight some examples.

     

Figure 2. Geometry of amphiphilic
aggregates in water.
A: spherical micelle; B: rodlike micelle;
C: disklike micelle; D: inverse micelle; E:
the hexagonal phase is the hexagonal
array of infinite rodlike micelles; F: the
lamellar phase is the stack of infinite
bilayered sheets; G: inverse hexagonal
phase (adapted from ref. [14]).

Fixation reactions. If the concept of fixation is employed for the stabilisation of lyotropic

liquid crystalline phases, it is obvious that one has to apply amphiphiles or amphiphilic block-

copolymers that carry a polymerisable moiety. This strategy proved to be successful for the

fixation of lamellar lyotropic phases15-20, hexagonal phases21, monolayers22, rodlike

micelles23, block-copolymer micelles24,25, nanotubules26, and even cubic lipid structures27-29.

Most of the publications in this field suggest that fixation is a valuable way to stabilise the

liquid crystalline phases in their original structure. However, Friberg30 and co-workers

reported a counter-example where the polymerisation of a polymerisable fatty acid in the

hexagonal phase resulted in a lamellar phase. The general problem of fixation reactions lies in

the fact that the packing of the building blocks in the polymerised state and in the non-

polymerised state often do not coincide and cause the disruption of the phase. An additional

complication can occur when the growing polymer chains are not miscible in their matrix and

start to phase separate.

From an experimental point of view, fixation reactions are a promising route to achieve a

desired polymeric architecture based on lyotropic phases, but the synthesis of polymerisable

amphiphiles makes the approach more laborious.

Templating reactions. Templating reactions in lyotropic liquid crystalline phases rely on the

solubilisation of hydrophobic monomers in the lipophilic part of the amphiphile aggregates

and the polymerisation therein. One successful example is the polymerisation of styrene and

methyl methacrylate in cubic phases of didodecyldimethylammonium bromide

(DDAB)/water/monomer which yields a cubic polymer structure31,32. Details concerning the

polymerisation in cubic phases are addressed in Chapter 8.
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Early attempts of Luzzatti and co-workers33 to polymerise standard monomers within the

lamellar phase of fatty acids failed and resulted in a polymer latex. Friberg and colleagues34

explored the possibility to perform a copolymerisation of a polymerisable surfactant in the

lamellar phase together with organic monomers. Although the addition of the monomers gave

an isotropic solution, the lamellar phase was restored after polymerisation.

Another important templating structure that attracted much attention for the synthesis of

porous polymers is the bicontinuous microemulsion structure. Haque and Qutubuddin35,36

presented the first account of a polymerisation in a bicontinuous microemulsion phase which

yielded a novel class of porous polymeric materials. It was found that the pore morphology

depended on the initial microstructure of the microemulsion, but the exact relationship was

not understood. The most important result was that the pore size distribution was not a one-to-

one copy of the templating structure but exhibited by far larger structures than the parental

microemulsion. Later, Cheung et al.37 proved the open-cell structure of the porous solids and

showed that the porosity is varied by the formulation. Interesting mechanistic details were

revealed by the study of Ng et al.38 where it was evidenced that the microporosity of materials

prepared from bicontinuous microemulsion polymerisation could be attributed to numerous

coagulations of spherical particles which were responsible for larger structures. The role of

different surfactants to control pore size in the process of polymerisation in bicontinuous

microemulsions was also addressed by Ng and co-workers39,40. An instructive mechanistic

study on the phase changes accompanying the polymerisation in bicontinuous microemulsions

has been contributed by Hentze and Antonietti41. They observed a collapse of the templating

structure after the onset of polymerisation followed by the appearance of intermediate

lyotropic phases which were eventually converted to a sponge-like polymer dispersion.

Conversely, phase changes can be largely prevented when polymerisable surfactants are

copolymerised with solubilised monomers42. The polymeric bicontinuous nanostructures then

resemble  those of the microemulsion prior to polymerisation.

The examples of polymerisation in bicontinuous microemulsion impressively demonstrate the

intrinsic problem of the templating approach: In general, the incompatibility between the

growing polymer and the matrix leads to phase separation, and the accompanying phase

changes make an immediate control of the desired morphology difficult. To the best of our

knowledge, the only example where a real one-to-one templating was successful is the

example of Anderson31. There, it was ascribed to the higher viscosity of the cubic surfactant

phase that phase separation could be prevented.
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Negative templating reactions. When polymerisable molecules are dissolved in the water

compartments of the lyotropic liquid crystalline phases, then the negative form of the matrix

could be cast by polymerisation. Laversanne43 demonstrated the feasibility of polymerisation

of acrylamide in the water compartment of lamellar, hexagonal and cubic phases. In contrast,

the polymerisation of acrylamide in the lamellar phases as used by Holtzscherer et al.44

afforded eventually the formation of an isotropic latex. Hentze et al.45,46 obtained micron-

sized pores and sheets in polymer gels by the polymerisation in lyotropic counter-ion coupled

gemini (coco-gem) surfactant phases. Though the use of the so-called cocogems appeared

advantageous to impart mechanical strength to the surfactant aggregates, it was impossible to

copy the original structures due to phase separation phenomena.

The application of the sol-gel silica chemistry opened the way to numerous new materials.

Dubois47,48 and later Porcar et al.49 reported the polymerisation of silicic acid in lamellar

phases. Lately, Mann and co-workers communicated the condensation of tetraethyl

orthosilicate (TEOS) in bicontinuous microemulsions which yielded macroporous silica

frameworks50. Antonietti and coworkers51-54 applied lyotropic liquid crystalline phases formed

by block-copolymers as one-to-one nano-casts for the synthesis of nano-porous silica. The

preparation of mesoporous silica by addition of a silica species to a preformed liquid

crystalline template of non-ionics was first reported by Attard and coworkers55.

Another way to obtain various alkoxide structures is through the biomimetic assembly. This

method uses specific interactions between silicate and surfactant to synthesise mesoporous

materials. A large variety of systems and mechanisms are currently reported in literature3,6,56.

The beauty of all these concepts consists in the combination of relatively simple systems

which can lead to attractive material architectures. However, the key to the understanding of

these reactions is the knowledge of the interplay between the matrix, the introduced

monomer(s) and the growing polymer – whether inorganic or organic. In most of the cases, a

complicated sequence of phase changes takes place throughout the reaction which renders the

prediction of the resulting structures a very difficult task. Mainly the incompatibility of the

growing polymer with the matrix through entropic and enthalpic effects direct the material

into structures other than intended. It is no surprise at all that in this area still most structures

are found more or less by trial and error rather than by real one-to-one templating. As a

consequence, intensive characterisation, especially of intermediate structures is a prerequisite

for a further progress and the elucidation of the underlying mechanisms.
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1.3 Vesicles as matrices

Vesicle formation. In this thesis we will be especially interested in polymer architectures that

are based on vesicles as matrix. Therefore, it is helpful to introduce the main characteristics of

vesicles. As mentioned above, vesicles, or synonymously liposomes, are one type of self-

organising structure of amphiphiles in water9,14,57. In particular double-tailed amphiphiles tend

to aggregate to bilayer structures. The chemical structures of vesicle-forming amphiphiles

show a great variety. Some of these substances are isolated from natural products like egg

yolk and some phospholipids58, while other chemicals are synthetically accessible59,60. Very

popular and inexpensive for membrane mimetic studies is the class of double-tailed

quaternary ammonium salts like dioctadecyldimethylammonium bromide (DODAB) which

has been introduced by Kunitake and coworkers61. Nowadays, an increasing number of

vesicle-forming block-copolymer systems is being discovered62-64.

O

O O

O

O

P

O

O
O

N

N Br

Figure 3. The structural formulae of two frequently used vesicle-forming amphiphiles:
dimyristoylphosphatidylcholine (DMPC, left) and dioctadecyldimethylammonium bromide (DODAB, right).

The hydrophobic aliphatic or unsaturated aliphatic chains of these amphiphiles align and build

two juxtaposed monolayer halves which are separated from the water phase by a layer of the

hydrophilic heads (see Figure 4, left). On both sides of the bilayer, a layer of water is more or

less bound to the hydrophilic heads and makes up an important part of the bilayer as a

colloidal structure.

In the first place, these bilayers are present as a

lamellar phase of stacks composed of regularly

alternating bilayers and water layers. The

bilayers may be flat or sometimes undulated if

the energy of the system is high enough to

overcome the bending rigidity of the bilayer

assembly. If extra energy is dissipated in those

systems, the bilayers start to separate from each

∆ ∆ E

Figure 4. Vesicles are closed spherical bilayer
structures which are formed when energy is
dissipated in a lamellar phase.
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other, they are cut in small pieces, start to bend and eventually close to form vesicles65-67 (see

Figure 4, right).

In practice, the dissipation of energy to the lamellar dispersion can be realised in numerous

ways. Sonication results in small unilamellar vesicles (SUV), typically 30 nm in diameter and

consisting of only one bilayer. Another very useful technique to obtain a rather monodisperse

vesicle population of large unilamellar vesicles (LUVs, diameter < 1 µm) is the so-called

extrusion technique. The lamellar dispersion is forced through filters with a narrow pore size

of some hundreds of nanometres. By an adequate choice of the pore size and filter material,

the size of the vesicles can be controlled to some extent, typically ranging between some

hundreds of nanometres. An abundance of other preparation techniques can be applied and for

reviews the reader is referred to Lasic14 or Gregoriadis68.

After all, it should be noted that a vesicle may be viewed as a fragment of the bilayer of a bulk

liquid crystal. The dependence of the vesicle geometry on its manner of creation strongly

indicates that the aggregate is kinetically favoured, in other words, vesicles are metastable

colloidal entities. The question whether equilibrium vesicles, so-called spontaneous vesicle-

forming systems, truly exist is currently a matter of debate69.

Figure 5. Schematic representation of the polymorphism of bilayers: Lc the crystalline lamellar phase; Lβ the
ordered or gel-like lamellar phase; Li the interdigitated gel-phase; Pβ’ the ripple phase; Lα the fluid phase.

The phase transitions. Bilayers undergo a variety of thermotropic and lyotropic phase

transitions. A typical sequence of the thermotropic phase transitions is schematically depicted

in Figure 5. The low temperature phase corresponds to a lamellar crystalline Lc or Lc’ state.

Within this notation the accent indicates a tilt of the alkyl chains to the bilayer plane. The

increasing thermal motion of the amphiphiles with rising temperature leads to the lamellar

gel-phase, Lβ or Lβ’ , where the amphiphiles are less tightly packed and are more hydrated.
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Further heating above a certain main phase transition temperature, Tm, leads to the fluid phase,

Lα. The alkyl chains melt by adopting more and more gauche conformations comparable to

the chain melting of paraffins. This process is normally paralleled by an increase in headgroup

hydration. Both effects together result in a decreased bilayer thickness accompanied by an

extended headgroup area and an enlarged hydration sphere (see Figure 6). To quote some data

for the lipid dipalmitoylphosphatidylcholine (DPPC, Tm = 41.5°C)70: The headgroup area

increases from about 0.5 nm2 to 0.7 nm2 , while the bilayer thickness reduces from 4.5 nm to

3.3. nm. The associated transition enthalpy, ∆Hm, typically amounts to 30 kJ/mol for the main

phase transition. Often, particularly in the case of phospholipids, the transition occurs via

another intermediate phase, the so-called rippled phase, Pβ’, being characterised by bilayer

undulations (cf. section 4.7).

The exact location of the phase transition temperatures and the involved thermodynamic

parameters depend on many factors among which the alkyl chain length and the chemical

nature of the amphiphiles are the most important. Trivially, longer chain lengths induce higher

phase transition temperatures while unsaturated alkyl chains melt at lower temperatures.

However, the phase transition temperature

can also be influenced by changes in the

medium (pH, ion strength, solutes), by

molecules that partition into the bilayer

membrane (apolar solutes, cholesterol) and

even by the size of the vesicles. These

phenomena will be treated in more detail in

Chapter 2.

Dynamic processes in bilayers. Bilayer membranes must be envisioned as highly dynamic

entities. The movement of a single amphiphile within this membrane assembly is a rather

complex superposition of many individual modes of motion. Figure 7 gives a schematic

overview of some fundamental processes: (i) the rotational diffusion, (ii) the lateral diffusion,

(iii) the so-called flip-flop process, i.e. the exchange of lipids between bilayer halves and the

(iv) entry and exit steps. Evidently, the actual dynamics of a particular membrane changes

with the chemical composition of the amphiphiles and the external conditions such as

temperature, pressure and medium. An adequate composition of a membrane allows to fine-

tune all membrane properties and thus fulfil very specific tasks within the membrane traffic.

The advent of more advanced characterisation methods, mainly spectroscopic techniques,

Tm

∆∆Hm

Figure 6. Above the main phase transition
temperature, the alkyl chains start to melt and the
headgroup hydration increases.
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contributed significantly to unravel the differentiated membrane processes in great

detail14,58,70-72.

The fastest modes of motion are

conformational transitions of the hydrocarbon

chains and the headgroup73 characterised by

correlation times of ~10-12 s. Rotational

diffusion and small local lateral movements,

the so-called rattling around, occur on a

somewhat longer time-scale of 10-8 to 10-9 s

in the fluid state, and they may be up to two

orders of magnitude slower in the gel state14.

The diffusion coefficient for the long-range

lateral diffusion of lipids often ranges

between 10-8 and 10-7 cm2/s in the fluid phase and can be a factor 102 to 103 lower in the gel-

like phase74. The same holds for membrane solutes (cf. also section 2.8).

The flip-flop process is generally considered as a rather slow process being related with half

lives of hours to weeks14,75,76. In natural membrane systems, either the equilibration or the

maintenance of bilayer asymmetry primarily hinges on the velocity of this exchange

process77. The transfer inside-outside seems to occur faster than the inverse78.

Entry and exit of lipids into or out of a bilayer assembly are also comparatively slow events.

Literature values14,75,79 for the rate constant of transfer vary between 10-4 and 10-1 s-1. It is

noteworthy that these entry and exit rate coefficients are some orders of magnitude lower than

the corresponding values of micelle-forming surfactants. The lifetime of vesicles therefore

exceeds by far the lifetime of a classical micelle, typically given with < 1 ms80. In this respect,

vesicles appear nearly static assemblies and it can take hours to weeks until all amphiphiles of

one vesicle have been exchanged81. Often, due to the extremely low water-solubility of the

vesicle-forming amphiphiles (< 10-7 mol/L), the exit process is energetically unfavourable and

becomes the rate limiting step82.

The use of vesicles and the role of vesicle-polymer hybrids. Bangham had shown already

some thirty years ago that phospholipids had the ability to form vesicles83. As a consequence

the similarity of biological membranes and vesicle membranes was discovered. It became

obvious that bilayer structures offered a great potential in membrane mimetic chemistry84, in

drug delivery systems85, photosynthesis studies, biomineralisation6 and catalysis86. Nowadays,

lateral

flip-flop

exit-entryrotation

Figure 7. Schematic representation of some funda-
mental dynamic process in bilayer membranes. The
rotational diffusion, the lateral diffusion, the so-
called flip-flop process, and the entry and exit steps.
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vesicles are largely employed as model compounds in various (bio)-chemical, (bio)-physical

and even mathematical disciplines. Much effort has been devoted to the synthesis of new

classes of bilayer forming surfactants and to the development of adequate vesicle

characterisation methods68,87-89.

On the way to applications and simulations of real biological membranes, the relatively poor

stability of vesicles was and still is an obstacle. It is about twenty years ago that the upcoming

methods to polymerise supramolecular assemblies were introduced to vesicles and created

completely new materials. We will try to classify the synthetic approaches within the

framework of polymerisations in organised media just as we did before for the liquid

crystalline phases.

Fixation. Fixation of vesicles encompasses the polymerisation of polymerisable amphiphiles

within the vesicle. The first examples reported in the early eighties triggered a fruitful

research activity during the last twenty years which is summarised in some excellent

reviews90-93. Since this route is dealt with in Chapter 7 most of the literature will be evaluated

there (see section 7.1).

In short, it can be said that fixation of vesicles is a well established and largely investigated

approach to polymeric assemblies. Although it is widely accepted that fixation of vesicles can

in fact lead to stabilised structures, it often overlooked that phase separation phenomena

during polymerisation can occur which give rise to domains of monomeric and polymeric

amphiphiles within one suprastructure94. Thorough morphological studies are therefore

indispensable.

Templating reactions. Another route towards vesicle stabilisation according to the

templating scheme was suggested by Murtagh and Thomas in 1986: they proposed to swell

the lipophilic part of the bilayer of the vesicle with an organic monomer and to polymerise

subsequently the monomer within the surfactant bilayer – hoping to obtain a hollow polymer

particle95. Following the pioneering work of Murtagh and Thomas, a number of publications

have appeared during the last years. It stayed nonetheless unresolved what the resulting

morphology of such a process would be. Our own investigations in this field demonstrated

that the concept is less straightforward than suggested by the early publications and involves

major rearrangements of bilayer and polymer producing novel polymer colloid morphologies.

These studies form the central subject of this thesis. Our observations and the relevant

literature will be treated in Chapters 3-6.
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Negative templating reactions. To date, little is reported about negative templating

approaches to vesicle stabilisation. The synthesis of silica as one-to-one copy of vesicular

block-copolymer phases by Förster et al. is the one real example of a negative templating

reaction that retains the vesicle structure54. Pannavaia and Tanev accomplished the assembly

of porous lamellar silica with a vesicular particle architecture by polycondensation of TEOS

in the water interlayers of multilamellar vesicles96. The controlled hydrolysis of silicon

alkoxides on unilamellar vesicles has successfully been performed by Hubert97. Generally, the

problem of this approach is that all additives or monomers being added in larger amounts to

the water phase of a vesicle dispersion will have a strong, often destructive influence on the

vesicle morphology. The experimental problems are reflected in the paucity of literature on

this subject.

1.4 Outline of the thesis

The scope of the presented work is to explore the polymerisation in bilayer systems with

respect to the underlying mechanisms and the synthesis of novel materials. Most of the

experiments revolve around the templating strategy utilising bilayers as matrices. In principle,

three different bilayer systems are treated: Vesicle bilayers, bilayers in cubic surfactant phases

and intercalated bilayers in organically modified clay layers. In all three cases, the very same

building block of the bilayer, the amphiphile DODAB, will be encountered.

The main part of our studies, i.e. Chapters 2–7, concerns the polymerisation in vesicle

bilayers. As a fundamental step, the basic features of DODAB vesicles and their solubilisation

behaviour to the monomer styrene is investigated in Chapter 2. Therefore, useful

characterisation techniques are introduced and compared for their versatility and ease of use.

The polymerisation of styrene in DODAB vesicles and the resulting vesicle-polymer

morphologies are reported in Chapter 3. Using the same set of characterisation techniques as

in the previous chapter, the constructive principles of the observed structures can be described

and explained on a phenomenological basis. Changing the involved monomers, surfactants

and initiators leads to a series of other novel vesicle-polymer morphologies. Those are

typologically ordered and discussed in Chapter 4.

The collected observations of Chapter 3 and 4 give hints on the mechanism of polymerisation

in vesicles. A more profound understanding of the involved processes comes from a twin
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study on the morphological (Chapter 5) and the kinetic (Chapter 6) aspects of the formation

of vesicle-polymer structures. The acquired mechanistic knowledge is summarised at the end

of Chapter 6, thus bringing together the essence of Chapters 3–6.

As a consequence of the newly obtained insights, we realise the necessity to employ

functional amphiphiles that participate in the polymerisation in vesicles. Synthesis,

characterisation and (co)polymerisation of these amphiphiles with solubilised monomers are

the subject of Chapter 7.

The following two chapters bring two different, albeit very comparable bilayers systems into

view. Chapter 8 focuses on the polymerisation of styrene in cubic lyotropic liquid crystalline

surfactant phases. The peculiar geometry of the bilayer and its influence on the

polymerisation process is discussed. Another bilayer system is created when the amphiphiles

are intercalated in thin stiff clay platelets. Chapter 9 addresses the polymerisation of styrene

in such an environment.

Finally, the role of the different bilayer systems in the polymerisation process and their effect

on the final bilayer-polymer material is compared and evaluated in Chapter 10, the epilogue.

In general, the topic of polymerisation in bilayers inextricably links the field of heterophase

polymerisation with the field of vesicle science. It has been attempted to account for this fact

in the choice of language and vocabulary. The prevalence of concepts of heterophase

polymerisation will be realised. The reader familiar with these ideas will encounter the

striking parallels and differences between the mechanism of polymerisation in vesicles and

emulsion polymerisation.

The structure of this thesis has been laid out such that all chapters are self-contained and

comprehensible as entities enabling the reader to concentrate on the parts of his or her specific

interest.
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Chapter 2

Solubilisation of styrene in DODAB vesicles1

The main part of this thesis is devoted to polymerisation reactions in vesicle bilayers.

Throughout most of our studies, unilamellar DODAB vesicles play the predominant role as

model vesicle system while styrene is employed as model monomer. As a basis for the

following studies, we necessitate a profound understanding of the nature of DODAB vesicles

before and after addition of styrene. The combination of various vesicle characterisation

methods allows a simultaneous look at vesicle morphology (cryo-TEM, DLS) and bilayer

properties (micro-DSC, various fluorescence techniques) and furnishes thus a complete

picture of the vesicles without and with monomer.

Cryo-TEM and DLS results reveal that the addition of styrene does not break up the DODAB

vesicles as an entity, but the peculiar angular DODAB vesicle morphology becomes smoother

and the geometries tend to be more curved. The change in morphology is explained by an

enhanced bilayer fluidity and the drastic depression of the bilayer phase transition

temperature as determined from calorimetry and fluorescence experiments. Moreover, micro-

DSC scans and fluorescence experiments with two different pyrene probes suggest a non-

homogeneous distribution and partial demixing of solute and bilayer for temperatures below

~27°C. Above this temperature, the solute appears uniformly distributed and facilitates

molecular motion in the amphiphile aggregate. The diffusion coefficient for the lateral

diffusion of an amphiphilic probe is in consequence increased by a factor of two compared to

the pure DODAB vesicles.

2.1 The triangle of solubilisation

The solubilisation capacity of bilayer membranes is of vital importance for their multiple

biological functions. Selective solubilisation of molecules to bilayer membranes governs

permeability and transport phenomena of cells and plays a key role in pharmaceutical

applications of liposomes for drug delivery systems2. Therefore, most of the studies on
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solubilisation in bilayers deal with the solubilisation of anaesthetics or drugs3. A substantial part

of the literature concerns solubilisation phenomena and the related phase behaviour in

concentrated lipid phases4. Not many studies5,6 exist on the solubilisation of standard

hydrocarbon compounds in bilayer vesicles for the highly diluted colloidal domain (<1 %wt

amphiphile) whereas solubilisation in surfactant micelles is extensively documented7,8,9. This

lack may be explained by the non-equilibrium

structure of vesicles and their subtle phase

behaviour which brings about extra

complications for experimental studies.

Solubilisation in such cases appears as a

complex phenomenon and one has to deal

simultaneously with three problems, namely

vesicle morphology, bilayer properties and

quantitative partitioning. All three together make up what one could call a “triangle of

solubilisation”, where all parameters are closely and causally linked, and cannot be regarded as

independent (see Figure 1). On the experimental level, the investigation of the “triangle of

solubilisation” can be guided by the following questions:

1. What happens to the vesicle morphology during the process of solubilisation?

Possible effects are transitions of bilayers to micelles after addition of co-surfactant type

solutes10, bilayer disintegration after addition of too high amounts of solutes11, fusion of

vesicles, shape alterations, induction of new phases12 (e.g. transition from lamellar to

interdigitated lamellar, or from lamellar to hexagonal) and so on. This question is most

directly answered by means of microscopy, or more indirectly with the aid of scattering

techniques, i.e. static and dynamic light scattering, SAXS and SANS.

2. What is the effect of the solute on typical bilayer properties such as polarity, fluidity and

bending elasticity?

Depending on the parameter of interest, the investigation method of choice will vary.

Thermal analysis determines shifts of phase transitions and related thermodynamic

properties (patch number, heat of transition) giving information about phase and phase

separation phenomena13. Shifts in the melting transition can also be monitored with simple

turbidity measurements14. Fluorescence measurements have proven to be a very versatile

tool in assessing bilayer mobility, polarity, the location of solutes and even phase

morphologypartitioning

bilayer properties

Figure 1.
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behaviour15,16.

3. What are the thermodynamics of solubilisation?

The quantitative investigation of the partitioning of solutes between phases is experimentally

often not trivial but a couple of techniques to analyse this process have been developed

during the last two decades17.

The present study focuses on the effect of the solubilisation of styrene as an aromatic,

polymerisable molecule in large unilamellar extruded DODAB (Dioctadecyldimethyl

ammoniumbromide) vesicle bilayers in terms of morphology and bilayer properties, such as

mobility and polarity. In contrast to many other solubilisation studies, we tried to study the

effects of solubilisation by starting with a fairly monodisperse population of unilamellar vesicles

as a well-defined reference. This facilitates monitoring of small changes in vesicle morphology

upon solubilisation.

The specific reason to explore this system is our conviction that the solubilisation of the

monomer within the vesicle bilayer has an impact on the mechanism of polymerisation of

styrene in DODAB vesicle bilayers18.

In general, the solubilisation behaviour of hydrocarbons in membranes largely depends on the

chemical nature of the solute4,5. X-ray data indicate that short-chain n-alkanes partition mainly

to the centre of the bilayer, oriented normal to the alkyl chains of the bilayer, where they

perturb alkyl chain crystallisation of lipids as reflected in a depression of the phase transition

temperature Tm of, for instance, dimyristoylphosphatidylcholine (DMPC) after addition of

alkanes of C < 1219. Long-chain alkanes (C > 12) intercalate parallel to the alkyl chains and

may be able to co-crystallise, thereby even increasing the transition temperature. Sjölund et al.

showed that n-alkanes are able to promote inverted hexagonal structures in phosphatidyl-

choline membranes which normally form lamellar phases20.

The influence of n-alcohols on bilayer properties depends also on the chain length. While short-

chain alcohols (C < 8) decrease the phase transition temperature, an increase is observed for

long-chain ones (C > 12) in the case of dipalmitoylphosphatidylcholine (DPPC)4. A peculiarity

of very short-chain alcohols is that they can induce the interdigitated gel phase for some

saturated phosphatidylcholine lipids12. The solubilisation site of alcohols is located near the

bilayer interface5. In the presence of fatty acids, the phase transitions are not affected when
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short-chain fatty acids (C5, C6) are employed with standard lipids such as DPPC and DMPC.

Octanoic and decanoic acid decrease the phase transition temperature while long-chain fatty

acids (C12–18) increase the gel-to-liquid transition temperature.

Compared to alkanes and alcohols, the literature on solubilisation of aromatic molecules in

bilayer membranes is very scarce. Simon and co-workers21 described the effect of benzene on

the thermal and structural properties of saturated multilamellar phosphatidylcholine liposomes

(1,2-distearoylphosphatidylcholine and DPPC) for [benzene]:[lipid] ratios up to 9:1, and high

lipid concentrations (30 %wt in water). At molar ratios lower than 1:1, calorimetric results

could be interpreted as an increase in bilayer defects in the gel phase. Higher molar ratios (1:1–

9:1) produced broad and multiple transitions which was explained by the beginning uncoupling

of the alkyl chains, making the alkyl chains behave like their alkane analogues. Freeze-fracture

and X-ray experiments showed that benzene induces ripples in the fracture faces, modifies the

lipid hydrocarbon packing and increases the water spacing between bilayers in the gel state. At

high concentrations (> 9:1), benzene converts the multilamellar liposomes into smaller vesicles.

From their partitioning study22 the same authors concluded that benzene is, on the average,

situated in a nonpolar environment within the bilayer.

More recently, Brückner and Rehage23 investigated the solubilisation of toluene in DMPC and

DPPC giant vesicles by video-enhanced contrast microscopy and NMR. On the basis of

morphological studies they could distinguish three domains of solubilisation for toluene in

DPPC giant vesicles: (1) At lower concentrations, i.e. [toluene]:[DPPC] < 4.5:1, the vesicles

kept their spherical shape. (2) In an intermediate range, 4.5:1 < [toluene]:[DPPC] < 18:1,

shape fluctuations occurred, leading to non-spherical structures with low symmetry.

Occasionally, lens-shaped occlusions of toluene within the membrane were detected. (3)

Adding even more toluene to the suspension induced the formation of an o/w emulsion in

coexistence with vesicles. For DMPC, where the membrane is in a fluid state, a higher capacity

of solubilisation is reported.

Within the concept of the “triangle of solubilisation”, the present investigation aims to answer

the above formulated questions 1 and 2 for the solubilisation of styrene in large unilamellar

DODAB vesicles (so-called LUVs, diameter ca. 160 nm) at a [styrene]:[DODAB] ratio of 2:1,

i.e. saturation conditions at 25°C, as determined in an equilibrium partitioning experiment. In

particular, we elaborate the interplay between morphology and bilayer properties and try to

elucidate their mutual influences. Morphology and bilayer properties (mobility, polarity, phase

behaviour) are characterised by the combination of cryo-TEM, DLS, micro-DSC and different
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fluorescence methods. Additionally, an attempt has been made to obtain an estimate of lateral

diffusion coefficients with the aid of the fluorescence-excimer technique. The determination of

partitioning data (question 3) will be briefly addressed.

Along the way, relevant observations on the physical state of extruded DODAB vesicles are

communicated and discussed.

2.2 Experimental section

Chemicals. DODAB (Fluka) was purified by repeated crystallisation from ethyl acetate.

Pyrene (Fluka, spectroscopic grade) was used without further purification. The probe N,N-

dimethyl-N-[11-(1-oxo-4-(1-pyrenyl)-1-butyloxy)-1-undecyl]-octadecylammonium bromide,

DPy, was synthesised by ourselves. Styrene (Merck, >99%) was used as received. Super-Q

water (Millipore) was used for the preparation of vesicles.

Synthesis of probe  N,N-dimethyl-N-[11-(1-oxo-4-(1-pyrenyl)-1-butyloxy)-1-undecyl]

octadecylammonium bromide (M = 819.11 g/mol), abbreviated to DPy. The synthesis was

carried out in two steps. In a first step, N-(11-hydroxy-1-undecyl)-N,N-dimethyloctadecyl-

ammonium bromide (M = 548.77 g/mol) was synthesised by refluxing N,N-dimethyl-

octadecylamine (29.76 g, 0.1 mol) and 11-bromo-1-undecanol (25.12 g, 0.1 mol) in toluene

(250 mL) for 16 hours. After removal of the solvent, the crude solid was washed thoroughly

with ether and used without further purification (yield 43.3 g, 79%)24. In a second step,

pyrenebutyric acid (Aldrich) was coupled to the alcohol by a dicyclohexylcarbodiimide (DCC)

coupling reaction25. Therefore, pyrenebutyric acid (1 g, 3.5 mmol) together with N-(11-

hydroxy-1-undecyl)-N,N-dimethyl-1-octadecylammonium bromide (1.9 g, 3.5 mmol), DCC

(0.8 g, 3.9 mmol), para-toluene sulfonic acid (0.07 g, 0.35 mmol) and 4-dimethylaminopyridine

(DMAP) (0.04 g, 0.35 mmol) were stirred in dichloromethane (30 mL) for three days. The

formed dicyclohexylurea (DHU) was filtered off and after evaporation of the solvent, the

product was purified by column chromatography (eluent CH2Cl2 , followed by CH2Cl2/MeOH

99/1 v/v, followed by CH2Cl2/MeOH 98/2 v/v, followed by CH2Cl2/MeOH 95/5 v/v). Fractions

were collected and after evaporation of the eluent, the desired product was found in the

fraction from CH2Cl2/MeOH 95/5 v/v. Yield was 1.3 g (47%) after crystallisation from ethyl

acetate and drying in vacuo.
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1H-NMR (CDCl3): δ 0.9 (t, 3 H, -CH2CH3), 1.35 (br s, 44 H, -CH2-), 1.65 (m, 6 H, -O-CH2-

CH2- and -CH2-CH2-N-), 2.19 (q, 2 H, Py-CH2-CH2-), 2.45 (t, 2 H, -CH2-(CO)-O-), 3.30 (s, 6

H, (CH3)2-N-), 3.35-3.55 (m, 6 H, -CH2-N-CH2-, -CH2-Py), 4.1 (t, 2 H,-CH2-O-(CO)), 7.8-

8.35 (m, 9 H, Py) ppm.
13C-NMR (CDCl3): δ 14 (-CH2CH3), 22.63-33.90 (-CH2-), 51.09 ((CH3)2-N), 64.49

(-CH2-O-(CO)), 63.68 (-CH2-N-CH2-), 123.29-135.75 (Py) ppm.

Vesicle preparation. Unilamellar vesicles were prepared by extrusion of a preheated

dispersion of 10 mM DODAB in Super-Q (Millipore) water through three stacked 200 nm

polycarbonate filters (Millipore, hydrophilised PC filters) at 60°C in three passes (Argon

pressure 7 bar). Prior to extrusion, the dispersion was allowed to hydrate at 60°C for two days.

After extrusion, the vesicle dispersion was kept at 60°C before slowly cooling down to room

temperature.

In order to dope the vesicles with one of the fluorescence probes, a desired volume of a

10 mM stock solution of probe in methanol was added to a glass reactor and the solvent was

evaporated in a gentle argon flow followed by evacuation for some hours. A calculated volume

of freshly prepared 10 mM DODAB vesicles was then added to reach the desired ratio

[probe]:[DODAB] varying from 0.01 (minimal ratio to get reasonable excimer intensities) up

to 0.025. To incorporate the probe homogeneously into both leaflets of the bilayer, the

dispersions were heated to 60°C (above the phase transition of DODAB) and stirred for at

least 5 hours. Argon was bubbled through the solution to reduce oxygen. Probe concentrations

were verified by quantitative UV measurements at 338 nm for pyrene (ε = 44250 L/mol·cm)

and 342 nm for the DPy probe (ε = 40400 L/mol·cm) with THF as solvent.

Swelling of DODAB vesicles. The saturation concentration of styrene in a 10 mM DODAB

vesicle dispersion was determined with a set-up similar to that used by De Young and Dill26.

Four small glass vials of about 2 mL volume were fixed in a ∼100 mL glass reactor. Two vials

were filled with 1 mL of water each, while the other two were filled with 1 mL of 10 mM

DODAB vesicle dispersion each. A small amount of styrene (40 µL) was injected in the space

in-between the small vials and the reactor was closed with a teflon-lined screw-cap to prevent a

gas leakage. The whole reactor was then immersed in a water-bath and thermostatted to the

desired temperature. Partitioning of styrene between the phases occurred via vapour-phase

equilibration. Regular shaking of the whole reactor improved mixing. Equilibration was
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achieved after two days. Concentrations of styrene were measured by quantitative HPLC

measurements. For this, 100 µL samples of liquid were taken from each vial and diluted in 1.9

mL methanol prior to quantitative HPLC analysis.

The saturation concentration was determined in the beginning of this study. Later on, swelling

was carried out by simple addition of styrene to a vesicle dispersion in the desired

concentration with a microlitre syringe, and moderate stirring at room temperature for two

days to guarantee complete and gentle take-up of the solute by the bilayer. Afterwards, the

concentrations were checked by HPLC measurements.

HPLC analysis. HPLC analysis was carried out using a Waters HPLC equipment and a

Zorbax C-18 reversed phase column. The use of a UV photodiode array detector (Waters 990)

permitted calibration at several wavelengths (for styrene at 210 and 244 nm). Eluent was a

methanol/water mixture 80/20 with a flow of 1 mL/min. The injection volume was 5 µL.

Cryo-TEM. The use of cryo-TEM enables aqueous dispersions to be visualised in their natural

state27,28, without any pre-treatment of the sample that could change the morphology, such as

diverse staining techniques29. A copper grid (700-mesh) was dipped in the sample dispersion.

Excess of sample was blotted with filter paper to leave a thin film on the grid. This film was

vitrified in liquid ethane and analysed in a Philips TEM (CM 12) at -170°C. The whole sample

preparation was done in a controlled environment vitrification system to ensure cryo-fixation

of the specimen from a controlled temperature and without loss of water or volatile

compounds. More details concerning the method can be found in literature30,31.

Dynamic Light Scattering. A Malvern 4700 light scattering apparatus with correlator

Malvern 7032 was used for dynamic light scattering measurements at a scattering angle of 90°,

the temperature being 25°C. Data analysis was carried out by the second order cumulant

analysis32,33 according to software provided by Malvern. The intensity weighted z-averaged

diffusion coefficient was calculated from the first cumulant and was translated by the Stokes-

Einstein equation into the z-averaged hydrodynamic radius of the scattering particles. The

normalised variance is quoted as a measure of polydispersity34, PD. Results were based on an

average of ten measurements. In order to use the correlator in the range of maximal sensitivity

and to ensure the limit of a non-interacting dispersion, the samples had to be diluted with

filtered Super-Q water.
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Micro-DSC. The calorimeter (MICROCAL Ltd.) recorded the heat capacity of a DODAB

dispersion relative to that of pure water. The volume of the sample cell was 1.2 mL. A scan

rate of 1 K/min was used. As previously described35, a water-water baseline was subtracted

from each scan using ORIGIN software to obtain the dependence on temperature of the

differential heat capacity δCp. For known calorimeter volume and known sample

concentrations, a simple proportion yields the dependence on temperature of the molar

quantity Cpm(T). It is common practice to model the phase transition with a simple two-state

model, where the low temperature phase (gel phase) is in equilibrium with the high

temperature phase (liquid-crystalline phase): Lβ Lα. The equilibrium is described by the

equilibrium constant K. The isobaric heat capacity, Cpm(T), when plotted against temperature,

then follows the equation36,37:

[ ] [ ]C T K K H RTpm VH( ) / ( ) /= +1 2 0 2 2∆

Here, ∆H0
VH  is the Van’t Hoff enthalpy of the transition and R is the gas constant. This

equation describes a bell-shaped curve under which the area is equal to the calorimetric

enthalpy of the transition ∆H0
cal . By fitting the observed temperature dependence of Cpm(T) to

the above equation an estimate of the Van’t Hoff enthalpy of reaction is obtained. The Van’t

Hoff enthalpy then represents the enthalpy per mole of cooperative unit, i.e. an aggregate of

DODAB molecules acting cooperatively in the melting process. Moreover, the so-called patch

number n 13,36,37, i.e. the actual size of this cooperative unit, can also be estimated from the

ratio of the Van’t Hoff and the calorimetric enthalpies for the transition, n = ∆H0
VH / ∆H0

cal .

UV measurements. UV measurements were realised with a HP UV-vis photodiode array

spectrophotometer (HP 8451A) using a quartz cuvette of 1 cm optical pathlength.

Measurements were carried out at room temperature.

Steady-sate fluorescence measurements. Fluorescence intensities were obtained with a

Perkin Elmer LS50 B steady-state spectrofluorometer equipped with a thermostatted cuvette

holder of 1 cm optical pathlength. Temperatures were adjusted within ±0.1°C and could be

measured inside the cuvette with a thermocouple. The excitation wavelength was 342 nm for

both pyrene and the DPy probe. Fluorescence intensities were measured at 375 nm (pyrene

monomer peak 1), 385 nm (pyrene monomer peak 3) and 470 nm (pyrene excimer) for pyrene,
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and at 378 nm (pyrene monomer peak 1), 388 nm (pyrene monomer peak 3) and 470 nm

(pyrene excimer) for DPy. The slit width for excitation and emission was 2.5 nm; the scanning

speed was 300 nm/min.

Fluorescence lifetime measurements. Time-resolved fluorescence measurements were

carried out using the time-correlated single photon counting technique (for detailed description

see ref. [38]). For excitation, a frequency-doubled synchronously pumped dye laser (DCM)

was used. The repetition rate of excitation pulses was 476 kHz, the wavelength 340 nm, the

pulse duration around 4 ps and the pulse energy in the tenths of pJ range. Cuvettes (Hellma, 1

cm pathlength) were mounted in a thermostatted holder. The emission light was collected with

a single photon counter detection system. A combination of filters (Schott 381.7 nm and

Schott 480.5 nm, combined with a cut-off filter Schott KV 370) was used to select the desired

emission wavelength.

After measuring the sample, the background emission of a corresponding sample without

pyrene was measured and used for background subtraction. To obtain a dynamic instrumental

response as a reference for deconvolution, a reference compound (1,4-bis-[5-Phenyl-2-

oxazolyl]benzene (POPOP) in ethanol) was used which exhibited a single exponential

fluorescence decay time of 1.35 ns (for details see ref. [39]). Data analysis was performed on a

workstation (Silicon graphics) using the global analysis program (Globals Unlimited, Urbana,

USA). The data were fitted to a sum of exponential terms.

2.3 Partitioning data

Before starting the characterisation study of the monomer laden vesicles, the partitioning of

styrene in DODAB LUVs at 25°C was determined as described in the experimental section. It

appeared that the maximum styrene take-up of a 10 mM DODAB dispersion at 25°C is a

styrene concentration of 20.1 ± 0.2 mM based on aqueous bulk concentrations. The measured

saturation concentration of water with styrene at this temperature was 2.4 ± 0.1 mM. The

resulting partition coefficient between the vesicle phase and the aqueous surroundings can then

be calculated in many ways. The representation in mole fraction units is preferable to the

description on molarity scale, since no prior knowledge of the volume of the vesicle phase is
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required9,22. By using the definition of mole fractions, the vesicle-phase/water partition

coefficient, Kves/aq , reads Kves/aq = Xves / Xaq = 1.48·104.

Here, Xves represents the mole fraction of solute in the vesicular phase and Xaq the mole

fraction of solute in the aqueous phase. Throughout the study, this maximally loaded DODAB

vesicle dispersion is taken as a reference system.

Upon completed solubilisation of styrene, the translucent DODAB vesicle dispersion turns into

a highly turbid, milky suspension which is colloidally stable for weeks. The increased turbidity

is ascribed to an increased difference of refractive indices between scattering particles

(nD(DODAB) = 1.42, nD(styrene) = 1.55) and the medium water (nD(water) = 1.33).

Partitioning experiments at higher temperatures showed that the vesicle phase can take up

considerably more styrene. At 50°C, we measured a total styrene concentration of 92 mM

while the water saturation concentration could be determined to 3.4 mM. However, such high

styrene loads induced colloidal instability and led to flocculation. Consequently, it was decided

to keep the monomer concentration constant at 20 mM.

2.4 Vesicle morphology

Cryo-TEM proved an exceptionally versatile tool to study the morphology of vesicles. The

major advantage of cryogenic TEM compared to conventional TEM and even freeze-fracture

TEM is that the sample pre-treatment is minimal. Instantaneous vitrification of the aqueous

dispersion permits the most realistic and least perturbed visualisation of colloidal structures of

submicron size (typically < 500 nm)27-31.

Figure 2 shows typical cryo-TEM micrographs of a 10 mM DODAB vesicle dispersion

vitrified either from room temperature (left) or form 60°C (right).

At room temperature, the vesicle population resulting from the extrusion process does not

show ideal spherical vesicle structures (Figure 2, left) as known for phospholipids. Instead,

strikingly angular geometries and ellipsoidal structures are present. It has earlier been reported

that DODAB and other synthetic long-chain double tailed surfactants, for instance

dihexadecylphosphate40, tend to form non-ideal vesicle geometries18,41. The origin is not yet

fully clarified, but explanations could be found in a relatively high bending rigidity of DODAB

bilayers, an incomplete hydration of the headgroups or crystallisation defects. Conversely,
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when the dispersion is heated to 60°C and vitrified at this temperature, the dispersion exhibits

ideally spherical vesicles.

Figure 3 illustrates the effect of styrene ([styrene]total = 20 mM) on the vesicle morphology at

room temperature. The previously observed angularities do not completely vanish, but a clear

tendency towards smoother structures is noticed.

  

Figure 2. Cryo-TEM micrographs of a vesicle population obtained after extrusion of 10 mM DODAB. When
vitrified from room temperature (left) ellipsoidal and lens-like geometries are predominant. At 60°C, a typical
vesicle morphology is attained (right). The scale bars correspond to 100 nm.

Analysing a representative number of micrographs, it becomes evident that the extended flat

bilayer parts disappear in favour of a more curved geometry. Occasionally, it can even be

observed that the bilayer is bent towards the inner side of the vesicle (see Figure 3, right (y))

hinting at facilitated membrane fluctuations. All this hints at a decrease in the bending modulus

of the bilayer. The cause may be twofold: first, the hydrocarbon part of the bilayer becomes

more fluid through the influence of styrene. Second, the solute may equally interfere with the

hydration of the DODAB headgroups. A distortion of the hydrate water layer could bring

about additional flexibility to the bilayer by enhancement of the membrane compressibility. The

outer bilayer leaflet could then expand a bit while the inner could be compressed and vice versa

in the case of negative curvatures. Analogous effects of solutes on membranes have been

reported and quantified by Sackmann and co-workers42 for bipolar lipids and small peptides.

A closer inspection of the styrene laden vesicles reveals that the bilayers exhibit defects. Not all

structures are completely closed and one can discover small sites where the bilayer contrast is

weakened compared to the average appearance of the vesicles (see Figure 3, right (x)). Due to

the decrease in contrast one can only speculate that these sites might be holes in the membrane.
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Anyhow, these anomalies suggest the occurrence of inhomogeneities of the vesicle bilayers

after swelling at ambient conditions.

z

        

x

y

Figure 3. Cryo-TEM micrographs of a 10 mM DODAB vesicle population after swelling with 20 mM styrene
at room temperature. Angularities are still present, but the bilayer seems more flexible as indicated by sites with
negative curvature (y). Dark spots (z) may indicate monomer reservoirs. Occasionally, bilayer defects are seen
(x). The scale bars correspond to 100 nm.

2.5 Dynamic Light Scattering

Extrusion of a 10 mM DODAB dispersion through 200 nm polycarbonate filters leads to a

fairly monodisperse population of unilamellar vesicles. The second order cumulant analysis of

the intensity autocorrelation function provides an intensitiy weighted z-average (i.e. mass-

squared) diffusion coefficient. Based on the assumption of spherical vesicles, and the

application of the Stokes-Einstein equation, a hydrodynamic diameter of 159 ± 0.8 nm is

calculated. Since cryo-microscopy indicates structures that are not ideally spherical, the

measured diameter must be treated carefully and should rather be interpreted as a size

indication. However, the average value corresponds fairly to the size of the vesicles as they

appear in the micrographs. After addition of styrene, the average diameter shifts to a slightly

higher value of 166 ± 1.8 nm (∼4% increase) and the population appears broadened to a small

degree. Although the change in size is quite small, it exceeds the error of the DLS

measurement. The reason could be fusion of vesicles or alternatively an alteration of the vesicle

geometry accompanied by an alteration of the diffusion coefficient. While fusion events should
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lead to a more pronounced increase in size (∼41% for a dimerisation), a change in geometry

seems more likely and is supported by the cryo-micrographs. A slight increase of diameter

upon addition of monomer is reasonably expected, anyway. Without over-interpreting the DLS

results and keeping the limitations of the technique in mind, the main conclusion can be drawn

that the vesicle size-population is only marginally influenced by the solubilisation of styrene.

Neither fusion nor fission of the vesicles occurs to a significant extent, and the vesicle size and

size distribution basically stays unchanged.

2.6 Microcalorimetry

DODAB vesicles. DSC results are summarised in Table 1. The DSC scans of a 10 mM

DODAB vesicle dispersion are shown in Figure 4. Only one strong transition appears at Tm =

44.8°C which is related to a transition enthalpy of about 30.5 kJ/mol. This peak is ascribed to

the main gel-to-liquid-crystalline transition. Repeated scans after keeping the dispersion at

70°C (i.e. above the Krafft discontinuity)41 or after shorter and longer equilibration times at

low temperatures did not alter the scans. In an earlier study, Blandamer et al. 43 investigated

the thermal behaviour of DODAB vesicles prepared by different methods. Three vesicle

preparation methods were compared and all vesicle dispersions exhibited two transitions. One

peak at 36°C was ascribed to intervesicular interactions while the second peak at 45°C was

identified as the main phase transition. Laughlin et al.41 observed the same phenomenon for the

DODAC (dioctadecyldimethylammonium chloride) water system. He could demonstrate that

the low temperature transition is the result of a strong hydration reaction of the DODAC

monohydrate (DODAC•H2O) to its equilibrium structure, the dihydrate (DODAC•2H2O).

Surprisingly, such a transition is missing in our sample and only one peak is visible. The reason

obviously must be sought in the vesicle preparation method. The great difference between our

method and the hot water method or the ethanol injection method as applied by Blandamer43 et

al. is, that we dissipated energy in the vesicle dispersion as shear during the repeated extrusion

process. The resulting vesicle dispersion is colloidally extremely stable (at least one year) at

room temperature which indicates that flocculation is largely prevented. In other words,

nucleation towards crystallisation and dehydration41 can be kinetically hindered or at least

markedly retarded by complete hydration as the consequence of the dissipation of energy in the

vesicle forming process.
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The calculated patch number gives the number of cooperatively melting DODAB molecules

within the larger aggregates of about 270000 molecules per vesicle44. The entity of 78 ± 1

molecules for our preparation method is smaller than the 96 ± 1 molecules calculated for a

batch by the hot water method. This seems logical if we recall that vesicles from the hot water

method are larger, less curved and less distorted and exhibit hence more cooperativity35.
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Figure 4. DSC results for 10 mM DODAB extruded
vesicles. Only one strong transition is seen. Scans 1
to 4 were directly taken after each other. Prior to
scan 5, the sample was equilibrated for 11 hours.

Figure 5. DSC results for 10 mM DODAB extruded
vesicles swollen with 16 mM styrene at room
temperature. Scans 1 to 4 were directly taken after
each other. Prior to scan 5, the sample was
equilibrated for 11 hours.

The effect of styrene. The influence of styrene on the thermal behaviour of the vesicles is

drastic (Figure 5). First of all, a depression of the phase transition from 44.8°C to 32.4°C is

observed on addition of 16 mM styrene. A whole interval of transitions, starting at about 15°C

up to 35°C, is present. The large temperature range of melting indicates many different types

of patches in the swollen vesicles, probably having different [DODAB]:[styrene] ratios and

hence different intermolecular attractions. The different types of patches start to melt at

different temperatures. The entire complicated transition is the sum of all the different types of

patches melting at their characteristic temperatures.

Emphasis should be put on the fact that all scans differ slightly from each other while the first

differs most from all others. One annealing run seems enough to redistribute the solute within

the matrix.

The increased transition enthalpy and largely increased patch number in the presence of styrene

are an expression of strengthened intermolecular forces. Headgroup interactions of the

aromatic molecules with the cationic ammoniumgroup45-49 and increased Van der Waals

interactions in the hydrocarbon part of the bilayer could be responsible for this effect and

overcompensate any disruption to the regularly packed DODAB molecules by insertion of
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styrene into the lipid layer. Moreover, the melting entropy is increased by the presence of

styrene reflecting the greater molecular freedom which is gained in the liquid-crystalline phase

of the DODAB/styrene system.

To summarise, the calorimetric results demonstrate that the addition of styrene does not lead

to one homogeneously swollen bilayer phase. Instead, several “domains” are detected that

make intrabilayer, local phase separation phenomena in styrene-rich and styrene-poor

“domains” very probable. The solute equally introduces long range interactions probably in the

headgroup region that are expressed in large patch numbers.

Table 1. Thermodynamic data obtained by micro-DSC analysis: the melting temperature, Tm, the melting
enthalpy, ∆mH, the patch number, nDODAB, the melting entropy, ∆mS and the number of different type of
patches, m.

Tm ∆mH  nDODAB ∆mS m

system [°C] [kJ/mol] [–] [kJ/mol·K] [–]

  8 mM DODAB(a) 44.9 ± 0.1 32.6 ± 0.13 96 ± 1 0.105   1

10 mM DODAB 44.8 ± 0.1 30.5 ± 0.13 78 ± 1 0.096   1

10 mM DODAB +
16 mM styrene

32.4 ± 0(b) 41.1 ± 0.70 386 ± 20 0.134 10

(a) see ref. [35], prepared via the hot water method
(b) much smaller and broad transitions are found at 18.6, 25.3, 28.9 and 39.2°C

2.7 Polarity and mobility: Fluorescence experiments

Background. Pyrene and pyrene derivatives are versatile membrane probes owing to the

unique sensitivity of their fluorescence spectra to the probe environment15,16,50,51.

The pyrene fluorescence spectrum fine structure shows five predominant peaks. It is well-

established that the so-called emission peak 3 shows minimal intensity variation with polarity,

whereas peak 1 shows significant intensity enhancement in polar solvents. Thus the intensity

ratio peak3/peak1 (I3/I1) serves as a measure of polarity of the probe environment. The larger

the I3/I1 ratio of pyrene, the larger the apolarity of the membrane environment of the probe52.

The same holds for pyrene derivatives such as phosphatidylcholine coupled probes12 (see

overview in Table 2).

Moreover, the ground-state pyrene

monomer can form an excimer pair by

collision with an excited pyrene
Br

O

O

N

Figure 6. The coupled pyrene probe N, N-dimethyl
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molecule. The excimer/monomer ratio of emission intensities (IE/IM) is indicative of the fluidity

of the bilayer membrane. Larger ratios IE/IM of pyrene hint at larger fluidities. Quantitatively,

the extent of excimer formation can be employed to calculate diffusion coefficients for the

lateral diffusion of lipids or membrane constituents in membranes (vide infra section on

diffusion coefficients).

Due to the low water solubility of pyrene (6·10-5 M) and its good solubility in hydrocarbons,

pyrene resides predominantly within the hydrophobic pseudophase when applied to

microheterogeneous systems like micelles and bilayers45. Normally, it is assumed that pyrene is

incorporated deeply in the hydrocarbon region of the bilayer5,53. On the other hand, several

authors have concluded that cationic surfactants with tetraalkyammonium headgroups may

specifically interact with aromatic solutes45-49 leading to a considerable amount of surface

solubilisation45. Consequently, polarity measurements with pyrene as the probe must be treated

carefully54. Addition of large amounts of solute to the bilayer further complicates the situation.

The interpretation then becomes problematic since changes of the fluorescence spectra upon

addition of solutes may have two sources. First, the environment around the probe may have

changed while the probe maintained its position. This is reported for the solubilisation of

alkanes15. Second, the probe may have undergone a displacement from its original position to

another site in the bilayer. Such a case is encountered for the solubilisation of alcohols in

membranes15. To circumvent the problem of a variable and unknown location of the probe

within the membrane and for reasons of comparison, we decided to employ a second probe

(DPy) where the fluorophore is attached to a surfactant-type molecule (Figure 6) which

resembles DODAB – this should provide maximal compatibility with the vesicle matrix.

Sassaroli and co-workers55 established in a detailed fluorescence-quenching study that the

pyrene-moiety of labelled phospholipids is positioned at a predictable depth within the bilayers.

It can be expected that the DPy probe is similarly well incorporated into the membrane.

According to the parameters of Sassaroli et al.55, the midpoint of the linked pyrene group

should be buried in the bilayer at a distance of about 17 Å from the headgroups, hence probing

the bilayer midplane.

Polarity and mobility measurements as a function of temperature were carried out for both

probes (Py and DPy) with a [probe]:[DODAB] ratio of 1:100 before and after solubilisation of

styrene. At these low probe concentrations, no influence of the probe molecules on the system

is expected, and aggregation of pyrene probes (Py or DPy) should be excluded56.
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Polarity: DODAB vesicles. Changes of the I3/I1 ratio with temperature are shown in Figures 7

and 8. The results are summarised in Table 2 together with literature data on comparable

systems. For pyrene in DODAB vesicles, the ratio I3/I1 exhibits a value of 0.75 at 25°C, i.e.

below the phase transition. This value compares well to literature data for DODAB57 or

DODAC58, but indicates a relatively polar environment compared to typical I3/I1 values for

phospholipid vesicles or even n-alkanes, that should resemble the hydrocarbon part of the

bilayer, e.g. dodecane where I3/I1 = 1.67 52 (see Table 2). This might be explained either by the

penetration of water in the bilayers or a strong interaction of the probe with the ionic

surfactant head group. Fluorescence-quenching experiments of Abuin et al. 58 suggest that

pyrene resides at a more external location, i.e. near the interface, and our work further

supports this view.
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Figure 7. I3/I1 ratios of pyrene versus temperature
for pure DODAB LUVs and after addition of
styrene, molar ratio [DODAB]:[styrene] = 1:2.

Figure 8. I3/I1 ratios of DPy versus temperature for
pure DODAB LUVs and after addition of styrene,
molar ratio [DODAB]:[styrene] = 1:2.

With increasing temperature, the I3/I1 ratio steadily increases to 37°C. In the interval from 37

to 44°C, a strong increase is observed (see Figure 7). The transition to less ordered chain

conformations is seen in the I3/I1 ratio at 44°C, where a constant  value is attained. The pyrene

molecules apparently reach their maximum penetration depth in the hydrocarbon region. Prior

to the main phase transition temperature, water expulsion and deeper incorporation of pyrene

into the bilayers play a main role. Lissi et al.59 made similar observations in their fluorescence

lifetime measurements.

It is remarkable that a qualitatively similar behaviour is seen for the DPy probe (Figure 8).

Note, that absolute I3/I1 values between pyrene and pyrene derivatives cannot be compared

directly due to the intrinsically lower intensity of peak 3 for pyrene derivatives12 (see Table 2).
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Although the coupled probe is considered to be constantly buried in the bilayer, the probe still

senses a relatively high polarity below the phase transitions. Relative changes of the I3/I1 ratio

at the transition temperature are more pronounced than those reported for

phosphatidylcholines12 where only little change in polarity is observed with increasing

temperature. Clearly, a deeper penetration of the coupled DPy probe with rising temperature

(as suggested for pyrene) can be ruled out. Instead, one is inclined to envisage DODAB vesicle

bilayers below the phase transition as badly packed layers so that the interior is accessible to

water molecules. Morphologically, the poor bilayer packing may be the source of the irregular

geometry including clefts and edges of DODAB vesicles (Figure 2).

Table 2. Pyrene fluorescence I3/I1 ratios for pyrene and pyrene derivatives in different environments at 25°C. R
indicates the molar ratio [probe]:[amphiphile].

system probe R I3/I1 ref.

DODAB vesicles (extruded) Py 0.010 0.75 this work

DODAB vesicles (sonicated) Py 0.025 0.79 [57]

DODAC vesicles (CHCl3 injection) Py 0.0001 0.76 [58]

DODAC vesicles (sonicated) Py 0.0001 0.86 [58]

1,2 DPPC vesicles (CHCl3 injection) Py 0.0001 0.86 [59]

CTAB micelles Py 0.77 [52]

DODAB vesicles (extruded) + styrene(c) Py 0.010 1.07 this work

DODAB vesicles (sonicated) + styrene(d) Py 0.025 0.79 [57]

DODAB vesicles (extruded) DPy 0.010 0.42 this work

DODAB vesicles (CHCl3 injection) PyPC 0.010 0.40 [62]

1,2 DPPC vesicles (hydration) PyPC 0.010 0.35 [12]

water Py 0.63 [52]

styrene Py 0.88 this work

dodecane Py 1.67 [52]

Py symbolises pyrene, DPy represents the pyrenyl derivative of DODAB, and PyPC is the pyrenyl derivative of
palmitoyl phosphatidylcholine. CTAB is cetyltrimethylammonium bromide.
(c)molar ratio [DODAB]:[styrene] = 1:2. (d)molar ratio [DODAB]:[styrene] = 1:1.

Finally, it is noteworthy that polarity measurements with lipid-coupled pyrene probes are

valuable tools to detect interdigitated gel phases according to the method of Rowe and co-

workers12. The possible occurrence of interdigitation for vesicles of DODAB type amphiphiles

was mentioned by Carmona-Ribeiro and colleagues60,61. However, our I3/I1 results for DPy,
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just like the measurements of Nascimento et al.62 who applied a pyrenyl derivative of

phosphatidylcholine (see Table 2), do not give convincing evidence that DODAB vesicles exist

in an interdigitated phase. If the contrary were true, significantly lower I3/I1 values (about 0.29)

would be expected12.

Polarity: The effect of styrene. A high I3/I1 ratio of about 1 indicates a comparatively apolar

environment for the pyrene probe (Figure 7) after addition of styrene for the investigated

temperature interval. The higher apolarity can be explained by simultaneous water expulsion

out of the bilayer, a deeper penetration of the probe into the bilayer and the presence of

aromatic molecules in an alkane environment near the probe. A purely aromatic environment

would yield lower values according to control experiments of pyrene (10-5 M) in pure styrene

I3/I1 = 0.88.

From 10°C to approximately 26 °C, a series of peaks hints at reorganisations of bilayer, solute

and probe. Above 26°C, no significant changes take place and the bilayer polarity appears

constant. In particular, the phase transition of pure DODAB is not retrieved. The spiky pattern

of the plot makes it difficult to localise one single phase transition; only a transition region

from 10 to 26°C can be extracted.

The extended interval of transitions is again an indication of several bilayer domains with

different characteristics or different local styrene content and/or localisation. In this context it

is interesting to note that the vesicles are loaded with the saturation concentration of styrene at

25°C. For temperatures lower than 25°C, a situation of over-saturation will be met and may be

accompanied by partial expulsion of the monomer from the bilayer phase. Droplet formation of

styrene in water, possibly stabilised by DODAB could be one consequence. Alternatively,

monomer pools within the bilayer could form a monomer rich phase until the bilayer re-

establishes its adequate saturation concentration.

A comparable pattern is observed for the DPy probe (Figure 8). Analogous to pyrene, DPy

senses a significantly more apolar environment after loading the bilayer with styrene. Major

changes in I3/I1 take place from 15 to 27°C, whereas hardly any variation is observed at

elevated temperatures. An increase occurs between 18 and 26°C which is prominent. This may

be the temperature interval where styrene starts to penetrate more deeply in the bilayer,

without being redistributed equally in the bilayer, thus leading to apolar domains reflected in a

peak of the I3/I1 ratio (vide supra).
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Mobility: DODAB vesicles. The fluorescence intensity ratio IE/IM is plotted as a function of

temperature in Figures 9 and 10 for pyrene and DPy, respectively. Again, the behaviour of the

two probes is quite diverse. For pyrene, three temperature intervals can be distinguished. The

IE/IM ratio increases for temperatures well below the phase transition (T < 40°C). Prior to the

phase transition, the IE/IM ratio drastically decreases (40°C < T < 44°C). A slight increase is

then seen for temperatures above the phase transition (44°C < T). An analogous behaviour has

been reported previously for phospholipids63,65 as well as for other dialkyldimethylammonium

salts64, and it can be understood as follows: Below the phase transition temperature, the lower

solubility of pyrene in the membrane leads to the formation of pyrene microcrystals that expose

a large excimer yield. Near the phase transition (40°C < T < 44°C), the crystals start to

dissolve. This interval is paralleled by changes in polarity (cf. Figure 7) and by changes in

probe position (vide supra). Finally, above the main phase transition temperature, at about

44°C, pyrene can move freely in the two-dimensional fluid of the bilayer.
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Figure 9. IE/IM ratios of pyrene versus temperature
for pure DODAB LUVs and after addition of
styrene, molar ratio [DODAB]:[styrene] = 1:2.

Figure 10. IE/IM ratios of DPy versus temperature
for pure DODAB LUVs and after addition of
styrene, molar ratio [DODAB]:[styrene] = 1:2.

The coupled DPy probe exhibits a somewhat simpler behaviour. Like for the uncoupled

pyrene, high IE/IM ratios are measured at temperatures below the main transition caused by

probe clustering. The clustering appears less grave for DPy as the amphiphilic probe is better

dissolved in the bilayer. Furthermore, the transition region prior to the main transition region,

as observed for pyrene, is entirely missing. Being confined to the hydrocarbon part of the

bilayer, the DPy probe does not undergo a shift in probe position. One single sharp decrease of

the IE/IM ratio at 44°C clearly marks the melting temperatures of the chains.
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Note that the excimer formation – and implicitly the IE/IM intensity ratio – of pyrene in bilayers

is diffusion controlled only above the phase transition temperature16,65. Therefore, only above

the phase transition temperature, the extent of excimer formation is a measure of mobility in a

strict sense (vide infra).

Mobility: The effect of styrene. The addition of styrene exerts a strong effect on the IE/IM

behaviour (Figures 9 and 10). Here, the picture for both probes is nearly the same. A first

interval from 10 to 15°C shows a slight decrease, followed by a second interval from 15 to

27°C characterised by a dramatic decrease. The values then stabilise and stay nearly constant

E/IM values for styrene-containing vesicles significantly exceed the

values for pure DODAB bilayers above the main phase transition temperature (same probe

concentration!). Obviously, the probe mobility is considerably enhanced in the presence of

styrene resulting in a stronger excimer formation (vide infra). It is noteworthy that the IE/IM

ratio hardly shows any increase with increasing temperature above ∼27°C. Hence, the

activation energy for diffusion65 in this medium appears lower than in the pure vesicles.

The origin of the high excimer signal at low temperatures seems obscure at first sight. Again,

oversaturation of monomer and partial demixing at temperatures below 25°C could be the

reason: Supported by polarity measurements that indicate a highly apolar environment just in

the temperature interval where the IE/IM ratio exhibits extremely high values, one may

speculate that small solute domains in the bilayer arise where the probe is present in relatively

high local concentrations and exhibits high local mobility in small styrene “pools”. After raising

the temperature, the solute would redistribute within the bilayer together with the probe.

Summarising the results of the fluorescence measurements we conclude that many factors

influence the fluorescence behaviour of the probes. The probe location as well as the physical

state of the bilayers and their hydration characteristics are retrieved from considerable changes

in the fluorescence spectra.

Concerning the pure DODAB vesicle system, the comparison of the different pyrene probes

provide two important characteristics: (1) The pre-transition interval from 37 to 43°C is

ascribed to a change in the organisation and rigidity of the heads, probe location and water

penetration, whereas (2) the main transition reflects changes in the chain mobility.

The addition of styrene shows four major effects on fluorescence behaviour: (1) The phase

transition temperature is shifted to significantly lower temperatures (lower than 27°C). (2)
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Below this upper phase transition temperature, styrene demixes from or within the bilayer as

reflected in an unusual behaviour in terms of mobility and polarity. (3) Polarity measurements

indicate that the water penetration becomes less important in styrene loaded vesicles compared

to the pure amphiphile. Upon the addition of a solute, the bilayer is “sealed” against interfacial

effects. (4) The mobility of the bilayer is largely increased as a consequence of the fluidising

character of the solute in the bilayer.

The difference between the major transition temperature determined by micro-DSC (32.4°C)

and by fluorescence (~27°C) is explained by the fact that a lower concentration of styrene was

applied for DSC measurements.

2.8 Diffusion coefficients

It has already been mentioned that the excimer formation of pyrene can quantitatively be

interpreted to calculate diffusion coefficients for lateral diffusion coefficients in membrane

bilayers for temperatures T > Tm, where excimer formation is diffusion controlled65 (for review

see ref. [16]). In essence, this method requires the experimental determination of the IE/IM ratio

for known ratios [probe]:[lipid] and the measurement of the excimer lifetime (for details see

Appendix). The first parameter is accessible by steady-state measurements while the latter

demands the use of time-resolved measurements. Sackmann and co-workers presented an

interpretation of this method within the framework of a two-dimensional random-walk

model66. Here, the collision frequency, νcoll, of a ground-state molecule with an excited

molecule is translated into a hopping frequency, ν, between lattice points. For the correct

understanding of the thus determined diffusion coefficients one has to bear in mind that the

lateral diffusion, like any other molecular dynamic process in bilayers comprises a

superposition of many modes of motion acting on different time scales67,68. Lateral diffusion of

lipids in the homogeneous Lα phase of bilayer membranes is known to consist of at least two

contributions, namely diffusion over extremely short distances in the order of about two lipids

and long range diffusion over several micrometers69. Within a correspondent physical picture,

the first mode could be called “rattling-about” in the matrix, while the latter is adequately

described by “effective displacement”. Dependent on the experimental method, one or the

other mode of motion will be probed and the discrepancy between the measured diffusion

coefficients can amount up to two orders of magnitude70,69. The diffusion coefficients

calculated by the applied fluorescence excimer technique refer neither to the “rattling around”,
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nor to a long range diffusion but are related to an intermediate range of diffusion, covering the

distance over several lipids69.

Although this type of measurement may suffer from over-simplifications, Merkel and

Sackmann71 have shown in a recent study that photostationary experiments are well able to

indicate changes in diffusivity, and give reliable diffusion coefficients if the probe concentration

is not too high.

For reasons of comparison, we decided to perform measurements with the two different probes

to explore the contribution of the probe. Measurements for the styrene containing system were

exclusively carried out with the coupled probe DPy to avoid effects from a variable probe

location.

DODAB vesicles. Table 3 gives the obtained values for the lateral diffusion coefficients.

Comparable literature values for dipalmitoylphosphatidylcholine (DPPC) which exhibits a

phase transition close to the one of DODAB are included in the table. For both amphiphiles,

DODAB and DPPC it is observed that the diffusion coefficients of the lipid probe (DPy, Pyda,

Pylec) above the phase transition amount to less than 60% of the diffusion coefficient of the

pure pyrene probe. Accounting for the fact that the diffusion of pyrene may not be strictly

lateral in the bilayer but may also contain a component perpendicular to the bilayer, the

calculated diffusion coefficients are an underestimation and can be considered as minimal

values. The actual discrepancy between diffusion of the free probes and lipid probes can even

be larger. In these measurements, pyrene acts as a model compound for the mobility of an

aromatic molecule in the bilayer, while the DPy probe more likely reflects the mobility of the

lipids themselves. Remarkably, the diffusion coefficients of pyrene and DPy in DODAB fall

below those in DPPC by a factor of two. The higher bilayer rigidity and possibly the charged

headgroups play a role in this.

The effect of styrene. The fluidising effect of styrene is manifested quantitatively in diffusion

coefficients of the DPy probe that are more than two times higher than the corresponding

diffusion coefficients of the pure vesicles. Only a very small effect of temperature on the

diffusion coefficient is found for the styrene containing DODAB system, implying a low

activation energy for diffusion.

It is generally accepted that the lateral diffusion in fluid one-component membranes can be

understood by the free volume model67,68,72. In this mechanism, the diffusion of a probe is

determined by jumps between free volume pockets of a critical size next to the probe. A lower
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lateral lipid density leads to an increased diffusion coefficient, as shown by monolayer

experiments71. In the case of styrene in DODAB layers, one may expect that the solute leads to

an extension of the headgroup area and to an increase in random density fluctuations within the

lipid bilayer, finally creating free volume. This hypothesis would be in line with all earlier

observations (vide supra). Unfortunately, no adequate literature values could be found on the

influence of solutes on the headgroup area and their effect on diffusion coefficient in vesicle

bilayers. Cholesterol is the only membrane additive that has been investigated systematically

due to its importance in natural systems. Contrary to styrene, cholesterol lowers the lateral

mobility by reduction of the free volume66.

Additional measurements, such as monolayer experiments and fluorescence recovery after

photobleaching (FRAP) experiments could shed more light on the role of styrene – or more

generally on the role of solutes – in the altered lateral diffusion behaviour of lipids in

membranes.

Table 3. Calculated lateral diffusion coefficients, D, given in [10-7 cm2/s] at different temperatures above the
main phase transition temperature calculated according to the two-dimensional random walk model as shown
in the appendix. Standard deviation is 10%.

system Tm [°C] probe 40°C 50°C 60°C ref.

DODAB 44.8 Py 2.1 2.8 this work

DODAB 44.8 DPy 1.3 1.6 this work

DODAB + styrene (e) 32.4 (f) DPy 2.6 2.8 this work

DPPC 41.4 Py 4.0 6.2 [66]

DPPC 41.4 Pyda 2.6 3.8 [66]

DPPC 41.4 Pylec 1.6 2.4 [66]

Pyda symbolises pyrene decanoic acid and Pylec represents pyrene lecithin.
(e)Molar ratio [DODAB]:[styrene] = 1:2.
(f)Strongest transition in DSC for molar ratio [DODAB]:[styrene] = 1:1.6.

2.9 Conclusions

A comparative experimental study on the interaction of styrene with DODAB vesicles is

presented. In order to elucidate the subtle interplay between morphology and bilayer

properties, a combination of cryo-TEM, DLS, micro-DSC and various fluorescence techniques

was employed. As a reference system, well-defined large unilamellar DODAB vesicles were

chosen.
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In the first place, some general observations concerning the physical state of DODAB vesicles

are made. (1) The method of preparation of vesicles is important for the thermal behaviour and

stability of the vesicles. Complete hydration by extrusion seems a prerequisite to prevent an

early crystallisation of the amphiphiles and to help in the preservation of the metastable vesicle

phase. The differences in physical state of the extruded DODAB LUVs compared to vesicles

prepared by other methods are reflected in micro-DSC traces. (2) Moreover, comparatively

high micropolarities of DODAB vesicle bilayers below the phase transition temperature

suggest that these bilayers can be envisaged as badly packed layers where the hydrocarbon part

is accessible to water. In the transition interval from ∼37 to 45°C headgroup hydration is

gradually being reorganised prior to the main phase transition. (3) The existence of an

interdigitated gel phase is excluded on the basis of fluorescence polarity measurements.

Solubilisation of styrene in DODAB vesicles modulates the bilayer properties and hence their

morphology. Applying a molar ratio of [DODAB]:[styrene] = 1:2 does not alter the size

distribution considerably (DLS). Cryo-TEM analysis demonstrates that upon addition of

styrene, the DODAB bilayers tend to smoother curvatures and bilayer undulations are

facilitated. On a supramolecular level, there may be two reasons for this: First, the mobility

within the hydrocarbon part of the bilayer increases as reflected in higher IE/IM values for

fluorescence measurements and the higher diffusion coefficients (1.3·10-7 cm2/s for pure

DODAB, 2.8·10-7 cm2/s for DODAB-styrene at 50°C). Second, a distorted hydration of the

heads as concluded from the polarity measurements may contribute significantly to a

weakening of the otherwise rigid DODAB bilayers. The bending stiffness of the membrane

seems reduced.

As far as the location of the solute in the bilayer is concerned, we find strong indications that

the solute is laterally not homogeneously distributed in the layers at low temperatures (T <

27°C). Morphologically this is expressed in small bilayer pools, but quantitatively it is seen in

micro-DSC traces and in fluorescence measurements.

An important corollary of this study is that the parallel use of intrinsically different fluorescence

probes is advantageous and recommended to probe diverse bilayer characteristics in

solubilisation studies. In particular, the application of fixed probes helps to avoid artefacts in

interpretation of the data.

Within the framework of the “triangle of solubilisation”, we explored the axis morphology-

bilayer properties. It is shown that solute-bilayer interactions may affect both the hydrophobic
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and the hydrophilic part of the membrane resulting in an overall change of the vesicle

architecture.

The presented solubilisation phenomena can be considered as being very general models of

shape/function modulations in biological membranes. Implications are seen for solubilisation

effects in bilayers induced by drugs and anaesthetics which are vastly used in pharmaceutical

applications.
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2.10 Appendix:

The excimer fluorescence technique and the random walk model

A full account of the method is given by Galla66. In short, the collision of a ground state Py

with an excited Py* leads to excimer formation. The ratio of excimer quantum yield, ΦE, to the

monomer quantum yield, ΦM, is related to the association rate (ka c) according to

ck
k

k
aE

M

E

M

E τ=
Φ
Φ

where c is the concentration of label per unit area and τE is the excimer lifetime as determined

in a separate lifetime experiment. kM and kE represent the transition probabilities for the

radiative decay of the monomer and the excimer, respectively. The ratio kM/kE  is an intrinsic

property of the excimer probe71,73,74. The ratio of quantum yields is proportional to

experimentally accessible intensity ratios by introduction of a proportionality constant, κ:
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This constant, κ, is characteristic of each probe and is determined experimentally (for values

see Table 4 and references [65,74,75]).

Table 4. Summary of the photo-physical parameters used for the calculation of diffusion coefficients (see text).

κ kM/kE T τE ref.

system probe [–] [–] [°C] [ns]

DODAB Py 0.67 0.10 50 61 ± 5 this work

DODAB Py 0.67 0.10(g) 60 56 ± 4 this work

DODAB Dpy 0.44 0.13(h) 50 59 ± 3 this work

DODAB Dpy 0.44 0.13 60 57 ± 3 this work

DODAB +styrene Dpy 0.44 0.13 40 52 ± 3 this work

DODAB + styrene Dpy 0.44 0.13 50 48 ± 2 this work

DPPC Py 0.8 0.10 50 80 [65]

DPPC Py 0.8 0.10 60 65 [65]

DPPC Pylec 0.5 0.14 [63]

(g)data taken from ref. [73]   (h)data taken from ref. [71]

Assuming that every collision between a ground-state molecule, Py, and an excited molecule,

Py*, leads to excimer formation76, and that the excimer formation between a pyrene ground-
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state molecule and an excited molecule is diffusion controlled77,78, the rate of excimer

formation is proportional to the collision rate, νcoll:

ck acoll =ν

When combining the equations, νcoll can be expressed as function of measurable quantities:

EE

M

M

E
coll k

k

I

I

τκ
=ν

1

The application of the two-dimensional random walk model to the excimer formation then

permits to translate the collision frequency into so-called jump frequencies66. This jump

frequency, ν, i.e. the actual number of diffusional steps per second, can simply be related to the

collision frequency:

ncollν=ν

where n is the average number of steps for a ground-state molecule to meet an excited

molecule. Trivially, this parameter is dependent on the probe concentration. When combining

the equations one obtains the following expression for the jump frequency:
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The lateral diffusion coefficient finally reads:

2

4

1
νλ=D

where λ denotes the average jump length, given by the average distance of lipid lattice

elements (normally 8Å). The calculated diffusion coefficients are given in Table 3. Each value

is the averaged result of at least four measurements with different probe concentrations for

ratios [probe]:[DODAB] between 0.005 and 0.025. Table 4 provides the necessary parameters.
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Chapter 3

Polymerisation in vesicles: From vesicles to parachutes1

The influence of organised media on polymerisation reactions results in many cases in

interesting morphological material. In the present study, dioctadecyldimethylammonium

bromide (DODAB) vesicle bilayers were used as ordered medium for the free radical

polymerisation of styrene. We find evidence that the polymerisation induces phase separation

phenomena leading to parachute-like morphologies where a polymer bead is attached to a

vesicle. To learn the constructive principles of these novel polymer colloids we present here an

integral characterisation study. In a second part we investigate the relation between

polymerisation reaction conditions (i.e. temperature, mode of initiation, and molecular weight

of the polymer) and the resulting vesicle-polymer hybrid morphology. Unexpectedly, slight

modifications in the reaction conditions prove to exert great influence on the produced

morphology. As a general phenomenon, we find that polymerisation of styrene in DODAB

vesicles – independent of process parameters – inevitably leads to micro-phase separation

between amphiphilic bilayer matrix and polymer. Finally, a simplified thermodynamic model

is introduced to rationalise the observed phenomena and we discuss two hypothetical

mechanisms of parachute formation.

3.1 Polymerisation in vesicles

The idea. The field of polymerisation reactions in organised media can be classified into three

categories: fixations, templating and negative templating reactions (see section 1.2). Within

this classification, the templating approach encompasses the polymerisation of monomers which

are inserted, or more precisely solubilised (see Chapter 2), into the “templating matrix” and

subsequently polymerised therein. The beauty of the concept would be for the polymerisation

step to “freeze” the geometry of the monomer within the matrix and thus deliver a polymeric

one-to-one copy of the matrix. If surfactant vesicles are employed as templating matrix, we

want to denote the process “polymerisation in vesicles”. According to the concept, this process
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would open a simple synthetic route to hollow polymeric spheres possessing a rather thin shell.

On the experimental level, the reaction is accomplished in three main steps: (1) Vesicle

formation, (2) solubilisation of the monomer in the vesicle matrix, and (3) polymerisation (see

Figure 1). The preparatory steps (1) and (2) have been treated in the previous chapter so that

we can focus in this chapter on the polymerisation step (3).

*
1 2 3

Figure 1. The concept of polymerisation in three steps: (1) Vesicle formation, (2) solubilisation of monomer (•),
(3) polymerisation. In literature, the polymer shell structure has been reported to result from this process.

A literature review. Murtagh and Thomas were the first to propose in 1986 that

polymerisation of lipophilic monomers inserted into vesicle bilayers would lead to hollow

polymer morphologies2,3 (see Figure 1). The authors used dioctadecyldimethylammonium

bromide (DODAB) as the vesicle-forming surfactant and styrene as monomer. They

characterised the polymerisation products mainly in terms of bilayer properties. One of their

major conclusions was that the lateral mobility of probe molecules in the bilayer decreased on

polymerisation. In contrast, the transbilayer diffusion of probe-ions was not significantly

affected by the presence of polymer. Concerning the morphology of the vesicle-polymer

particle, they reported that “there is no evidence of separation of polymer from the vesicle

Later, other research groups investigated this concept of polymerisation in vesicles with

different amphiphile and monomer systems. A similar system to that of Murtagh and Thomas

was used by Kurja et al.4,5 and Zirkzee6. Poulain et al.7-9 combined an anionic surfactant

together with a long-chain acrylate as monomer. The guideline for the choice of this specific

couple of surfactant and monomer was their structural similarity – a greater resemblance of

both components could facilitate the build-in of monomer in an existing surfactant structure.

Kaler et al.10 made use of the so-called spontaneously vesicle forming catanionic surfactants

with styrene as monomer. The specific surfactant mixture is supposed to form vesicles

spontaneously and does not show significant changes in size when monomer is added. Finally,
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Meier et al.11-13 reported the polymerisation of butyl methacrylate (BMA) mixed with ethylene

glycol dimethacrylate (EGDMA) as crosslinker in dioctadecyldimethylammonium chloride

(DODAC) vesicles. These authors state that the cross-linking of hydrophobic monomers in the

interior of the vesicle bilayer allows the preparation of polymer hollow spheres. After extraction

of the surfactant matrix the polymer relaxed from a two-dimensional network within the bilayer

to a three-dimensional conformation showing a considerable shrinkage. The size and the

structure of the products exhibited a considerable variety while the relation between the

process, the recipe and the resulting properties of the particles stayed rather obscure.

Although the experimental details are in all cases different, all research groups unanimously

concluded and claimed on the basis of morphological studies (TEM2,4, freeze-fracture TEM7,

AFM10, confocal laser microscopy11,12) that polymerisation in vesicles produces hollow polymer

morphologies. It was therefore suggested that surfactant vesicles could successfully serve as

templates for the synthesis of hollow polymer particles.

Aim of this chapter. Surely, the concept of polymerisation in vesicles seems attractive for the

construction of tailor-made hollow particles. However, our morphological studies on

polymerisation reactions of styrene solubilised in DODAB vesicles lead us to contrasting

conclusions. Cryo-TEM analysis provides clear evidence for micro-phase separation between

the surfactant matrix and polymer that gives rise to so-called parachute-like vesicle-polymer

morphologies. In this chapter we present a detailed characterisation study of the novel vesicle-

polymer architectures to obtain a proper understanding of the properties of these special

polymer colloids and their construction principle. On the structure of the vesicle-polymer hybrid

particles, this chapter aims to answer two pivotal questions:

1. What is the effect of the generation of polymer on the bilayer?

Major point of consideration are the bilayer properties of the templating vesicles after

polymerisation. We want to find out if the bilayer properties are affected by the attached

polymer, and if phase separation between polymer and amphiphile is complete or if

polymerisation provides additional stability to the vesicles, as suggested by several

authors10,11.

2. To what extent do the chosen process conditions affect the general outcome of the

reaction, in particular the parachute formation?

We have investigated whether the observed parachute formation is very specific to one

system and particular reaction conditions, or if it is part of a more general mechanism.
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Parameters addressed here are the polymerisation temperature, the molecular weight of the

polymer, the manner of monomer addition and the mode of initiation.

The first question can be adequately answered solely by a combination of characterisation

methods since neither morphological nor bilayer characterisation methods alone will create a

full understanding of the subject. Therefore, morphological characterisation by cryo-TEM and

AFM has been combined with dynamic light scattering measurements and bilayer

characterisation methods such as micro-DSC, fluorescence techniques and surfactant lysis

experiments. Simultaneously, we want to explore and evaluate the diverse characterisation

methods with respect to their versatility to adequately describe this new class of polymer

colloids.

In order to answer the second question, it is sufficient to change the reaction conditions and

assess the resulting morphologies by cryo-TEM.

To summarise our studies, it turns out that the bilayer properties of the DODAB vesicle after

polymerisation are basically unchanged. We conclude that phase separation between polymer

and surfactant matrix is essentially complete and, as a result, the polymer does not impart any

stabilisation to the amphiphilic aggregate. Interestingly, the release of the attached polymer

particle can be triggered by the addition of a simple mono-tailed surfactant.

The investigated change of reaction conditions can by no means prevent phase separation but

causes only subtle morphological alterations. Covering a wide span of reaction conditions, the

parachute formation is recognised as a general phenomenon of the polymerisation of styrene in

DODAB vesicles. On the basis of simple thermodynamic considerations on the interfacial

energy of the system, these observations can be rationalised.

3.2 Experimental section

Materials. Dioctadecyldimethylammonium bromide (DODAB, Fluka, >98%) was purified by

repeated crystallisation from ethyl acetate. DODAB (Acros, >99%) having a higher purity was

used as received. Styrene was purchased from Merck (>99%), distilled under reduced pressure

and stored at –18°C. Prior to use, the monomer was passed over an inhibitor removal column

(DeHibit 200, Polysciences). The oil-soluble photoinitiator 2,2-dimethoxy-2-phenyl

acetophenone (DMPA, Aldrich, 98%) was used as received.
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The water-soluble azo-initiator 2,2’-azobis(2-methylpropionamidine)dihydrochloride (V50) was

purchased from Aldrich (97%).

Pyrene (Fluka, spectroscopic grade) was used without further purification. The amphiphilic

pyrene probe N,N-dimethyl N-[11-(1-oxo-4-(1-pyrenyl)-1-butyloxy)-1-undecyl] octadecyl-

ammonium bromide, abbreviated to DPy, was synthesised by ourselves23 (see section 2.2).

For surfactant lysis experiments, the zwitterionic surfactant 3-(N,N-dimethylmyristyl-

ammonio)propanesulfonate (DMAPS) was employed as supplied by Fluka (>97%). THF

(Biosolve, p.a.) was used for SEC analysis and methanol (Biosolve, HPLC grade) for HPLC

analysis.

Vesicle preparation. The preparation of large unilamellar vesicles (10 mM DODAB) and the

doping with required fluorescence probes has been described in Chapter 2, section 2.2.

Polymerisations. Typical recipes for photochemically and thermally initiated polymerisations

are given in Table 1. Prior to polymerisation, oxygen was removed from the dispersion by

repeated cycles of evacuation followed by flushing with argon. Under stirring, the monomer

was then injected to the vesicle dispersion with a microlitre syringe to obtain a typical overall

monomer concentration of 20 mM. Stirring for two days at room temperature was allowed to

ensure a completed take-up of monomer in the amphiphile aggregates14.

Table 1. Typical recipes for polymerisations of styrene in DODAB vesicles.

amount concentration

[g] [mM]

water (Super-Q) 100

DODAB 0.631 10

styrene 0.208 20

DMPA (photochemical initiation) 5.9·10-3 0.23

V 50 (thermal initiation) 0.027 1.0

The oil-soluble photoinitiator DMPA (structural formula see Figure 2) was transported along

with the monomer through the water phase to the amphiphile aggregates. To this end, the

initiator was first dissolved in the monomer (typically 0.1 M on monomer basis). The

initiator/monomer solution was then injected into a light protected flask of the vesicle

dispersion, reaching a typical overall initiator concentration of 0.23 mM. Photopolymerisations
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were carried out in a 3.5 mL screw-capped, thermostatted quartz reactor placed at 10 cm

distance of a UV-lamp (HPR 125 W, Philips). The range of wavelengths of the lamp (P = 5.1

W at λmax = 366 nm) matched the UV absorbing region of the photoinitiator

(ε 350 nm = 255 L/mol·cm, ε 365 nm = 134 L/mol·cm)15. Alternatively, a pulsed XeF excimer laser

(λ = 351 nm) Lamba Physics LPX110i operated at a frequency of 2 Hz and an energy of 30 mJ

per pulse was used as an irradiation source.

               

O OCH3

OCH3

    
N N

NH

H3N

HN

NH3

ClCl

Figure 2. The oil-soluble photoinitiator 2,2-dimethoxy-2 phenyl acetophenone (DMPA, left) and the water-
soluble azo-initiator 2,2’-azobis(2-methylpropionamidine) dihydrochloride (V50, right).

During irradiation, samples of 100 µL were taken for conversion analysis based on the residual

monomer concentration by quantitative HPLC. For so-called second-stage experiments, the

monomer/initiator solution was added to a previously polymerised vesicle-polymer dispersion

and polymerised a second time following the above described way.

Thermally induced polymerisations were carried out in a 50 mL double-walled glass reactor at

60°C. The water-soluble azo-initiator V50 (structural formula see Figure 2) was first dissolved

in 0.5 mL water and then injected in the preheated dispersion. Samples for conversion analysis

could be withdrawn through a septum. After polymerisation, residual monomer was removed

from the samples by evaporation.

Size Exclusion Chromatography. Prior to SEC analysis, the polymer had to be freed from

surfactant. Therefore, 1.5 mL of the vesicle-polymer hybrid dispersion was first freeze-dried

and the obtained white powder was then dissolved in 3 mL of hot THF. After cooling in a

refrigerator, the amphiphile precipitated in large crystals leaving the polymer solution on top.

The top phase was decanted and passed first over a cotton-wool pipette filter and second over

a 0.2 µm PTFE syringe-filter (Alltech) to remove residual surfactant crystals and other large

contaminants. The obtained polymer solution had a concentration of ~1 mg/mL for SEC

analysis. The SEC analyses were carried out using four PLGel (Mixed-C) columns (Polymer

Laboratories) at 40°C. The injection volume was 100 µL and THF was used as eluent at a flow

rate of 1 mL/min. A Waters 410 differential refractometer and a Waters 486 UV-detector



Polymerisation in vesicles

53

(operated at a wavelength of 254 nm) were applied for detection. Narrow-distribution

polystyrene standards (Polymer Laboratories) with molecular weights ranging from 580 to

7.1·106 g/mol were used to calibrate the SEC set-up.

HPLC analysis. The styrene concentration of the dispersions could be determined by

quantitative HPLC as described in Chapter 2.

Cryo-TEM. Details concerning the use of the cryo-TEM technique were given in Chapter 2

and can be found in literature16.

Atomic Force Microscopy. One droplet of a ten times diluted vesicle dispersion was deposited

on a flat freshly cleaved muscovite mica surface. Excess water was removed by blotting with

filter paper and the sample was dried at ambient condition (2 h) prior to imaging. AFM

experiments were carried out using a Nanoscope III Multimode microscope (Digital

Instruments, Santa Barbara, USA). AFM images were obtained at ambient conditions while

operating the instrument in tapping mode. Commercial etched silicon nitride cantilevers of 125

µm (spring constant 20-100 N/m, resonance frequency 298–369 kHz) were used (Nanoprobe

TESP, Digital Instruments, Santa Barbara, USA). Height and phase images were obtained

simultaneously. Images were obtained at a scan rate of 1.5 Hz, with 512 lines. Scanned images

were of different size ranging from 0.5×0.5 µm2 to 10×10 µm2 .

Dynamic Light Scattering. A Malvern 4700 light scattering apparatus with correlator

Malvern 7032 was used for dynamic light scattering measurements. Data analysis was carried

out by the second order cumulant analysis17-19 according to software provided by Malvern.

More details were provided in Chapter 2, section 2.2.

Micro-DSC. The calorimeter (MICROCAL Ltd.) recorded the heat capacity of the vesicle

dispersions relative to that of pure water. A detailed description of the experimental conditions

has been given in Chapter 2 and the data treatment is explained in literature20-22.

Surfactant lysis and UV measurements. For lysis experiments, the 10 mM DODAB or

DODAB-polystyrene dispersions were fivefold diluted to reduce the turbidity and take

advantage of the most sensitive detection interval of the UV spectrophotometer (HP 8451A).
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Next, 2 mL of the dispersion were filled in a screw-capped, septum-lined quartz cuvette of 1

cm optical pathlength and heated to 50°C in a thermostatted cuvette holder. When reaching the

temperature, the titration was performed by repeated injection of 20 µL aliquots of a 20 mM

DMAPS solution to the sample while stirring inside the cuvette. To monitor the vesicle

breakdown by turbidity, the optical density was measured at λ = 300 nm every 15 seconds, for

2 minutes after each injection. A stable value was typically obtained after 1 min which was then

taken as definitive turbidity.

Steady-state fluorescence measurements. Fluorescence intensities were obtained with a

Perkin Elmer LS50 B steady-state spectrofluorometer equipped with a thermostatted cuvette

holder of 1 cm optical pathlength. For spectroscopic details see section 2.2.

3.3 The parachute morphology

Cryo-TEM. Typical cryo-TEM

micrographs of pure DODAB vesicles and

of DODAB vesicles after addition of styrene

in the molar ratio [DODAB]:[styrene] = 1:2

were reported and discussed in the previous

chapter and earlier publications1,23. To

summarise, the main observations were:

DODAB vesicles show prevalently angular

and ellipsoidal geometries below the phase

transition temperature. Upon addition of

styrene, a tendency towards smoother

structures is noticed and bilayer defects are

surmised.

After photopolymerisation at 25 °C,

however, exciting new structures dominate

the micrographs (see Figure 3). Small solid spheres are linked to bilayer structures, typically

one sphere per vesicle, to form parachute-like geometries, where the bilayer resembles the

unfolded parachute and the polymer sphere resembles its cargo.

Figure 3. Cryo-TEM micrograph after polymerisation
of styrene in extruded DODAB vesicles. Phase
separation occurs and gives rise to parachute-like
structures. Small polymer spheres are linked to vesicle
bilayers. The scale bar corresponds to 100 nm.
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Analysing a representative series of micrographs, some main characteristics of these structures

are observed: (i) nearly all observed parachutes contain only one polymer particle; (ii) smaller

bilayer structures contain smaller polymer particles; (iii) the geometries seem markedly less

diverse than those of the initial DODAB vesicle dispersion; (iv) the polymer particles are not

ideally spherical. Instead, they tend to asymmetrical ellipsoidal structures.

These observations give evidence for phase separation between polymer and amphiphile on a

nanometre scale for the polymerisation of styrene in DODAB vesicles at 25°C. It is noteworthy

that a typical polymer particle of about 55 nm diameter consists of a large number of polymer

chains, namely about 19000 polymer chains for a number-averaged molecular weight of 2850

g/mol as found by SEC (see Table 2). Remarkably – though the phase separation takes place –

the polymer bead does not uncouple from the vesicle matrix but stays attached.

Table 2. Results of the SEC analysis of the isolated polystyrene, synthesised at different temperatures and with
different initiators. Mn is the number-average molecular weight and Mw /Mn the polydispersity of the molecular
weight distribution.

T initiation initiator conc. Mn Mw /Mn

[°C] [mM] [g/mol] [–]

25 DMPA (cont. UV) 0.23 2850 3.1

60 DMPA (cont. UV) 0.23 5820 2.9

60 V50 (thermal) 1.0 23030 3.4

All additional morphological details of both polymer and vesicle, bear information on a

potential mechanism of parachute formation: The fact that the size of the polymer particle

seems to depend on the size of the “parental” vesicles suggests compartmentalisation of the

monomer during the course of the polymerisation. In other words, exclusively the monomer

which is solubilised in the “parental” vesicle is converted to polymer. The smooth vesicle

geometries after polymerisation resemble the styrene containing vesicles more than the pure

DODAB vesicles23. It is remarkable that this bilayer morphology is kept, even after

polymerisation, when the monomer is consumed. Finally, the peculiar asymmetrical shape of the

polymer particle suggests that restrictive mechanical forces are active during the growth of the

polymer particle that force preferential growth to the outside of the vesicle. The source of these

forces are most probably asymmetrical bilayer forces which are known to be stronger in the

inner leaflet of the bilayer than in the outer one24. Hence, the inner bilayer will resists distortion

through polymer growth to a larger extent.
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Atomic force microscopy. An AFM height picture of a dried parachute dispersion is shown in

Figure 4. Small spherical particles of diameters between 40 and 60 nm are observed. A control

sample of pure DODAB vesicles did not show any structural features and was identical to a

blank experiment. Comparing the atomic force micrographs to the cryo-TEM results, the

spheres can be identified as the small polystyrene beads which are one constituent of the

parachute morphology. Since no structures larger than ~65 nm could be detected, it can be

concluded that the vesicle part completely disintegrates by drying the sample. It is anticipated

beforehand that the vesicle structures collapse upon drying, although it has been reported by

Paleos et al.25,26 that AFM on dried vesicle dispersions could allow the determination of particle

sizes. Anyhow, the disappearance of the vesicle part in our case clearly shows that the

polymerisation process did not reinforce the vesicle bilayer. Moreover, the observed structures

can unambiguously be ascribed to the polymer beads by complementary techniques (vide infra).

This is in contrast to observations of Kaler et al., where an enhanced stability of polymerised

DTAB/ SDBS/ poly-DVB vesicles was inferred from AFM measurements in the liquid tapping

mode10. These authors detected hemispherical structures by AFM which were interpreted as

hollow structures while discarding the occurrence of polymer beads.

Dynamic Light Scattering. DLS results are summarised in Table 3. As described before (see

Chapter 2), the extrusion of a DODAB dispersion leads to fairly monodisperse unilamellar

vesicles. Based on the assumption of spherical vesicles, a hydrodynamic diameter of 159 ± 0.8

Figure 4. AFM height picture of a dried
vesicle-polymer sample on mica. After
drying, the vesicle collapses and only the
polymer beads remain visible.



Polymerisation in vesicles

57

nm is calculated. Surprisingly, the apparent hydrodynamic diameter after polymerisation only

amounts to 133 ± 1 nm and shows an increased polydispersity index. To investigate this

apparent decrease in diameter in more detail, the measurement of the apparent diffusion

coefficient, D, in dependence of the scattering vector q (q = 4π/λ sin(θ /2) with λ the incident

light wavelength, and θ the scattering angle) is helpful. By analysis of the limiting case D

(q →0), the translational contribution can be separated from the rotational contribution and

the influence of the form-factor becomes negligible since P(q) = 1 for (q →0)18,19. In this way,

it could be shown that the size of the total vesicle-polymer particle before and after

polymerisation hardly differs27,28. This suggests, that a given vesicle population is converted

one-to-one into a population of parachutes while preserving the size of the “template”.

Table 3. Results of dynamic light scattering experiments before and after polymerisation for samples before and
after surfactant lysis. zAve represents the intensity weighted z-averaged diameter and PD the polydispersity
index as calculated from a second-order cumulant analysis17-19.

before lysis after lysis

system zAve [nm] PD [–] zAve [nm] PD [–]

10 mM DODAB 159.4 ± 0.8 0.09   8.0 ± 0.3 0.22

10 mM DODAB +
polystyrene(a)

133.3 ± 1.0 0.21 57.7 ± 1.0 0.24

(a)after polymerisation of 20 mM styrene

Surfactant lysis. The addition of mono-tailed surfactants to a vesicle dispersion primary leads

to an incorporation of the surfactants in the vesicle assembly. When the concentration of

surfactant exceeds a certain critical concentration, the bilayers will be broken up to bilayer

fragments and eventually transformed to mixed micelles29-31(see Figure 5). The pathway of

vesicle disintegration can be followed by looking at the turbidity of the dispersion with the aid

of a UV spectrophotometer29-32. While the large vesicles exhibit a high turbidity, the smaller

bilayer fragments show a decreased scattering, and finally the turbidity will approximate zero

for the mixed micelles.
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Figure 5. Schematic representation of the process
of a surfactant lysis experiment. An excess of
mono-tailed surfactant is added to the vesicle
dispersion. A transformation from vesicles to mixed
micelles occurs.

Figure 6. Normalised OD traces for the surfactant
titration of DODAB vesicles and vesicle-polymer
hybrids. (OD0(vesicles) = 0.475, OD0(vesicle-
polymer hybrids) = 1.623).

The stabilisation of vesicles can thus be probed by the resistance towards disintegration. In our

case, we titrated the DODAB vesicle dispersions with a solution of the mono-tailed surfactant

DMAPS and followed the optical density in a UV spectrophotometer.

If any stabilisation of the bilayer resulted from polymerisation in vesicles, the bilayer disruption

by surfactants would be hindered. A titration of DODAB vesicles shows the typical three step

break-down (see Figure 6). A molar ratio of [DMAPS]:[DODAB] of 2:1 yields total transition

to mixed micelles as seen in a largely decreased steady scattering. The diameter of the mixed

micelles is determined by DLS to be 8 nm (Table 3).

After polymerisation, approximately the same intervals of transitions are seen but in the end, the

turbidity stays on a constant yet non-zero level. In fact, this is expected, as now the polymer

latex beads are freed from the attached vesicle, thus giving a constant level of scattering. The

vesicle parachute is hence transformed to mixed micelles while the latex beads are stabilised by

the added surfactant. DLS measurements of the obtained dispersion yield diameters of ~58 nm,

which are in good agreement with the size of the beads seen in cryo-TEM micrographs and

AFM measurements.

Micro-DSC. DSC results are summarised in Table 4. Figure 7 shows an overview of the first

scans for pure DODAB vesicles, for styrene containing DODAB vesicles, and finally for the

polymer containing parachute vesicles. For pure DODAB vesicles, the gel-to-liquid crystalline

transition appears reproducibly at Tm = 44.8°C and is related to a transition enthalpy,  ∆mH, of

30.5 kJ/mol. The addition of styrene induces a complicated thermal behaviour of the bilayer.

Repeated scans then differ from each other and a marked depression of the phase transition
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temperature is observed (for detailed discussion see Chapter 2). After polymerisation of

styrene, the phase transition of the pure DODAB bilayers is essentially restored at a

temperature of 45.8°C.

Additionally, it is worth investigating to what extent the thermal behaviour of DODAB bilayers

differs before and after polymerisation (Figures 8 and 9). Four details are noticed: (i) The main

phase transition is shifted up by one degree to Tm = 45.8°C. (ii) The transition enthalpy is

increased to 33.9 kJ/mol. (iii) Fitting the data to a commonly used two-state model20-22

calculates a patch number of 249 ± 1 cooperatively melting DODAB molecules compared to

only 78 ± 1 calculated for DODAB vesicles. (iv) The peak is broadened and tends to be

asymmetrical on the low temperature side. Most interestingly, the peak-shape changes in

repeated scans as shown in Figure 8. A peak shoulder evolves at the low temperature side of

the peak which increasingly separates from the main peak, to establish a second maximum at

45.0°C after 5 scans.

These small but significant alterations of the thermal bilayer properties must originate from the

polymerisation process. Recalling the remarkably smooth bilayer morphology of the polymer-

containing vesicles (vide supra), an increased transition temperature, enthalpy and patch

number (observations (ii)-(iv)), are explained by a more favourable bilayer packing after

polymerisation – a process which was made possible by the transient presence of styrene (vide

supra). Less evident is the cause of the peak splitting after repeated scans. Trivially, two

transition peaks prove the existence of at least two different bilayer populations. One could

speculate that the two populations could be assigned to the pure DODAB bilayers of the

parachute (Tm = 45.8°C) on the one hand, and the bilayer part which is in contact with the

polymer bead (Tm = 45.0°C) on the other hand. The populations start to separate when heated

to temperatures above the phase transition temperature. It will be shown later that this change

in bilayer properties is accompanied by morphological changes (vide infra).

In general, the DSC results are interpreted as a strong indication of complete phase separation

between polymer and amphiphiles. Otherwise, a depression of the phase transition would be

expected since alkyl chain-crystallisation would be impeded by the presence of polystyrene

chains within the bilayer33. Taking into account the morphological results and the outcome of

the lysis experiment, the complete phase separation appears as the most plausible explanation.

Fluorescence experiments are conducted to monitor sensitively the bilayer environment and to

give decisive information on the location of polymer.
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Figure 7. Overview of the first DSC scans for
DODAB vesicles, styrene-containing vesicles and
vesicle-polystyrene particles.

Figure 8. DSC results for vesicle-polymer hybrids.
Five subsequent runs show that the sample changes
when repeatedly heated above the phase transition
temperature. Scans 1 to 4 were directly taken after
each other. Prior to scan 5, the sample was
equilibrated for 11 hours.

Table 4. Thermodynamic data obtained by micro-DSC analysis: the melting temperature, Tm, the melting
enthalpy, ∆mH, the patch number, nDODAB, the melting entropy, ∆mS, and the number of different type of
patches, m.

Tm ∆mH nDODAB ∆mS m

system [°C] [kJ/mol] [–] [kJ/mol·K] [–]

10 mM DODAB 44.8 ± 0.1 30.5 ± 0.13 78 ± 1 0.096 1

10 mM DODAB +
16 mM styrene

32.4 ± 0(b) 41.1 ± 0.70 386 ± 20 0.134 10

10 mM DODAB +
polystyrene(c)

45.8 ± 0.1 33.9 ± 0.04 249 ± 1 0.105 3

(b)see previous publication [23] and Chapter2
(c)after polymerisation of 20 mM styrene

Polarity and Mobility: Fluorescence Experiments. Fluorescence experiments with pyrene

probes are versatile tools to asses the nature of bilayers in terms of micropolarity and lateral

mobility. Both properties can be extracted from the pyrene fluorescence emission spectra by

intensity ratios of distinct peaks. Within the spectroscopic nomenclature, the so-called I3/I1 ratio

is a measure of polarity34 while the IE/IM ratio is indicative of the bilayer fluidity (for a detailed

introduction the reader is referred to Chapter 2 and literature35-38).

As for all probing techniques, the interpretation of fluorescence experiments is always

complicated by a variable and unknown probe location within the membrane environment. To

avoid artefacts, we employ two structurally different pyrene probes, namely pure pyrene and a

DODAB-analogue pyrene probe, abbreviated DPy, where the fluorophore is coupled to an

amphiphilic molecule23.
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Polarity and mobility measurements as a function of temperature were carried out for both

probes with a [probe]:[DODAB] ratio of 1:100, for pure DODAB vesicles, styrene loaded

vesicles and for polymer-bearing vesicles. For reasons of comparison, all results are plotted in

Figures 9-12. The styrene containing system was discussed in detail before (see Chapter 2), and

will therefore be excluded from the discussion.

Polarity. Figures 9 and 10 show polarity measurements for both probes pyrene and DPy. Note

that a higher I3/I1 intensity ratio represents a more apolar environment. When comparing the

polarity measurements before and after polymerisation, they reveal two significant differences.

First, after polymerisation, the I3/I1 signal remains nearly constant independent of temperature.

In particular the phase transition temperature of pure DODAB vesicles, cannot be retrieved

from these measurements.
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Figure 9. I3/I1 ratios of pyrene versus temperature
for unilamellar DODAB vesicles, after addition of
styrene (molar ratio [DODAB]:[styrene] = 1:2), and
after polymerisation.

Figure 10. I3/I1 ratios of DPy versus temperature for
unilamellar DODAB vesicles, after addition of
styrene (molar ratio [DODAB]:[styrene] = 1: 2),
and after polymerisation.

Second, the probe environment appears in general more apolar than it used to be before, even

more apolar than after the addition of styrene. According to these observations, the bilayer

would have experienced a significant change in nature by the polymerisation process. However,

micro-DSC measurements shown before unambiguously demonstrated that the thermal

behaviour of the vesicle-polymer particles and the DODAB vesicles largely coincides.

The apparently controversial fluorescence and calorimetric results can only be reconciled when

we assume that the probe location before and after polymerisation changes and therefore,

pyrene does not monitor any longer the bilayer environment. One wonders, to which feature of

the vesicle-polymer particle the polarity measurement does correspond if not to the bilayer
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itself. Given the morphology of the parachute structures, and considering the aromatic nature of

the probes, it is evident that both probes will be preferentially located near or even in the

aromatic polymer particle. Possibly, most of the pyrene molecules are buried during the

polymerisation process within the polymer particle. Pyrene hence essentially monitors the

apolar polymeric environment without any change with temperature, at least not in the

investigated temperature interval (Tg (PS) = 100°C!). An other scenario is expected for the

amphiphilic pyrene probe DPy. Its amphiphilic nature will prevent a burial of DPy within the

particle, but still leaves the option of preferential adsorption onto the polymer particle. This

could explain the relatively high apolarity of the sensed environment.

Mobility. If pyrene was indeed buried in the particle after polymerisation, it could not diffuse

freely any longer. The probe concentration in the bilayer, and accordingly the extent of excimer

formation should then be significantly reduced. In fact, exactly this behaviour is observed for

pyrene. Figure 11 shows low IE/IM ratios for the whole temperature interval and a shallow

transition at about 44°C, most likely originating from some residual pyrene in the bilayer. It is

noteworthy, that our pyrene fluorescence experiments compare well to the observations of

Murtagh and Thomas2. However, the interpretations are completely opposed: Murtagh and

Thomas ascribed the decrease in the pyrene IE/IM ratios in DODAB-polystyrene hybrids to a

restricted movement of the probe in the bilayer when presuming a hollow polymer morphology,

whereas we strongly believe that the changed probe location is responsible for this behaviour.

More unexpected is the behaviour of the DPy probe after polymerisation (see Figure 12). Here,

hardly any difference to the pure DODAB vesicles could be seen, although the polarity

measurements suggested otherwise. It is not trivial to bring the mobility behaviour into

agreement with the polarity behaviour. Following the assumption of adsorbed molecules, one

would expect at least an increase in local probe concentration on the particle surface producing

thus higher intensity ratios IE/IM. On the other hand, this effect could be counteracted by a

slower surface diffusion of the amphiphile on the particle, implying a decrease in IE/IM. It is

nonetheless surprising that the mobility plots before and after polymerisation nearly match,

though polarity measurements do not.
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Figure 11. IE/IM ratios of pyrene versus temperature
for unilamellar DODAB vesicles, after addition of
styrene (molar ratio [DODAB]:[styrene] = 1:2), and
after polymerisation.

Figure 12. IE/IM ratios of DPy versus temperature
for unilamellar DODAB vesicles, after addition of
styrene (molar ratio [DODAB]:[styrene] = 1:2), and
after polymerisation.

Altogether, we find that the application of fluorescence probes to characterise the vesicle-

polymer hybrids fails with respect to the characterisation of the bilayer properties. More

importantly, the temperature independent fluorescence behaviour of pyrene could be mistaken

as an indication of polymerisation in the bilayer. Parallel use of another technique, in this case

DSC, could prevent a misinterpretation. Once more, this fluorescence study illustrates the

danger of using fluorescence techniques alone to characterise unknown colloidal structures.

Detailed information on the probe location is demanded if unambiguous conclusions are to be

drawn.

An important corollary of the fluorescence experiments is the observation that the hydrophobic

probe pyrene can be readily incorporated into the polymer particle by the process of

polymerisation. This illustrates the feasibility of encapsulation of specific molecules in the

polymer compartment.

3.4 The effect of temperature

The choice of the reaction temperature with respect to the phase transition temperature of the

vesicle bilayer, Tm, and the glass transition temperature of the polymer, Tg, is expected to play

an important role in the control of the vesicle-polymer morphology.

It was found that the main bilayer phase transition temperature is located at ~27°C for zero

percent conversion23 (i.e. the monomer containing system) and increases to 45.8°C after
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reaching full conversion and complete phase separation. For polymerisations carried out at

25°C (vide supra) this implies that the bilayer is below or near its phase transition temperature

during the whole course of the reaction, and the alkyl chains will regain crystallinity in the gel-

state when the polymer is separated from the bilayer. The polymer/monomer phase will be

below its glass transition temperature towards the end of the reaction42.

It is not obvious in which way the reaction temperature influences the development of the

polymer-vesicle morphology. Therefore, polymerisations at 60°C and at 10°C, i.e. well above

the Tm of DODAB and well below the Tm of the styrene-containing DODAB vesicles, were

performed while keeping the recipe unchanged.

Polymerisation at 60°C. Trivially, in photopolymerisations the higher temperature leads to

higher molecular weights of the polymer due to a faster propagation of the monomer39 (see

Table 2). The resulting morphologies, as seen in Figure 13, deviate from the low temperature

parachute morphologies in several respects: (i) In contrast to the 25°C experiments, both the

polymer particles and the vesicles now appear more spherical. (ii) The polymer particle is

oriented more towards the outside of the vesicle, resembling a “snowman morphology” within

the nomenclature of polymer colloids40. Simultaneously, the contact area between vesicle and

polymer is minimised and a large number of freely floating polymer particles is present. The

high temperature obviously facilitates the final and irreversible separation of polymer and

vesicles.

The reasons for these modifications of morphology could be manifold. First, the higher

temperature will keep the polymer above its Tg until reaching higher degrees of conversion.

That helps to build up a real equilibrium morphology where the surfactant/polymer surface is

minimised, thus an ideal sphere. Second and more importantly, the lower mechanical resistance

of the bilayer24 and the higher amphiphile mobility41 at 60°C allow an easier separation between

surfactant matrix and polymer. Additional experiments indicate that the process of expulsion

occurs with a characteristic time of hours14. To summarise, a high temperature treatment of the

vesicle-polymer hybrids achieves full uncoupling of the polymer particles from the vesicle

matrix.
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Figure 13. Cryo-TEM micrograph after poly-
merisation of styrene in DODAB vesicles at 60°C.
Both vesicles and polymer particles appear
spherical. The polymer particle is attached to the
outside of the vesicles. Isolated polymer latex
particles (x) show full separation from the
“parental” vesicle. The scale bar corresponds to
100 nm.

Figure 14. Cryo-TEM micrograph after poly-
merisation of styrene in DODAB vesicles at 10°C.
Multiple bead formation occurs. The polymer beads
appear flattened while the DODAB bilayer exhibits
the angularities typical of DODAB vesicles below
the phase transition temperature. The scale bar
corresponds to 100 nm.

Polymerisations at 10°C. The low reaction temperature induces another unexpected effect on

the vesicle-polymer morphology (see Figure 14). It is for the first time that we observe the

phenomenon of multiple bead formation on single vesicles. Strongly deformed vesicle

structures carry up to six flattened beads of variable size. Typically one larger bead co-exists

with a number of smaller ones. In fact, the bilayer angularities are comparable to those

observed for the pure DODAB vesicles below the phase transition temperature (see Chapter 2)

and they are therefore not surprising. The occurrence of several beads, however, is not

expected and must obviously be ascribed to the crystalline nature of the bilayer at 10°C.

Keeping in mind that the lateral diffusion of monomers, oligomers and polymer chains in the

crystalline bilayer matrix is considerably hindered compared to the diffusion in the fluid bilayer,

one could only speculate that the time-scale for complete phase separation becomes too long to

reach full separation. In addition, the pre-formation of monomer-pockets as suggested by

fluorescence measurements (see Chapter 2) could also induce the growth of several individual

beads per vesicle. The precise underlying mechanism will be addressed in more detail in the

following chapters.

x
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3.5 Second stage polymerisation

Second-stage polymerisation is common practice in emulsion polymerisation to obtain

controlled particle growth of a given seed latex while suppressing secondary particle-

nucleation42. Using the vesicle-polymer hybrids as “seed” material and adding the same amount

of the same monomer as in the first step of the polymerisation, we wondered if we could

introduce deliberately a second polymer particle to a standard parachute, possibly ending up

with a “dipole” architecture carrying two latex particles on one vesicle. It turns out, however,

that the repeated addition of monomer and subsequent polymerisation mainly leads to growth

of the original polymer particles to about 65-70 nm (see Figure 15). That corresponds

approximately to a two-fold increase in volume and accordingly to an increase of 21/3 in

diameter from the previously obtained 58 nm (vide supra). The intended formation of

additional particles occurs only rarely with very small (~25 nm diameter) beads. Concomitantly,

many loose polymer latex particles are observed. Keeping in mind that the renewed addition of

monomer weakens the bilayer23, it is easily understood that the release of the beads from the

vesicles occurs similar to the behaviour at high temperatures.

The fact that second stage polymerisation preferentially induces particle growth instead of

generating new particles illustrates that the reaction is under thermodynamic control.

Minimisation of the polymer/surfactant interface and probably a favourable monomer

partitioning towards the polymer at the expense of the bilayer are the driving forces.
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3.6 The effect of the initiator

The photopolymerisations discussed before involved the application of an oil-soluble initiator.

Hence, polymerisation was most likely initiated within the bilayer. The question is whether the

morphology changes when the radical flux comes from the water phase by using the water-

soluble azo-initiator V50. The entry of radicals into the vesicles is then expected to occur by a

mechanism analogous to the entry mechanism known in emulsion-polymerisation: After

decomposition of the initiator and the first propagation steps in the water phase, a surface-

active radical oligomer, a so-called z-mer, is supposed to enter the surfactant aggregate and

propagate there42.

Figure 15. Cryo-TEM micrograph after a so-called
second stage polymerisation of styrene in DODAB
vesicles at 25°C. The original polymer particles
grow in size and rarely, small secondary polymer
particles (y) are added to an existing parachute
structure. Freely floating polymer particles (x)
indicate partial vesicle expulsion. The scale bar
corresponds to 100 nm.

Figure 16. Cryo-TEM micrograph after thermally
induced polymerisation of styrene in DODAB
vesicles at 60°C using the water-soluble initiator
V50. The inserted parachute morphology, called
“matrioshka” architecture, is the dominating
phenomenon. Occasionally, small secondary
polymer particles occur. Again, the polymer particle
is attached to the outside of the vesicles (top corner
left). The scale bar corresponds to 100 nm.

Anyhow, the application of the water-soluble initiator changes the morphology in an

unexpected way (see Figure 16). The prevailing presence of bilamellar parachutes is striking

since the initial vesicle population was clearly unilamellar (vide supra). The ionic initiator must

be responsible for this vesicle-duplication. A more detailed investigation of this intriguing

phenomenon proved the regular bilamellar vesicle structure to be a result of duplication of one

x

y
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unilamellar vesicle. Additionally, the mechanism of duplication could be explained by a

synergistic interplay of osmotic and electrostatic effects caused by the presence of the ionic

initiator14. As a consequence of the vesicle-duplication process, duplicated parachute

morphologies are produced (see Figure 16). Inspired by the well-known Russian dolls, where

the larger doll contains a smaller one, we want to call these morphologies “

architectures.

Occasionally occurring smaller additional polymer particles on one vesicle are attributed to the

water phase initiation and “secondary” nucleation. It is noteworthy that, despite the higher

initiator concentrations, the obtained molecular weights of the polymer are higher than for the

photopolymerisations presumably due to a lower effective radical flux to the particles (see

Table 2).

In conclusion, the application of a different initiation chemistry significantly modifies the

vesicle-polymer morphologies and the molecular weight of the polymer, but shows in essence

the features of the high temperature parachute morphology described in a previous paragraph.

The occurrence of phase separation stays principally unaffected by the initiating mechanism.

3.7 The parachute morphology as equilibrium morphology of vesicle-

polymer hybrids?

Our foregoing investigations on the polymerisation of styrene in DODAB vesicles showed that

the polymerisation in these vesicles leads to complete phase separation between amphiphile and

polymer, resulting in the so-called parachute morphology. Conversely, it has been claimed by

several authors that the process of polymerisation in vesicles could afford polymeric one-to-one

copies of the vesicles (vide supra). Such morphologies could be described as “triple-shell”

structure (see Figure 17), where inner monolayer shell (grey) is surrounded by the polymeric

shell (dark) that is covered by the outer monolayer shell. These two contradicting

interpretations of the triple-shell morphology on one hand, and the parachute morphology on

the other hand, triggered us to investigate the viability of these two morphologies based on

thermodynamic grounds. The applied model takes into account solely interfacial energies. This

is analogous to the successful approaches commonly used for the thermodynamic description of

complex latex morphologies40,43.
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The picture. We compare the triple-shell situation to

the parachute geometry with respect to the change in

free energy (see Figure 17). In this approach,

interfacial energies of the final products (no

intermediates are involved) are calculated with no

consideration of entropic factors.

The starting point is to consider a vesicle with

diameter D1 (distance from bilayer mid-plane to mid-

plane, see Figure 17, right). The triple-shell model

assumes that after addition of monomer and

subsequent polymerisation, a polymer shell with outer diameter D2 and inner diameter D1 has

evolved. The parachute model on the other hand assumes the synthesis of a small latex bead

with diameter D3 , which is linked to the vesicle with diameter D1. It holds:

3
3

3
1

3
2 DDD =−    (1)

The parameters involved.

1. The thickness of the polymer shell (triple-shell geometry) or respectively the size of the latex

bead (parachute geometry) is determined by the surface of the template vesicle and a “loading”

parameter C, which summarises all the system inherent parameters such as amount of monomer

per surfactant, partitioning of monomer, density of polymer. This parameter depends on the

type of surfactant and monomer. Obviously, the ratio of shell volume (shell model) or the latex

volume (parachute), to the template surface is constant:
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In order to reduce variables and simplify calculations, we normalise the loading parameter by

the vesicle diameter to obtain a dimensionless variable S
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2. The interfacial tension between surfactant chains and polymer, γ1, and the interfacial tension

between surfactant and water, γ2 , can be defined by the ratio γ = γ1/γ2.

D1D2

D3

Figure 17. Schematic representation of
the two compared morphologies. The
triple-shell morphology (left), and the
parachute morphology (right).
Parameters and details are explained in
the text.
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Now, we can calculate the change in free energy for the synthesis of either a shell morphology

∆Gs , or the parachute ∆Gp.
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The reduced Gibbs free energy is given by:
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Finally, the difference in reduced free energy between shell and parachute reads
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The order of magnitude of the involved parameters.

1.  The loading parameter C is estimated to vary between 0.001 and 20 nm. For DODAB

vesicles at 25°C and full swelling it is 7.6 nm (58 nm latex, 160 nm vesicles). If our model

calculations are restricted to vesicle diameters of 30 to 500 nm, this leads to typical values of S

varying between 2·10-6 and 0.6. For our standard situation of vesicle diameter 160 nm and C =

7.6 nm, one calculates S = 0.048.

2.  Interfacial tensions between surfactant chains and polymers, γ1, are hardly reported in

literature. Instead, values for the interfacial tension between linear polyethylene (PE) and

selected polymers are taken as approximations. Here, values between 5 to 15 mN/m are found44

(see Table 5). The interfacial tension between vesicle surface and water, γ2, is often derived

from monolayer experiments45,46 and is given with ~30 mN/m, although values between 10 and

80 mN/m can be found as well. Consequently, the γ ratio can be estimated to range between

0.05 and 1.5.

Table 5. Interfacial tensions, γ1, between linear PE and selected polymers at 20°C according to Wu44.

polymer PS PVAc PMMA PnBMA PnBA

interfacial tension γ1 [mN/m] 8.3 14.6 11.8 7.1 5.0

Model calculations. According to equation (9), the main criterion to assess the favoured

morphology is the sign of ∆∆Γ.  A positive sign of ∆∆Γ  is indicative of the preference of the



Polymerisation in vesicles

71

parachute. Figure 18 shows the results of the model calculations of ∆∆Γ in dependence of γ and

S. Two important observations are made: (1) The calculations suggest that the parachute

morphology is always thermodynamically favoured since ∆∆Γ > 0. (2) ∆∆Γ increases linearly

with γ for a given value of S (see Figure 18), as it is derived in equation (9).

In general, the ratio of interfacial tensions, γ, plays the predominant role for the level of

∆∆Γ (see Figure 18, right), whereas the dependence on the normalised loading parameter S is

comparatively small – except for very high degrees of loading (high values of S). As a

consequence, it is to be expected that only for very small values of γ, the triple-shell

morphology and the parachute morphology start to become thermodynamically equivalent. In

order to reach this limit, the required values of γ should be not much higher than 0.10 (see

Figure 18, right). Taking into account the above given values (Table 5) for γ1 (taking γ2 as 30

mN/m), one would propose that PnBA – if any– with γ = 0.17 would be the most promising

candidate to fulfil the requirements for a triple-shell morphology. An even less polar polymer

would be preferred. In fact, we wondered if the application of less polar polymers could lead to

the triple-shell morphology. In order to test this hypothesis experimentally, we polymerised

several other monomers within the DODAB vesicles. The obtained results will be the subject of

the subsequent chapter.
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Figure 18. Model calculations of ∆∆Γ according to equation (9) as a function of the ratio of interfacial
tensions, γ, and the normalised loading parameter S.

On the basis of the presented thermodynamic model calculations it appears that the parachute

morphology is the least energetic morphology for almost all combinations of amphiphile and

polymer. As long as the reaction remains under thermodynamic control, the phase separation

between polymer and vesicle template seems an inevitable fact. Nevertheless, it is realised that

our model suffers from several oversimplifications. Particularly, entropic factors are not
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included although entropy will contribute significantly to the thermodynamics of solubilisation

of a macromolecule within vesicle bilayer. The constrained, two-dimensional vesicle bilayer

(thickness ~4nm!) as host for a polymer layer would force the polymer chains into a flat chain

conformation. The loss of entropy for such a flat, extended polymer molecule is not favoured

and will cause a polymer collapse to regain a random coil conformation. Entropy is

consequently considered to be a major driving force for the phase separation, and the

accompanied parachute formation becomes even more probable. Other draw-backs of our

model calculations are uncertainties in the applied parameters and the assumption of well

defined geometric interfaces between polymer and amphiphile. In reality, the interfaces will

always posses a certain roughness which increases the interfacial area, thus favouring again

phase separation. Finally, it needs to be stressed that our model considers solely the final state

of a polymerisation reaction in vesicles, assuming that the reaction pathway readily allows the

formation of such a morphology. All intermediate morphologies, the involved thermodynamics

and the required diffusion processes of polymer, monomer and amphiphile were not addressed.

These issues will be addressed in more detail in the following chapters, but we like to

hypothesise here on two possible pathways of parachute formation.

3.8 Pathways of parachute formation:

Monomer diffusion versus polymer diffusion

Theoretically, one could imagine at least two extreme scenarios that lead to the fully phase-

separated parachute morphology (see Figure 19). Starting point of our considerations is a

vesicle bilayer in which the monomer is uniformly distributed. This is a reasonable assumption

for most cases as it has been shown in Chapter 2 and will be pointed out later in Chapter 5. The

two hypothetical scenarios are:

(i) In the beginning, initiation may occur at one particular site in the vesicle bilayer (step 1). The

growing polymer chain then attracts more monomer and growing oligomers, as they are

probably better soluble in its polymer than in the vesicle bilayer. As a consequence, a micro-

environment develops where propagation preferentially takes place due to an increased local

monomer concentration (step 2). The fast migration of monomers and oligomers in the

surfactant matrix23 (D ~ 2·10-7 cm2/s) allows a comparatively fast reorganisation of monomer

and oligomeric species47 and could support the polymerisation in one nucleus, simultaneously
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inducing an impoverishment of monomer in the bilayer. This mechanism will be called monomer

diffusion mechanism.

(ii) The second mechanism assumes that polymerisation starts all over in the vesicle bilayer and

polymer chains are thus equally distributed over the bilayer on the time-scale of polymerisation

(step 4). Subsequently, due to unfavourable polymer–surfactant interactions and restricted

conformational freedom, the polymer chains gradually migrate to one point, a nucleus, where

they coalesce into a spherical particle, hence reducing surface contact area and so surface free

energy (step 5). This process could occur after polymerisation as a post-polymerisation

“ageing” effect or perhaps after reaching a certain critical degree of conversion during the

polymerisation process when the solubility in the monomer/bilayer environment suddenly could

come to a limit. As this route depends on the polymer diffusion in the bilayer we will call it the

polymer diffusion mechanism.

monomer diffusion

polymer diffusion

1

4

2

5

3 Figure 19. Scheme of two proposed
pathways of phase separation leading
from a uniformly monomer-laden vesicle
(top left) to parachute morphologies (top
right and bottom left) either by the so-
called monomer (horizontal) or the
polymer (vertical) diffusion route.
The dark grey layers represent the bilayer
halves while the light grey part
symbolises the solubilised monomer, and
the black parts mark the polymer.

Clearly, the results presented in this chapter do not yet permit to decide whether the polymer

concentration is caused by the mechanism of monomer diffusion, polymer diffusion or by a

combination of both. At first sight, it seems improbable that polymer diffusion leads to the

observed phenomena as macromolecules48 diffuse orders of magnitude (at least 102 to 104

times) slower than small solutes within bilayers. Therefore, complete reorganisation of the

macromolecules within the bilayer is improbable during the time required for the growth of a

single chain (≈ 1 s). Nevertheless, reorganisation can occur on the time scale of polymerisation

(1 h) and certainly on the time scale of storage between synthesis and cryo-TEM, i.e. several

days.
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Time-resolved measurements could help in discriminating between the monomer and polymer

diffusion mechanism. A time-resolved small angle neutron scattering study (Chapter 5) and a

kinetic study (Chapter 6) will shed more light on the active mechanism.

3.9 Conclusions

The construction principle of the so-called vesicle-polymer parachute morphology is revealed

by a parallel characterisation of the overall morphology, the bilayer properties and the polymer

characteristics. Both morphological and bilayer characterisation methods unambiguously

manifest that the parachute morphology consists of a pure DODAB bilayer vesicle part and an

attached, completely phase-separated polymer latex bead (AFM, surfactant lysis, DSC,

fluorescence). The vesicle bilayer properties after polymerisation are basically restored and

bilayer packing appears even improved (DSC). As a consequence, the vesicle bilayer is not

reinforced by polymerisation in vesicles, at least when using DODAB as matrix and polystyrene

as polymer (see Figure 20). This is in contrast to all others vesicle-polymer systems reported in

literature so far.

The very peculiar situation where the polymer is fully

phase-separated, though still attached to the parental

vesicle, could be exploited for potential delivery

applications: Fluorescence experiments with pyrene as

model compound demonstrated that hydrophobic

molecules can be incorporated into the polymer particle

during the process of polymerisation. The polymer

particle could be released from the vesicle by various

means, either upon destruction of the vesicle (drying,

surfactant addition) or weakening of the bilayer

(temperatures above Tm, depression of Tm by addition of

solvents). Given that the bilayer (1% v/v, but ~4000

m2/l of specific surface!), the polymer (0.2% v/v), and the inner water compartment (5% v/v) of

the vesicle all possess different partitioning properties to a certain molecule, one could attempt

to specifically load one of these parts with a solute and release it when desired by one of the

above given methods. In this way, the multi-compartmental nature of the vesicle-polymer

architectures could be advantageously exploited.

Figure 20. Schematic representation of a
parachute-like vesicle-polymer hybrid
particle. Bilayer and polymer are entirely
phase-separated.
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Furthermore, the finding that every vesicle carries only one polymer particle in the case of

photopolymerisations is remarkable and allows the prediction of the final polymer particle when

knowing the vesicle diameter, Dvesicle , the monomer loading (l = [styrene]:[DODAB]) and some

system specific parameters. Assuming that the vesicle population is rather monodisperse, the

diameter of the latex then simply reads:

cD
N

Ml

A

D
D vesicle

polymerA

monomervesicle
latex ⋅=

ρ
π

π
= 3 2

3

226
 (10)

where A is the amphiphile headgroup area, Mmonomer is the molecular mass of the monomer,

ρpolymer the density of the polymer. All system-specific parameters can be summarised to a

constant, c, which amounts in our specific case49 c = 1.91 nm1/3 . The calculated size of a latex

bead for a vesicle population of 159 nm averaged diameter would then be 56 nm which is in

good agreement with the measured size after surfactant lysis (58 nm). The important

implication of this observation is, that polymerisation in vesicles represents one of the very

scarce systems in heterogeneous polymerisations50,51 where nucleation is fully controlled: both

size and number of the synthesised latex particles can be simply controlled and varied by the

size of the vesicle population and the monomer loading.

Finally, the parachute formation is, independent of process conditions, recognised as a general

phenomenon of the polymerisation of styrene in DODAB vesicles. It is, however, fascinating to

observe that the resulting vesicle-polymer morphology subtly hinges upon intrinsic vesicle

properties (amphiphile dynamics, bilayer rigidity, crystallinity) given by the reaction conditions.

Changes as, for instance temperature or the choice initiator, are immediately reflected in a

“morphological response”. An extended knowledge on the correlation between these two

parameters – vesicle properties and hybrid morphology – permits the access to tailor-made

vesicle-hybrid particles purely based on the very same starting system: DODAB vesicles and

styrene. The pathway and mechanism of phase separation is still not yet fully clarified and will

be addressed in the forthcoming chapters (4–6).
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Chapter 4

A topology map for vesicle-polymer hybrid architectures1

The process of polymerisation in vesicles gives access to novel vesicle-polymer hybrid

architectures. For one model system, the polymerisation of styrene in DODAB vesicles, the

nature of these colloids has been established in the previous chapter. The incompatibility

between polymer and amphiphile matrix has been foreseen as one important parameter. As a

working hypothesis we distinguished two pathways of parachute formation: The monomer

and the polymer diffusion route. Guided by these ideas, we try to overcome the phase

separation by either thermodynamic or kinetic means making an adequate choice of

monomers, initiators or others amphiphiles. In vain – all attempts to polymerise in vesicles

eventually result in some form of phase separation though the variety of morphologies is

puzzling. However, the collected knowledge on the interplay between reaction conditions and

morphology reveals important details on the mechanism of parachute formation and allows

the formulation of constructive rules based on phenomenological observations: a topology

map is drawn.

4.1 Introduction

The concept of polymerisation in vesicles has been presented in Chapter 3. In short, this

templating concept (see Chapter 1) comprises the free-radical polymerisation of small

hydrophobic monomers which are solubilised within the hydrophobic part of a vesicle matrix

built by non-functional amphiphiles. We have shown that the polymerisation of styrene in

dioctadecyldimethylammonium bromide (DODAB) vesicles results in parachute-like

morphologies3 due to complete phase separation between the polymer and the vesicle-bilayer

matrix. Additionally, we could demonstrate that the phase separation phenomenon in this

particular system (DODAB vesicles and polystyrene) is in essence independent of process

parameters like the molecular weight of the polymer, the initiating chemistry and the

polymerisation temperature2-4.
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In contrast to our findings, it has been claimed by several other research groups5-10 that the

polymerisation in vesicles could lead to the closed spherical polymer shells structure as it was

originally proposed by Murtagh and Thomas (for literature review and experimental details

see section 3.1). It could therefore be argued that the expected morphology of polymerisation

reactions in vesicles would depend on the mutual miscibility of monomer/polymer and

surfactant matrix8 (see section 3.7). Furthermore, one could anticipate that kinetic factors, in

particular the rate of phase transition compared to the rate of polymerisation will also have an

impact on the outcome of the reaction.

To investigate the interrelation between the chosen surfactant/polymer combination, the

applied reaction conditions and the final vesicle-polymer morphology, we performed the

present study using a wide variety of polymers and surfactants. The vesicle-polymer products

are analysed by cryo-TEM which proved a powerful tool to study these structures since it

visualises ultra-structural details of both the polymer and the vesicle3 (see Chapter 3). On the

basis of our results, we conclude that the nano-scopic phase separation between surfactant

matrix and polymer generally occurs for all common surfactant/polymer combinations.

Thermodynamic reasons seem to be of minor importance for the eventual morphology while

kinetic aspects appear to prevail. The individual morphology, however, depends on the

specific balance between these two aspects. Finally, exploiting this knowledge, we present

here constructive guidelines for the synthesis of novel vesicle-polymer hybrid architectures.

4.2 Experimental section

Materials. The amphiphiles DODAB (Acros, >99%) and DMPC (Lipoid, >98%) were used

as received. Styrene (Merck) was distilled under reduced pressure and stored at –18°C. The

other monomers (see Figure 1) ethylene glycol dimethacrylate (EGDMA, Aldrich),

divinylbenzene (DVB, Fluka), butyl methacrylate (BMA, Merck), n-butyl acrylate (n-BA,

Merck), isoprene (Aldrich) and [3-(methacryloylamino)-propyl] trimethylammonium chloride

(MAP-TMAC, Aldrich) were passed over an inhibitor removal column (DeHibit 200,

Polysciences) prior to use. The photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA,

Aldrich) was used without purification. The amphiphilic initiator was synthesised by

ourselves (vide infra). Super-Q water (Millipore) was used for the preparation of vesicles.
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Synthesis of amphiphilic initiator 1,1’-azobis (N,N-dimethyl-N-octadecyl [16-cyano-13-

oxa-12-oxo-16-methyl-1-hexadecyl] ammonium bromide (M = 1341.83 g/mol). The

synthesis was carried out in two steps. In a first step, N-(11-hydroxyundecyl)-N,N-

dimethyloctadecylammonium bromide (M = 548.77 g/mol) was synthesised as described in

section 2.2. In a second step 4,4’-azobis (4-cyanopentanoic acid) (ACPA) was coupled to the

alcohol by a dicyclohexylcarbodiimide (DCC) coupling reaction12. Therefore, 4,4’-azobis (4-

cyanopentanoic acid) (1.2 g, 4.3 mmol), N-(11-hydroxyundecyl)-N,N-dimethyloctadecyl

ammonium bromide (4.7 g, 8.6 mmol), DCC (2.3 g, 11.1 mmol) and 4-dimethylamino-

pyridine (0.1 g, 0.8 mmol) were stirred in dichloromethane (25 mL) for two days. The formed

dicyclohexylurea (DHU) was filtered off. The filtrate was extracted with 1 M HCl (2× the

volume used) and dried over magnesium sulfate. After evaporation of the solvent, the product

was dried in vacuo. Yield was 3.75 g (65%).
1H-NMR (CDCl3): δ 0.9 (t, 6 H, -CH2-CH3), 1.30 (br s, 88 H, -CH2-), 1.60-1.90 (m, 18 H, -O-

CH2-CH2-, -CH2-CH2-N-, CN-C-CH3), 2.30-2.55 (m, 8 H, =N-C-CH2-CH2- and =N-C-CH2-

CH2-), 3.40 (s, 12 H, (CH3)2-N-), 3.50 (m, 8 H, -CH2-N-), 4.10 (t, 4 H, -CH2-O-) ppm.
13C-NMR (CDCl3): δ 15 (CH3-CH2-), 23-30 (-CH2-), 32 (CH3-C-CN), 34.5 (-CH2-CO-O-), 51

((CH3)2-N), 64 (CH2-O-CO-), 65.5 (-CH2-N-), 117.8 (-CN), 172 (-CH2-CO-O-) ppm.

Microanalytical data for C74H144Br2N6O4: Calculated C, 66.24%; H, 10.82%; N, 6.26%.

Found: C, 67.07%; H, 11.54%; N, 6.78%.

Initiator decomposition. The rate constant for the decomposition of the amphiphilic initiator

was determined by UV spectroscopy (spectrophotometer HP 8453). A 50 mM solution of the

initiator in iso-propanol was filled in a screw-capped, teflon-lined quartz cuvette of 1 cm

optical pathlength and heated in a thermostatted holder to the desired temperature (50, 60 or

70°C). The absorbance at 350 nm was monitored on-line as a function of time, t. The

decomposition of the azo-group led to a decrease in absorbance, A, of the azo-group at 350

nm (ε350 = 19 L/mol·cm). By plotting –ln[(A(t)-Aend)/(A0-Aend)] = kd ·t versus time, the rate

constant could be readily calculated from the slope13,14.

Vesicle preparation. Unilamellar vesicles were prepared by extrusion of a dispersion of 10

mM amphiphile (DODAB or DMPC) through three stacked 200 nm Millipore polycarbonate

filters at 60°C in three passes (7 bar argon pressure). A highly turbid dispersion resulted from

this procedure. Details concerning the extrusion protocol are described in section 2.2.
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In order to dope the vesicles with the amphiphilic initiator, a desired volume of a stock

solution of initiator in methanol was added to a glass reactor and the solvent was evaporated

in a gentle argon flow followed by evacuation for some hours. A calculated volume of freshly

prepared 10 mM DODAB vesicles was then added to reach the desired ratio

[DODAB]:[initiator] varying from 10:1 to 1:5. To incorporate the probe homogeneously in

the bilayer, the dispersions were heated to 50°C (above the phase transition of DODAB) for 5

minutes and then stirred for at least 5 hours. The solution was flushed with Argon to reduce

oxygen.

Polymerisations. The monomers (styrene, EGDMA, DVB, BMA, n-BA, MAP-TMAC,

isoprene) and the photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA, concentration

0.1 M based on monomer) were added to the vesicle suspension in an overall concentration of

20 mM (see section 3.2). After stirring overnight at room temperature, monomer and initiator

were readily absorbed in the vesicle bilayer. Photoinitiated polymerisations were performed in

a thermostatted quartz reactor using either an UV-lamp (HPR 125W, Philips) or a pulsed

excimer laser (Lamba Physics XeF, 351nm, 2Hz pulse frequency, 30mJ energy per pulse) as

irradiation source.

Thermally induced polymerisations using the amphiphilic initiator were carried out in 10 mL

sealed capsules that were heated to 70°C for 24 h. Conversions were determined by HPLC

analysis of the residual monomers (see section 3.2).

Cryo-TEM. Details concerning the use of cryo-electron microscopy have been described

before (see section 2.2).

O

OCH2CH2O

O O

NH N Cl

EGDMA DVB MAP-TMAC

O

OC4H9

O

OC4H9

n-BA BMA isoprene

Figure 1. Overview of the applied monomers.
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4.3 The use of cross-linkers

In a first set of experiments, we kept the vesicle-forming amphiphile (DODAB) constant and

varied the monomer(s). We have described in Chapter 3 that the polymerisation of styrene in

DODAB vesicles leads either to the so-called parachute or to the related matrioshka

architecture, dependent on the initiator type (section 3.6). Assuming in the first place that the

polymer separates from the bilayer matrix by the proposed polymer diffusion mechanism

(section 3.8) one could attempt to immobilise the polymer and impede polymer diffusion by

some means. Cross-linking should establish an extended polymer network large enough to

slow down polymer diffusion and thus to “freeze” kinetically the polymer in the bilayer. The

photopolymerisation of ethylene glycol dimethacrylate (EGDMA) with styrene (molar ratio

[EGDMA]:[styrene] = 1:20, total overall concentration 20 mM) at temperatures between 25-

60°C leads to such a polymer network. However, the obtained vesicle-polymer morphology

hardly differs from the known parachute morphology except for the occasional occurrence of

multiple polymer particles per vesicle (see Figure 2).

Figure 2. The copolymerisation of the cross-linker
EGDMA with styrene at 25°C in DODAB vesicles
cannot prevent the phase separation but leads to
multiple bead formation (see arrows). Scale bar
corresponds to 100 nm.

Figure 3. The copolymerisation of the cross-linker
EGDMA with butyl methacrylate at 60°C produces
a “necklace” morphology. Scale bar corresponds to
100 nm.

In fact, these additional polymer beads suggest that the polymer can, as desired, be spread on

the vesicle to some small extent, but surely not sufficient to obtain complete coverage.

Identical observations are made when other cross-linkers like divinylbenzene are applied,
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when the amount of cross-linker is raised even to 100%, when the polymerisation is thermally

initiated, or when the polymerisation temperature is chosen above the phase transition of the

bilayer (i.e. 44.8°C) (photos not shown). It is concluded that cross-linking is not sufficient to

fix the polymer in the matrix.

4.4 Increase in compatibility?

Several authors have put forward that the aromatic character of polystyrene or

polydivinylbenzene could be the origin of the incompatibility between polymer and surfactant

matrix8. Polyalkyl (meth)acrylates, however, should be more compatible with the alkyl chains

of the bilayer. Our thermodynamic considerations presented in section 3.7 generally support

this point of view. To test this hypothesis experimentally, we performed the

photopolymerisation of a mixture of butyl methacrylate (BMA) and the cross-linker EGDMA,

both at a concentration of 4 mM. In strong contrast to the findings of Meier et al. who

reported polymer shell structures for this reaction8, we observe a resulting morphology (see

Figure 3) that resembles in two dimensions a “necklace” having several beads distributed on

the bilayer. Three-dimensionally, the structure most probably appears like a “raspberry”.

Hence, the polymerisation of alkyl methacrylates cannot prevent the phase separation between

polymer and surfactant but leads instead to the formation of several polymer loci on one

amphiphile aggregate. The evolution of several equally sized polymer beads in the case of

BMA/EGDMA is in fact surprising when compared to the case of styrene. A different water

phase chemistry15 cannot reasonably account for this phenomenon but, more probably, kinetic

effects16 could enhance the formation of several smaller beads. Additionally, the slightly

lower surface tension between alkyl chains and polymer and finally the cross-linking

component EGDMA could help to create polymer beads at separated sites on the parental

vesicle. A similar behaviour is observed for the application of n-butyl acrylate17 (n-BA)

although this polymer seemed to be one of the more promising monomers for the shell

formation according to our model calculations. Hence, the reduction of interfacial tension

between polymer and surfactant does not appear as the sole decisive parameter but it is

nonetheless recognised as one relevant parameter. In this respect, isoprene is considered as an

interesting monomer since the interfacial tension for the apolar isoprene should even be lower

than for n-BMA or n-BA. In addition, the rubbery character of polyisoprene could be

advantageous for the solubilisation of the polymer in the bilayer18. The micrographs,
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however, illustrate that even polyisoprene separates from the surfactant matrix to produce the

typical parachute morphology, now carrying a rubbery polymer particle19 (see Figure 4).

Figure 4. The photopolymerisation of isoprene in
DODAB vesicles at 20°C delivers parachute
morphologies carrying rubbery particles. The scale
bar corresponds to 100 nm.

Figure 5. The copolymerisation of styrene with
MAP-TMAC (molar ratio 20:1) in DODAB vesicles
at 25°C leads to the formation of peculiar “wrapped
parachute” morphologies. The scale bar corresponds
to 100 nm.

4.5 The use of surface-anchors

Taking the concept of compatibilisation of polymer and matrix one step further, we tried to

give a surface-active character to the polymer by copolymerising styrene with [3-

(methacryloylamino)-propyl] trimethylammonium chloride (MAP-TMAC), in a molar ratio of

[styrene]:[MAP-TMAC] of 20:1. The methacrylate derivative carries a cationic quaternary

group that resembles the DODAB head groups (see Figure 1). If the hydrophilic group of

MAP-TMAC anchors in the head group area of the bilayer while the hydrophobic part

remains in the hydrophobic part of the bilayer, an ideal solubilisation and fixation of the

growing copolymer in its matrix would be achieved. Unfortunately, the concept proves not

successful but leads to unexpected “wrapped parachutes” (see Figure 5). It is not fully

understood why the application of the comonomer MAP-TMAC suddenly leads to the

duplication of the initially unilamellar vesicles. We believe, however, that the ionic nature of

the monomer plays a major role in the duplication mechanism. An analogous duplication

behaviour of DODAB vesicles has been observed before (see section 3.6) for the application
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of the cationic azo-initiator 2,2’-azobis(2-methylpropionamidine)dihydrochloride (V50) and

could be explained by a synergistic interplay of osmotic and electrostatic forces17. Given the

resemblance of V50 with MAP-TMAC with respect to the ionic group, one is inclined to

ascribe the duplication process to the same origin.

4.6 The application of an amphiphilic initiator

All our attempts to overcome the phase separation between polymer and amphiphilic matrix

by applying potentially more compatible monomers/polymers failed. The choice of the

polymers and amphiphiles was guided by thermodynamic considerations and various

combinations were tested. Alternatively, we decided to approach the problem from a kinetic

viewpoint: Consider a situation where initiation occurs at several sites in the membrane and

where the initiator is “immobilised” in the membrane, i.e. slowly diffusing compared to the

matrix. Then, the polymer chains being bonded to the initiator fragments would be distributed

in the membrane, too (see Figure 6).

        

2 1

initiator

monomer

Figure 6. Schematic drawing of the envisioned concept of an amphiphilic initiator in the process of
polymerisation in vesicles. Membrane-spanning conformation (1) and “U”-shaped conformation (2) of the
amphiphilic initiator within the bilayer matrix.
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Figure 7. The bola-type amphiphilic initiator: a common azo-initiator is coupled to a DODAB-analogue
molecule.
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To create such a situation we designed and synthesised an amphiphilic initiator (see Figure 7).

A commonly used carboxylic azo-initiator (ACPA) was coupled symmetrically to a DODAB-

analogue to establish this bola-type amphipile20. The rate constant of dissociation, kd, of the

initiator in solution was determined by time-resolved UV measurements as described in the

experimental section (see Table 1).

The addition of the initiator to a DODAB vesicle dispersion in [DODAB]:[initiator] ratios of

10:1 or 5:1 occurred without impairing the colloidal stability of the system. It was anticipated

that the structural similarity between the initiator and DODAB matrix with respect to the

headgroups and the alkyl chain length would allow a favourable incorporation of the initiator

into the DODAB bilayer membranes. However, due to the bipolar nature of the amphiphile

and the conformational flexibility of the alkyl chains one could envision an incorporation in

the bilayer in two different manners (see Figure 6): The molecule could either adopt a

membrane-spanning conformation (1) or a more “U”-shaped conformation (2) where both

heads make part of the same bilayer half. According to a study of Richards and co-workers on

the properties of membrane-spanning molecules in phospholipid vesicles, both conformations

will be attained to the same extent21.

Table 1. The rate constants for the decomposition, kd, of the amphiphilic azo-initiator and the corresponding
half-lives, τ1/2, as determined in iso-propanol as solvent.

T [°C] 50°C 60°C 70°C

kd [1/s] 7.1·10-6 3.3·10-5 7.8·10-5

τ1/2 [h] 27.1 5.8 2.5

Once the molecule is taken up by the membrane it will diffuse within the membrane like any

other lipid. Yet, the considerable molecular weight and the size of the amphiphile will restrain

the lateral mobility leading to a markedly slower diffusion compared to DODAB molecules

and certainly to the solubilised monomer. With a view to the desired function of the molecule

as an “immobile” initiator this is advantageous and disadvantageous at the same time. On the

one hand, a slow diffusion is desired as we aimed at a somewhat immobilised initiator to

prevent fast polymer migration. On the other hand, the hindered mobility could seriously

hamper the efficient decomposition of the azo-group at higher temperatures. An expected

cage-effect probably reduces the initiator efficiency22-24. Using an initiator concentration of

[DODAB]:[initiator] = 5:1, the thermally induced polymerisations at 70°C afforded about

94% conversion of the monomers styrene or DVB after 24 h polymerisation time. This is a
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clear indication that the initiator still operates when incorporated into the bilayer matrix

although the actual efficiency stays unknown.

How does the use of the amphiphilic initiator now influence the morphology of the vesicle-

polymer particle? Figure 8 shows a micrograph after polymerisation of DVB. In principle the

well-known parachute morphology is discernible. Moreover, the “broccoli-like”, rough

surface of a flattened polymer particle is striking. Evidently, the application of the

amphiphilic initiator cannot suppress phase separation between polymer and amphiphile but

changes the surface properties of the polymer particle as a consequence of the surface-active

endgroups of the polymer chains. Those will be preferentially located at the water interface of

the particle and tend therefore to increase the surface/volume ratio of the particle.

We infer from this experiment that the concept of locally distributed “initiator-anchors” is not

appropriate to counteract phase separation. Mechanistically, this seems to support the idea

that monomer transport is a much more decisive parameter in the system (see section 3.8).

Figure 8. The application of the amphiphilic
initiator for the thermal polymerisation of DVB at
70°C provides a high surface roughness of the
polymer particle, the so-called broccoli-morphology.
The scale bar corresponds to 100 nm.

Figure 9. The photopolymerisation of styrene in
DMPC vesicles at 25°C partially leads to parachute
formation (p), but prevalently to the expulsion of the
latex bead (b). The scale bar corresponds to 100 nm.

4.7 The case of DMPC

In all previous experiments, we employed DODAB vesicles as templating material. We

wondered if other common vesicle-forming amphiphiles would induce similar phenomena

p

p

b

b

b
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like DODAB, or if, perhaps the formation of phase separated vesicle-polymer morphologies is

inherent to the non-ideal properties of DODAB vesicles25. Therefore, we decided to use

dimyristoylphosphatidylcholine (DMPC) vesicles which are well-studied phospholipid

vesicles. DMPC bilayers are, in contrast to DODAB, above the phase transition temperature

at room temperature26. The cryo-TEM micrographs reveal that photopolymerisation of styrene

solubilised in DMPC mainly produces free polymer latex beads and, less often, some

parachute analogue morphologies (see Figure 9). Apparently, the more fluid and mechanically

weaker C14 bilayer27 is unable to pertain the polymer particle within the bilayer and hence

releases the bead when exceeding a certain limiting size. A similar, albeit not as marked,

behaviour has been found for the photopolymerisation of styrene in DODAB vesicles at 60°C,

i.e. above the phase transition of DODAB vesicles (see section 3.4). Please note, that the

DMPC bilayer is visualised here in the so-called rippled phase26 (Pβ’), just below the main

phase transition temperature which gives rise to the faceted contours.

4.8 The bi-polymeric necklace

From all above described experiments, we

conclude that the polymerisation in DODAB

vesicles results in phase-separated vesicle-

polymer architectures for all investigated

polymers. The exact morphology depends on

the actual monomer. Acrylates and

methacrylates tend to form multiple beads

whereas the aromatic monomers styrene and

DVB exhibit single beads. This diverse

behaviour can be exploited for the synthesis of

vesicle-polymer parachute morphologies,

carrying polymer compartments of different

physico-chemical nature on one vesicle. This

can be achieved in a two stage process. In the

first step, DVB is polymerised in DODAB

vesicles, to give one highly cross-linked polymer particle per vesicles. Subsequently, the

vesicle-polymer hybrid is laden with n-BA. The preferential solubilisation site of n-BA will

Figure 10. The sequential photopolymerisation of
DVB and n-BA in DODAB vesicles at 25°C leads to
bi-polymeric necklace architectures. The vesicles
typically carry one large poly-DVB bead (pDVB)
and numerous small poly-n-BA beads (pBA). The
scale bar corresponds to 100 nm.

pBA

pDVB
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then be the vesicle bilayer as the cross-linked poly-DVB has only a limited swelling capacity

(this is in contrast to the situation discussed in section 3.5). Photopolymerisation of n-BA

introduces thus the typical necklace architecture super-imposed on the DODAB/poly-DVB

parachute structure (see Figure 10). The multiple, chemically different solubilisation sites of

the obtained bi-polymeric necklace morphologies (i.e. bilayer, poly-n-BA, poly-DVB) make

these multi-compartment polymer colloids highly interesting entities.

4.9 Conclusions

We investigated the concept of templating polymerisation in vesicles for a whole gamut of

monomers/polymers and different amphiphiles. The results are summarised in Table 2. It is

generally observed that the different chemical nature of the monomer(s) or the expectedly

more advantageous compatibility of matrix and polymer hardly influences the main event,

namely the phase separation.

This would be entirely in agreement with our model calculations (see section 3.7) which

predict phase separation for the simple reason of surface minimisation between polymer and

surfactant – under the assumption that the reaction would be thermodynamically controlled

and that enthalpic reasons would outweigh entropic factors. However, the failure of the cross-

linking concept and the amphiphilic initiator concept gives strong indications that the polymer

bead formation is not a post-polymerisation phenomenon but happens on the time-scale of

polymerisation, i.e. the kinetics of phase separation are not negligible. Based on these

phenomenological observations, the proposed monomer diffusion mechanism (see section

3.8) appears more plausible.

Within this process of phase separation, the number of polymer loci on one template is

influenced by the nature of the applied monomer. Polymers having a low Tg , more alkyl-like

polymers, cross-linked polymers and quickly propagating monomers seem to enhance the

formation of several particles on the matrix. Multiple bead formation can also be induced if

the lateral mobility of the monomer in the bilayer matrix is reduced (see section 3.4). Some

ionic monomers or initiators can change the vesicle morphology and lead to vesicle

duplication. Altogether, the final morphology depends on a subtle interplay between

thermodynamic and kinetic conditions. The study of the interrelation between the applied

compounds, the reaction conditions and the resulting vesicle-polymer morphologies allows to

establish empirically constructive rules for the synthesis of vesicle-polymer hybrid particles
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with specific architecture (see Table 2). We showed that these rules can be advantageously

exploited to construct more complex vesicle-polymer architectures. A more detailed study on

the mechanism of nucleation and particle growth is the subject of the following two chapters.

Table 2. Summary of the observed morphologies for the process of polymerisation in vesicles in dependence of
the recipe and the reaction conditions. The phase transition temperature of the amphiphile, Tm, and the glass
transition of the polymer, Tg, are included for reasons of comparison.

amphiphile Tm

[°C]

monomer cross-linking Tg

[°C]

initiator reaction

temp. [°C]

morphology

DODAB 44.8 styrene no 100 DMPA 25 parachute

DODAB 44.8 styrene no 100 DMPA 10 necklace

DODAB 44.8 styrene no 100 DMPA 60 parachute /
free latex

DODAB 44.8 styrene no 100 V50 50-60 matrioshka

DODAB 44.8 styrene /
EGDMA

yes DMPA 25-60 parachute /
necklace

DODAB 44.8 DVB yes V50 50-60 broccoli-type
matrioshka

DODAB 44.8 DVB yes amphiphilic
initiator

70 broccoli-type
parachute

DODAB 44.8 BMA /
EGDMA

yes >27 DMPA 60 necklace

DODAB 44.8 isoprene possibly -70 DMPA 20 parachute

DODAB 44.8 styrene /
MAPTMAC

no DMPA 25-60 wrapped
parachute

DODAB 44.8 DVB / BA
(2nd stage)

yes / no DMPA 25 bi-polymeric
necklace

DMPC 23.9 styrene no 100 DMPA 25 parachute /
free latex
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Chapter 5

Birth of a parachute I: Morphological aspects1

Polymerisation of styrene in dioctadecyldimethylammonium bromide (DODAB) vesicles gives

rise to phase separation between polymer and vesicle bilayer. To date, the mechanism of

phase separation has been a matter of speculation. The present study has been conducted to

shed more light on this mechanism of phase separation. Small angle neutron scattering

(SANS) has been used to monitor the evolution of the polymer morphology in-situ, on the

time-scale of polymerisation, and thus to characterise all intermediate morphologies.

Analysis of the scattering profiles reveals that the phase separation commences immediately

after the onset of polymerisation with a fast nucleation interval followed by a growth phase.

Initially, the geometry of the nucleus appears to be a flat oblate particle which grows mainly

in height to attain finally a less flat morphology. Neither the reaction temperature nor the

mode of initiation affect the fundamental features of this pathway of particle growth.

5.1 Introduction

Our previous investigations on polymerisation in vesicles led us to the conclusion that

polymerisation in vesicles causes phase separation on nanoscale dimensions between the

vesicle matrix and the polymer (Chapters 3 and 4)2-5. It appeared that the phase separation

phenomenon is very general and occurs for many polymer/amphiphile combinations

irrespective of process parameters such as temperature, molecular weight of the polymer or

method of initiation. For the particular case of styrene polymerisation in

dioctadecyldimethylammonium bromide (DODAB) vesicles we have found that the

polymerisation results in parachute-like vesicle-polymer architectures (so-called because of

their appearance when visualised by cryo-TEM). Up to now, the pathway and the mechanism

of this intriguing parachute formation has not yet been established. Therefore, this study aims

to unravel the mechanism of phase separation and the involved time-scales by an in-situ study

of the polymerisation. Small angle neutron scattering (SANS) is an excellent method for this

investigation. Using deuterated styrene in an otherwise hydrogenated system (h-DODAB in
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H2O), it is possible to focus the SANS measurements purely on the evolving polymer in the

course of polymerisation. The influence of the polymerisation temperature and the type of

initiation, thermal or photochemical, on the process is studied.

Theoretically, one could imagine at least two extreme scenarios that lead to the fully phase-

separated parachute morphology as it has been pointed out in section 3.8: the monomer

diffusion route or the polymer diffusion route.

The present on-line SANS study has been employed to discriminate between the two

proposed pathways by focusing on the involved morphological changes of the polymer and

their characteristic time-scales. The advantage of this technique is that an expected

morphological change from the initial shell morphology (see section 3.8) to the phase-

separated parachute morphology will be clearly revealed in the scattering.

On the basis of the present data, we conclude that the phase separation already occurs at very

low levels of conversion. The very first polymer chains appear to form a polymer locus which

then quickly grows with conversion, apparently by preferential polymerisation in this locus.

This is independent of both temperature and the mode of initiation.

5.2 Experimental section

Materials. DODAB (Acros, >99%) was used as received. Deuterated styrene (d8, Sigma,

>98% D) was passed over an inhibitor removal column (hydroquinone removal column,

Aldrich) prior to use. For thermal initiation, the water-soluble azo-initiator 2,2’-azobis(2-

methylpropionamide)dihydrochloride (V50, Aldrich, 97%) was used as received. For

photochemical initiation, the oil-soluble initiator 2,2’-dimethoxy-2-phenyl acetophenone

(DMPA, Aldrich, 98%) was used without further purification. Super-Q (Millipore) water was

used for vesicle preparation.

Vesicle preparation. Unilamellar vesicles were prepared by extrusion of a pre-heated

dispersion of 10 mM DODAB in water. Details concerning the protocol have been reported in

section 2.2. The intensity weighted z-averaged diameter of the obtained population is 159.4

nm as determined by dynamic light scattering (Malvern 4700)6.

Polymerisations. Prior to polymerisation, oxygen was removed from the dispersion by

repeated evacuation cycles followed by flushing with argon. For all experiments the
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concentration of DODAB was 10 mM. Under stirring, d8-styrene was added to the vesicle

solution at room temperature to obtain an overall monomer concentration of 20 mM. The

dispersion was stirred for two days to solubilise the monomer.

For thermal initiation, V50 was first dissolved in a small volume of water and then injected

into the heated dispersion to reach an initiator concentration of 5 mM. The polymerisation

temperature was 50°C.

For photochemical initiation, the initiator DMPA was dissolved in the monomer at a

concentration of 0.1 M and added to the vesicle solution at 25°C, with stirring for 2 days.

Solutions were prepared 3-5 days before the neutron measurements were made, and then

protected from light. Just before the photopolymerisation experiment, the samples were filled

in 1 mm thick Hellma circular quartz cells and mounted in a thermostatted holder of the

SANS beam line. A UV light source (HPR 125W, Philips) was located in a horizontal plane at

40 cm from the cell. The range of wavelengths of the lamp (P = 5.1 W at λmax = 366 nm)

matched the UV absorbing region of the photoinitiator. By moving the sample between a UV-

illuminated zone and the neutron beam, intermittent irradiation of fixed duration could be

provided and the resulting polymerisation could be followed in-situ by SANS. Quenched

polymerisation samples were also prepared in the Eindhoven laboratory before the SANS

measurements. For these samples photopolymerisation was induced to a fixed level of

conversion and was then interrupted. Further polymerisation was prevented by addition of a

small amount of a hydroquinone solution and subsequent protection from light.

Cryo-TEM. Details concerning this method can be found in section 2.2 or in literature7,8.

Small Angle Neutron Scattering. SANS measurements were performed on the LOQ

instrument9 on ISIS at the Rutherford Appleton Laboratory, UK. The samples were contained

in 1 mm thick circular quartz cells (Hellma) and could be thermostatted in a sample holder to

better than 0.1°C over the temperature range 10–60°C by means of a Julabo FP 52 circulating

bath. A 64 cm square two-dimensional gas detector was positioned at a distance of 4.1 m from

the sample. The measurements determined the absolute scattering intensity I(q) [cm-1] as a

function of momentum transfer q = 4π/λ sin(θ/2) [Å-1] with λ the incident neutron wavelength

(2.2 Å < λ <10 Å) and θ the scattering angle (< 10°). Evaluation in a time-of-flight mode was

carried out after correction for the wavelength dependence of the incident flux, sample

transmission and detector efficiencies. The useful q range was 0.008-0.2 Å-1. Data

normalisation was performed with recommended software (COLETTE) available at ISIS. A
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bare 10 mM vesicle dispersion was taken as background of incoherent scattering and

subtracted from the measurements.

Data analysis was performed by fitting a model form factor to the experimental data. For

particle geometries such as spheres, discs or ellipsoids of particle volume Vp, present at a

number density Np, the normalised SANS intensity may be written10-12:

I(q) = Np Vp
2 ∆ρ2 P(q) S(q)

Where ∆ρ = ρp - ρm is the contrast represented by the difference between the coherent

scattering length density of the particles, ρp , and that of the surrounding medium, ρm. The

function P(q) is the single particle form factor describing the angular distribution of the

scattering which depends on the shape and the size of the scattering particle13-15. The so-called

structure factor S(q) arises from inter-particle interactions. For dilute solutions and in the

absence of inter-particle forces one can assume S(q) → 1.

The SANS data were fitted using the FISH program which allows various models to be tested,

for example mono- or polydisperse spheres, ellipsoids, or disks. Details concerning the

equations and the least-squares fitting procedure of the program FISH can be found

elsewhere16.

5.3 Cryo-TEM observations

With the aid of cryo-TEM we investigated samples for which the photopolymerisation was

quenched at low levels of conversion. Clearly, the electron-microscopic inspection of these

intermediate structures cannot give conclusive evidence on the evolution of the vesicle-

polymer architecture with respect to the time-scale of polymerisation. Yet, it furnishes a

detailed morphological picture of both polymer and vesicle. The electron microscopic

information thus helps to interpret and set-up the small angle scattering experiment properly.

Figure 1 shows such an electron micrograph for a sample that was quenched after only 7%

conversion from a photopolymerisation experiment at 25°C. A badly defined lens-shaped

particle of asymmetric dimensions (about 30 nm length and 11 nm width) is attached or

confined to the bilayer. Unfortunately, it is impossible to decide from this micrograph

whether the particle is inside or outside the bilayer. Nonetheless, the picture unambiguously

evidences that the equilibrium morphology for low conversion samples is a phase-separated

morphology.
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Figure 1. Cryo-TEM micrograph after photo-
polymerisation of 20 mM styrene in 10 mM
DODAB vesicles at 25°C, quenched after 7% of
conversion. The lens-shaped polymer particle is
attached to the vesicle. Bilayer defects (see arrows)
are visible. Scale bar corresponds to 100 nm.

It is noteworthy that the occurrence of the particle is accompanied by unusual bilayer defects

that appear like “bubbles” in the bilayer suggesting that the bilayer was locally split into two

monolayer halves. The source for these defects is rather speculative but possibly a newly

evolving polymer locus could cause such distortions. Leading the polymerisation to higher

degrees of conversions, e.g. 30%, results in morphologies that already resemble the known

parachute architecture as described previously (Chapter 3)4.

5.4 The styrene containing DODAB vesicles

Figure 2 shows the SANS for DODAB vesicles containing d8-styrene prior to polymerisation

at 25°C . The data, plotted as log (I (q)) versus log (q) (Figure 2a), shows an essentially linear

form with slope –2.1, close to that for an infinite sheet, as would be expected for the bilayer of

a large vesicle. The data could be fitted (Figure 2b) to an “infinite” disc model with the disc

radius exceeding the dimensions probed by LOQ. The disc thickness obtained was 3.4 nm

showing that d8-styrene is uniformly distributed through the vesicle bilayer. Similar SANS

was obtained at higher temperatures of 40 and 60°C.

However, at 10°C an increased level of scattering was observed which could be an indication

of small monomer “pockets” that emerge in the bilayer by monomer/bilayer phase separation

(Figure 3).
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Figure 2a. SANS of 20 mM d8-styrene in 10 mM
extruded DODAB vesicles at 25°C. Log (I(q)) vs.
log(q) representation showing a gradient close to –2,
as expected for a “sheet-like” vesicle bilayer.

Figure 2b. SANS of 20 mM d8-styrene in 10 mM
extruded DODAB vesicles at 25°C. Form factor fit
for a disc of infinite radius giving a bilayer thickness
of 3.4 nm.

This observation is in accordance with earlier experimental results from fluorescence

measurements6 that gave the idea of local phase separation between monomer and amphiphile

for temperatures below ~25°C (Chapter 2). Accordingly, the SANS data did not adhere to an

infinite disc model for which the bilayer

thickness became unrealistically high (> 20

nm). Although the quality of fit was not

high, the data could be more closely

represented by an oblate ellipsoid model, as

used to model the phase-separated

polymerised system (see Figure 3). The

parameters obtained for the oblate ellipsoid

were with the equal long half-axes (r1 = r2)

of the oblate at 30.0 nm and the third, short

axis (r3 = X·r1) defined by an accentricity

factor X = 0.42. The quality of fit reflects

the inherent complexity of the analysis.

5.5 Quenched photopolymerisations

Photochemical initiation is expected to be a more straightforward process than thermal

initiation. There are two reasons for this. In the case of thermal initiation, there is the

possibility of the nucleation occurring in the water phase external to the membrane.
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Figure 3. Best form factor fits to 20 mM d8-styrene in
10 mM extruded DODAB vesicles prior to
polymerisation at 10°C. The solid line represents an
infinite disc (5.0 nm thickness) and the dashed line
represents an oblate ellipsoid (r1 =r2 = 30 nm, X =
0.42). See text for details.
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Additionally, there is evidence for the formation of bilamellar vesicles in the case of thermal

initiation4 (see section 3.6), which may happen as a result of osmotic effects distorting the

bilayer by forming stomatocyte-type structures17. Therefore, the photochemical initiation

process has received more detailed examination.

There are two obvious ways to follow the progress of the reaction. One is to quench the

reaction after various time intervals, determine the conversion and subsequently record the

progress of the reaction by SANS. A second method is to illuminate the reaction for defined

periods of time in-situ and then record the spectrum. The advantage of the first method is that

one obtains morphological data as a function of conversion, whereas the second method

allows on-line monitoring of the reaction, but without exact knowledge of the actual

conversion. Both methods have been employed in this study.
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Figure 4. SANS data of samples for which the
photopolymerisation was quenched at fixed levels of
conversion. Experimental data points and fitted form
factor for oblate ellipsoids. The data is vertically
displaced.

Figure 5. Measured and calculated particle volume
as a function of conversion for the photo-
polymerisation of 20 mM d8-styrene in 10 mM
extruded DODAB vesicles at 25°C. Polymerisation
was quenched at fixed levels of conversion.

Figure 4 shows the SANS spectra for the reaction quenched after fixed periods of continuous

illumination after the start of the reaction. The progressive build-up of large structures at low

q values is clearly indicated. Fitting of the scattering data to different models revealed that

solely a form factor model for oblate ellipsoidals is appropriate to fit the data. Attempts to fit

the data to spheres with variable polydispersity, discs or prolates were discarded due to the

bad quality of the fits. Therefore, the general procedure to fit the data to oblates was to

increase step by step the value of the two equal long half-axes of the oblate (r1 = r2) and float

the value of the third, short axis (r3 = X·r1) until an acceptable fit was obtained. The fit results

are displayed in Figure 4 as line through the experimental points and the derived data is

provided in Table 1. It appears that reasonably flat oblates of 40 nm “diameter” and only 12
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nm “height” are formed after the first percents of conversion. Note, that this fit coincides

favourably with the observations by cryo-TEM (vide supra). Increasing conversion mainly

leads to an expansion in height (nearly by a factor of 2) and only moderate growth in

diameter. Interestingly, the calculation of the oblate volume as a function of conversion

indicates that the particle volume (V = 4/3·π·r1·r2·r3) exceeds the estimated polymer volume as

calculated by the conversion fraction of the final volume (see Figure 5). We take this

observation as a hint that the polymer could be swollen by monomer giving an additional

volume contribution to the particle. With increasing conversion, this contribution becomes

less significant.

Table 1. Selected SANS data obtained for different polymerisation runs.

time conversion r1 = r2 X req 
(a)

[min] [%] [nm] [–] [nm]

quenched photopolymerisation at 25°C

5 7 20.0 0.31 13.5

15 22 20.0 0.56 16.5

45 51 23.0 0.54 18.7

60 78 25.0 0.56 20.6

on-line photopolymerisation at 25°C

1 – 20.0 0.27 13.0

2 – 22.0 0.36 15.7

3 – 21.0 0.46 16.2

4 – 22.0 0.49 17.3

7 – 24.5 0.57 20.3

17 – 26.0 0.57 21.5

on-line photopolymerisation at 60°C

1 – 20.0 0.41 14.9

5 – 23.5 0.56 19.4

27 – 26.0 0.54 21.2

thermally induced polymerisation at 60°C

15 – 20.0 0.47 15.5

125 – 23.0 0.57 19.1
(a) req is the equivalent sphere radius given by req = (r1·r2·r3)

1/3
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5.6 On-line photopolymerisations

Having established the equilibrium morphology of the vesicle-polymer hybrids we performed

more systematic measurements using the second, on-line polymerisation method to

discriminate between the two above proposed pathways of phase separation: the monomer and

the polymer diffusion route. For reasons of comparison, polymerisations were carried out at

four different temperatures 10, 25, 40 and 60°C. These temperatures were chosen with respect

to the phase transition temperatures of the monomer containing vesicles6 (~27°C) and the

polymer containing vesicles4 (~45°C) in order to assess the effect of the bilayer phase

transition temperature on the morphological evolution. The samples were illuminated for

burst periods of one minute, and then the SANS spectrum was recorded outside the UV light

beam. Samples were checked to ensure that the reaction made no progress within the dark

time when the sample was not illuminated.
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Figure 6 a–d. SANS data of the on-line monitored photopolymerisation of 20 mM d8-styrene in 10 mM
extruded DODAB vesicles at different temperatures: (a) 25°C (left top), (b) 60°C (right top), (c) 10 °C (left
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A specimen set of results is shown in Figures 6 a–d for polymerisations at 10, 25, 40 and

60°C. It can be seen that, at all temperatures, the reaction is essentially complete after a total

illumination period of about 30 minutes. Visual inspection of the figures shows that the

reaction proceeds through a fast and steady increase in size of the evolving (poly)styrene

particle. There is no evidence for the spontaneous nucleation of a number of small particle

sites on/in a vesicle throughout the process. Such a mechanism should result in the appearance

of enhanced scattering at high q values, corresponding to the production of smaller polymer

nuclei. Fitting of the scattering data to various form factor models confirms again that the

oblate ellipsoidal geometry describes the scattering behaviour best. Typically, the results

show a monotone increase in r1 = r2 from about 20 nm to 25 nm with X increasing from 0.31

to 0.56. We thus can picture a growth process from a rather flat oblate, i.e. nearly a disk,

which is expanded in “height” to approach the geometry of a sphere. A prolonged existence of

a polymer shell morphology cannot be reconciled with these observations and the proposed

monomer diffusion route thus appears the more adequate model.

The exact geometrical data (cf. Table 1) allows to calculate the volume growth in time.

Beforehand, it can be assumed that the volume growth rate of the particle will depend on two

principal factors: (i) the volume growth rate of the polymer which is proportional to the rate of

polymerisation and (ii) the volume contribution by monomer that swells the polymer particle.

Figure 7 compares the particle volume growth of polymerisations at 25° and 60°C. As

expected the growth rate at 60°C exceeds the growth rate at 25°C, most likely due to the four

times higher propagation rate coefficient of styrene at 60°C18. However, the growth rate at

60°C starts to slow down at an earlier stage of the polymerisation than at 25°C. This could be

explained by an earlier decrease in monomer concentration at the site of polymerisation for

60°C, if we keep in mind that the water solubility of styrene at higher temperatures is

significantly enhanced at the expense of solubilised monomer in the vesicle-polymer particle.

Anyway, the main observation at both temperatures is the immediate occurrence of a

polymer/monomer particle that surpasses in extension the dimensions of the vesicle bilayer

and hence, cannot be regarded as hosted in the bilayer as a two-dimensional polymer. We thus

conclude that the mechanism involves fast nucleation followed by a fast, albeit slower growth

phase.

Changing the polymerisation temperature does not change principally the morphological

evolution. Yet, it is found that the polymerisation at 10°C – well below the phase transition
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temperature of the monomer-containing vesicle system – leads eventually to smaller and less

well-defined polymer particles.

Elucidation of this point comes from the cryo-TEM inspection of this sample in the final state

after polymerisation (see section 3.4, Figure 14). In strong contrast to earlier observations at

temperatures higher than 25°C, we have noticed here that vesicles typically carry more than

one polymer particle. Apparently, polymerisation at temperatures below the phase transition

temperature induces multiple nucleation. This effect could primarily be ascribed to the

drastically reduced lateral diffusion of monomeric and oligomeric species in the bilayer: If the

time-scale for diffusion of monomers and oligomers to one single polymer nucleus per vesicle

becomes too long, then, a new nucleus will be created in/on the vesicle. In addition, we

already suspected the existence of monomer “pockets”, i.e. small phase-separated monomer

islands, within the bilayer for low temperatures (vide supra). These islands could help in

creating multiple polymer nuclei (Chapter 2).
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Figure 7. Particle volume as a function of time
measured on-line for the polymerisation of
20 mM d8-styrene in 10 mM extruded DODAB
vesicles at 25°C and 60°C.

Figure 8. SANS data of the on-line monitored
thermally induced polymerisation of 20 mM d8-
styrene in 10 mM extruded DODAB vesicles at
50°C.

5.7 Thermally induced polymerisations

The thermally induced polymerisations were carried out at 50°C using the water-soluble azo-

initiator V50. The scattering was recorded on-line in intervals of 5 minutes to obtain

acceptable statistics. Hence, the scattering data integrated all changes that have occurred

within the previous 5 minutes. Figure 8 shows a set of scattering data at different moments of

the reaction. In essence, the data exhibit the same features as seen before for the
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photochemical initiation, although the mechanism of initiation is distinctly different. In the

case of the water-soluble initiator, the initiation occurs through the water phase probably after

entry of oligomeric radicals into the vesicle aggregate. Still, the same morphological

development of an expanding oblate geometry is extracted from the fits to the data. The

markedly slower rate of particle volume growth compared to the photochemical

polymerisations is readily explained by a smaller effective radical flux from the water phase.

5.8 Conclusions

The polymerisation of styrene in DODAB vesicles is known to lead to phase separation

between bilayer matrix and polymer particle. The underlying mechanism of phase separation

was subject of this study. Two hypothetical routes of phase separation were initially proposed:

(i) the pathway of monomer diffusion where a quickly created polymer nucleus is supplied

with monomer and radicals by the parental vesicle, and (ii) the polymer diffusion mechanism,

where the phase separation takes place by polymer diffusion.

Small angle neutron scattering experiments can be used to monitor the evolution of the

polymer morphology on the time-scale of polymerisation by contrasting the

monomer/polymer against the medium.

The on-line experiments proved that a polymer/monomer nucleus is created immediately after

initiation. Remarkably, the geometry of the nucleus could be described best by an extremely

flat oblate ellipsoid. The peculiar shape of the nucleus seemed to be caused by the constraints

of the bilayer medium in which it obviously starts to grow. Particle growth with proceeding

conversion occurs then mainly by an extension in “height” until the particle attained a final

geometry where the short axis amounts to 60% of the two long axes. This behaviour was not

influenced by the mode of initiation and the polymerisation temperature unless going to

temperatures far below the phase transition. Then, a deviating scattering behaviour could be

explained by the existence of several polymer beads on one vesicle.

Altogether, the observations of the on-line experiments seem to corroborate the suggested

monomer diffusion model. The prolonged existence of a polymer shell morphology does not

appear probable. This is entirely consistent with our earlier electron microscopic observations.

The kinetic implications of the present findings are subject of the following chapter.
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Chapter 6

Birth of a parachute II: Kinetic aspects1

The morphological pathway of particle growth in polymerisation in vesicles has been

unravelled in the preceding chapter. To explore the kinetics of vesicle polymerisations and to

learn more about the actual locus of polymerisation we applied the pulsed-laser

polymerisation (PLP) technique to the polymerisation of styrene in small and large

unilamellar DODAB vesicles.

The analysis of the molecular weight distribution (MWD) allows primarily the determination

of the monomer concentration at the site of polymerisation if the propagation rate coefficient,

kp, of the applied monomer is known. Relatively high monomer concentrations (between 2.6

and 4.5 mol/L) were found at the locus of polymerisation at low conversions. PLP

experiments as a function of overall monomer concentration, temperature and vesicle size

gave insight into the monomer partitioning between vesicle and polymerisation site.

With respect to the mechanism of polymerisation in vesicles, the observations seem to indicate

that polymerisation occurs in a small polymer nucleus where high monomer concentrations

are encountered.

Finally, taking all the previously acquired morphological and kinetic observations together

we give a unifying picture of the intervals in polymerisation in vesicles.

6.1 Introduction

Polymerisation in vesicles. The self-assembly structures of amphiphiles in water provide

ideal reaction media for heterogeneous polymerisations2-4. The polymerisation kinetics and

the polymer morphology depend largely on the initial amphiphile aggregate structure. In most

cases, globular micelles are employed, e.g. for the whole family of emulsion polymerisation

reactions (microemulsion, miniemulsion, and emulsion polymerisation), leading to spherical

latices5. If vesicles are utilised as reaction medium for the free-radical polymerisation of

standard monomers6-12, then the resulting morphology proved to be a phase-separated hybrid

vesicle-polymer architecture13,14 (for details see Chapters 3-5).
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A detailed on-line SANS study15 (see Chapter 5) revealed that the phase separation between

polymer and surfactant matrix takes place within the very early stages of the polymerisation

process. Virtually the first polymer chains create an ellipsoidal polymer nucleus (step 1)

which gradually grows in size (step 2) and attains a more spherical geometry with progressing

conversion (step 3). The final size of the attached polymer bead is pre-determined by the

amount of solubilised monomer in the parental vesicle, i.e. the bead size depends on the

diameter of the vesicle and its monomer load. The polymerisation of styrene in small

unilamellar vesicles (SUVs, diameter 40 nm) yields polymer beads of ~25 nm diameter while

large unilamellar vesicles (LUVs, diameter 160 nm) produce larger beads of ~58 nm

diameter14.

Aim of this study. Despite the detailed morphological knowledge on the final vesicle-

polymer architecture and its evolution in time, it stays unanswered where the polymerisation

actually proceeds. Does chain propagation occur in the bilayer or does it take place in the

phase-separated polymer locus? An answer to this question could be given if we obtained

more characteristics of the polymerisation locus itself. The monomer concentration at the

locus of polymerisation is one highly interesting parameter that plays a significant role in the

inherent polymerisation kinetics of compartmentalised systems16. This local monomer

concentration bears unique information on the environment that a growing polymer chain

actually experiences, or in other words, it provides insight in the spatial distribution of

monomer and reflects so the morphology of the polymerisation locus.

Here, we apply the Pulsed-Laser Polymerisation (PLP) technique to the polymerisation of

styrene in vesicular structures in order to determine experimentally the concentration of the

monomer at the site of reaction throughout the polymerisation in vesicles and thus explore the

nature of the locus of polymerisation in vesicles. These data should help to augment our

understanding of kinetic features of polymerisation in vesicles. Two types of DODAB

vesicles will be compared: small unilamellar vesicles, prepared by sonication, and large

unilamellar vesicles prepared by extrusion32.

Along the way, we report some peculiar observations for PLP experiments in

compartmentalised systems and discuss typical experimental problems.

The PLP method. One method used to determine the concentration of monomer at the locus

of polymerisation by kinetic means is the pulsed-laser polymerisation/SEC method17-24. This

method is designed as a combination of a pulsed-laser polymerisation and the determination
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of the obtained molecular weight distribution (MWD) by size exclusion chromatography

(SEC). A pulsed-laser polymerisation comprises the generation of radicals out of a

photoinitiator, activated by a laser pulse. During the dark time, i.e. the time between

subsequent pulses, a significant amount of chains keep on propagating while termination

occurs preferably just after a laser pulse when the radical concentration is increased. If this

procedure is repeated with a constant laser frequency, the resulting molecular weight

distribution exhibits one or more peaks that correspond to polymer chains that have grown an

integer multiple, i, of the time between successive pulses, t0. The chain length of these chains

can be described by:

[ ] 0,0 tMkiL pi ⋅⋅⋅=      (1)

where L0,i is the length of the polymer formed by linear growth in the time between two laser

pulses, i·t0, kp the propagation rate coefficient, and [M] the monomer concentration at the site

of polymerisation. The chain length of the polymer, L0,i, can be experimentally obtained by

SEC. The low molecular weight inflection point of the molecular weight distribution on

logarithmic scale, w(log M), is taken as the best measure of L0,i 
24. In principle, the PLP-SEC

technique allows one to measure the propagation frequency, kp·[M], which can be interpreted

in two ways. If the monomer concentration is exactly known, like in bulk or solution systems,

then the propagation rate coefficients, kp, can be determined17. Alternatively, the

concentration at the site of reaction, [M], can be found by this method using the previously

measured value of kp. The latter application has proved success for the study of heterogeneous

systems like microemulsions25-27 and latices28-31. An application to the polymerisation of

styrene in vesicles should equally be viable. For our calculations we use the IUPAC value of

kp for styrene18, given by:








 ⋅−
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where R [J/mol·K] represents the gas constant and T [K] the absolute temperature.
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6.2 Experimental section

Materials. Dioctadecyldimethylammonium bromide (DODAB, Fluka, >98%) was purified by

repeated crystallisation from ethylacetate. Styrene (Merck, >99%) was distilled under reduced

pressure and stored at –18°C. The oil-soluble photoinitiator 2,2-dimethoxy-2 phenyl aceto-

phenone (DMPA, Aldrich, 98%) was used as received. Super-Q water (Millipore) was used to

prepare the vesicles.

Vesicle preparation. Vesicles were either prepared by the sonication or by the extrusion

process32. Prior to preparation, a 1·10-2 mol/L DODAB in water dispersion was allowed to

hydrate at 60°C for two days13 (see section 2.2). Small unilamellar vesicles were obtained by

sonication of the preheated dispersion (Dr. Hielscher sonicator UP400s at 50% amplitude and

cycle 1). The vesicle dispersions were then filtered to free from debris of the sonicator probe.

The obtained solutions had a slight bluish tinge indicating small colloidal particles. According

to cryo-TEM micrographs, the vesicle diameter was about 40 nm33. For this given diameter

and a head group size of 0.6 nm2 34, the number of vesicles per unit volume, Nves, is

approximately 1·10-6·NA  1/L, NA being Avogadro’s number.

Large unilamellar vesicles were prepared by extrusion of the preheated coarse DODAB

dispersion through three stacked 200 nm polycarbonate filters (Millipore, hydrophilised PC

filters) at 60°C in three passes (7 bar Argon pressure). A highly turbid dispersion resulted

from this procedure. The diameter here was determined by cryo-TEM to approximately

160 nm 12. The number concentration of vesicles, Nves, is then estimated to be 4·10-8·NA  1/L.

Preparation of the samples. Typically 100 mL of a 10-2 mol/L DODAB vesicle solution was

pipetted into a glass vial equipped with a magnetic stirrer. In a second vial, the photoinitiator

(DMPA) was dissolved in styrene at concentrations of 0.1 mol/L or lower. The solutions were

flushed with argon for 15 minutes to reduce oxygen. Under stirring, a desired amount of the

initiator/monomer solution was injected through a septum into the light protected vial of the

vesicle solution (typically 0.21 g, resulting in 2·10-2 mol/L overall monomer concentration

and 2.3·10-4 mol/L overall initiator concentration). The whole dispersion was stirred at room

temperature for 2 days to attain equilibrium35. The initiator DMPA is only slightly water-

soluble (1·10-4 mol/L) but solubilises preferentially in the amphiphilic aggregate. A partition

coefficient Kp = 2.3·104 was measured by Candau et al.36 for the partitioning of DMPA

between water and hexadecyldimethyl(phenylethyl)ammonium chloride micelles. This



Birth of a parachute II: Kinetic aspects

109

surfactant is chemically similar to DODAB and is therefore expected to exhibit a comparable

solubilisation behaviour for DMPA. Probably, the Kp is even higher for DODAB owing to the

double-tailed structure. Based on this Kp value one can calculate that more than 98% of the

photoinitiator would partition into the vesicular phase.

Pulsed-Laser Polymerisations. Photopolymerisations were carried out in a 2 mL

thermostatted quartz cell (optical path length ~20 mm) in which the monomer-containing

vesicle dispersion was injected and placed 10 cm from the laser. When experiments were

performed at higher temperatures, the solutions were preheated not longer than 20 minutes to

attain the temperature dependent monomer equilibrium. The reaction mixture was then

injected into the polymerisation cell. The cell temperature could be controlled to ± 0.1°C and

was monitored by a small resistance element inside the cell.

The irradiation source was a pulsed excimer laser (Lambda Physics LPX110iMC) generating

the light at 351 nm (XeF line) and operating at 50 mJ per pulse which corresponds to 1.5·10-7

moles of photons per pulse. The pulse width was ca. 20 ns. Repetition rates varied between 1

and 10 Hz and polymerisation times were between 1 to 120 minutes. Conversion had to be

higher than ~5% (i.e. 0.2 mg polymer) to yield sufficient polymer for SEC analysis. Directly

after the laser irradiation, 100 µL of the dispersion was withdrawn and diluted in 1.9 mL of

methanol (Biosolve, HPLC grade). The residual monomer concentration and consequently

conversion was determined by HPLC. The remainder of the sample solution (ca. 1.9 mL) was

quenched by cooling and by the addition of a small amount of hydroquinone solution. These

samples were subsequently either freeze-dried or dried in a desiccator.

Size Exclusion Chromatography. The protocol of sample preparation and the use of the

SEC equipment has been reported in section 3.2.

HPLC analysis. Details concerning the HPLC analysis have been described in section 3.2

UV measurements. UV spectra were measured at room temperature with a HP UV-vis diode

array spectrophotometer (HP 8451 A) using a quartz cuvette of 1 cm optical path length.
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6.3 General considerations for a PLP experiment:

Homogeneous systems versus heterogeneous systems

The kinetics of a PLP experiment in heterogeneous systems deviates in several respects from

the behaviour in homogeneous systems. The differences between these two cases will be

contrasted below.

Homogeneous systems. In fact, only four parameters are variable when performing PLP

experiments: the pulse energy, the initiator concentration, the repetition frequency 1/t0, and

the monomer concentration. The first two parameters determine the increase in radical

concentration after a pulse, [∆R]. For homogeneous systems, a maximum pseudo-steady-state

radical concentration, [R]max, will be attained after several pulses, described by17:
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Directly after a pulse, the radical concentration decays owing to bimolecular termination and

hence, the decay profile depends on the maximum radical concentration and the average

termination coefficient, kt, following the equation:
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A typical radical-time profile for a homogeneous system is depicted in Figure 1.

Heterogeneous systems. A distinctly different behaviour is expected for PLP experiments in

heterogeneous system. Now, the actual pulsed-polymerisation experiment takes place in small

“micro-reactors” which are separated from each other. In our case, the reaction volume is

given by the number of vesicles per unit volume, Nves, and their individual volume, Vves,

which comprises in total only 1% v/v of the sample volume37. Due to the small reaction

volume the local radical concentration at the site of reaction, [R]loc, will be about hundred

times higher than the overall radical concentration, [R]ov, according to:

[ ] [ ]
vesves

ov
loc NV

R
R =   (5)

If only one radical is present in one small unilamellar vesicle, the local radical concentration

within the vesicle already amounts to 1·10-4 mol/L! The extraordinarily high local radical

concentrations that can arise in the particles will lead to rapid bimolecular termination (cf.
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equation 4). However, for termination to occur it is required that at least two radicals per

particle are present. It is therefore more meaningful to regard the average number of radicals

per particle, n , instead of thinking of radical concentrations on a local volume basis. It holds:

[ ] [ ] vesAloc
ves

Aov VNR
N

NR
n ==   (6)

To perform a successful PLP experiment in a

heterogeneous system it would be desirable that

the increase in radicals per particle per pulse, n∆ ,

should be ideally above one. If several radicals per

particle are present, i.e. n∆  > 1, they will either

undergo instantaneous bimolecular termination

after the pulse (cf. equation 4) as a consequence of

the high radical local concentration or exit out of

the particle. In either case, maximally one radical

per particle can survive and the number of radicals

per particle will fall below one almost

immediately after the pulse (see scheme in Figure

1). Within the terminology of emulsion

polymerisation one would call this a “zero-one”

system.

Conversely, if n∆  is far less than one it becomes improbable that a growing polymer chain is

terminated by the subsequent pulse and no structured polymer material can be expected under

such conditions.

The forgoing discussion illustrates the paramount importance of the radical concentration with

respect to the number of particles for a PLP experiment in heterogeneous systems. To choose

the appropriate reaction conditions, particularly the initiator concentration and the pulse

energy, it is helpful to estimate first the concentration of radicals that are created in one pulse.

This value depends on the number of photons which are produced by a laser pulse, I0, the

reaction volume, V, the initiator efficiency in the medium, ϕ, and the absorbance, A, of the

sample. The absorbance itself obeys the law of Lambert-Beer,

0 1 2 3 4

 

time 

 [R
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Figure 1. Schematic representation of the
radical-time profiles for PLP experiments
in bulk systems (solid line) and compart-
mentalised “zero-one” systems (dashed
line).
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A = ε·[I]·d, where [I] is the initiator concentration, ε the extinction coefficient of the initiator

at the incident wavelength, and d the optical path length of the cell. Quantitatively this comes

down to38:

[ ]
V

IR A 1
)101(2 0

−−ϕ=∆   (7)

For the system under investigation we consider:

• an incident intensity, I0, of 10-7 moles of photons that reach the polymerisation cell

(wavelength 351 nm, 50 mJ, 70% of the beam hits the sample),

• an initiator efficiency, ϕ, of DMPA of 0.0239,

• a reaction volume, V, of 2 mL,

• an overall initiator concentration, [I] of 2.3·10-4 mol/L (i.e. 0.1 mol/L based on monomer),

• a molar extinction coefficient of DMPA of ε351 = 255 L/mol·cm as determined by UV

measurements,

• and a path length of 2 cm.

In a first approach, we calculate the increase in the overall radical concentration after the

pulse, [∆R]ov, to 2·10-7 mol/L corresponding to n∆ = 0.2. Later, the problem of the appropriate

initiator concentration will be addressed experimentally.

We must note that the above applied initiator efficiency of ϕ = 0.02 is low compared to bulk

systems. This value is justified by the strong effect of the local diffusivity of the radicals in

the reaction medium on the initiator efficiency. In the present system, most of the initiator will

initially reside in the bilayer. Typical values for the lateral diffusion of solutes in bilayers40

between 10-9 cm2/s and 10-7 cm2/s give an indication of the micro-viscosity in this medium.

Such low diffusion coefficients, e.g. 10-8 cm2/s, result in an initiator efficiency of only 0.0239.

Note further that we did not take into account a possible attenuation of the incident beam by

light scattering. This effect is not easily quantified as to which extent the elastically scattered

photons are effectively lost for initiator cleavage. Nonetheless, we have to keep in mind that

scattering will inevitably lead to inhomogeneity in the illumination of the sample which is an

intrinsic problem of photopolymerisations in colloidal samples. In order to minimise the

effect of scattering, we used the smaller, less scattering vesicles (SUVs) for most of the

experiments. After optimisation of the reaction conditions, we also investigated the larger,

highly scattering extruded vesicles. Those results are discussed in the last paragraph of the

results section.



Birth of a parachute II: Kinetic aspects

113

6.4 Results and discussion

The minimum initiator concentration. To perform a successful PLP experiment in

heterogeneous systems, the number of radicals created per pulse should compare fairly well to

the number of particles in the sample, in this case vesicles, in order to guarantee termination

in the individual particles by subsequent pulses. That is the essence of the experiment and it

has been pointed out that the initiator concentration plays a key role in this.

On the one hand, an initiator concentration of 2.3·10-4 mol/L or lower would maximally afford

an average increase in number of radicals per particle of n∆ = 0.2, i.e. ideal PLP conditions

would not be met according to our estimates. On the other hand, one has to realise that an

initiator concentration of 2.3·10-4 mol/L together with a monomer concentration of 2·10-2

mol/L implies that already more than 1% of the solubilised molecules are initiator molecules.

Since it was desirable to keep the photoinitiator concentration as low as possible to avoid any

unknown effect of the initiator on the structure of the bilayer we strove for the lowest initiator

concentration. To compensate, a relatively high pulse energy of 50 mJ was chosen. The

minimum threshold concentration of initiator was determined in a series of experiments with

increasing overall initiator concentration of 2.3·10-5, 5.8·10-5 and 1.15·10-4 mol/L amounting

to an estimated increase in radicals per particle after a pulse, n∆ , of 0.025, 0.05 and 0.10

respectively. Repetition frequencies of 1, 2, 5 and 10 Hz were used. It turned out that an

overall concentration of 1.15·10-4 mol/L DMPA was a minimum concentration necessary to

find structured MWD revealing pulsed initiated material with the typical overtones (see

Figure 2). The experiment suggests that for initiator concentrations greater than 1.15·10-4

mol/L, the number of radicals produced at each pulse is large enough to terminate growing

polymer chains and the experiment starts to work in the proper sense of a PLP experiment.

According to our earlier estimates, the increase in radical concentration per pulse per vesicle

was only n∆ = 0.1. Anyhow, this estimate suffers from some uncertainties and obviously, we

underestimated the value of n∆ , most likely by an overestimate of the number of particles.

Pulse repetition rates of 2 and 5 Hz gave the best results. Due to the yet unsatisfying structure

of the MWDs it was decided to increase the initiator concentrations for further experiments to

2.3·10-4 mol/L.

The effect of pulse frequency. The dependence of the MWD on the pulse frequency is a

typical feature of a PLP experiment and can serve therefore as a quality check for a successful



Chapter 6

114

experiment. With higher frequencies the MWD has to shift to lower molecular weights (cf.

equation 1). To investigate the effect of the pulse frequency we carried out a set of PLP

experiments with SUVs at 21°C using an overall monomer concentration of 1.5·10-2 mol/L

(see Figure 3) and analysing the low conversions (<15%).

The molecular weight distributions are indeed influenced by the pulse frequency in the

desired way and hence, the IUPAC requirements for each PLP experiment are fulfilled. We

calculate a monomer concentration at the reaction site of 3.48 ± 0.12 mol/L independent of

the pulse frequency. Without going into detail about the actual value of the monomer

concentration which we will discuss later on, it is sufficient to notice here that the outcome of

the PLP experiment is unperturbed by a change in the pulse frequency – at least within the

applied frequency interval.
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Figure 2. MWDs and derivatives
for PLP experiments with SUVs at
20°C using the minimum initiator
concentration of 1.15·10-4 mol/L.

Figure 3. MWDs as a function of
frequency for PLP experiments
with SUVs at 21°C using 1.7·10-4

mol/L initiator concentration and
an overall monomer concentration
of 1.5·10-2 mol/L at ~15% con-
version.

Figure 4. MWDs as a function of
overall monomer concentration for
PLP experiments with SUVs at
21°C using a pulse frequency of
2 Hz. Polymerisation was stopped
at low degrees of conversion
(~5%).

A closer look at the MWDs reveals that both peak position and shape of the MWD depend on

the frequency. The so-called second overtone of the PLP-originating peak, i.e. the polymer

peak in the MWD which corresponds to a growth time of 2·t0, is discernible for all

frequencies. At higher frequencies, the second overtone becomes more pronounced than for

the lower frequencies where the overtone is only indicated by a shoulder on the high

molecular weight side of the main peak (see Figure 3, 1 Hz). For shorter dark times, the

fraction of radicals that survive till a successive pulse arrives is apparently elevated. We thus

deal with radical loss processes that occur during the dark time in the compartmentalised
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polymerisation loci. A shorter dark time clearly allows less radical loss, but what could be the

origin of these loss processes? Bimolecular termination within one particle cannot be

responsible as a consequence of the compartmentalisation and the “zero-one” situation (vide

supra). Instead, transfer to monomer, followed by particle exit and termination in the water

phase, or termination after entry into another particle, could be processes that account for a

decrease of radicals during the dark time. Our results suggest that these phase transfer events

could contribute to the PLP kinetics in the present system.

The local monomer concentration as function of the overall monomer concentration.

Now that we found a working experimental recipe and ensured that the pulsed-laser

polymerisation is performed in a reliable way we approached our main goal, namely the

characterisation of the polymer locus by determining the local monomer concentration.

We further investigated the concentration at the site of reaction as function of the overall

monomer concentration. Therefore, a series of PLP experiments with increasing overall

monomer concentration was performed at 20°C using pulse frequencies of 2, 5 and 10 Hz at

low degrees of conversion. Figure 4 displays the MWDs for 2 Hz .

Polymeric material was obtained only at global concentrations higher than

≈1.3·10-2 mol/L. In an interval of 1.3·10-2 mol/L to 2.0·10-2 mol/L, the apparent local

monomer concentration varied between 3.3 and 3.8 mol/L (see Figure 5 and Table 1).

This result is striking in two respects. First, these values are unexpectedly high compared to

an estimated monomer concentration in the vesicle bilayer of maximally 2.1 mol/L in the case

of an overall monomer concentration of 2·10-2 mol/L41. Second, only a slight increase in local

concentration is noticed with higher global concentrations. The local concentration in the

bilayer increases to a relatively smaller extent (11%) than the global concentration (46%).

Both observations suggest that the bilayer and the locus of polymerisation are not identical.

What could then be the nature of the polymerisation locus? For an explanation it is helpful to

recall the morphological picture (cf. Figure 2). On-line SANS measurements proved that a

small polymer bead evolves within the beginning stages of the polymerisation process15. Such

a polymer bead could be easily swollen with monomer supplied by the attached vesicle. It is

established that the saturation swelling of a polymer sphere rests on its radius16,24,28,42-45,

especially for radii below 30 nm being relevant here. To quote some model data16: for styrene

at 50°C a saturation swelling concentration of 3.3 mol/L is calculated for a radius of 10 nm

which would be comparable to the present situation.
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Table 1. Averaged calculated local monomer concentrations, [M]loc, as a function of temperature, T, overall
monomer concentration, [M]ov, and vesicle type. σn represents the standard deviation of the local monomer
concentrations.

vesicle T [M]ov [M]loc σn

type [°C] [mol/L] [mol/L] [mol/L]

SUV 20.5 1.32·10-2 3.34 0.09

SUV 20.5 1.50·10-2 3.48 0.12

SUV 21.0 1.81·10-2 3.61 0.09

SUV 20.0 1.90·10-2 3.73 0.08

SUV 21.0 1.95·10-2 3.79 0.06

SUV 30.0 1.90·10-2 3.31 0.14

SUV 40.0 1.90·10-2 3.16 0.09

SUV 50.0 1.90·10-2 2.93 0.15

SUV 60.0 1.90·10-2 2.58 0.17

LUV 25.0 1.99·10-2 4.54 0.18

LUV 60.0 1.99·10-2 3.29 0.05

Therefore, we strongly believe that the polymerisation in vesicles proceeds within a polymer

locus that has been identified as a polymer bead by morphological measurements. This

polymerisation locus quickly attracts the monomer being solubilised in the vesicle and any

growing radicals. The monomer partitioning between polymer bead and parental vesicle at

lower overall concentrations seems relatively more in favour of the locus of polymerisation,

at the expense of the bilayer. This accounts for the comparatively small effect of the overall

monomer concentration on the local concentration.

From a mechanistic point of view, it is interesting as well to compare the shape of the MWDs

with increasing monomer concentrations (see Figure 4). It is noticed that overtones and high

molecular material are more pronounced at lower monomer concentrations. A simple

explanation is given by the fact that a lower monomer concentration implicitly means a lower

initiator concentration as we kept the ratio monomer/initiator constant for reasons of

comparison. A lower level of initiator produces a lower radical flux per pulse and leads to the

occurrence of high molecular material (vide supra).

The effect of temperature. The previous results suggested that the polymerisation locus is a

polymer bead which is supplied by monomer from the attached vesicle. We have seen that the

determination of the local monomer concentration then gives insight in the partitioning

between locus of polymerisation and monomer reservoir. It is generally expected that the

temperature influences significantly the partition behaviour between polymer phase, vesicle
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phase and aqueous phase. To study the effect of temperature a series of experiments with 1.9·

10-2 mol/L styrene concentration was carried out at 20, 30, 40, 50, and 60°C using pulse

frequencies of 2 and 5 Hz. Pulsing times were adapted to keep conversion below 15%. The

calculated monomer concentrations are summarised in Table 1 and they are plotted in

Figure 6 as a function of temperature. Remarkably, the apparent concentration decreases from

3.8 mol/L at 20°C to 2.6 mol/L at 60°C. This drop in accessible monomer concentration at the

polymerisation locus is ascribed to a changed partitioning in favour of the bilayer. At elevated

temperatures, the solubilisation capacity of the bilayer rises46 and less monomer is

consequently released to the polymerisation locus. Additionally, the water-solubility of

styrene is enhanced at higher temperatures and diminishes the total monomer concentration in

the dispersed phase.
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Figure 5. Local monomer con-
centrations as a function of the
overall monomer concentration at
20.5 ± 0.5°C calculated from PLP
experiments with variable pulse
frequencies.

Figure 6. Local monomer con-
centrations as a function of tem-
perature for SUVs and LUVs
calculated from PLP experiments
with 2.3·10-4 mol/L initiator con-
centration, variable pulse fre-
quencies and an overall monomer
concentration of 1.9·10-2 mol/L.

Figure 7. MWDs as a function of
temperature for PLP experiments
with SUVs using 2.3·10-4 mol/L
initiator concentration, 5 Hz pulse
frequency and an overall monomer
concentration of 1.9·10-2 mol/L at
conversions <15%.

Again, a closer inspection of the corresponding MWDs (Figure 7) reveals mechanistic

information. The overtone becomes gradually less prominent at higher temperatures

indicating that radical loss processes are intensified at elevated temperatures. In general, chain

transfer to monomer is enhanced at higher temperatures in free-radical polymerisation. The

increased contribution of transfer leads to a loss of growing radicals during the dark time and

could thus readily account for the observed effect.



Chapter 6

118

The monomer concentration as a function of conversion. All previous data corroborate the

hypothesis that the polymer bead is the locus of polymerisation rather than the bilayer. Next,

we investigated the local monomer concentration as a function of conversion to decide

whether the nature of the polymerisation locus changes with conversion. Two series PLP

experiments, denoted SUVs(1) and (2), with SUVs were performed using an initiator

concentration of 2.3·10-4 mol/L, a pulse frequency of 2 Hz and an overall monomer

concentration of 1.95·10-2 mol/L. Figure 8 shows a set of conversion-normalised cumulative

MWDs with increasing conversion for the series SUVs(1).

At low conversions (<30%), the MWDs exhibit the typical shape of PLP material. Within this

interval, the inflection point at the low molecular weight side of the PLP peak does not shift

with conversion. On average we find a value of 3.79 ± 0.06 mol/L which is in line with earlier

measured values (see Table 1). It is remarkable that the calculated monomer concentration

does not decrease with increasing conversion.

At higher conversions (>30%), the MWDs show some peculiar characteristics:

• High molecular weight material becomes pronounced.

• The amount of PLP material hardly increases.

• The second overtone remains present throughout the whole range of conversion.

Taking these observations into

consideration it appears that the

experiment stops to work in the sense

of a pulsed polymerisation experiment

above ~30% conversion. Featureless

material then starts to be formed at the

high molecular weight side of the

MWD. The initially produced PLP

material is simply accumulated on the

MWD while keeping the overtone

characteristics. This effect can be

ascribed to a drop in radical flux per

pulse caused by a drop in initiator concentration. Reaching a conversion of about 30%, a

considerable amount of initiator will be consumed. The number of radicals created per pulse

then falls below a certain threshold value where not sufficiently radicals are created to

terminate most of the growing chains, i.e. we suspect n∆  to be far below one. Since
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Figure 8. MWDs as a function of conversion for PLP
experiments with SUVs at 21°C using 2 Hz pulse frequency

-4 mol/L initiator concentration.
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bimolecular termination after a pulse is no longer the main chain-stopping event, transfer to

monomer becomes a more important process. In other words, the experiment shifts from a

PLP-dominated regime to a transfer-dominated regime. To check for the contribution of

transfer to the MWD we plotted the logarithm of the number distribution, n(M), against the

molecular weight and determine the apparent chain transfer constant47-49. It holds:
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where ktr represents the transfer rate coefficient for transfer to monomer and M0 is the

molecular weight of the monomer unit. The value of Λ can be obtained from the MWD

through the relationship

Λ = – M0 (slope of the linear region of ln n(M))   (9)

A typical plot is shown in Figure 9 and the derived values for Λ are plotted in Figure 10

versus conversion. As expected, the values decay with increasing conversion as result of the

smaller contribution of bimolecular termination. They seem to level off at an average value of

Λ ≈ 5·10-4. In the limiting case of no contribution of bimolecular termination to the MWD, Λ

would correspond to the chain transfer constant, Ctr. The found value compares favourably to

literature values for styrene of 5·10-4 (50°C, low initiator concentrations)48.
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Figure 9. The logarithm of the
number distribution is plotted
against the molecular weight in
order to determine Λ. Here plotted
for the MWD of the PLP
experiments with SUVs at 21°C
and 65% conversion.

Figure 10. Plot of Λ derived from
cumulative MWDs of PLP
experiments with SUVs at 21°C
using 2 Hz pulse frequency and
2.3·10-4 mol/L initiator con-
centration as a function of con-
version.

Figure 11. Combined conversion-
time plots for PLP experiments
with SUVs at 21°C using 2 Hz
pulse frequency and 2.3·10-4 mol/L
initiator concentration. The solid
line is a guide to the eye. The
dashed line is a linear fit to the
data up to 10 minutes poly-
merisation time.
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Summarising it can be said that the MWD as a function of conversion changes from an

interval that is PLP-dominated (up to ~30-40% conversion) to an interval that is transfer-

dominated. The appearance of marked overtones without the prominent presence of high

molecular weight tailing indicates that the experiment is conducted under conditions where

the number of created radicals and the number of particles at least match within the PLP-

dominated interval.

One method to circumvent the problem of initiator depletion with increasing conversion

would be the application of an electron beam which delivers a constant number of radicals

independent of conversion30,50. However, some own explorative experiments using an

electron beam as irradiation source51 for the vesicle system induced colloidal instability of the

dispersion probably due to electrostatic effects52 and was therefore discarded.

Finally note that the decreasing overall monomer concentration with conversion should

clearly shift the MWD to low molecular weights within the PLP-dominated interval.

However, it is highly interesting – with respect to the mechanism of polymerisation in

vesicles – to observe that the apparent monomer concentration at the locus of polymerisation

stays constant at least in the first interval (up to 40% conversion). This accounts for the nature

of the locus: Seemingly, the locus is supplied with a constant monomer feed from the vesicle-

reservoir.

Conversion-time behaviour. The analysis of the conversion data provides a deeper insight

into the kinetics of polymerisation in vesicles. Two series of experiments, denoted SUVs (1)

and (2), were performed to construct conversion plots using identical reaction conditions as in

the previous experiment. The reproducibility was well within experimental error (see Figure

11).

The rate of polymerisation remained constant for the first ten minutes of the reaction,

corresponding to about 40% conversion, before it decreased non-linearly with time. The

initially constant rate implies that both aven  and monomer concentration are also constant

which is kinetically analogous to an interval II emulsion polymerisation16. The decrease in

rate after this period would then be analogous to interval III where the monomer

concentration drops as a consequence of monomer depletion. However, the deceleration could

also be explained by a decrease in radical flux due to initiator consumption.

In this light, the MWD data and the conversion data are favourably in line and the conversion

data corroborates the assumption of a constant local monomer concentration up to about 40%
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conversion. Kinetically, the reaction can be described by an interval II emulsion

polymerisation16:
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where x represents the fractional conversion, [M]loc the local monomer concentration at the

site of reaction, [M]ov the overall monomer concentration, and aven  the time-averaged,

average number of radicals per particle (cf. equation 6).

Except for aven  and [M]loc, all parameters in above equation are known. The latter, [M]loc, has

been readily determined by the PLP analysis to be 3.8 mol/L. We then calculate the radical

concentrations (see Table 2).

Table 2. Parameters for conversion dependent PLP experiments at 2 Hz using an initiator concentration of
2.3·10-4 mol/L.

vesicle T kp [M]ov dx/dt [M]loc [R]ave,ov aven

type [°C] [L/mol·s] [mol/L] [s-1] [mol/L] [mol/L] [–]

SUVs (1) 21 71.9 1.95·10-2 8.5·10-4 3.79 6.1·10-8 0.061

SUVs (2) 21 71.9 1.81·10-2 7.9·10-4 3.61 5.5·10-8 0.055

LUVs 25 85.9 1.99·10-2 1.8·19-4 4.54 8.9·10-9 0.224

The resulting average number of radicals per particle, aven , of ~0.06 appears very low and

cannot be reconciled with the idea of a successful PLP experiment. Most likely, we

overestimated the number of vesicles leading to a considerable underestimation of aven . Our

earlier observations when searching for the minimum initiator concentrations led us to the

same conclusion.

The effect of vesicle size. In a last set of experiments we studied the effect of vesicle size by

employing large unilamellar vesicles LUVs. It has been pointed out that the vesicle size

determines the polymer bead size of the parachute structure. Therefore, the vesicle size is

expected to play a role in the polymerisation kinetics. Pulsed-laser polymerisations were

performed with styrene (1.99·10-2 mol/L) at 25°C and 60°C and laser frequencies of 2 and

5 Hz as a function of conversion. Figure 12 shows the results for a pulse frequency of 5 Hz.

The build-up of transfer dominated material is, in analogy to SUVs, noticed at higher

conversions. Derived apparent transfer constants (on average Ctr = 4.3·10-4 at 25°C) equally

correspond to earlier found values for the SUV experiments.
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The fact that the monomer concentrations for LUVs (4.5 mol/L at 25°C, 3.3 mol/L at 60°C,

see Figure 6) exceeds those calculated for SUVs is considered as an interesting result.

Obviously the size of the polymer locus relates to its monomer concentration. This is not

surprising within the framework of the above presented mechanistic model: After formation

of polymer locus, the polymer swells with monomer provided by the bilayer. A competitive

partitioning of the solubilised monomer between the vesicle bilayer and the polymer particle

results. Dependent on the bead size, i.e. dependent on the vesicle size, the polymer could

swell to a lower or higher degree. Model calculations16 on the saturation swelling of a

polystyrene bead of 25 nm radius with styrene indicate values of about 4.7 mol/L. This value

compares fairly well to our findings.
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Figure 12. MWDs as a function of conversion for PLP
experiments with LUVs at 25°C using 5 Hz pulse frequency

-4 mol/L initiator concentration.

Figure 13. Conversion-time plot for PLP
experiments with LUVs at 25°C using 2
Hz pulse frequency and 2.3·10-4 mol/L
initiator concentration. The solid line is a
guide to the eye. The dashed line is a
linear fit to the data points up to 60
minutes polymerisation time.

Finally, the conversion analysis resembles the data for the SUVs except for the fact that

conversion scales up to 60% linear with time (see Figure 13). The rate of polymerisation is

significantly lower than for SUVs although the local monomer concentration in LUVs

surpasses the concentration measured for SUVs (see Table 2). As a consequence of the strong

turbidity of the sample the radical production seems considerably reduced. Therefore, the

initiator lasts up to higher conversions and provides a constant rate. We can only speculate

that the monomer concentration remains constant in this interval, too. The MWDs do not

allow to retrieve unambiguous data on the monomer concentration within the transfer-

dominated interval, i.e. above 40% conversion. Again, the number of radicals per particle can
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be calculated from the rate data. The average number of radicals per particle amounts here to

aven  = 0.224, which seems a more realistic estimate.

6.5 Conclusions

On the basis of data on the monomer concentration at the locus of polymerisation combined

with rate data we postulate that the locus of polymerisation is the phase-separated polymer

bead formed at the beginning of the polymerisation. The initially created polymer nucleus

swells with monomer supplied by the attached vesicle reservoir. Polymerisation further

proceeds within this polymer particle where constant monomer concentrations are provided

up to at least 40% conversion.

This working hypothesis can account for all our observations. In essence, the observed

phenomena were independent of total monomer concentration, temperature and vesicle size.

The variation of these reaction conditions, however, offered a more detailed knowledge on the

partitioning of monomer between the three involved phases: vesicle bilayer, polymerisation

site and water.

It was recognised that the heterogeneous nature of the system significantly complicates the

experimental performance for PLP studies. Ideal conditions have to be chosen and optimised

such that the number of radicals per vesicles is just high enough to allow bimolecular

termination after successive pulses. The local initiator concentration and the partitioning of

initiator then become relevant problems. Our PLP experiments as a function of conversion

showed that the depletion of initiator can cause the experiment to shift from an initially PLP-

dominated domain to a transfer-dominated domain. In fact, the experimental window for

successful PLP experiments in this system is rather small.

The application of the PLP technique to heterogeneous systems can be particularly

advantageous as it provides simultaneously thermodynamic information on the locus of

polymerisation next to kinetic data. Despite experimental problems that are to be overcome,

we feel that the PLP technique can be a unique tool to explore microphase separated colloidal

particles, like the vesicle-polymer hybrids, with respect to the spatial distribution of

monomers and thus can function as a “kinetic microscope”.
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6.6 Intervals in polymerisation in vesicles

This chapter concludes our studies on the polymerisation in non-functional vesicle bilayer

membranes. Taking all our morphological and kinetic observations together we can try to

sketch a unifying picture of the process for polymerisation in vesicles. It appears that the

intervals of this process can be compared to the intervals characterised for a typical emulsion

polymerisation53. Three intervals are distinguished (see Figure 14, cf. section 3.8).

        

1 2 3

Figure 14. The proposed mechanism of polymerisation in vesicles in three intervals, earlier introduced as the
monomer diffusion mechanism (cf. section 3.8).

Interval I: Nucleation. The nucleation period comprises the very short time interval where

separated polymer beads are created in the vesicle matrix. According to the time-resolved

SANS study (Chapter 5), the formation of ellipsoidal nuclei occurs simultaneously with the

creation of the very first polymer chains. The peculiar ellipsoidal geometry of the polymer

particles detected by SANS scattering and also seen by cryo-TEM makes a confining

influence of the bilayer on the polymer growth very plausible. In other words, the first steps

of polymerisation seem to occur within the bilayer. At this point, the driving force for the

phase separation is most likely the incompatibility between growing polymer and bilayer, and

possibly entropic reasons that favour a collapsed polymer conformation to a two-

dimensionally constrained polymer conformation. In a first approach we surmise that the

collapse occurs when a growing polymer chain exceeds a certain chain length where it cannot

be hosted in the bilayer any longer54. Before reaching this limit, a newly initiated polymer

chain could undergo essentially two fates: It could either join an already existing polymer

nucleus or create another one. The decision between the two possibilities will depend on the

time interval needed for nucleation on one hand, compared to the time interval required to

diffuse to an existing nucleus on the other hand. Hence, slow diffusion or fast propagation

enhance multiple bead formation. Comparative experimental studies support this point of

view: (i) In the case of styrene, multiple bead formation was mainly observed at reaction

temperatures below the phase transition temperature of the bilayer (see section 3.4), i.e. when

the lateral diffusion is slow. The same holds for the application of cross-linkers (see section
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4.3). (ii) Fast propagating monomers also induce the formation of several beads (see section

4.3 and 4.8). Both trends are in line with the proposed nucleation mechanism.

Interval II: Particle growth with constant monomer concentration. The freshly created

polymer particle quickly swells with monomer. Fast monomer diffusion in the bilayer (see

section 2.8) allows a constant supply to the particle. In this interval, the polymer nucleus is

the main locus of polymerisation (see section 6.4) and grows with conversion (see section

5.4). Consequently, the monomer concentration in the bilayer decreases such that the

possibility for further nucleation in the bilayer is largely reduced. At the same time, the

bilayer phase transition temperature steadily increases whereas the glass transition

temperature of the swollen polymer is still low. The actual monomer concentration in the

particle, [M]loc stays approximately constant and depends on the particle size (see section 6.4)
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where mm is the mass of monomer swelling the particle, M0 represents the molar mass of the

monomer, Vp and Vm represent the volumes of the polymer and the monomer in the particle.

However, a constant monomer concentration can only be provided as long as sufficient

monomer is contained in the vesicle reservoir, i.e. for
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with ρm being the density of the monomer, x representing the fractional conversion and mtot

giving the total mass of monomer solubilised in one vesicle.

Interval III: Particle growth with decreasing monomer concentration. When a critical

conversion, xcrit, is reached, which represents the total depletion of monomer in the vesicle

reservoir, the monomer concentration in the particle beads starts to drop.
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Obviously xcrit for a given system depends on the local monomer concentration as shown in

Figure 15. In the previously studied case of polymerisation of styrene in DODAB LUVs

where the monomer concentration amounted to 4.5 mol/L, the critical conversion should be

reached at about 0.53. Experimentally, we observed a constant rate of polymerisation up to

0.60 conversion which seemed to be indicative of a constant monomer concentration (vide

supra). A critical conversion of about 0.60 is in fair agreement with the presented
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considerations. Above the threshold conversion, the

monomer is consumed and the concentration

decreases. The glass transition temperature of the

polymer increases simultaneously. In reality, it is

anticipated that the critical conversion can be attained

earlier than calculated by this simplified model as a

consequence of an ongoing monomer partitioning

between bilayer and polymer until the completion of

the reaction.

Anyway, the final size of the polymer bead is pre-

determined by the amount of solubilised monomer per

vesicle and the vesicle size as is has been pointed out

in Chapter 3. Summarising, the monomer diffusion

route proposed in section 3.8 adequately describes all

observed phenomena. In the light of the presented results it becomes easily understandable

why even the application of cross-linking monomers (see section 4.3) or more “compatible”

polymers cannot suppress the polymer–amphiphile phase separation: the interval of

nucleation is too short and the further growth mechanism solely hinges on the diffusion of

monomer and small oligomeric species to the nucleus, i.e. all means that could slow down the

polymer diffusion will leave the phase separation unaffected. Therefore, the only possibility to

synthesise hollow polymer particles by the concept of polymerisation in vesicles is to tackle

the problem of nucleation, by for instance the use of co-polymerisable amphiphiles. Our

investigations towards the exploration of such remedies against phase separation are reported

in Chapter 7.
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Chapter 7

Polymerisation in functional vesicle bilayer membranes1

The polymerisation in non-functional vesicle bilayers has been explored in the previous

chapters. In this study we follow three different routes to polymerise within polymerisable

vesicle bilayer membranes with a view to preparing novel vesicle-polymer colloids. First, we

study the vesicle formation and the polymerisation of functional amphiphiles carrying one or

two styryl-groups. A combination of characterisation techniques gives insights into bilayer

properties, polymerisation kinetics and vesicle morphology of these (polymerised) vesicles.

Based on this reference system, we explore the copolymerisation of monomers inserted in the

matrix of polymerisable amphiphiles. On the basis of kinetic and morphological data we

prove that the copolymerisation is viable if the polymerisable moieties are adequately chosen

with respect to reactivity and location within the amphiphile matrix. Extremely deformed,

albeit stable, vesicles are induced by cross-linking inserted monomers with mono-functional

amphiphiles. In a last step, we attempt the synthesis of two-dimensional interpenetrating

networks employing the previously polymerised amphiphile networks as templates. The cross-

linking of divinylbenzene within cross-linked membranes affords peculiar orange-skin-like

bilayer morphologies and gives evidence of the feasibility of the concept.

7.1 Introduction

Polymerisation of vesicles. The study of polymerisation reactions in lyotropic liquid

crystalline phases is a quickly expanding research area that is of common interest to colloid,

polymer, material and biochemists2-6. In particular polymerisation reactions in vesicle

membranes have been highly investigated during the last two decades mainly due to the

interest in membrane mimetic chemistry7. The concept of polymerisation of vesicles

comprises the polymerisation of unsaturated amphiphiles which are pre-organised in a vesicle

assembly (see Figure 1, top). Hence, this concept can be subsumed in the category fixations

within the proposed terminology of Chapter 1. Some twenty years ago this route has been

developed by several research groups in order to synthesise stabilised vesicles. Since then a
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large number of polymerisable amphiphiles bearing moieties like vinyl, dienoyl, methacrylate,

acrylate, diacetylene, acetylene and styryl have been successfully applied. The functional

groups could be incorporated either in the head groups or at variable positions in the tail.

Quickly, “polymerised surfactant vesicles have become the most sophisticated system in the

armory of membrane mimetic chemists”8. The substantial body of literature on this subject is

summarised in outstanding reviews9-16. It turns out that polymerisation of vesicles can in fact

stabilise vesicles, though the stabilising effect has long been overestimated. More recently, it

has been realised that the polymerisation of vesicles may lead to complicated phase separation

phenomena within the two-dimensional matrix which occasionally even destabilise the

vesicles17-20. The consequent application of cross-linking amphiphiles can circumvent the

problem of intra-vesicular phase separation and provides extremely stable supra-molecular

networks20,21. Especially the systematic work of O’Brien and co-workers on the mechanism of

polymerisation of vesicles22-25 and cross-linking reactions26-28 contributed significantly to the

detailed understanding of these reactions.

A1    DVB 

A1   A2

Figure 1. The concept of poly-
merisation of vesicles (top) here
shown for the copolymerisation of
cross-linking (A2) and mono-
functional amphiphiles (A1).
Polymerisation in/of vesicles
(bottom) schematically depicted
for the copolymerisation of a
monofunctional polymerisable
amphiphile (A1) and the cross-
linker divinylbenzene (DVB).
The square symbolises the
polymerisable group.

Polymerisation in vesicles. The concept of polymerisation in vesicles encompasses the free-

radical polymerisation of monomer molecules, inserted in the bilayer of non-functional, i.e.

non-polymerisable, amphiphiles (see section 3.1). We have found that the polymerisation of

monomers in vesicles results in parachute-like morphologies due to complete phase separation

between the polymer and the vesicle bilayer matrix (for details see Chapters 3-6 and

literature29-39).

Polymerisation in/of vesicles. Based on the foregoing two concepts of polymerisation of and

in vesicles we explore the feasibility of a hybrid-concept in which the polymerisation in and

of vesicles is combined (see Figure 1, bottom).
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The copolymerisation of monomers inserted in a matrix of polymerisable amphiphiles is

scarcely investigated. To the best of our knowledge only Friberg40,41 and co-workers

presented two studies where they introduced monomers like 1,6-heptadiene, glyceryl

monomethacrylate, styrene and divinylbenzene (DVB) in the lamellar phase of polymerisable

amphiphiles bearing either a styrene moiety in the headgroup or unsaturations in the

surfactant tails or both. A pronounced difference between the behaviour of the surfactants was

found. The surfactant carrying the polymerisable moiety near the head seemed to accept a

larger number of monomers than the surfactant having the unsaturation in the tail. Depending

on the actual position of the added monomer, the conformation of the polymerisable

headgroups was changed. Based on X-ray data, the authors assumed that copolymerisation

into the apolar and the polar layers proceeded independently although the authors did not

investigate the chemical composition of the obtained (co)polymer or the (co)polymerisation

kinetics.

Aim of this study. We want to focus the present study on polymerisation reactions in/of

vesicles. The experimental strategy is to establish first a reference system consisting of two

novel polymerisable amphiphiles, a mono-functional and a bis-functional amphiphile, both

bearing a styryl-group at the end of the hydrophobic tail (see Figure 2). Cationic quaternary

ammonium headgroups are chosen for reasons of comparison with our previous studies on

DODAB systems.

     

BrNO

O

                

BrNO

O

O

O

A1             A2

Figure 2. The mono-functional amphiphile A1 and the bis-functional amphiphile A2.

We describe the properties of the unpolymerised and the polymerised vesicles. Cryo-TEM

proves as an exceptional useful tool to discover morphological details which have not yet

been reported. Next, we approach the concept of polymerisation in/of vesicles. In the first

place, we attempt to give a proof of principle of this concept by studying the copolymerisation

of mono-functional amphiphiles (A1) and styrene. Morphological evidence next to kinetic

data, the assessment of vesicle stability and polymer analysis furnishes sufficient data to
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elaborate the mechanism. We are particularly interested in the (preventive) effect of a

polymerisable matrix on a potential phase separation between matrix and inserted polymer.

In a following step, the application of cross-linking monomers like divinylbenzene (DVB) is

investigated mainly with respect to the resulting vesicle-polymer morphology.

Finally, we employ pre-polymerised, cross-linked vesicles of A1 and A2 as matrices for the

polymerisation of an additional, inserted monomer like styrene or DVB in order to prepare a

two-dimensional (semi-)interpenetrating network in the vesicle bilayer.

Altogether it is believed that these strategies could yield novel polymer colloid morphologies

based on vesicles having modified physico-chemical properties of the shell (mechanical

resistance, permeability).

7.2 Experimental section

Materials. N,N-dimethyloctadecylamine (Fluka) was purified by repeated crystallisation from

ethylacetate. 11-Bromo-1-undecanol (Aldrich), p-vinylbenzoic acid (Aldrich),

dicyclohexylcarbodiimide, (DCC, Aldrich) and 4-dimethylaminopyridine, (DMAP, Aldrich)

were used as received.

Styrene was purchased from Merck (>99%), distilled under reduced pressure and stored at

–18°C. Prior to use, the monomer was passed over an inhibitor removal column (DeHibit 200,

Polysciences). Divinylbenzene (DVB, Fluka, 80% mixture of isomers, impurities mainly

monomers 3- and 4-ethyl vinylbenzene) was passed over an inhibitor removal column. The

oil-soluble photoinitiator 2,2-dimethoxy-2 phenyl acetophenone (DMPA, Aldrich, 98%) and

the water-soluble azo-initiator 2,2’-azobis(2-methylpropionamidine)dihydrochloride (V50,

Wako) were used as received. Vesicles were prepared and diluted in Super-Q water

(Millipore). For surfactant lysis experiments, the cationic surfactant dodecyltrimethyl-

ammonium bromide (DTAB) was employed as supplied by Fluka (>98%). Chloroform

(Biosolve, p.a.) and tetrabutylammonium bromide (Fluka, p.a.) were used for SEC analysis,

methanol (Biosolve, HPLC grade) was used for HPLC analysis.

Synthesis of the mono-functional amphiphile N,N-dimethyl-N-[11-(p-vinylbenzoyloxy)

undecyl] octadecylammonium bromide (M = 678.94 g/mol), abbreviated to (A1). The

synthesis of A1 was carried out in two steps. In a first step, N-(11-hydroxyundecyl)-N,N-
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dimethyloctadecylammonium bromide (A11) (M = 548.77 g/mol) was synthesised by

refluxing N,N-dimethyloctadecylamine (29.76 g, 0.1 mol) and 11-bromo-1-undecanol

(25.12 g, 0.1 mol) in toluene (250 mL) for 16 hours. After removal of the solvent, the crude

solid was washed thoroughly with ether and used without further purification (43.3 g, yield

79%)42. In a second step, p-vinylbenzoic acid (1.5 g, 10 mmol), N-(11-hydroxyundecyl)-N,N-

dimethyloctadecylammonium bromide (A11) (3.7 g, 7 mmol), DCC (2.0 g, 16 mmol)

4-dimethylaminopyridine (DMAP) (0.1 g, 2 mmol) were stirred in dichloromethane (35 mL)

for two days. The formed dicyclohexylurea (DHU) was filtered off. After evaporating the

solvent, diethyl ether was added and the suspension was stirred for further two days at room

temperature. Subsequently the suspension was filtered. The residue was dissolved in

dichloromethane and extracted with 1 M HCl (2× the volume used). The organic phase was

then dried over magnesium sulfate. After evaporation of the solvent, the product was dried in

vacuo to yield 3.1 g of appearance of the product (68%).
1H-NMR (CDCl3): δ 0.9 (t, 3 H, -CH2-CH3), 1.30 (br s, 44 H,-CH2-), 1.70-1.90 (m, 6 H,

-O-CH2-CH2- and -CH2-CH2-N-), 3.40 (s, 6 H, (CH3)2-N-), 3.50 (m, 4 H, -CH2-N-), 4.30 (t, 2

H, -CH2-O-), 5.40 and 5.90 (d, 2 H, CH2=CH-), 6.75 (q, 1 H, =CH-Ar-), 7.45 and 8.00

(double d, 4 H, Ar) ppm.
13C-NMR (CDCl3): δ 15 (-CH2-CH3), 23-32 (-CH2-), 51 ((CH3)2-N-), 64 (CH2-O-CO-), 65.5

(-CH2-N-), 116 (CH2=CH-Ar-), 126 (-Ar-), 130 (-Ar-, -Ar-CO-), 136 (CH2=CH-), 142

(=CH-Ar-), 166 (Ar-CO-) ppm.

Microanalytical data for C40H72BrNO2: Calculated C, 70.77%; H, 10.66%; N, 2.06%. Found

C, 72.05%; H, 11.57%; N, 2.38%.

Synthesis of the bis-functional amphiphile N,N-dimethyl-N,N-di[11-(p-vinylbenzoyloxy)

undecyl] ammonium bromide (M = 726.56 g/mol), abbreviated to (A2). p-Vinylbenzoic

acid (2.0 g, 14 mmol), 11-bromo-1-undecanol (3.5 g, 14 mmol), DCC (3.3 g, 16 mmol),

4-dimethyl-aminopyridine, and DMAP (0.1 g, 2 mmol) were stirred in dichloromethane

(70 mL) for two days. The formed dicyclohexylurea (DHU) was filtered off. After

evaporation of the solvent, diethyl ether was added and the solution was extracted with 1 M

HCl (2× volume), then with 10% NaHCO3 (2× volume) and was finally dried over

magnesium sulfate, to yield 11-bromoundecyl-p-vinylbenzoate (A21) (4.0 g, 74%). In a

second step, 11-bromoundecyl-p-vinylbenzoate (3.0 g, 7.9 mmol), dimethylamine (0.5 mL,

2.8 mmol), 1,2,2,4,4-pentamethylpiperidine (0.4 g, 2.8 mmol) were stirred in acetone (14 mL)

for two days. After adding diethyl ether, the product precipitated and the suspension was
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filtered off. The residue was dissolved in dichloromethane and extracted with 1 M HCl (1×

volume). The organic phase was dried over magnesium sulfate. After evaporation of the

solvent, the product was dried in vacuo. The final yield was 63% (1.3 g, 1.8 mmol).
1H-NMR (CDCl3): δ 1.20-1.40 (br s, 28 H, -CH2-), 1.60-1.80 (m, 8 H, -O-CH2-CH2- and

-CH2-CH2-N-), 3.40 (s, 6 H, (CH3)2-N-), 3.50 (m, 4 H, -CH2-N-), 4.30 (t, 4 H, -CH2-O-), 5.40

and 5.90 (d, 4 H, CH2=CH-), 6.75 (q, 2 H, =CH-Ar-), 7.45 and 8.00 (double d, 8 H, Ar) ppm.
13C-NMR (CDCl3): δ 23-30 (-CH2-), 51 ((CH3)2-N), 64 (CH2-O-CO-), 65.5 (-CH2-N-), 116

(CH2=CH-Ar-), 126 (-Ar-), 130 (-Ar-, -Ar-CO-), 136 (CH2=CH-), 142 (=CH-Ar-), 166 (Ar-

CO-) ppm.

Microanalytical data for C42H64BrNO4: Calculated C, 69.40%; H, 8.87%; N, 1.93%. Found C,

71.02%; H, 10.03%; N, 2.11%.

Vesicle preparation. Vesicles were prepared by extrusion of a preheated coarse dispersion of

5 mM A1 or A1/A2 in water (Super-Q, Millipore) through three stacked 200 nm poly-

carbonate filters (Millipore, hydrophilised PC filters) at 60°C in three passes (pressure 7 bar

Argon). Prior to extrusion, the dispersions were allowed to hydrate at 40°C for two days.

After extrusion, the vesicle dispersions were kept at 60°C for another day before slowly

cooling down to room temperature (for details section 2.2).

Polymerisations. In order to add a defined amount of initiator (DMPA) to the vesicles, a

desired volume of a 50 mM stock solution of initiator in methanol was added to a glass

reactor and the solvent was evaporated in a gentle argon flow followed by evacuation for

some hours. A calculated volume of the prepared 5 mM vesicle dispersion was then added to

reach the desired [amphiphile]:[DMPA] ratio varying from 5:1 up to 50:1. To incorporate the

initiator homogeneously in the bilayer, the dispersions were heated to 60°C and stirred for at

least 5 hours. Argon was flushed through the solution to reduce oxygen.

For copolymerisations with styrene or DVB, the monomer was injected to the vesicle

dispersion with a microlitre syringe to obtain a typical overall monomer concentration

between 2.5 and 10 mM. Stirring for two days at room temperature was allowed to ensure a

complete take-up of monomer in the amphiphile aggregates43. For polymerisations within the

previously polymerised vesicle bilayers of A1/A2, a monomer/initiator solution (typically

0.1 M DMPA on monomer basis) was added to the pre-polymerised vesicle dispersion and

polymerised following the above described procedure.
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Photopolymerisations were carried out in a 3.5 mL screw-capped, thermostatted quartz cell

placed at 10 cm distance from a UV-lamp (HPR 125 W, Philips). The range of wavelengths of

the lamp (P = 5.1 W at λmax = 366 nm) matched the UV absorbing region of the photoinitiator

(ε350  = 255 L/mol·cm, ε365 = 134 L/mol·cm). For kinetic experiments, a pulsed XeF excimer

laser (λ = 351 nm) Lamba Physics LPX110i operated at a frequency of 1 Hz and an energy of

30 mJ per pulse was used as an irradiation source. The polymerisation temperature was 25°C

in all cases.

During irradiation, samples of 50 or 100 µL were taken for conversion analysis based on the

residual monomer (i.e. inserted monomer and functional amphiphile) concentration as

determined by quantitative UV spectroscopy for the amphiphiles and HPLC for the monomers

styrene and DVB.

1H NMR analysis. NMR spectra were acquired on a Bruker 400 MHz magnetic resonance

spectrometer. Samples were dissolved in d-chloroform. Conversion analysis of the

polymerisable amphiphiles (A1, A2) was performed by relating the integrals of the vinylic

protons (5.40, 5.90 and 6.75 ppm) to the isolated reference peak of the methylene protons next

to the ester function (4.30 ppm). The conversion of styrene could be calculated by comparing

the integrals of its aromatic protons (6.4-6.7 and 7.0-7.2 ppm) to the same reference peak of

the amphiphile.

UV-vis spectroscopy. UV measurements were performed at room temperature using a UV-

vis photodiode array spectrophotometer (Hewlett Packard 8453) and a quartz cuvette of 1 cm

optical pathlength. Vesicle samples were diluted 200 times in water to obtain absorbances

lower than 1.5. The conversion of A1 and A2 could be followed by the change in absorbance

at characteristic wavelengths: The peak at 244 nm increased with conversion, while the band

at 270 nm decreased with conversion. For this reason, the extinction coefficients for the

monomer and the polymer at these particular wavelengths were determined: ε244 (A1)  =

6.79·103 L/mol·cm, ε270 (A1) = 1.78 104 L/mol·cm, ε244 (poly-A1) = 1.43·104 L/mol·cm, and

ε270 (poly-A1) = 3.42·103 L/mol·cm. It was ensured by 1H NMR analysis that the polymerised

samples for calibration were indeed converted to 100%. The conversion, x, at a given time, t,

was then calculated according to:

pAA

tAA
tx

−
−

=
0

0 )(
)(
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where A(t) is the absorbance of the sample at a time, t, while A0 and Ap represent the

absorbance of the non-polymerised and the entirely polymerised sample, respectively.

HPLC analysis. Details concerning the HPLC analysis have been described in section 2.2.

Size exclusion chromatography (SEC). Prior to SEC analysis, the vesicle-polymer

dispersion was freeze-dried and the obtained white powder was dissolved in chloroform. The

solution was passed over a 0.2 µm PTFE syringe-filter (Alltech) to remove contaminants. The

polymer solutions were adjusted to a concentration of ~2.5 mg/mL. A trace of toluene

(2 µL/mL) was added to the sample as marker. The SEC analyses were carried out with two

PLgel 10 µm (Mixed-B) columns (Polymer Laboratories) at 40°C. The injection volume was

100 µL. Chloroform doped with 5 mM tetrabutylammonium bromide was used as eluent at a

flow rate of 1 mL/min. A Waters 486 UV-detector (operated at a wavelength of 254 nm) was

applied for detection. Narrow-distribution polystyrene standards (EasiCal PS-1, Polymer

Laboratories) with molecular weights ranging from 580 to 7.5·106 g/mol were used to

calibrate the SEC set-up. Data was processed using the Waters Millenium™ software.

Dynamic light scattering. A Malvern 4700 light scattering apparatus with correlator Malvern

7032 was used for dynamic light scattering measurements at a scattering angle of 90°, the

temperature being 25°C. Data analysis was carried out by the second order cumulant

analysis44-46, according to software provided by Malvern. Further details are described in

section 2.2.

Surfactant lysis of vesicles. (The principle has been explained in section 3.3.) For lysis

experiments, 1 mL of a 5 mM vesicle sample was heated to 60°C for ten minutes. Under

stirring, 0.5 mL of a 100 mM DTAB solution was injected into the vesicle sample to reach a

ten-fold molar excess of DTAB to amphiphile. The dispersion was kept at 60°C for another

ten minutes before it was allowed to cool to room temperature. The obtained sample was used

for DLS measurements.

Micro-DSC. The calorimeter (MICROCAL Ltd.) recorded the heat capacity of the vesicle

dispersions relative to that of pure water. A detailed description of the experimental

conditions and the data treatment is given in section 2.2 or more detailed in literature47-49.
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Cryo-TEM. Details concerning this method can be found in section 2.2 or in literature50,51.

7.3 Synthesis of amphiphiles

The synthesis of the novel polymerisable amphiphile (A1), depicted in Figure 2, was carried

out in two steps. In a first step, N,N-dimethyloctadecylamine was coupled with 11-bromo-1-

undecanol in toluene to yield N-(11-hydroxyundecyl)-N,N-dimethyloctadecylammonium

bromide (A11). Subsequently, p-vinylbenzoic acid was coupled to (A11) by using

dicyclohexylcarbodiimide (DCC) as coupling agent52. Amphiphilic cross-linker (A2), shown

in Figure 2, was also synthesised following a two step synthesis. Initially, p-vinylbenzoic acid

was esterified with 11-bromo-1-undecanol using DCC as the coupling agent to yield

11-bromoundecyl-p-vinylbenzoate (A21). Then, product A21 was used to exhaustively

alkylate dimethylamine53,54 to give the desired cross-linker, N,N-dimethyl-N,N-di[11-(p-vinyl-

benzoyloxy)undecyl] ammonium bromide (A2). Both products were obtained in good purity.

7.4 Homopolymerisation of the mono-functional amphiphile

Vesicle properties. The mono-functional amphiphile A1 was synthesised in order to use it

later for copolymerisations with solubilised aromatic monomers like styrene and DVB.

Therefore, a styrene-like moiety was chosen as reactive group to attain random

copolymerisations. It is expected that the functional group is buried in the hydrophobic part of

the bilayer since the functional group is located at the end of the hydrophobic tail. The

amphiphile was designed as a DODAB-analogue molecule in order to achieve ideal mixing

with other amphiphiles bearing a cationic quaternary ammonium headgroup. A somewhat

similar molecule having shorter tails was used by Fendler et al. 55 for their studies on

polymerised surfactant vesicles. Yet, the authors reported that their amphiphile did not

provide stable vesicles by the sonication method56. We decided to prepare the vesicles by the

extrusion method to achieve large, mostly unilamellar vesicles. According to the DLS results

(see Table 2), the prepared vesicle population had an average diameter of ~125 nm and a

polydispersity index of 0.21 that indicated a broad distribution – at least when compared to

the extrusion results of DODAB57. The dispersion was stable at least for two months after the

extrusion process.
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Figure 3 shows a cryo-TEM micrograph of the

obtained dispersion which was vitrified at

room temperature. Clearly, the extrusion of A1

readily affords vesicles. A considerable variety

in sizes (diameters between 20 nm and 150

nm) of prevalently unilamellar vesicles is

noticed and few multilamellar vesicles are

observed. The bilayer undulations seen in the

outer shell of the multilamellar vesicle indicate

a low bending modulus of the bilayer being

typical of a bilayer in the fluid phase.

Micro-DSC measurements were performed to

detect the phase transition temperature, but no

transition could be discerned in the

temperature interval from 10°C to 90°C. Additionally, wide angle X-ray measurements at

20°C on a gel of 10 %wt A1 in water showed in fact neither alkyl chain crystallisation nor

headgroup crystallisation58. Although it was anticipated that the phase transition temperature

of A1 would lie below that of its alkyl chain analogue DODAB (Tm = 44.5°C)57 the effect was

not expected to be so drastic. Obviously, the presence of the bulky aromatic group in the

bilayer distorts the order of the alkyl chains and prevents the crystallisation of chains and

headgroups. It is interesting to note that a comparable effect was observed when styrene was

solubilised within the bilayer of DODAB vesicles57. This analogy would suggest that the

physical adsorption of styrene in the alkyl chain bilayer and the chemical bonding of a styrene

moiety to the bilayer-forming amphiphile have equivalent disturbing effects on the

crystallisation of the amphiphile assembly.

Polymerisation and characterisation of the polymerised vesicles. Polymerisation of the

vesicles was achieved by photochemical initiation. A common photoinitiator 2,2-dimethoxy-2

phenyl acetophenone (DMPA) was chosen because it is only slightly water-soluble (0.1 mM)

and solubilises preferentially in the amphiphilic aggregate. A partition coefficient Kp = 2.3·104

was measured by Candau et al.59 for the partitioning of DMPA between water and hexadecyl-

dimethyl(phenylethyl)ammonium chloride micelles. This micelle-forming surfactant is

chemically similar to A1 and is therefore expected to exhibit a comparable solubilisation

behaviour for DMPA. Probably, the Kp is even higher for A1 owing to the double-tailed

Figure 3. Cryo-TEM micrograph of a vesicle
population obtained by extrusion of a 5 mM A1
dispersion. The scale bar corresponds to 100 nm.
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structure. Based on this Kp value, one can estimate that more than 98% of the photoinitiator

would partition into the vesicular phase. Moreover, we observed that DMPA did neither alter

the size distribution nor influence the stability of the dispersion whereas other commonly used

initiators like AIBN induced flocculation.
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Figure 4. Absorption spectra of A1 vesicles as a
function of conversion obtained by pulsed-laser
polymerisation.

Figure 5. Conversion of functional amphiphiles
followed by absorption at λ = 270 nm in a pulsed-
laser polymerisation experiment.

Irradiation with a pulsed laser (λ = 351 nm) having defined pulse energies and frequencies

allowed the construction of reproducible conversion-time plots. The conversion of monomer

could be followed by taking samples in time and analysing them by UV spectroscopy. Figure

4 shows the change of UV spectra for increasing degrees of conversion. The spectrum

revolves round an isosbestic point at 251 nm: The peak centred at 270 nm decreases while

another peak rises at 244 nm. Knowing the molar extinction coefficients for the monomer and

the polymer allows the calculation of the conversion as described in the experimental section.

It appears that the rate of polymerisation is fast up to 80% conversion and starts then to slow

down (see Figure 5).

According to observations of Pink et al.19 and O’Brien et al.20, the created polymer will

partially collapse and phase separate in the vesicle matrix to form polymer domains.

Simultaneously, the diffusion coefficient for the lateral diffusion of both amphiphilic and

polymeric probes reduces19,20,27. This effect could account for hindered diffusion of the

monomer and together with a decrease in monomer concentration it could contribute to the
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decrease in polymerisation rate. Nonetheless, the UV analysis and the total loss of vinylic

protons in 1H NMR analysis prove that very high conversions can be achieved by the

photochemical initiation when high initiator concentrations, i.e. ratios [A1]:[DMPA] lower

than 25 were supplied (see Table 2). Conversely, attempts to polymerise the amphiphiles by

thermally induced polymerisations using the water-soluble azo-initiator 2,2’-azobis(2-

methylpropionamidine)dihydrochloride (V50) in concentrations as high as 5 mM afforded

maximally 50% conversion.

Another important characteristic of the physical nature of the polymerised vesicles is the

molecular weight of the amphiphilic polymer. Trivially, the nature of the polymerisable

group, its position in the aggregate, the temperature, and particularly the choice of the initiator

influence the polymer chain length60-62. Matsushita et al.63 reported for the photo-

polymerisation of styrene-containing phospholipids high degrees of polymerisation of about

400 units. Sackmann et al.64 found that the degree of polymerisation for methacryloyl based

lipids varied between 300 and 10000 dependent on the initiating chemistry and the monomer

concentration. Interestingly, the formation of large polymer chains led to lateral phase

separation and eventually to fission phenomena of giant vesicles. O’Brien and co-workers

presented systematic studies concerning the polymerisation of acryloyl, methacryloyl22 and

sorbyl lipids23. It appeared that the number-average molecular weight of the polymer was

proportional to the square of the monomer concentration and inversely proportional to the

initiator concentration. The degree of polymerisation ranged from 200 to 2000 for the

acrylates, and from 50 to 600 for the sorbyl-lipids. The authors concluded that primary radical

termination was the main chain-stopping event in these cases24,25.

In the case of poly-A1, the polymer was completely soluble in chloroform and could be

analysed by size-exclusion chromatography relative to polystyrene standards following the

method of Bolikal et al.61. The MWDs are

shown in Figure 6 and the corresponding data

is given in Table 1.

The number-average degrees of

polymerisation are relatively small. Yet, it has

to be realised that the molecular weight

distributions were not Mark-Houwink

corrected. Anyhow, for the understanding of

the physical properties of the polymerised

vesicle it is helpful to keep in mind that low
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degrees of polymerisation imply that the polymerised supramolecular entity still consists of a

large number of oligo-amphiphiles (about 5800 per vesicle!)65. This fact has consequences for

the stability of the aggregate towards disintegration induced by, for instance, surfactant

addition, solvent addition, freeze-drying or temperature shocks. We decided to assess the

stability of the aggregates by a so-called surfactant lysis experiment where the addition of an

excess of mono-tail surfactant forces the vesicles to break-up and to form mixed micelles

consisting of vesicle-forming amphiphile and mono-tail surfactant. Even poly-amphiphiles

can be incorporated in these micelles and, dependent on the length of the polymer, these

micelles are smaller or bigger26.

Table 1. The number average molecular weight, Mn, the average degree of polymerisation, nX , and the poly-
dispersity Mw/Mn for the polymerisation of A1 and the copolymerisation of A1 with styrene.

[A1] [sty] [DMPA] Mn nX Mw/Mn

[mM] [mM] [mM] [g/mol] [–] [–]

5 – 0.50 13315 19.6 1.98

5 – 0.25 19096 28.1 2.60

5 10 0.50 13933 47.1(a) 2.03

5 10 0.25 14370 48.6(a) 1.83

(a)this value is calculated using an average molecular weight of A1 and styrene
( M  = 295.75 g/mol).

We applied a ten-fold excess of dodecyltrimethylammonium bromide (DTAB) to the

(polymerised) vesicles and measured the size of the obtained aggregates by DLS. The results

are displayed in Table 2. Indeed, the molecular weight has an influence on the size of the

obtained mixed micelles: Higher initiator concentrations lead to shorter polymer chains and

smaller micelles (26.6 nm for 0.5 mM DMPA), whereas low initiator concentrations produce

longer chains and larger aggregates when broken down (112.8 nm for 0.1 mM DMPA).

In contrast, the molecular weight had no discernible effect on the morphological appearance

of the vesicles when visualised by cryo-TEM (photos not shown). The polymerised vesicles

resembled the original A1 vesicles though the bilayer undulations were no longer observed.

The micro-DSC analysis appeared also similar to original vesicles. After polymerisation, still

no transition was detected.
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Table 2. Results of dynamic light scattering experiments before and after the surfactant lysis. The z-average
diameter (zAve) and the polydispersity index (PD) are calculated according to a second-order cumulant analysis.
The conversion (conv.) gives an averaged conversion of the involved monomers.

system before lysis after lysis

[A1] [A2] [sty] [DVB] [DMPA] conv. zAve PD zAve PD

[mM] [mM] [mM] [mM] [mM] [%] [nm] [–] [nm] [–]

homopolymerisation A1 (pulsed-laser)

5 – – – – 0 124.7 0.21 22.5 0.42

5 – – – 0.50 98 120.1 0.23 26.6 0.56

5 – – – 0.25 98 121.9 0.22 48.2 0.38

5 – – – 0.10 55 126.3 0.24 112.8 0.23

copolymerisation A1 and A2 (pulsed-laser)

2.7 1.3 – – – 0 117.4 0.26 23.8 0.77

2.7 1.3 – – 1.00 98 118.5 0.28 127.8 0.33

2.7 1.3 – – 0.50 96 118.4 0.25 127.8 0.35

copolymerisation A1 and styrene (pulsed-laser)

5 – 10 – 0.50 94 121.7 0.26 75.9 0.23

5 – 10 – 0.25 94 117.9 0.21 100.7 0.24

5 – 10 – 0.10 61 126.2 0.22 107.9 0.23

copolymerisation A1 and DVB (pulsed-laser)

5 – – 2.5 0.75 91 126.5 0.31 43.3 0.47

5 – – 5.0 1.00 98 127.7 0.29 122.7 0.36

5 – – 10 1.50 99 128.0 0.31 119.8 0.32

pre-polymerised vesicle matrix (100% conv.; UV-lamp)

2.7 1.3 10 – 1.00 73 107.3 0.35 94.2 0.39

2.7 1.3 – 10 1.00 100 122.3 0.40 106.9 0.42

7.5 Copolymerisation of the mono-functional and the

bis-functional amphiphile

Vesicle properties. In analogy to the mono-functional amphiphile A1, a bis-functional

amphiphile A2 was synthesised. This amphiphile carries a styryl-group at the end of both tails

and is intended to operate as a cross-linking monomer in the two-dimensional polymerisation

of vesicle bilayers. Attempts to prepare vesicles from pure A2 failed and gave clear

dispersions. Similar observations were reported by Hasegawa and co-workers66 for the

dispersion of glycerophospholipids that contained two sytryl-groups. Therefore, the cross-



Polymerisation in functional vesicle bilayers

143

linking amphiphile was mixed with the mono-functional amphiphile A1 and vesicles were

prepared by extrusion. It was assumed that the chemical nature of A1 and A2 should be

sufficiently compatible to guarantee ideal mixing of A2 in a matrix of A1.

Extrusion provided a stable vesicle dispersion with an average vesicle diameter of ~117 nm

possessing a considerable width as determined by DLS (see Table 2). Cryo-TEM micrographs

(Figure 7) corroborated the DLS data and revealed the presence of many small vesicles.

Figure 7. Cryo-TEM micrograph of a vesicle
population obtained by extrusion of 3.3 mM A1 and
1.7 mM A2. The scale bar corresponds to 100 nm.

Figure 8. Cryo-TEM micrograph of a vesicle
population obtained by polymerisation of extruded
“mixed” vesicles of 3.3 mM A1 and 1.7 mM A2.
The scale bar corresponds to 100 nm.

Surprisingly, micro-DSC scans of these vesicles exhibited a range of shallow transitions

between 30°C and 50°C in the first scan (see Figure 9). The major peaks are located at 27°C,

36.5°C and 45.5°C. Repeated scans delivered a single reproducible transition around 36.5°C.

The associated enthalpy of transition in the first scan is about 4.3 kJ/mol which is atypically

low for main transition enthalpies, normally ranging between 25 and 40 kJ/mol (for data see

literature67). The origin of these transitions is unclear especially when compared to the

thermal behaviour of A1 which did not show any transition. Most likely, the transitions hint at

some weakly associated domains that are obviously destructed upon repeated scanning and

rebuild very slowly. Altogether we consider the A1/A2 bilayers to be in a liquid-like phase

similar to the bilayers of A1.
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Figure 9. Micro-DSC results for extruded “mixed”
vesicles of 3.3 mM A1 and 1.7 mM A2. Scans 1 to 4
are directly taken after each other.

Figure 10. Micro-DSC results for extruded vesicles
of 3.3 mM A1 and 1.7 mM A2 after polymerisation.
Conversion was 96%. Scans 1 to 3 are directly taken
after each other.

Polymerisation and characterisation of the polymerised vesicles. A ratio of [A1]:[A2] =

2:1 was applied for the copolymerisation of A1 and A2. The choice of this ratio was guided

by the observations of O’Brien et al.21 who found that about 30% of amphiphilic cross-linker

are required for the two-dimensional polymerisations to reach a gel, and hence effectively

stabilised vesicles. The need for high amounts of cross-linking compounds can be rationalised

by the low molecular weight of the linear polymer chains and the possible intramolecular

cyclisation of the cross-linker. In some cases, where the reactive group is located near the

headgroup of phosphocholines, the cross-linking efficiency of the bis-functional lipids can be

higher as shown by O’Brien in a recent study26.

The polymerisation procedures were identical to those described before for A1. Again, the

polymerisation could be monitored by UV spectroscopy since the UV spectra of the two

compounds A1 and A2 were identical (cf. Figure 4). Figure 5 shows the conversion analysis

for experiments under equal polymerisation conditions. It appeared, that the initial rate of

polymerisation, dx/dt, up to about 80% conversion was considerably faster for the mixture of

A1/A2 (dx/dt = 2.9·10-3 s-1) than for the homopolymerisation of A1 (dx/dt = 1.8·10-3 s-1. In a

first approximation, the rate of polymerisation scales linearly with the monomer

concentration. The acceleration by a factor of 1.6 is then explained by an expectedly higher

monomer concentration in the bilayer, i.e. a higher density of polymerisable groups per unit
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surface area. This density increased by a factor of 1.33 going from A1 to the cross-linking

system A1/A268.

After freeze-drying the polymerised vesicle dispersion, the obtained white powder was

insoluble in common solvents like chloroform or hexafluoro isopropanol. Obviously, a highly

cross-linked supramolecular entity was prepared. Supporting evidence came from the

surfactant lysis experiments. Independent of initiator concentration, the vesicles could not be

broken down to mixed micelles as it was previously seen for the linear polymer. Instead, a

slight increase in average diameter paralleled by a broadening occurred unexpectedly.

Perhaps, the formation of poly-amphiphile-surfactant complexes could explain this effect.

Interesting changes in the vesicle morphology were brought to light by cryo-TEM (see Figure

8). The bilayer contours after cross-linking appeared to have ripples and an undulating surface

– a phenomenon which seems more pronounced for larger diameters. Apparently, the cross-

linked polymer within the bilayer forces the aggregate to adopt geometries which are ideal

with respect to the polymer conformation but less ideal with respect to the minimisation of the

surface between water and the amphiphile.

Again, micro-DSC analysis provided non-reproducible scans (see Figure 10). A broad

shallow transition at about 33°C was even diminished in intensity compared to the already

weak transition of the non-polymerised sample. The origin of this transition remains obscure,

but it cannot be identified as a main bilayer transition.

7.6 Copolymerisation of solubilised monomers in membranes of the

mono-functional amphiphile

One intention of this study was to investigate the viability of a copolymerisation of inserted

monomers in a functional vesicle matrix. In essence, it is hoped that this copolymerisation

would have two effects: (i) Mechanistically, the copolymerisation of solubilised monomers

with the hosting matrix should prevent the so-called parachute formation, i.e. the phase

separation between polymer and surfactant matrix, as it is known to happen for the

polymerisation of solubilised monomers in non-functional matrices (see Chapters 3-6). (ii)

The supply of additional monomers to the matrix could lead to the preparation of enforced

two-dimensional films in the membrane leading to new materials with enhanced membrane

properties concerning mechanical stability and permeability.
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The case of styrene. The concept was first studied with a model system of A1 and styrene.

Styrene was added to the initiator-laden vesicle dispersion and was allowed to equilibrate

between the aqueous phase and the vesicle bilayer. Previous studies on the solubilisation of

styrene in DODAB vesicles indicated that a maximum ratio of [styrene]:[amphiphile] < 2:1

should not be exceeded to avoid vesicle break-up57. The partitioning of styrene is then in

favour of the vesicle bilayer where more than 88% of the monomer will be located.

In our studies we used a 5 mM A1 dispersion containing an overall concentration of 10 mM

styrene. The polymerisation was triggered by laser irradiation to induce initiator

decomposition. Unfortunately, this system was less accessible to simple conversion analysis

by UV spectroscopy as the spectra of A1 and styrene largely overlapped to one broad peak

with peak maximum at 248 nm (see Figure 11). This peak fell off with conversion.

Instead of UV spectroscopy, we employed

HPLC, to analyse the amount of residual

styrene, in combination with 1H NMR

analyse to determine the conversion of the

amphiphile. The evolution of 1H NMR

spectra with increasing conversion is

displayed in Figure 12. All spectra were

normalised to the isolated peak of the

methylene protons next to the ester function

(4.30 ppm), designated with (a). It is clearly

seen that the vinylic protons (b) and (c)

disappear in time while the aromatic

protons of polystyrene (e) come up with

conversion. At the same time, all peaks are

broadened with progressing conversion as it

is typical of polymers. Relating the integrals of the reference peak to those of the vinylic

protons and the aromatic styrene protons allows the calculation of individual conversion as

shown in Figure 13.
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Figure 11. Absorption spectra of styrene
containing A1 vesicles as a function of time in
a pulsed-laser polymerisation experiment.
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Figure 12. 1H NMR spectra of styrene containing
A1 vesicles as a function of time in a pulsed-laser
polymerisation experiment. The methylen protons
next to the ester function are denoted as (a), (b) and
(c) are the vinylic protons of A1, (d) represents the
aromatic protons of A1 while (e) marks the aromatic
protons of polystyrene.

Figure 13. Conversion as a function of time of the
functional amphiphile A1 and styrene followed by
1H NMR and HPLC.

It is noteworthy that the NMR analysis and the HPLC analysis coincide favourably within

experimental error. The individual rates of conversion of the amphiphile and the solubilised

monomer styrene are comparable in the beginning of the reaction up to about 60%

conversion. Then, the rate of polymerisation of the amphiphile slows down whereas the rate

of styrene consumption diminishes above 80% conversion. Again, the increased viscosity of

the two-dimensional medium and a hindered diffusion could account for the deceleration of

the rate. Particularly the larger amphiphile will suffer from diffusional hindrance while the

smaller solute styrene will be less affected from the change in medium19. Please note, that the

observed copolymerisation kinetics cannot give compelling evidence of the real

copolymerisation of styrene with the vesicle matrix. However, the kinetics are highly

suggestive of a copolymerisation: If complete phase separation between styrene/polystyrene

and the A1 matrix arises in the beginning of the reaction, then, the homopolymerisation of A1

would be much faster (see Figure 5).

Additional information comes from the molecular weight distributions of the produced

polymer (see Figure 6). One single, rather symmetrical peak characterises the MWD of the

polymeric material. Although the number average molecular weight approaches that of the

homopolymerisations of A1, the degree of polymerisation is considerably higher as the
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average molecular weight of A1 and styrene is lower than that of A1 alone. Independent of

the initiator concentration, the degree of polymerisation for these reactions is about 48 units.

The shape of the MWDs suggests that one homogeneous type of polymer is synthesised, at

least no different polymer chain populations can be discerned from these results. This would

support the hypothesis of real copolymerisation.

The higher degrees of polymerisation should affect as well the stability of the aggregates

towards lysis. Indeed, relatively large lysis products (> 76 nm) are detected by DLS (see

Table 2). Cryo-TEM analysis finally could shed more light on the morphology of these

vesicle-polymer particles (Figure 14). In general, the vesicle membranes appear slightly

rougher than those of pure A1 vesicles. The most important observation here is that complete

phase separation between polystyrene and the vesicle matrix is a rare phenomenon in this

system. In fact, the example of a parachute-like structure shown on the micrograph is the only

example we found in a series of micrographs. Note, that the photo exhibits another special

phenomenon namely two vesicles which are linked together. The link could be due to a

beginning fusion process or, more likely in this case, due to a polymer link between the two

vesicles.

Taking all the kinetic and morphological evidence into consideration, it can be concluded that

the copolymerisation of a solubilised monomer in a functional matrix is feasible and leads to

altered properties of the vesicle-polymer hybrid particle.

Figure 14. Cryo-TEM micrograph of a vesicle
population obtained by copolymerisation of 5 mM
A1 with 10 mM styrene. The scale bar corresponds
to 100 nm.

Figure 15. Cryo-TEM micrograph of a vesicle
population obtained by copolymerisation of 5 mM
A1 with 10 mM DVB. The scale bar corresponds to
100 nm.

p
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The case of divinylbenzene. The application of non-amphiphilic cross-linkers like DVB in a

copolymerisation with mono-functional A1 amphiphiles can be expected to have the same

stabilising effect on the vesicle aggregate as the application of bis-functional cross-linkers like

A2. Yet, the advantage of solubilised cross-linkers is considered to be two-fold: (i) The cross-

linking efficiency of the smaller cross-linker should be superior to that of the amphiphilic one

as side-reactions like cyclisations are impossible. In addition, the smaller molecule allows a

faster diffusion through the aggregate even at higher levels of conversion and could afford

higher degrees of polymerisation (vide supra) thus reducing the number of required cross-

links to stabilise the aggregate. (ii) A very practical implication is that the non-functional

cross-linker is easily accessible and makes the synthesis of another functional amphiphile like

A2 superfluous. Furthermore, the applied molar ratio of cross-linker to mono-functional

amphiphile allows more variation than for amphiphilic cross-linkers.

We wanted to determine the minimal amount of cross-linker that is necessary to establish a

fully stabilised amphiphilic network. In a series of experiments we varied the ratio

[A1]:[DVB] from 2:1 to 1:2 while keeping the ratio of initiator concentration and monomer

concentration constant, i.e. ([A1] + [DVB]):[DMPA] = 10:1. Photopolymerisation of these

samples gave stable dispersions. The average diameter of the copolymerised entities did not

change significantly according to the DLS results. The freeze-dried polymer was not soluble

in chloroform, hence suggesting a substantial amount of cross-linking. Surfactant lysis

experiments were performed to probe the effect of the cross-links on the aggregate stability. It

appears that an equimolar ratio A1 to DVB is required to prevent the disintegration of the

vesicles whereas a ratio of [A1]:[DVB] = 2:1 is not sufficient and leads to smaller lysis

products (43 nm diameter). Opposite to our expectations (vide supra), the efficiency of the

solubilised cross-linker DVB is less than that of the amphiphilic one (A2). Cryo-TEM

micrographs illustrate the drastic effect of the cross-linking on the morphology of the vesicles.

Figures 15 shows the results for the case of [A1]:[DVB] = 1:2. Highly deformed wrinkled

vesicles prove that the cross-linking exerts strong forces on the bilayer. Smaller vesicles tend

to release the forces by highly frequent undulations producing a patchwork of small flat plates

whereas the larger vesicles, appear as faceted vesicles with larger flat parts. Altogether, cross-

linking with DVB has a more pronounced effect on the vesicle morphology than cross-linking

with an amphiphilic cross-linker although the results in terms of stability appear equivalent.

The effect on the morphology gives convincing evidence of the actual cross-linking between

matrix and inserted monomers.
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7.7 Polymerisation in pre-cross-linked vesicle membranes

In a last set of experiments we explored the possibility to synthesise two-dimensional

interpenetrating networks (IPNs), either as a semi-IPN by polymerising styrene in a cross-

linked vesicle matrix or as an IPN by cross-linking DVB in a cross-linked matrix of A1 and

A2. The matrix material of the cross-linked vesicles consisting of A1 and A2 was the very

same as described in a previous paragraph (average diameter ~118 nm). Styrene or DVB was

allowed to swell the polymeric vesicles for two days prior to photo-polymerisation. The

applied ratio of concentrations was ([A1] + [A2]):[monomer] = 1:2.

Dynamic light scattering results indicate a decrease in average diameter for the

polymerisation of styrene (107 nm) and an increase in diameter for the polymerisation of

DVB (122 nm). The addition of surfactant leads in both cases to a small reduction in average

diameter although this was not the case for the matrix vesicles. Obviously, the excess of

surfactant can cause a partial fragmentation of the (semi)-IPNs in the sense that newly

polymerised parts (polystyrene, poly-DVB) can be split from the matrix. To investigate this in

more detail, the morphologies were studied by cryo-TEM.

The polymerisation of styrene and the cross-linking of DVB have rather different effects on

the morphology. The polymerisation of styrene leads predominantly to the formation of small

polymer beads in the aqueous phase and occasionally to the deformation and modification of

the pre-existing matrix in that small beads are now attached to the vesicles (see Figure 16).

This behaviour can be readily rationalised by the phase separation between matrix and

polymer, analogous to the parachute formation in non-functional matrices (see Chapters 3-6).

Seemingly, the cross-linked character of the matrix cannot prevent the nucleation of small

polymer beads. The strong background population of small polymer beads (about 15 nm

diameter) causes the reduction in average diameter as seen by DLS.

Conversely, the polymerisation of DVB shows very peculiar vesicle-polymer hybrid particles

(see Figure 17). Thickened and rippled surfaces characterise these entities and, in addition, a

weak tendency to multiple bead formation is observed. The background population of small

polymer beads appears less prominent than in the case of styrene but is still present. We infer

from these orange-skin-like morphologies that the applied strategy to prepare two-

dimensional interpenetrating networks is in fact successful. Still, partial phase separation

between matrix and polymer occurs, but to a far smaller extent than in the case of styrene.

However, enough cross-linked material is incorporated in the pre-existing amphiphilic
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network to modify the appearance and very likely the physico-chemical properties of these

colloidal particles.

Figure 16. Cryo-TEM micrograph of a vesicle
population obtained by polymerisation of styrene on
a pre-polymerised cross-linked vesicle matrix of A1
and A2. The scale bar corresponds to 100 nm.

Figure 17. Cryo-TEM micrograph of a vesicle
population obtained by polymerisation of DVB on a
pre-polymerised cross-linked vesicle matrix of A1
and A2. The scale bar corresponds to 100 nm.

7.8 Conclusions

Three types of polymerisation reactions in vesicles membranes were studied. In a first step we

followed the concept of polymerisation of vesicles, using novel polymerisable amphiphiles

bearing one or two styrene groups in the chain end. Unilamellar vesicles were obtained by

extrusion of a dispersion of mono-functional amphiphile. In contrast, the bis-functional

amphiphile did not form vesicles itself but could be incorporated in a matrix of the mono-

functional amphiphile. The cross-linking activity of the bis-functional molecule was proved

by an enhanced vesicle stability and a rippled bilayer morphology of the copolymerised

vesicles. On the basis of the well-defined mono-functional vesicle system we investigated the

viability to perform a copolymerisation of hydrophobic monomers within the two-

dimensional matrix of a polymerisable vesicle bilayer. It turned out that the aromatic

monomers styrene and DVB were readily copolymerisable with the matrix amphiphiles. As a

consequence, the phase separation between polymer and vesicle matrix which is typical of

polymerisation in vesicles could be prevented. In other words, the nucleation of a phase-
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separated polymer-phase on the vesicle – being the crucial moment (see Chapters 5 and 6) –

can successfully be suppressed by copolymerisation with the matrix!

The copolymerisation of mono-functional amphiphiles with cross-linking monomers like

DVB appeared as a simple concept to provide an enhanced vesicle stability without the need

of an additional bis-functional amphiphile. This cross-linking process induced strongly

deformed wrinkled vesicle bilayers. Finally, we developed a route to prepare two-dimensional

interpenetrating networks by cross-linking the solubilised DVB in a pre-cross-linked vesicle

matrix. We surmise that the resulting thickened and wrinkled vesicle bilayers could be

attractive materials for encapsulation applications or for the deposition of catalysts and

inorganic material.
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Chapter 8

Polymerisation in lyotropic liquid crystalline phases of DODAB1

The previous chapters dealt with the polymerisation of monomers inserted in vesicle bilayer

membranes of dioctadecyldimethylammonium bromide (DODAB). In this chapter, we explore

the polymerisation of styrene in analogous bilayer systems, i.e. in lyotropic liquid crystalline

(LC) phases of DODAB in water for concentrations between 20 and 50 %wt amphiphile. The

study is set out as a model study for polymerisation reactions in non-stabilised, non-

functional bilayers systems. X-ray characterisation was used to assess the phase behaviour of

the lyotropic mesophases before, during and after polymerisation.

The DODAB/water system forms the lamellar phase within the considered concentration

range. Addition of styrene to the lamellar phase of DODAB at an equimolar ratio induces a

phase shift to a bicontinuous cubic phase at elevated temperatures near the phase transition

temperature. Upon polymerisation within this cubic phase, the phase structure is maintained

if the system is kept at constant temperature. However, if the polymer/amphiphile phase is

cooled, then the lamellar phase being typical of the DODAB/water system is restored. It is

concluded that, as a result of phase separation between polymer and amphiphile phase, the

polymerisation in lyotropic LC phases does not provide a stable copy of the templating

amphiphile phase. This is in analogy to the observations for the vesicle system.

8.1 Introduction

Polymerisation in lyotropic liquid crystalline phases. In chapter 1 we presented a

classification of polymerisation reactions in organised media. Three classes were

differentiated: fixations, templating reactions and negative templating reactions.

Polymerisation in lyotropic liquid crystalline (LC) phases comprises the polymerisation of

monomers which are inserted in the hydrophobic part of a liquid crystalline matrix. Within the

framework of the given terminology, this approach can be subsumed in the class of

templating reactions. A vast research activity during the last years was directed towards the

polymerisation in diverse surfactant phases2. However, most of these studies deal with micro-
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emulsion phases and only few examples of polymerisations in other phases have been

reported. One successful example is the polymerisation of styrene and methyl methacrylate in

cubic phases of didodecyldimethylammonium bromide (DDAB)/water/monomer systems

which yields a cubic polymer structure3-5. Early attempts of Luzzati and co-workers to

polymerise standard monomers within lamellar phases of fatty acids failed and resulted in

polymer latices6.

Another highly promising templating approach to the synthesis of an ordered polymer

morphology was lately presented by Hillmyer and co-workers7. These authors accomplished

the polymerisation of a thermosetting epoxy resin within an hexagonally ordered block-

copolymer phase without experiencing any change of phases. Though this approach utilises a

thermotropic instead of a lyotropic liquid crystalline phase as template, it illustrates that the

templating approach can be successful if there is a thermodynamic match between matrix and

monomer and between matrix and polymer and/or if the kinetics of phase separation are

slowed down. Here, we want to focus on polymerisation reactions of styrene in lyotropic

liquid crystalline phases of dioctadecyldimethylammonium bromide (DODAB) in water.

Conceptually, the templating polymerisation in vesicles (as discussed in chapters 3-6) and in

lyotropic LC phases are entirely analogous. Our studies on polymerisation in vesicles

unequivocally proved that the polymerisation in non-functional, non-stabilised unilamellar

membranes inevitably leads to some form of phase separation between polymer and surfactant

matrix. Now, we investigate the influence of the surfactant concentration and surfactant phase

on the polymerisation process. It is anticipated that the polymerisation in lyotropic LC phases

exposes model character for the polymerisation reaction in vesicles. In particular the lyotropic

liquid crystalline phases of DODAB in water seem an adequate choice as model system for

vesicles since they are lamellar within a large range of concentrations (vide infra). Keeping in

mind that the bilayer membrane constitutes the common structural element of vesicles and

lamellar phases, we expect a comparable behaviour for vesicles and lyotropic liquid

crystalline phases with respect to the polymerisation process. However, there are also

important differences between vesicles and more concentrated lyotropic LC phases. The

highly ordered stacking of membrane lamellae involves trans-bilayer interactions,

electrostatic forces, hydration repulsion and fluctuational effects8.

A significant experimental advantage of employing lyotropic liquid crystalline phases as

model systems is the opportunity to monitor their structure by X-ray diffraction methods.

Simultaneous small and wide angle in-situ scattering measurements can be performed to shed

more light on the putative phase changes of the surfactant matrix occurring on the time-scale
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of polymerisation. In this respect, the present study is complimentary to the SANS study in

chapter 5 where the evolution of polymer in the vesicle bilayer membrane was brought into

focus. This X-ray study will be developed in four steps: First the phase behaviour of pure

DODAB is established. Next, the binary system DODAB/water is examined prior to studying

the solubilisation in the ternary system DODAB/water/styrene. Finally, thermally induced

polymerisations of styrene are carried out. Before proceeding, a short introduction to the use

of X-ray techniques for the investigation of lyotropic liquid crystalline phases, especially

bilayer membranes, is given in the following section.

X-ray diffraction on bilayer membranes. X-ray diffraction is a powerful technique to

characterise directly the structure of lipid bilayers9-11. The diffraction pattern originates from

the interaction of X-rays with electrons in a given structure. X-ray studies contributed

significantly to the elucidation of the bilayer fine-structure, especially the determination of the

precise dimensions of headgroups, water-layers and different parts of the hydrocarbon layer.

The incorporation of proteins in membranes and the influence of solutes on membranes has

also been studied using X-ray diffraction12. Lately, the advantage of high intensity

synchrotron X-ray sources permitted a higher resolution of the diffraction patterns and

enabled one to investigate structural changes by time-resolved measurements13. In general, X-

ray measurements are versatile for the study of multilamellar structures whereas the study of

unilamellar vesicles is experimentally difficult due to the low scattering of the very diluted

dispersions14-16.

In terms of an X-ray scattering experiment, multilamellar structures can be considered as

several planes of constant electron density. According to Bragg, the X-ray reflections at a

given scattering angle, θs (θs = 2·θ), i.e. the angle between the incident and the scattered

beam, relate to the distance between two scattering planes, d, in the following manner:

2·d·sin (θs / 2) = n·λ, where λ is the wavelength, and the integer n is the order of the

reflection. The scattering angle, θs, is experimentally determined and referred to as “2 theta”

in our study. Small angle reflections correspond to the long-range order of the specimen, for

instance the lamellar distances, while wide angles give information on the alkyl chain packing

and crystallinity.
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8.2 Experimental section

Materials. DODAB (Acros) was used as received. Super-Q water (Millipore) was used to

prepare the samples. Styrene (Merck, >99%) was distilled under reduced pressure and stored

at –18°C. The initiator α,α’-azoisobutyronitrile (AIBN, Fluka) was applied as purchased.

Sample preparation. The samples were prepared by weight in small vials which could be

sealed by rubber, teflon-lined septa. The total mass of the sample amounted to about 4 g.

DODAB was first weighted into the vial. Next, water was added and the sample was capped.

To homogenise, the mixtures were kept at 70°C for at least two days. In order to prepare the

ternary systems, a desired amount of styrene was injected through the septum into the hot

DODAB/water sample. Styrene either contained an inhibitor (hydroquinone) when

polymerisation had to be suppressed, or an initiator (5-10 %wt AIBN) when polymerisation

was intended. These samples were then vigorously stirred by a small stir bar within the sealed

vials and kept at 70°C for another four days before they were allowed to cool to room

temperature.

X-ray scattering measurements. Synchrotron X-ray scattering experiments were performed

at the beamline A2 at Hasylab, Hamburg, Germany and the station ID1 at ESRF, Grenoble,

France.

A2, Hasylab. A detailed description of the beamline can be found elsewhere17,18. The samples

were contained in small brass cells having kapton windows (Goodfellow, 0.025 mm

thickness) on both sides. These cells could be mounted in a thermostatted holder which was

inserted in the beam within an evacuated chamber. The beam had a standard wavelength of

0.15 nm (8 keV). A one-dimensional gas-filled detector was positioned at various distances

from the sample (70, 120, 190 cm) to record the SAXS pattern. Another detector was placed

at about 25 cm from the sample to detect the wide angle scattering. The SAXS detector was

calibrated using the reflections of rattail collagen while the WAXS detector was calibrated

using the peaks of polyethylenterephthalate. The exposure time of one sample was typically 2

minutes for measurements at constant temperature and about 0.5 minutes for temperature

scans and time-resolved measurements.

ID1, ESRF. Details concerning the beamline are given elsewhere19. Measurements at ID1

were carried out using a wavelength of either 0.099 nm (12.5 keV) or 0.044 nm (28 keV). The
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samples were contained in small round brass cells having kapton windows (Goodfellow) on

both sides. These cells could be fixed on a thermally controlled microscope hot stage

(Linkam, Tadworth, UK) which was screwed on a goniometer head. The moveable 2D gas-

filled wire detector was located in an evacuated tube at a sample-to-detector distance of 70 cm

or 430 cm. Silver behenate was used as a calibration standard20. Exposure times of the

samples were typically one or two minutes. Data correction was carried out as described by

Bösecke and Diat21.

8.3 DODAB

Before studying the lyotropic liquid crystalline phases of DODAB in water, it is worthwhile

to examine first the phase behaviour of pure DODAB. Figure 1 shows SAXS and WAXS

measurements of DODAB as a function of temperature. The corresponding spacings are

summarised in Table 1. Unexpectedly, the SAXS pattern at 30°C exhibits three peaks being

equivalent to distances of 2.7, 3.3 and 3.7 nm, the first one being the most prominent. With

increasing temperature, the larger periods disappear and solely the peak at 2.7 nm remains

constant up to 80°C. Within this temperature interval, the WAXS spectrum exhibits a

differentiated pattern. Two strong peaks at 0.36 and 0.40 nm can be attributed to alkyl chain

crystallisation whereas the other reflections indicate a high degree of order in the head group

plane. At 100°C, the long-spacing extends to 3.3 nm and the alkyl chains seem to adopt a

hexagonal packing of molten alkyl chains characterised by a broadened signal at 0.42 nm.

At first sight, the appearance of three different periods for the crystalline DODAB below

80°C is confusing. However, referring to the detailed crystallographic study of Okuyama et

al., the peak at 3.7 nm can be identified as the DODAB•H2O monohydrate spacing22. These

authors found that the crystal structure of the DODAB•H2O monohydrate consists of regularly

stacked bimolecular layers having a periodicity of 3.68 nm. Considering the length of an

extended DODAB molecule of 2.6 nm, it becomes obvious that the molecules have to be

tilted in the bilayer surface at an angle of about 45° 23 (see Figure 2).

The shorter spacings of the SAXS pattern obviously belong to less hydrated (3.3 nm) or even

unhydrous (2.7 nm) DODAB phases. In fact, prolonged evacuation of the sample at higher

temperatures and cooling back to 30°C leaves solely the periodicity at 2.7 nm whereas longer

spacings vanish. We therefore ascribe the period of 2.7 nm to the pure unhydrous DODAB

crystal, where the alkyl chains are fully interdigitated and tilted to the bilayer surface25.
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Figure 1. SAXS and WAXS patterns of pure DODAB at different temperatures.

Heating to 100°C obviously induces a change in the chain packing of the unhydrous DODAB.

The increased long-spacing to 3.3 nm reveals that the chains are not fully interdigitated but

still tilted. A loss of chain crystallinity is seen in the broad WAXS reflection centred at 0.42

nm. According to DSC measurements of Kajiyama et al., the melting temperature of pure

DODAB is located at 83°C24.

Figure 2. The crystal structure of DODAB•H2O according to Okuyama. Reproduced from reference [23].
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8.4 The DODAB/water system

Next, we investigated the phase behaviour of the DODAB/water system. Detailed knowledge

on the thermal phase behaviour of DODAB and the chloride analogue DODAC in water can

be found in literature24-29. Several research groups have unanimously confirmed that the phase

transition of DODAB/water systems occurs at about 51-55°C for all concentrations between 3

and 83 %wt DODAB24,25.

In our study, we applied DODAB concentrations between 20 and 50 %wt for scattering

experiments. It turned out that, below the phase transition temperature and independent of

concentration, all systems exhibit the characteristic period of 3.7 nm (see Figure 3). This

spacing identifies the DODAB•2H2O dihydrate being the equilibrium crystal at the given

temperature25. As the spacing is not dependent on concentration, it can be concluded that the

lamellar dihydrate phase coexists with an excess water phase. This is corroborated by DSC

measurements of Schulz et al. where the crystallisation of excess water is manifested25.

Furthermore, macroscopic phase separation between a white and grainy surfactant phase and

an excess water phase is directly visible.
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Figure 3. SAXS and WAXS patterns of a 20 %wt DODAB in water
system below and above the phase transition temperature.

Figure 4. Long spacings of the
lamellar phases above the phase
transition temperature, before and
after polymerisation.

The wide angle scattering of the dihydrate (cf. Figure 3) is characterised by a large number of

peaks, that partially originate from head group reflections and partially refer to the alkyl chain

lattice. Above the phase transition temperature, the cationic headgroups become fully

hydrated and the alkyl chains melt as seen in a diffuse WAXS band at 0.45 nm. For all
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concentrations ranging from 20-50 %wt DODAB, a lamellar phase is established while the

spacing linearly decreases with increasing concentration of DODAB (see Figure 4). It is

interesting to note that these lamellar phases infinitely swell and do not reach a maximal

swellability as it is known for zwitterionic lipids such as dipalmitoylphosphatidylcholine30.

Therefore, a single phase Lα region is discerned between 20 and 50 %wt at temperatures

above the phase transition temperature.
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Figure 5. SAXS and WAXS patterns of a 30 %wt DODAB/water system as a function of temperature. The scan
speed was 1 K/min.
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More details concerning the phase changes with temperature are seen in complete temperature

scans. Figure 5 displays SAXS and WAXS patterns that have been recorded as a function of

temperature for a sample of 30 %wt DODAB. A heating and cooling rate of 1 K/min was

applied for these scans. The transition from the dihydrate to the Lα phase occurs quickly

between 53 and 55°C. However, upon cooling, the dihydrate is only restored at about 41°C. A

similarly strong hysteresis has been noticed by Kodama et al. in their DSC study26.

Interestingly, these authors found two different transitions in the down-scan (at 44 and 40°C)

that were assigned to two different processes, namely the transition from the liquid crystalline

phase to (i) the metastable gel phase (44°C) and to (ii) the stable coagel phase. Here, we only

discern one transition from liquid crystalline back to the dihydrate, i.e. the coagel phase,

without any obvious intermediates.

8.5 The DODAB/water/styrene system

Subsequently, we studied the phase behaviour of the ternary systems DODAB/water/styrene

while keeping a constant molar ratio of [DODAB]:[styrene] = 1:1 and applying

DODAB/water concentrations between 20 and 50 %wt as before.

Remarkably, hardly any influence of styrene can be detected at low temperatures, i.e. between

10-20°C. Independent of DODAB concentration, lamellar phases (d = 3.7 nm) identical to

those of the DODAB/water systems are found (cf. Figure 3, 30°C). At elevated temperatures

above 50°C, however, the ternary systems show a rather diverse and complicated behaviour.

While DODAB concentrations lower than 20 %wt lead to lamellar bilayer phases, cubic

phases are formed at concentrations higher than 20 %wt in the presence of styrene. Figure 6

shows some examples of diffraction patterns originating from cubic phases which have been

observed at 60°C, after at least 30 minutes of annealing. The extremely slow build-up of these

phases and the weak appearance of higher order peaks made an unambiguous determination

of the actual phases difficult. Often, especially for the high concentrations of DODAB, the

small angle scattering changed even after annealing the sample for more than one hour. This

is typical of the highly viscous cubic phases15. In many instances we encountered the

simultaneous appearance of different phases, often a cubic phase and a lamellar phase.

The occurrence of cubic phases in the ternary system of DODAB/water/styrene at high

temperatures is not unexpected as it exhibits some analogies to the ternary systems of the

shorter chain surfactant DDAB with water and various hydrocarbons at 20°C 31,32. A thorough
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study of Anderson and Ström revealed that the system DDAB/water/styrene knows five

separate bicontinuous cubic phases which could be identified with respect to their space

group4. In contrast to DDAB systems, the cubic phases in DODAB systems only exist at

higher temperatures when the longer alkyl chains start to melt, the hydration of the head

groups change and the chain volumes consequently increases. The formation of the cubic

phases typically took place at about 50°C, i.e. 5°C below the proper phase transition

temperature of the corresponding DODAB/water system (vide infra and see Figure 7).
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Figure 6. SAXS patterns of different cubic phases in
the ternary phase diagram of DODAB/water/styrene
at 60°C. The space group Ia3d is observed for lower
concentrations of DODAB (19 %wt), while the
Im3m symmetry is seen for higher concentrations
(29–46 %wt) DODAB.

Figure 7. Evolution of the  SAXS pattern as a
function of temperature for the ternary system
DODAB/water/styrene = 28.6/66.7/4.7. The trans-
formation of a biphasic lamellar phase to the cubic
phase is illustrated.

We attempted an indexing of the of the observed reflections using the equation for a cubic

element cell sin2θ = λ2/4a2 (h2 + k2 + l2), where a is the lattice parameter.

Let us consider the pattern of the sample 19.4/77.4/3.2 (see Figure 6 and Table 1). The

spacings match the ratio √6:√8:√16:√22:√26:√30. These values lead to the following indexing

(221), (220), (400), (332), (431), (521) and a lattice parameter, a, of 46 nm. Such an indexing

would coincide with the space groups Ia3d (no. 230), where the reflections with lower indices

are extinguished33,34. According to Charvolin et al.35, the epitaxial relationship between the

lamellar phase and the bicontinuous Ia3d phase is a transformation of the (100) plane

(lamellar) to the (211) plane in Ia3d, i.e. the lattice parameter a divided by √6 should provide
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the equivalent lamellar spacing. In our case this comes down to a distance of 18.8 nm which is

slightly larger than the original spacing of the DODAB/water = 20/80 phase being 17.5 nm.

The increase in spacing can be explained by the insertion of styrene.

The bicontinuous cubic phase Ia3d is known to occur in many lyotropic36 and thermotropic37

liquid crystals, commonly those built by lipids38,43 or even block copolymers33,39. The

geometry is often visualised as a structure where short-rod aggregates are joined, three and

three at each end, and form an interwoven but otherwise independent three-dimensional

network (see Figure 8).

A different cubic phase has been identified for systems with higher concentrations of DODAB

at 28.6–46.2 %wt. Here, the proportions of the main peak positions are √2:√4:√6:√10:

√12:√14:√18, as it nicely illustrated for the sample 37.5/56.3/6.2. Such a pattern is in good

agreement with the symmetry of the space group Im3m (no. 229), sometimes called the

“plumber’s nightmare”43 (see Figure 7). This is another frequently encountered cubic phase in

lipid systems40.

   Ia3d            Im3m               Pn3m

Figure 8. The structures of well established inverse bicontinuous cubic phases. The gyroid cubic phase Ia3d (no.
230, left). The “plumber’s nightmare” cubic phase Im3m (no. 229, middle). The double diamond cubic phase
Pn3m (no. 224, right). Reproduced from reference [41].

In order to get an insight into the formation of the cubic phases, we studied the evolution of

phases with temperature for this specific example (DODAB/water/styrene = 28.6/66.7/4.7, see

Figure 9). Starting with the lamellar dihydrate phase at 25°C (d = 3.7 nm), a second lamellar

phase with longer spacings develops in a temperature interval from 37°C to 50°C leading to a

probably biphasic lamellar system. Further heating induces the build-up of a cubic phase of

the Im3m space group.
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Figure 9. Evolution of SAXS (top) and WAXS (bottom) patterns as a function of temperature for the ternary
system DODAB/water/styrene = 28.6/66.7/4.7. The dihydrate phase is transformed to the cubic phase via an
intermediate biphasic lamellar phase. The scan rate was 2 K/min.

The formation of the cubic phase is accompanied by the melting of the alkyl chains and the

headgroups as seen in the WAXS spectrum. Upon cooling, the initial lamellar phase quickly

restores at 37°C, now without showing the intermediate lamellar phases (X-ray patterns not

shown). Note, that the second lamellar phase has been built long before the crystal structure is

lost! We suspect that this lamellar phase results mainly from insertion of styrene into the

hydrophobic membrane part. This is particularly interesting with respect to our solubilisation

study in vesicles, where a strong influence of the solute on the morphology has been found

(Chapter 2).
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To characterise the intermediate structures in more detail, we slowly heated the sample to

distinct temperatures, tempered for 10 minutes and collected the diffraction pattern (see

Figure 7). Again, we observed the appearance of a second lamellar phase at about 20°C, i.e. at

temperatures far below the actual phase transition of the DODAB/water system. The

broadened peak is located 4.5 nm. Further heating sharpens this reflex and at 40°C two

smaller peaks at larger angles (2.6 nm and 2.2 nm) rise while keeping residuals of the

dihydrate (3.7 nm). Interestingly, the proportions in spacings of these newly evolved peaks to

the larger spacing corresponds to 1:√3:√4, hence suggesting a co-existing hexagonal phase. A

similar picture is seen at 45°C, although the long spacing of the hexagonal phase shifted to

larger spacings of 5.4:3.1:2.7 nm. Finally, at 50°C a cubic phase is established that smoothly

changed upon further annealing to the equilibrium structure shown in Figure 6. A direct

transition lamellar–hexagonal–cubic is, however, improbable as the cubic structure is known

to exist between the lamellar and the hexagonal phase and we thus have to assume that we

deal here with impure non-equilibrium phases. We observed nonetheless that independent of

the DODAB concentration, the transition of the lamellar hydrate phase to the cubic phase

appeared to occur in a similar manner via the development of a second lamellar phase.

Anyhow, it is interesting to note that the low temperature phase in the ternary system is

identical to the low temperature phase of the DODAB/water system. The structure of the

DODAB hydrate is obviously not affected by the presence of styrene. We conclude that the

system is macroscopically phase-separated and styrene is not inserted in the strong

DODAB•2H2O crystal lattice. At about 30°C, i.e. 25°C below the proper chain melting

temperature of DODAB, styrene starts to intrude in the DODAB•2H2O lamellae, most

probably in the vicinity of the headgroup although crystallinity is maintained up to about

50°C. The concomitant increase in chain volume must then be compensated by an increase in

headgroup area and hydration. Consequently, the lamellar distances grow until they

spontaneously reorganise to a cubic order.

In literature, the formation and the characterisation of these cubic phases is a highly discussed

topic of colloid and surfactant science during the last ten years42,43. In fact, undulating bilayer

lamellae in the Lα phase are envisioned as precursors for the formation of cubic phases.
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Table 1. Overview of important SAXS and WAXS peaks. The lattice parameter, a, is calculated from the
strongest peak.

DODAB water styrene T phase d (SAXS) a d (WAXS)

[%wt] [%wt] [%wt] [°C] [nm] [nm] [nm]

pure DODAB

100 – – 30 lam. 2.7; 3.3; 3.7 0.36; 0.40

100 – – 100 lam. 3.3 0.42

DODAB/water

20-50 80-50 – 30 lam. 3.7 0.42

20 80 – 60 lam. 17.5 0.45

30 70 – 60 lam. 15.4 0.45

40 60 – 60 lam. 8.4 0.45

50 50 – 60 lam. 7.0 0.45

DODAB/water/styrene

19.4-46.2 77.4-46.2 3.2-7.6 30 lam. 3.7 0.42

19.4 77.4 3.2 60 Ia3d 18.8; 16.6; 11.8; 9.8; 9.1; 6.3 46.1 0.45

28.6 66.7 4.7 60 Im3m 13.0; 9.2; 7.5; 5.8; 5.3; 4.9 18.4 0.45

37.5 56.3 6.2 60 Im3m 9.4; 6.6; 5.4; 4.1; 3.8; 3.5; 3.0 13.3 0.45

46.2 46.2 7.6 60 Im3m (?) 7.2; 5.9; 4.1; 3.6 10.2 0.45

DODAB/water/PS

19.4-46.2 77.4-46.2 3.2-7.6 30 lam. 3.7 0.42

19.4 77.4 3.2 60 lam. 14.6 0.45

28.6 66.7 4.7 60 lam. 11.6 0.45

37.5 56.3 6.2 60 lam. 8.4 0.45

46.2 46.2 7.6 60 lam. 6.4 0.45

DODAB/water/PS, on-line polymerisation

19.4 77.4 3.2 70 Ia3d 16.2; 14.3; 8.4; 7.8; 5.6 39.7 0.45

28.6 66.7 4.7 70 Im3m 11.2; 9.2; 7.8; 6.4; 5.4 15.8 0.45

8.6 The DODAB/water/polystyrene system

Polymerisations of styrene within the lyotropic liquid crystalline phases were studied using

the above described DODAB/water/styrene systems. The samples were polymerised at 70°C

in gas-tight vials for four days, then cooled to room temperature and stored at room

temperature for two weeks before X-ray measurements. SEC analysis44 of the obtained

polymer revealed a rather broad molecular weight distribution (Mw/Mn ≈ 4) of high molecular

weight material (Mw ≈ 400000).
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Surprisingly, the SAXS and WAXS measurements of these samples as a function of

temperature hardly differed from those of the pure DODAB/water systems, except for a slight

decrease in long-spacing (see Table 1, Figure 4). The cubic phases of the

DODAB/water/styrene system were replaced by the lamellar phases of the DODAB/water

system. Since no influence of the polymer on phase behaviour, transition temperatures, and

chain crystallisation could be observed, we assumed that the polymer and the surfactant phase

were macroscopically phase-separated. Indeed, visual inspection of the samples indicates

macroscopic phase separation. This is in contrast to the findings of Anderson and Ström who

reported the maintenance of cubic phases after polymerisation of styrene or divinylbenzene in

ternary systems with DDAB and water3,4. From a thermodynamic viewpoint, the

polymerisation reaction in DDAB or DODAB systems should be indistinguishable. Therefore,

we can only speculate that the cooling to temperatures far below reaction temperature, and,

implicitly far below the phase transition temperature, could induce the collapse of the non-

crosslinked original structure in our case.

In order to discriminate whether the phase separation occurred on time-scale of

polymerisation or possibly after cooling to room temperature, we monitored thermally

induced polymerisations on-line in the sample chamber. Repeated polymerisation experiments

at 70°C using ternary systems of 19 and 29 %wt DODAB demonstrated that the initial cubic

phases slightly change with progressing

polymerisation but maintain in essence their

structure (see Figure 10). More detailed analysis

of the Ia3d phase observed for 19 %wt DODAB,

reveals that the lattice parameter shifted to a

smaller value of 40 nm compared to 46 nm for

the unpolymerised system. We ascribe this

shrinkage to the polymerisation and possibly a

loss of water from the sample as a consequence of

the prolonged heating.

Anyhow, upon cooling and re-heating of these

samples, the cubic structure disappeared and was

replaced by the lamellar phase. Again, we take

this as a strong indication of the phase separation

between polymer and surfactant phase. The

surprising fact that the phase reorganisation only
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Figure 10. SAXS pattern of on-line
polymerisation of styrene in the ternary
system at 70°C at some stages of
polymerisation for the system 19.4/77.4/3.2.
The cubic phase Ia3d is maintained
throughout the process of polymerisation.
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occurs upon temperature cycling is attributed to a hindered diffusion in the highly viscous

surfactant phase. In other words, the thermodynamic phase separation can be kinetically

hindered in the cubic phase. It is hence reasonable to assume that a cross-linked polymer

could pertain the structure of the surfactant matrix as it was described by Anderson and

Ström3,4. In the present case, however, dealing with non-crosslinked polymer chains, we

surmise that the phase separation – even at higher temperatures – is only a matter of time.

Note, that the initially hosted polymer will possess a glass transition temperature being below

bulk behaviour due to the constraints of a the cubic lattice45 and the presence of the alkyl

chains of DODAB46. A rearrangement of the polymer chains to an eventually phase-separated

polymer phase should therefore be facilitated.

8.7 Conclusions

The solubilisation and the polymerisation of styrene in lyotropic liquid crystalline phases of

DODAB in water was studied by X-ray diffraction. Within the investigated concentration

range (20-50 %wt DODAB), the presence of styrene causes the formation of bicontinuous

cubic phases for temperatures near and above the phase transition temperature.

Polymerisation of styrene within these phases does not disrupt the amphiphile structure as

long as the temperature is kept constant at elevated temperatures. However, cooling and

storing the polymerised sample at temperatures well below the phase transition temperature

seems to induce phase separation between polymer and surfactant phase. Obviously, the

nature of the viscous cubics can prevent an expulsion of polymer in the first place although

polymer expulsion is expected to occur at longer time-scales.

It is very instructive at this point to compare these results to our earlier results on

polymerisation of styrene in vesicles, in particular the observation coming from SANS

experiments (Chapter 5). There, we discovered that the nucleation of an ellipsoidal polymer

locus in the bilayer was the trigger for phase separation. The single vesicle bilayer could not

restrict polymer growth in two dimensions. It seems now that this interval of nucleation can

be suppressed by polymerising in the cubic phase owing to the rigidity of the three-

dimensionally ordered bilayer geometry.

Speaking in terms of the previously introduced models for phase separation, the monomer

versus the polymer diffusion route (see section 3.8), it appears that we encountered here an

example of the polymer diffusion route: phase separation occurs by polymer diffusion after
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completed polymerisation. The final result, however, is in both cases identical. An eventual

phase separation between polymer and surfactant matrix is observed under equilibrium

conditions for both the colloidally dispersed lamellar phase, i.e. vesicles, and the more

concentrated lyotropic LC phases. Could the phase separation perhaps be prevented if the

bilayer would be stiffened or supported? This question will guide us through the following

chapter.
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Chapter 9

Polymerisation in supported bilayers

The intercalation of the twin-tailed amphiphilic dioctadecyldimethylammonium ions (DODA)

in smectite clay minerals provides a well-defined supported bilayer system. The bilayer

properties of these supported bilayers and their adsolubilisation behaviour towards inserted

monomers exhibits many analogies to the previously described aqueous DODAB bilayer

systems. Polymerisation of styrene in these robust model bilayers allows to focus on the effect

of the constrained medium on the polymerisation process and the polymer without being

hampered by considerations on the colloidal stability or bilayer rearrangements.

From SAXS analysis and DSC data we conclude that the polymerisation in these bilayers

results in phase separation between polystyrene and surfactant matrix.

9.1 Introduction

An important result of our studies on polymerisation in vesicles and lyotropic phases has been

that the generation of a polymer nucleus must be prevented in order to confine the growth of

the polymer to the amphiphile matrix. Obviously, the unilamellar vesicle bilayers have not

been sufficiently stable to fulfil this task (Chapters 3–6). One may wonder if this goal can be

reached when the bilayers are supported or stiffened. Such a situation can be created when

dioctadecyldimethylammonium ions (DODA) are fixed in layered clay materials like

montmorillonites. These smectite clays have large cation exchange capacities which allows to

insert an amphiphilic cation like DODA between two neighbouring clay layers1-3. The

hydrophobic bilayer possesses the capacity to adsolubilise hydrophobic molecules like

styrene4-6. Polymerisation of the adsolubilised monomer should then provide a thin two-

dimensional polymer film in this constrained medium. Conceptually, the process is identical

to the templating concept of polymerisation in vesicles described in Chapter 3 (see Figure 1).

Similar experiments of polymerisation in supported surfactant layers were reported by several

research groups. Harwell et al. used surfactant bilayers adsorbed on alumina as two-

dimensional reaction-solvents to perform polymerisations of adsolubilised styrene7,8. This
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approach to thin films was also applied by Hirt et al. for the preparation of polystyrene films

on glass fibres9. These authors observed that polymerisation was not restricted to the

admicelles on the fibres but that polymerisation occurred also in the supernatant. Esumi and

co-workers reported on the encapsulation of inorganic pigments by polymerisation of

adsolubilised monomers10. Zirkzee investigated the polymerisation of styrene adsolubilised in

DODA bilayers which were adsorbed on silica particles11. He concluded that the

encapsulation of silica with a polystyrene layer was in principle possible.

Figure 1. The concept of polymerisation in organically modified clay (OMC). Preparation of the OMC by
intercalation of DODA in the gallery of smectite clays (left); adsolubilisation of monomer (dark spots) in the
bilayer (middle); polymerisation of the inserted monomer (right).

Recently, a large number of reports on the polymerisation in the above described organically

modified clay minerals appeared in literature12,13. Due to the growing interest in the resulting

polymer-silicate nanocomposites, this is a rapidly expanding research area of materials

chemistry. However, most of these reports deal with the engineering aspects and the

properties of the obtained materials and only lately the model character of these systems for

confined polymers has been realised. Our interest in this subject is motivated by the model

character of the present system to the previously discussed bilayer systems and to confined

polymers systems in general12. Above all, we focus on the question whether the phase

separation between polymer and bilayer can be overcome in a mechanically stabilised bilayer

system. Related to that, we investigate the influence of the polymer on the state of the bilayer.

9.2 Experimental section

Materials. DODAB (Acros) and Na+–montmorillonite (EXM 757, Süd Chemie AG) were

used as received. Styrene (Merck, >99%) was distilled under reduced pressure and stored at

–18°C. Super-Q water (Millipore) was used to prepare the dispersions. The oil-soluble

photoinitiator 2,2-dimethoxy-2-phenyl acetophenone (DMPA, Aldrich, 98%), the water-

soluble azo-initiator 2,2’-azobis(2-methylpropionamidine)dihydrochloride (V50, Aldrich,
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97%) and the oil-soluble azo-initiator α,α’-azoisobutyronitrile (AIBN, Fluka) were used as

received.

Preparation of the ion-exchanged clay. The montmorillonite (CEC = 0.95 meq/g) and

DODAB (weight ratio 1:0.66) were dispersed in water (5 %wt), heated to 60°C and stirred

overnight. The ion-exchanged clay was filtered off in a Büchner funnel and washed several

times with water. The lipophilised clay was then either freeze-dried or directly used as an

aqueous dispersion.

Swelling of the ion-exchanged clay. Saturation swelling of the organically modified clay

was achieved via a gas phase swellings experiment. A known mass of DODA–clay composite

was stored in a saturated styrene atmosphere at room temperature. The take-up of monomer

could be weighed, and typically after two days a constant weight was attained.

A more simple way to transport the monomer into the bilayer was by dispersing 10-20 %wt

DODA–clay in styrene. Alternatively, a known amount of ion-exchanged clay was dispersed

in water and a calculated amount of styrene was injected into the dispersion.

Polymerisations. Polymerisations were carried out in several ways. For dispersions of 10-20

%wt DODA–clay in styrene, the polymerisation could be initiated thermally after addition of

AIBN (5 %wt on monomer) and heating to 70 or 140°C in a sealed vial. Alternatively, the

polymerisation could be initiated photochemically by the initiator DMPA (5 %wt based on

monomer) and exposure to UV irradiation (lamp Philips HPR 125) at room temperature.

The polymerisation of styrene in aqueous DODA–clay/styrene dispersions (10 %wt,

[DODA]:[styrene] = 1:5.5) could be initiated thermally via the water-phase, using a water-

soluble azo-initiator (V50, 5 %wt on monomer) and heating to 70°C in a sealed flask.

DSC analysis. The DSC analysis has been carried out using a Perkin Elmer Pyris 1

calorimeter (heating/cooling rate 10 K/min).

SAXS measurements. The use of the small angle X-ray scattering set-up has been explained

in section 8.2.
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9.3 The ion-exchanged clay

Montmorillonite is a hydrous alumina silicate which is composed of a regular, parallel

stacking of so-called unit layers. In the case of montmorillonites, the unit layer itself consist

of two silica tetrahedral sheets and one central alumina octahedral sheet. Such three layer

minerals are called smectite clay minerals. The sheets in the unit layers are tied together by

covalent bonds, so that a stable unit layer of about 1 nm thickness is formed1,14.

Clay minerals carry a charge due to isomorphous substitution of certain atoms in the clay

structure for atoms of a lower charge. In the tetrahedral sheet, Si4+ may be replaced by tri- and

divalent cations (Al3+, Fe3+, Fe2+, Mg2+) and divalent cations (Mg2+, Fe2+) could substitute

Al3+ in the octahedral sheet. Therefore, a charge deficiency results and a negative potential at

the surface of the clay is created. This potential can be compensated by the adsorption of

cations on the surface, normally being Na+, Ca2+ or Mg2+. In an aqueous suspensions, the

cations can be exchanged with ions in the bulk solution and the so-called cation exchange

capacity (CEC) is characteristic of each mineral. If monovalent cations like Na+ are the

prevalent counterbalancing charges then the interlayer cations can be easily hydrated. As a

consequence, the spacing between the layers can infinitely increase and the exchange of

counterions is significantly facilitated15. Na+–montmorillonites, known as Bentonites are for

this reason advantageous materials for exchange reactions.

The exchange of the hydrated metal cations with organic cations like alkylammonium cations

leads to layered silicates having a hydrophobic character, so-called organically modified clay

minerals (OMC)2,3. In our case, Na+ has been exchanged by the amphiphilic double-tailed

cation DODA, the exchange capacity of this clay being 0.95 meq/g. The interlayer spacing, as

measured by SAXS, after cation-exchange and extensive drying in vacuo increased from 1.26

nm to 3.7 nm (see Figure 2), i.e. the thickness of the amphiphile layer amounts to 2.7 nm16.

Considering the length of an extended DODA ion of 2.6 nm (see section 8.3), it is evident that

the alkyl chains are either strongly tilted to the layer normal by an angle of 31° or,

alternatively, the DODA ions are almost fully interdigitated. From the present data it cannot

be decided what the structure of the DODA–clay actually looks like.

A typical feature of the intercalated alkyl chains is that they adopt an ordered structure at low

temperatures when the trans-conformations are prevailing and a more liquid-like behaviour at

higher temperatures when the gauche conformations are attained3,17. It is therefore not

surprising to find a transition between these two states which can be determined by DSC

measurements to be at 44.3°C in the present case (see Figure 4). Please note that this phase
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transition temperature is very similar to the phase transition temperature of the DODAB

vesicles (see Chapter 2) possibly suggesting that the chain packing density in the vesicles and

the exchanged clay material is comparable. Any attempts to discern the chain crystallinity

from the WAXS pattern failed as the clay spacings dominate the pattern with peaks at 0.52

and 0.47 nm. This WAXS spectrum does not change above the transition temperature,

whereas the interlayer distance slightly extends by 0.23 nm with increasing temperatures

owing to the conformational freedom of the alkyl chains (see Figure 2 and Table 1).

Interestingly, a decrease in lamellar spacing upon heating had been observed by Lagaly for

several OMCs that could be ascribed to the occurrence of more gauche conformations at

elevated temperatures3.
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Figure 2. SAXS and WAXS patterns of the DODA–clay as a function of temperature.

9.4 Swelling of the ion-exchanged clay

It is anticipated that the hydrophobic DODA interlayers have a considerable swelling capacity

for oil-soluble monomers. To determine the saturation swelling of these layers, the DODA–

clay material was exposed to a saturated styrene atmosphere for at least 48 hours. The

increase in weight was indicative of the take-up of monomer. We found with great

reproducibility that the organically modified clay can adsorb about 35% of its own weight at



Chapter 9

178

room temperature, which corresponds to a molar ratio [DODA]:[styrene] = 1:5.5. Hence, the

swelling capacity of these DODA layers is more than double of what has been measured for

the unilamellar DODAB vesicle bilayers (see Chapter 2). SAXS measurements (see Figure 3)

clearly showed that the adsolubilisation causes a large increase of bilayer spacing by more

than 1 nm, i.e. a volume increase by 39%. Alternative methods to swell the DODA–clay

material by dispersion in styrene (20 %wt OMC) or dispersion in styrene-saturated water

(10 %wt OMC) led to identical results. This increase in interlayer spacing compares

favourably to values found by Becerro et al. for the adsolubilisation of toluene in

cetyltrimethylammonium–vermiculite clays6, and the values that have been determined by

Lagaly and co-workers for the solubilisation of 1-butanol in dodeclyammonium–vermiculite

clay minerals18.

Any attempts to asses the effect of the inserted styrene on the thermal behaviour of the

interlayer by DSC measurements failed as a consequence of a shift in baseline caused by the

premature loss of styrene.
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Figure 4. DSC measurements of the pure DODA–
clay, and after the polymerisation of styrene.
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9.5 Polymerisation in the ion-exchanged clay

Polymerisation of styrene in the DODA interlayers could be accomplished in several ways.

The most simple way was to disperse the DODA–clay material (10 or 20 %wt) in styrene and

initiate polymerisation thermally after addition of AIBN. This required higher temperatures

(70 and 140°C). Polymerisations at lower temperatures, i.e. below the transition temperature,

could be carried out by photopolymerisation at room temperature using DMPA as an effective

photoinitiator. Independent of the polymerisation temperature and independent of the mode of

initiation, the polymerisation led to a yellowish brown, brittle material that exhibited a

lamellar spacing being typically 0.1 nm higher than that of the reference DODA–clay

material. The dramatic decrease in spacing going from the entirely monomer-swollen material

(∆d = 1.05 nm) to the polymerised material (∆d = 0.10 nm) could not be explained by the

volume shrinkage of the polymer, typically leading to only 13% volume contraction. We

therefore assume that most of the polymer was expelled from the bilayer in the course of the

polymerisation reaction. In fact, an on-line thermal polymerisation experiment at 70°C

revealed a gradual decrease in spacing with progressing conversion. Our findings are

corroborated by a recent report of Doh and Cho who measured an even smaller increase in

spacing of ∆d = 0.02 nm for the polymerisation of styrene at 50°C in a comparable OCM19.

Altogether, these results are somewhat surprising since DODA–clay and similar OCMs are

supposed to be favourable materials for the melt intercalation of polystyrene20. Giannelis and

co-workers reported an increase in gallery height of ∆d = 0.7 nm upon intercalation of molten

polystyrene (Mw = 35 000 or 400000) into DODA–clay minerals at 165°C. It was concluded

that the intercalation of PS from melt was driven by enthalpic polymer-host interactions. The

authors noted further that attempts to intercalate from solution (toluene) resulted in the

intercalation of the solvent instead of the polymer as a consequence of the preferable solvent-

host interactions. In the light of these results one could argue that the in-situ synthesis of a

clay-polymer nanocomposite, as presented here, would in some respects be similar to a

solvent intercalation as there is an excess of monomer, i.e. solvent, present up to high degrees

of conversion. Therefore, the solvent-surfactant interactions could impede the polymer to

remain in the interlayers.

In order to circumvent the problem of an excess of monomer during the reaction we changed

the experimental design. DODA–clay was dispersed in water and a calculated amount of

styrene was added under stirring to saturate both the organophilic clay and the water-phase.
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As mentioned above, the increased spacing after swelling indicated that monomer transport to

the organophilic layers via the water-phase readily occurred. Polymerisation was then

initiated by a water-soluble azo-initiator (V50) at 70°C. After heating to 70°C and stirring

overnight, the polymerisation product was dried in vacuo for several days to yield a brown-

grey powder. Again, SAXS measurements showed only an increase of 0.1 nm of the interlayer

spacing which suggested that by far the largest part of the polymer was not hosted within the

DODA interlayer. Similar to the behaviour of the pure DODA–clay, we found an increase in

spacing with increasing temperatures (see Table 1).

Thermal analysis of this material exhibited two transitions: The previously observed DODA

layer transition, now shifted to a higher temperature of 52°C, and the glass transition of bulk

polystyrene at about 103°C. The observation of the bulk glass transition temperature is

another clear hint that the polymer is not inserted in the bilayer but resides probably outside

the organo-silica platelets, perhaps at the edges. According to Giannelis et al., the glass

transition in truly intercalated polymers can vanish due to an impeded translational and

rotational motion of the polymer chains20. Keddie and co-workers, however, have reported a

clear depression of the glass transition temperature in thin polymer films21. Anyhow, the

discrepancy of our observations to the successful intercalation of polystyrene melts in similar

organo-clay materials is most likely due to the differences in experimental conditions,

particularly the reaction temperature. At temperatures above 150°C, which have been applied

for the melt intercalation, the interaction between polymer and amphiphilic alkyl chains

appears to be sufficiently favourable to allow diffusion of the polymer into the DODA

interlayers. We speculate that upon cooling to lower temperatures, these systems are

kinetically frozen in a metastable state.

9.6 Conclusions

We investigated the polymerisation of styrene in supported DODA bilayers with a view of

studying the effect of bilayer stabilisation on the polymer formation in this constrained

medium. A number of parallels of this system with the previously studied vesicles and the

lyotropic systems could be discerned. All systems exhibit a gel-to-liquid bilayer phase

transition where the aliphatic chains change from an all-trans conformation to gauche

conformations. The solubilisation behaviour towards styrene also showed similarities,

although the solubilisation capacity of the organically modified clay system seemed to be
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unusually high. Finally, the polymerisation of styrene in these interlayers led in all probability

to polymer expulsion, i.e. phase separation between the layers and the polymer phase –

irrespective of the investigated process conditions. Again, this is in analogy to the systems

studied before suggesting that the incompatibility between surfactant matrix and polymer both

for enthalpic and entropic reasons, does not allow the intercalation of polystyrene in these

supported bilayers – at least under the investigated circumstances. According to literature, it

seems that the system DODA interlayer/polystyrene becomes miscible at higher temperatures

(>150°C), thus possesses an upper critical solution temperature where one single phase is

established. It would be intriguing to study the influence of the temperature on the

intercalation in more detail.

Table 1. SAXS data of DODA–clay systems in a dried state before and after polymerisation and after saturation
swelling with styrene.

T d ∆d (a)

system [°C] [nm] [nm]

DODA–clay 30 3.70 0

DODA–clay 90 3.82 0.12

DODA–clay 140 3.93 0.23

DODA–clay/styrene 30 4.75 1.05

DODA–clay/polystyrene 30 3.80 0.10

DODA–clay/polystyrene 90 4.11 0.41

DODA–clay/polystyrene 140 4.11 0.41

(a) ∆d refers to the reference state DODA–clay at 30°C
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Chapter 10

Epilogue

Eine Reihe von Versuchen machen, heißt oft einen Gedanken in seine einzelnen Teile zerlegen

                        Justus von Liebig

10.1 Polymerisation in bilayers: A retrospective

The strategy of polymerisation in organised media has opened up a large avenue on the way

to the bottom-up synthesis of nano-materials. Our contribution in this field centres upon the

topic of polymerisation in bilayers as one example of an ordered medium. In particular, the

polymerisation in the closed spherical bilayers of surfactant vesicles has been examined in

great detail. The main aim was to discover the mechanism of this process and evaluate its

synthetic potential. To approach this topic, some evident questions had to be answered: How

does polymerisation in these bilayers proceed? What is the effect of the bilayer on the

growing polymer and vice versa. In other words, how do the constraints of the bilayer

medium affect the polymerisation process?

To illustrate the relevance of this question one has to realise that the dimensions of an

amphiphilic bilayer (thickness about 4-5 nm) involve molecular dimensions, i.e. all chemical

reactions taking place inside the bilayer occur in a restricted, two-dimensional reaction space

with respect to molecular dimensions!

Before studying the polymerisations, we had to provide a reference vesicle system and

introduce some characterisation methods to describe the nature of the vesicles adequately

(Chapter 2). Both vesicle morphology and bilayer properties have to be considered for the

complete understanding of the vesicle features. It was therefore recommended to apply

complementary experimental techniques, and if one had to make a minimal choice of all given

techniques, then cryo-TEM and micro-DSC would furnish a versatile minimal set of

characterisation methods.
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The choice of dioctadecyldimethyammonium bromide (DODAB) as a vesicle-forming

amphiphile was motivated by the substantial amount of literature on DODAB vesicles and the

commercial, inexpensive accessibility of DODAB. A very practical advantage of this system

was seen in the fact that DODAB vesicle populations, when prepared properly, are unusually

stable and do not tend to form the lamellar phase. This was a prerequisite for experiments

depending on the reproducibility of the vesicles and their concentration. The extrusion method

proved a useful procedure to prepare in a reproducible manner large volumes (750 mL) of

vesicle dispersions on laboratory scale possessing a controlled diameter between 100 and 200

nm – thus ideal for morphological inspection by cryo-TEM. However, the disadvantage of the

DODAB system is given in the non-ideal morphology below the phase transition temperature

which could be an obstacle for some applications, i.e. encapsulation reactions.

Since polymerisation in vesicles requires the solubilisation of monomer in the amphiphilic

aggregate it was a natural subsequent step to investigate this behaviour for the reference

system of DODAB vesicles together with the monomer styrene (Chapter 2). Solubilisation

studies in vesicles are not straightforward and suffer from the fact that the thermodynamic

equilibrium situation may not be attained as a consequence of the slow exchange dynamics of

the amphiphiles. Again, a combination of characterisation techniques was necessary to obtain

a sufficiently precise picture of the occurring phenomena. In the present case of DODAB and

styrene, we had good reasons to assume a monomer/bilayer phase separation at low

temperatures and mixing at higher temperatures (>27°C).

Next, we focused on the polymerisation step (Chapter 3). We learnt that polymerisation in

vesicles, built by non-functional amphiphiles, leads to phase separation between amphiphilic

matrix and polymer. The resulting morphology is prototypically characterised by the

parachute architecture, i.e. a vesicle that carries a polymer bead. Remarkably, although phase

separation occurs, although the polymer leaves the template, and although a tendency to build

a polymer latex is observed – a final separation of polymer and vesicle does not occur. This

observation can be considered as a real break-through and forms the central issue of this

thesis. The discovered vesicle-polymer hybrid morphologies represent a new class of polymer

colloids having the dual character of vesicles and polymer latex particles.

We wondered if the observed phenomenon was specific to one particular vesicle/polymer

system or whether it was a more general phenomenon. Taking into account the temperature
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dependent phase behaviour of the vesicles, it was desirable to look first at the influence of the

vesicle phase on the polymerisation process. Photopolymerisation was the method of choice

as the reaction temperature then could be chosen freely. Additionally, we varied monomers

and surfactants and came to the conclusion that the occurrence of the parachute architecture

must be recognised as a general phenomenon of polymerisation in vesicles (Chapter 4).

Nonetheless, all changes in the process conditions were directly reflected in the obtained

morphology, in a kind of morphological response. By studying these effects more

systematically, the constructive principles of this novel class of polymer colloids could be

established phenomenologically and brought into chart. We then understood that the resulting

morphology is determined by both kinetic and thermodynamic considerations in combination

with intrinsic vesicle properties.

Our further activity was directed towards the deeper understanding of the mechanistic traits.

The pathway of phase separation was established in a morphological on-line SANS study

(Chapter 5) and a kinetic PLP study (Chapter 6). We proposed a three-interval mechanism

for the polymerisation in vesicles: a nucleation phase is followed by a growth phase with

constant monomer concentration, which is followed by a growth phase with decreasing

monomer concentration. This mechanism is comparable to the mechanism of emulsion

polymerisation. However, the control of the nucleation phase is a unique feature of

polymerisation in vesicles, somewhat comparable to miniemulsion polymerisation.

The combined phenomenological and mechanistic knowledge triggered us to think about

remedies against the phase separation between polymer and vesicle (Chapter 7). It has been

anticipated that the bilayer had to be involved in the polymerisation process, or in other

words, the bilayer-forming molecules had to be attached to the growing polymer. Mono-

functional or bis-functional polymerisable amphiphiles could indeed copolymerise with

inserted monomers leading to very stable two-dimensional polymer networks and suppressing

the phase separation. These results supported our concept and afforded the preparation of

attractive nano-capsules.

How would the polymerisation work out in different bilayer geometries? This question

brought us to new bilayers systems, e.g. the cubic bilayer phase (Chapter 8). Different types

of cubic phases were found to exist in the ternary phase diagram of DODAB/water/styrene at

temperatures above the phase transition temperature. In contrast to vesicle bilayers,
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polymerisations in these phases did not lead to phase separation on the time-scale of

polymerisation. We ascribed this effect to the stability of the three-dimensional bilayer

network in the cubic phase. Nonetheless, this is a remarkable result which needs more

elucidation.

Finally, we explored the polymerisation in bilayers that were supported in smectite clay layers

(Chapter 9). Even in this situation we discovered that the polymer was expelled from its

matrix during the course of the polymerisation. Conversely, it has been described in literature

that the intercalation of polymer in these layers would be possible at higher temperatures

(>150°C). We presumed that the miscibility of polystyrene and such bilayers would depend

on the temperature and that the system probably exposes an upper critical solution

temperature (UCST) which has not been reached in our experiments. Neither the vesicle

system where the colloidal nature imposes the temperature limits, nor the supported bilayer

system has been examined at such high temperatures.

10.2 Polymerisation in bilayers – a unifying picture

The phase separation between polymer and surfactant phase has been recognised as the

common feature of all polymerisation reactions in bilayers studied in this thesis. Due to the

chemical similarity of the bilayer systems, one can assume that the driving force for phase

separation is comparable in all systems. Solely in the case where functional amphiphiles have

been applied, the phase separation could be prevented.

In a first approach, neglecting entropic factors and strong interactions between polymer and

surfactant, we tried to explain the phase separation in the colloidal vesicle system by

calculating the total changes in surface energy, including the surfaces towards the water phase

(see section 3.7).

Another approach, more commonly used in polymer chemistry, would be to look at the

ternary phase diagram of a system polymer(1)/monomer(2)/polymer(2)1-3. If, within a

simplified picture, the bilayer takes over the role of polymer(1), then polymerisation in

bilayers can be interpreted as a pathway through the ternary phase diagram

bilayer/monomer/polymer4. This pathway starts from the bilayer/monomer axis and leads to

the bilayer/polymer axis with increasing conversion. Such a phase diagram is schematically

shown in Figure 1.
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We observed experimentally that the monomer is miscible in the bilayer under the

investigated circumstances. Please recall the solubilisation studies in vesicles (Chapter 2), in

cubic phases (section 8.5) and in supported bilayers (section 9.4). On the other hand, the

bilayer and the polymer are expectedly immiscible.

Let us consider the vesicle system as one example. If we start with a 75/25 bilayer/monomer

mixture (point S, Figure 1) and initiate polymerisation, the composition will follow the

reaction vector P towards the end point 75/25 bilayer/polymer (point E, Figure 1).

bilayer polymer

monomer

P

S

E

Figure 1. Schematic ternary phase diagram for the bilayer, the monomer and the polymer. The reaction vector P
links the starting situation (S) with the end situation (E). The dashed lines represent the binodal (- - - ) and the
spinodal (·····).

If the system is in thermodynamic equilibrium, it remains homogeneous until it arrives at the

binodal curve, i.e. directly after initiation, where the mixture becomes metastable and phase

separation occurs. Small polymer particles are then nucleated and immediately swollen with

monomer. The nucleated particles grow further with conversion. If the reaction kinetics are

sufficiently fast, nucleation can be suppressed until reaching the spinodal curve where the

mixture becomes unstable and phase separates. Hence, the morphology depends on the rate of

phase separation compared to the rate of polymerisation. This behaviour has been

experimentally observed by us for the vesicle system (see section 6.8).

The exact position of the phase boundaries depends on the interaction between polymer and

bilayer, hence on the temperature, and the molecular weight of the polymer but it is beyond

the scope of this discussion to establish the phase boundaries in more detail. For the vesicle

system we have seen that phase separation occurs after very low degrees of conversion, i.e.

the one-phase region for the vesicle system is practically non-existing in this ternary system.

It is interesting to compare this situation to the intercalation of polystyrene in supported C18

layers (see section 9.6). According to the observations of Giannelis and co-workers the binary
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bilayer/polymer system is miscible at higher temperatures where the repulsion between

polymer and surfactant layer decreases5. We therefore assume that the binary phase diagram

bilayer/polymer resembles a typical phase diagram of mixtures of small molecules and

polymers where full miscibility is attained above the so-called upper critical solution

temperature (UCST)2.

It has been mentioned before that a detailed study of the temperature dependence of

intercalation could shed more light on the thermodynamics of the system. In principle, if

intercalation in supported bilayers is possible it should also be possible to intercalate polymer

chains in vesicle bilayers!

One may speculate whether conditions can be met where the bilayer and the polymer become

miscible without endangering the colloidal stability of the system. According to our studies, it

is improbable to find such a system among conventional amphiphiles. The use of amphiphilic

block-copolymers as vesicle-forming molecules could be an adequate choice as templates if

the UCST can be lowered. Unfortunately, to date, the vesicle-forming block-copolymer

systems require extremely low amphiphile concentrations and the obtained size populations

are difficult to control6. Unequivocal characterisation of such systems with respect to changes

in morphology and bilayer properties is therefore difficult. Nevertheless, future research could

be directed to the study of using block-copolymers as templates for the polymerisation.

After all, coming back to our initial question “How do the constraints of the bilayer medium

affect the polymerisation process?” we hardly encountered a situation where the

polymerisation could be confined to this polymerisation space as a consequence of a

thermodynamic mismatch. In that respect, the templating approach did not provide the

expected morphology but led to novel results not earlier reported in literature. Only when a

chemical bond between polymer and matrix was established actual templating could be

achieved.

Exploiting our mechanistic knowledge we have a construction kit in hands to assemble

complex vesicle-polymer architectures. This opens the door to the synthesis of novel nano-

particles the application of which would be a fruitful field for further fundamental research

and holds out the prospect of new applications in e.g. material science, catalysis and

controlled release.
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Glossary

Symbols

A surface area [m2]
A absorbance [–]
C monomer loading parameter [m]
Cpm molar isobaric heat capacity [J/K·mol]
d spacing [nm]
d optical path length [cm]
D diffusion coefficient [m2/s]
D diameter [m]
i integer [–]
I intensity [–]
I(q) absolute neutron scattering intensity [1/cm]
I3/I1 intensity ratio of pyrene fluorescence peaks 3 and 1 [–]
IE/IM intensity ratio of pyrene excimer and monomer fluorescence peaks [–]
[I] initiator concentration [mol/L]
ka rate constant of excimer formation [L/mol·s]
kd initiator decomposition rate constant [1/s]
kE transition probability for the radiative decay of the pyrene excimer [1/s]
kM transition probability for the radiative decay of the pyrene monomer [1/s]
kp propagation rate coefficient [L/mol·s]
kt termination rate coefficient [L/mol·s]
ktr transfer rate coefficient [L/mol·s]
K equilibrium constant [–]
K area compressibility modulus [N/m]
Kves/aq vesicle-phase/water partition coefficient [–]
l monomer loading ratio [monomer]:[amphiphile] [–]
Li chain length expected for pulsed-laser peak i [–]
M molar mass [g/mol]
Mn number-average molecular weight [g/mol]
Mw weight-average molecular weight [g/mol]
[M] monomer concentration [mol/L]
m number of patches in DSC analysis [–]
m mass [kg]
n patch number in DSC analysis [–]
n refractive index [–]
n average number of radicals per particle [–]
N number per unit volume [1/m3]
NA Avogadro’s number [1/mol]
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OD optical density [–]
PD polydispersity [–]
P(q) scattering form factor [–]
q scattering vector [1/Å]
r radius or semi-axis of an ellipsoid [m]
R gas constant [J/mol·K]
R molar ratio [fluorescence probe]:[amphiphile] [–]
Rg radius of gyration [m]
[R] radical concentration [mol/L]
S normalised monomer loading parameter [–]
S(q) structure factor of scattering [–]
t0 time between two successive laser pulses [s]
T absolute temperature [K]
Tg glass transition temperature [K]
Tm main phase transition temperature [K]
V volume [m3]
w(log(M)) differential weight MWD on logarithmic scale [–]
zAVE z-average diameter [m]
x fractional conversion [–]
X mole fraction [–]
X average degree of polymerisation [–]

Greek Symbols

δCp differential isobaric heat capacity [J/K]
∆H0

cal change in calorimetric enthalpy [J/mol]
∆H0

VH change in Van’t Hoff enthalpy [J/mol]
∆G change in Gibbs free molar energy [J/mol]
∆Γ reduced Gibbs free energy [–]
∆mH molar melting enthalpy [J/mol]
∆mS molar melting entropy [J/mol·K]
ε molar extinction coefficient [L/mol·cm]
γ interfacial tension [N/m]
κ proportionality between intensity and quantum yield of pyrene  [–]
λ jump length of one diffusional step [m]
λ wavelength [nm]
Λ slope of a so-called transfer plot ln(n(M)) vs. M [–]
ϕ initiator efficiency [–]
ΦΕ fluorescence excimer quantum yield [–]
ΦΜ fluorescence monomer quantum yield [–]
ρ density [g/mL]
σ standard deviation [–]
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ν hopping frequency for lateral diffusion [1/s]
νcoll collision frequency of an excited pyrene molecule [1/s]
θs scattering angle [°]
τ1/2 initiator half-life [s]
τE excimer lifetime [s]

Abbreviations

A1 mono-functional amphiphile
A2 bis-functional amphiphile
AFM atomic force microscopy
AIBN α,α’-azobis(isobutyronitril)
BA butyl acrylate
BMA butyl methacrylate
cryo-TEM cryogenic transmission electron microscopy
CTAB cetyltrimethylammonium bromide
DCC dicyclohexylcarbodiimide
DDAB didodecyldimethylammonium bromide
DMAP dimethylaminopyridine
DMAPS 3-(N,N-dimethylmyristylammonio)propanesulfonate
DMPA 2,2-dimethoxy-2-phenyl acetophenone
DMPC dimyristoylphosphatidylcholine
DLS dynamic light scattering
DODAB dioctadecyldimethylammonium bomide
DODAB dioctadecyldimethylammonium chloride
DPPC dipalmitoylphosphatidylcholine
DPy amphiphilic DODAB-like pyrene probe
DSC differential scanning calorimetry
DTAB dodecyltrimethylammonium bromide
DVB divinylbenzene
EGDMA ethylene glycol dimethacrylate
FRAP fluorescence recovery after photobleaching
HPLC high performance liquid chromatography
IPN interpenetrating network
LC liquid crystalline
Lα liquid crystalline lamellar phase
Lβ gel-like lamellar phase
Li interdigitated lamellar phase
LUV large unilamellar vesicle
MAP-TMAC [3-(methacrylamino)-propyl] trimethylammonium chloride
MWD molecular weight distribution
OMC organically modified clay
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Pβ’ ripple phase
PLP pulsed-laser polymerisation
Py pyrene
Pyda pyrene decanoic acid
Pylec pyrene lecithin
PyPC pyrenyl derivative of palmitoylphosphatidylcholine
PS polystyrene
SANS small angle neutron scattering
SAXS small angle X-ray scattering
SEC size exclusion chromatography
SUV small unilamellar vesicle
TEM transmission electron microscopy
THF tetrahydrofuran
V50 2,2’-azobis(2-methylpropionamidinie)dihydrochloride
WAXS wide angle X-ray scattering
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Summary

Polymerisation in lyotropic liquid crystalline phases is a multi-disciplinary research area

involving colloid, polymer and material chemistry. The research described in this thesis

concerns the free-radical polymerisation in surfactant bilayers. Emphasis was put on the

development of versatile synthetic routes, the morphological characterisation and the

understanding of mechanistic aspects.

The work focused primarily on the polymerisation in vesicle bilayers to get insights into the

fundamentals of this process. Vesicles are closed spherical bilayer structures, typically of 30-

500 nm diameter. Polymerisation in vesicles comprises the free-radical polymerisation of

water-insoluble monomers inserted in the bilayer. Our studies on a model system revealed

that phase separation on a nanoscopic scale took place, such that all polymer chains created in

one vesicle accumulated to produce one small ellipsoidal polymer bead that remained trapped

within the vesicle bilayer. The resulting vesicle-polymer hybrid morphology established a

new class of polymer colloids where typical vesicle properties are merged with polymer-latex

characteristics. To describe briefly the appearance of such morphologies we have coined the

term parachute architectures.

This main finding contradicts common opinions in literature and was extensively discussed in

this thesis. The characterisation of the novel polymer colloids is considered as a key to their

understanding. A set of complementary characterisation methods (cryo-TEM, AFM, light

scattering techniques, micro-DSC, fluorescence techniques) was thus employed to elucidate

both the vesicle and the polymer colloid nature of these nano-particles. Among all

characterisation techniques, cryo-TEM stood out since it furnished a wealth of unimpaired

information on the state of the bilayer and the location of the polymer. On the nature of the

parachute architectures, we proved that the phase separation between polymer and

amphiphilic matrix is complete and that the release of the polymer particle can be triggered.

Next, it was demonstrated by variation of the experimental conditions and the application of a

wide variety of surfactant and polymer systems that the observed phenomenon is a general

characteristic of polymerisation in vesicles. The systematic study of the subtle interplay

between reaction conditions and the corresponding vesicle-polymer morphology opened the

way to the controlled synthesis of tailor-made morphologies.

The mechanism of phase separation was unravelled by an on-line small angle neutron

scattering (SANS) study showing that the phase separation commences at early stages of the
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polymerisation. This interpretation was in line with kinetic data of the polymerisation reaction

obtained by a pulsed-laser polymerisation study. Altogether, the intervals of polymerisation in

vesicles exhibit strong parallels to the intervals known from emulsion polymerisation, with

the additional advantage that nucleation is controlled and the size of the polymer bead can be

predicted.

In order to overcome the phase separation, copolymerisable amphiphiles were synthesised and

used in vesicle polymerisation. The copolymerisation of the functional amphiphiles with

inserted monomers prevented phase separation and led to thin two-dimensional polymer

networks maintaining the hollow vesicle morphology.

In analogy to vesicle bilayers, lamellar and cubic bilayer phases were investigated with

respect to structural changes during the polymerisation of inserted monomers. Small angle X-

ray scattering (SAXS) was used to characterise their phase behaviour. It appeared that

polymerisation in these phases equally induced phase separation between surfactant and

polymer although the kinetics of phase separation were significantly reduced by the cubic

geometry. This could be exploited to maintain a cubic polymer morphology.

Supported bilayers, i.e. bilayers which are fixed in-between planar clay sheets, were the last

bilayer system regarded as matrix for polymerisations. The miscibility of these bilayers with

an intercalated polymer seems to depend on the temperature, similar to the phase behaviour of

a polymer blend.

It can be concluded that the polymerisation in bilayer systems does not necessarily give rise to

polymer growth over the entire bilayer matrix, but mostly induces some form of phase

separation between matrix and polymer. In a unified picture, the polymerisation in bilayers

can be understood as a pathway through a ternary phase diagram of the components

bilayer/monomer/polymer where the phase boundary of miscibility is crossed while moving

from the bilayer/monomer axis to the bilayer/polymer axis, i.e. with progressing conversion.

The final morphology is then determined by the thermodynamic match between bilayer and

polymer, by the kinetics of phase separation, by the kinetics of polymerisation, and

importantly, by colloidal factors.

Detailed knowledge on the influence of the individual aspects promises a better control over

the final architectures and allows us to establish rules for the synthesis of designed

morphologies.
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Samenvatting

Polymerisatie in lyotroop vloeibaar-kristallijne fasen is een multi-disciplinair gebied waarin

de chemie van colloïden, polymeren en materialen een belangrijke rol speelt. Het onderzoek

beschreven in dit proefschrift behandelt de radicaalpolymerisatie in dubbellagen opgebouwd

uit amfifielen. In dit onderzoek ligt de nadruk op de ontwikkeling van toegankelijke

syntheseroutes, op de morfologische karakterisering en op het verkrijgen van een beter begrip

van de mechanistische aspecten.

Het werk was primair gericht op de polymerisatie in vesicle dubbellagen teneinde inzicht te

krijgen in de fundamentele aspecten van dit proces. Vesicles kunnen worden beschouwd als

gesloten sferische dubbellaagstructuren, met een karakteristieke diameter tussen de 30 en 500

nm. Het concept van polymerisatie in vesicles betreft de polymerisatie van niet-

wateroplosbare monomeren die in de vesiculaire dubbellaag zijn opgenomen. Onderzoek aan

een modelysteem liet zien dat polymerisatie in vesicles leidt tot fasenscheiding op

nanoscopische schaal tussen vesicle en polymeer. Tijdens dit proces concentreren de

polymeerketens zich en vormen een ellipsoïdaal deeltje, dat binnen de vesicle dubbellaag

gevangen blijft. De verkregen hybride vesicle-polymeer morfologieën vestigen een nieuwe

klasse van polymere colloïden, waarbij typische vesicle eigenschappen samengaan met

polymeer-latex karakteristieken. Om zulke morfologieën te beschrijven werd de term

“parachute architecturen” geïntroduceerd.

Deze belangrijke vinding is in tegenspraak met de gangbare opvattingen in de literatuur en

wordt uitvoerig besproken in dit proefschrift. De karakterisering van deze nieuwe klasse van

polymere colloïden vormt de sleutel tot een beter begrip. De combinatie van een aantal

complementaire karakteriseringstechnieken (cryo-TEM, AFM, lichtverstrooiingstechnieken,

micro-DSC, fluorescentietechnieken) werd aangewend om zowel het vesiculaire als het

polymeer-colloïdale karakter van deze nanodeeltjes op te helderen. Van alle toegepaste

karakteriseringstechnieken bleek cryo-TEM verreweg de belangrijkste omdat het een schat

aan ongeëvenaarde informatie opleverde over de toestand van de dubbellaag en over de

locatie van het polymeer. Met betrekking tot de parachute architectuur kon worden

aangetoond dat de fasenscheiding tussen polymeer en amfifiele matrix volledig is en dat het

loslaten van het polymeerdeeltje door de surfactant dubbellaag kan worden geïnduceerd met

behulp van diverse parameters.
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Vervolgens werd bewezen, door het variëren van de experimentele condities en de toepassing

van een grote diversiteit aan amfifielen en polymeren, dat de waargenomen parachute

structuur een algemene karakteristiek is van vesicle polymerisatie. Systematisch onderzoek

naar het subtiele verband tussen de reactiecondities en de daarbij gevormde vesicle-polymeer

structuren opende de weg naar een gecontroleerde synthese van morfologieën “op maat”.

Het mechanisme van fasenscheiding kon ontrafeld worden door ‘on-line’ kleine hoek

neutronenverstrooiing (SANS) onderzoek, waaruit bleek dat de fasenscheiding reeds begint

tijdens het eerste stadium van polymerisatie. Deze interpretatie stemt overeen met kinetische

gegevens verkregen met behulp van gepulseerde laser polymerisatie. Al met al blijkt dat de

intervallen waargenomen tijdens vesicle polymerisatie sterke overeenkomst vertonen met de

intervallen zoals die bekend zijn in emulsiepolymerisatie. Additionele voordelen zijn de

controle over de nucleatiestap en de voorspelbaarheid van de grootte van de polymeerdeeltjes.

Teneinde de fasenscheiding te voorkomen werden copolymeriseerbare amfifielen

gesynthetiseerd en voor vesiclevorming gebruikt. Copolymerisatie met monomeren

opgenomen in de dubbellaag kon fasenscheiding voorkomen en leidde tot een stabiele dunne

twee-dimensionale netwerkstructuur met behoud van de holle vesicle morfologie.

In analogie met vesicle dubbellagen werden polymerisatiereacties in lamellaire en cubische

surfactant dubbellagen onderzocht. Kleine hoek Röntgen verstrooiing (SAXS) werd gebruikt

om het fasengedrag te karakteriseren. Het bleek dat ook in deze structuren de polymerisatie

aanleiding geeft tot fasenscheiding tussen amfifiel en polymeer, ofschoon de kinetiek van

fasenscheiding aanzienlijk werd vertraagd door de cubische geometrie. Hiervan kan nuttig

gebruik gemaakt worden bij het stabiliseren van de cubische polymeermorfologie.

Tenslotte werd aandacht besteed aan gestabiliseerde dubbellagen, dat wil zeggen dubbellagen

die gefixeerd zijn tussen vlakke kleilaagjes, als matrix voor polymerisaties. De al dan niet

mengbaarheid van deze dubbellagen met een geïntercaleerd polymeer lijkt af te hangen van de

temperatuur, analoog aan het fasengedrag van een polymeermengsel.

Samenvattend kan worden gesteld dat polymerisaties in dubbellaagsystemen niet

noodzakelijkerwijs leiden tot gelijkmatige polymeerverdeling over de gehele dubbellaag

matrix. In veel gevallen treedt een vorm van fasenscheiding op tussen polymeer en matrix.

Met een globaal beeld kan de polymerisatie in dubbellagen worden opgevat als een pad dat

doorlopen wordt in het ternaire fasendiagram van de componenten dubbellaag/

monomeer/polymeer. Komend vanuit de as dubbellaag/monomeer en gaande naar de as

dubbellaag/polymeer wordt met toenemende conversie de grens tussen het mengbaar en
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onmengbaar gebied overschreden. De resulterende morfologie wordt dan bepaald door de

thermodynamische afstemming tussen dubbellaag en polymeer, de kinetiek van het

fasenscheidingsproces, de polymerisatiekinetiek en, in belangrijke mate, door colloïdale

factoren.
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om regels op te stellen voor de synthese van morfologieën op maat.
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