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Abstract
Polyethylene (PE) and its bulk morphology have been studied intensely over the past 50
years. Micron-sized single crystals, carefully grown from very diluted organic solutions, have
contributed to the fundamental understanding of polymer crystallization. However, nonaggregated and freely moving nanoscale polyethylene crystals have become accessible only
very recently. Within this work the structure and properties of this novel system were
explored.
Aqueous dispersions of PE nanoparticles with various microstructures and crystallinities
were

synthesized

via

catalytic

polymerization

of

ethylene

with

water-soluble

salicylaldiminato Ni(II)-complexes, employing a procedure previously reported by our group.
These colloidally stable dispersions consist of particles of semicrystalline linear, or branched
polyethylene, dependant on the catalyst employed, with a volume average size of ca. 10 nm.
This unprecedentedly small size is attributed to the effective particle nucleation and further
growth in individual compartments.
The single crystal nature and unique single lamellar structure of nanoparticles of linear PE
of ca. 60% bulk crystallinity was illustrated by cryo-TEM and SAXS analysis, carried out by
M. Ballauff et al. In contrast, for nanoparticles of branched PE of much lower crystallinity, a
structure composed of very small crystallites embedded in an amorphous matrix is in
agreement with experimental data and agrees with the observed more spherical nature.
Furthermore, studies with different methods strongly indicated that the crystalline structure in
such nascent nanoparticles is subject to reorganization upon thermal treatment at temperatures
both below and above the melting temperature.
Melting/crystallization in such nanoscale entities were studied for the first time as a means
of switching environmental polarity sensed by guest molecules up-taken by the nanoparticles.
Studies with lipophilic guest molecules, that is the fluorescent dyes pyrene and Nile Red,
show that the guest molecules were taken up by the PE nanocrystals and located in the
amorphous portion. This results in a much more apolar environment experienced by the guest
molecules

by

comparison

to

the

hydrophobic

core

of

SDS

micelles.

Upon

melting/crystallization, the polarity experienced by the pyrene probe changes significantly.
The temperature at which this polarity switch occurs was controlled by the degree of

i

branching of the polymer. In agreement with the fluorescence studies, an uptake of lipophilic
guest molecules by PE nanocrystals was also observed for nitroxide spin probes.
Starting from the pre-formed nanocrystals, submicron semicrystalline polyethylene films
can be prepared under much more benign conditions, by comparison to the traditional route
starting from a diluted polymer solution in hot organic solvents. Aside the aforementioned
advantages, the crystallinity and the thicknesses of thus obtained films can be conveniently
controlled. Sufficient interactions between the amorphous portions of the nanocrystals
provided free-standing films. In the nascent films the primary PE nanocrystals orient
preferentially with their lamellar axis perpendicular to the substrate surface, as shown by
electron diffraction studies. Upon melting/recrystallization the continuity of the submicron
films is maintained without significant dewetting. Detailed morphologies formed upon
recrystallization, dependant on the film thickness, are in general similar to organic solutioncast films. However, upon annealing of the monolayer-like assembly of PE nanocrystals,
lamellar thickening was observed, without changes of crystal orientation.
Surface functionalization of PE nanocrystals by copolymerization with various types of
amphiphilic comonomers was demonstrated. Despite favored incorporation for ethylene by
the catalysts employed, copolymer particles with moderate incorporations of the studied
comonomers were obtained. Incorporation of a comonomer containing an anionic sulfate
group was observed to afford better colloidal stability by comparison to nonionic PEG and
saccharide groups. The crystallinity of the copolymer particles with respect to the ethylene
derived portion is similar as in homopolyethylene particles.
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Chapter 1

Introduction

1. Introduction
Aqueous polymer dispersions, generally termed as polymer latexes, are produced on a
million ton scale annually for various applications, such as coatings and paints.1 Water as a
dispersing medium for polymer synthesis offers several advantages compared to organic
solvents concerning its environment benignity and ease of process control due to its large heat
capacity, and the low viscosity of particle dispersion by comparison to polymer solutions.
For the synthesis of polymer latexes, direct polymerization in aqueous media, namely
emulsion polymerization, is the method of choice for both industrial and academic research.2
Up to date many types of polymerization methods have been shown to be applicable in
emulsion, which include conventional and controlled free radical polymerization, catalytic
polymerization, ionic polymerizations, polycondensation and polyaddition. The monomers
applicable for different methods are complimentary to each other, therefore the obtained
polymer latexes cover a broad range of materials. Owing to different chain growth
mechanisms a variety of polymer microstructures can be achieved. In addition to direct
synthesis in aqueous systems, secondary dispersion 3 from pre-synthesized polymer or
postpolymerization modification 4 of preformed polymer particles in aqueous media also
serves as alternative routes to obtain polymer latexes.
Among the aforementioned polymerization methods, radical emulsion polymerization has
been most intensely studied, and it is the major route applied in industry for the synthesis of
polymer latexes, particularly for acrylic and styrene monomers.2c Polyurethane dispersions are
prepared commercially as secondary dispersions or by polycondensation or polyaddition of
pre-polymers in aqueous systems.1a,5 However, in the past decades catalytic polymerization in
emulsion has drawn increasing attention,2b,6 mainly due to two major advantages. Firstly,
catalytic polymerization provides the broadest scope of microstructure control of the obtained
polymers, which is difficult to access via the conventional radical route. Secondly, in terms of
polymerizable monomers it is largely complementary to the other polymerization methods.
Under appropriate conditions, colloidally stable dispersions of various types of polymers can
be obtained via catalytic routes, including polyolefins, polyalkenamers, polyketones and
conjugated polymers.6c Another prominent feature of the polymers obtained by catalytic
polymerization, compared to those obtained via radical routes, is their often crystalline nature.
This provides the access to aqueous dispersions of semicrystalline polymer particles of
submicron size.
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Polyethylene (PE) is one of the major commodity polymers, with an annual production of
ca. 60 million tons per year. The early industrial process, free radical polymerization of
ethylene, employed since the 1930s produces branched low density polyethylene (LDPE) due
to extensive radical transfer. This process requires high temperature (above 150°C) and very
high pressure (> 2000 atm). The development of early transition metal catalyzed olefin
polymerization, triggered by the discoveries of Ziegler and Natta in the early 1950s, has
afforded high density polyethylene (HDPE), linear low density polyethylene (LLDPE), and
also stereoregular polyolefins.7 Moreover, the reaction takes place at much milder conditions,
even at room temperature and atmospheric pressure. The obtained bulk polymers cover the
range from highly crystalline materials of high strength and stiffness to completely
amorphous materials with rubbery properties. A drawback of the catalyst systems based on
the aforementioned early transition metals is their high oxophilicity, which precludes their
application in aqueous media, and also copolymerization with monomers containing polar
functional groups.
Conventionally, wax dispersions are produced by dispersing the polymer melt under high
shear and at high temperature.3a There are reports of radiation 8 or radical 9 initiated
polymerization of ethylene in emulsion, however only the latter is applied on a small scale
industrially. Despite the difficult and expensive process conditions, the production of PE
latexes amounts to several 10 000 ton/year. Recent developments of late transition catalysts,
particularly nickel- and palladium- based catalysts have bridged the gap between catalytic and
emulsion polymerization of ethylene on a laboratory scale. 10 PE latexes with a polymer
content up to 30 wt.% can be obtained with low to moderately high molecular weight, and
different crystallinity.10e Copolymerization with 1-olefins in aqueous media has also been
shown to be possible.10c, 10h In terms of accessible particle size, mini- and microemulsion
techniques afford particles of sizes from several hundreds of nanometers down to tens of
nanometers.10d, 10g By using water-soluble catalyst precursors, PE particles of ca. 10 nm size
can be accessed.10i
In this chapter, an account is given with respect to both the synthetic and structural aspects
of semicrystalline polyethylene particle dispersions, with a focus on the route via catalytic
polymerization.
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Synthesis of aqueous polyethylene dispersions
1.1.1. Late transition metal catalysts applied in ethylene polymerization

The catalyst systems applicable for polymerization in aqueous media have been
comprehensively reviewed recently.6 For ethylene homo- and co- polymerization in aqueous
media three groups of catalyst systems have been mainly studied,10a,10b, 11 namely neutral
nickel(II) complexes bearing formerly anionic phosphinoenolato (P^O) and salicylaldiminato
(N^O) ligands, and cationic palladium(II) complexes bearing bidentate -diimine ligands.
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In terms of the accessible molecular weight range and control of polymer microstructure,
the salicylaldiminato complexes have proven to be the most versatile. This type of complex
had originally been developed for nonaqueous polymerization of ethylene. Catalyst activities
of up to several 105 TO h-1 have been observed for polymerization of ethylene in toluene. PE
with high molecular weight can be obtained, with Mn ranging from 103 to 105 g mol-1
depending on the substituents on the ligand backbone, which also asserts controls on the
degree of branching in the polymer chain. Variable degrees of branching of 10 to 80 methyl
branches/1000 carbon atoms can be achieved.10f,10i
Detailed mechanistic studies 12 of late transition metal catalyzed ethylene polymerization
have shown that in general three distinct types of reactions are involved in the insertion
polymerization (Scheme 1.1): activation of the precatalyst by displacement of the ligand L by
coordinating ethylene monomer, propagation via consecutive coordination and migratory
insertion of the monomer, and chain transfer or termination via various pathways. Metal alkyl
complexes are believed to be the catalytic resting state. Migratory insertion of the ethylene
monomer to the metal-carbon bond is shown to be the rate-determining step in
polymerizations where diffusion of ethylene monomer is not limited, which is fulfilled in
polymerizations carried out in organic solvents. The chelating ligand stays bound to the metal
center throughout the polymerization reaction, and is responsible for the control of catalytic
properties of the active metal center.
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Scheme 1.1 A general mechanism of ethylene polymerization with late transition metal catalysts.

A specific feature of late transition metal catalysts distinct to early transition metal catalysts
is the more or less pronounced ‘chain walking’ ability of the active metal center along the
propagating chain, which also accounts for the presence of various types of branches in the
polyethylene homopolymers formed without using 1-olefin as a comonomer (Scheme 1.2).12
Formation of metal hydride species via -H transfer is the key step for not only to the
formation of branches, but also for chain transfer and termination.
H
M

-H transfer
P

H

2,1-reins.

M
P

1,2-reins.

P

-H transfer
M

methyl branch
P

H
M

Scheme 1.2 Formation of methyl branched polymer via chain walking.

The chain walking ability of the metal center depends in the first place on the nature of the
metal species, cationic palladium(II) based catalysts were observed to generally have a higher
propensity for chain walking than nickel(II) based analogues. In addition, the electronic and
steric properties of the substituents on the ligand backbone were also found to have a
significant impact on the chain walking ability, and thus the degree of branching and
crystallinity of the polymer obtained.
The coordination strength of the labile ligand L has a substantial effect on the
polymerization activities, via coordination to the metal center competitive with the monomer
(and/or solvent molecules in the presence of coordinating solvent). The use of a scavenger for
L has been reported to enhance the polymerization activity.13 Too strong coordination of L
can entirely hinder polymerization from occurring.14
4
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1.1.2. Catalytic polymerization of ethylene in aqueous media
To employ catalytic polymerization in aqueous media, two strategies have been most
commonly applied: (i) using a lipophilic precatalyst in combination with a mini- or microemulsion technique, (ii) using a water-soluble precatalyst in a single aqueous phase. Both
methods have their pros and cons. For the first method, various catalyst systems developed for
organic phase polymerization can be directly applied. However, the initial formation of miniand microemulsions is required. By using a water-soluble precatalyst, this issue can be
circumvented, whereas an appropriate choice of the precatalyst is often less straightforward,
or requires more synthetic effort. The water-soluble precatalyst can be either in situ generated
in the reaction mixture from appropriate reagents or employed as an isolated well-defined
metal complex. For water-solubility of precatalysts, introducing a water-soluble group to the
complex is a prerequisite. Using a water soluble labile ligand L has the advantage that it
usually requires less synthetic effort than introducing water-soluble moieties into the ligand
backbone. Furthermore, an enhanced activation by trapping of dissociated L in water can
facilitate the polymerization.10i
In both cases, due to the heterogeneous nature of emulsionsa and dispersions which typically
consist of lipophilic monomer, emulsifier, water and organic solvent/cosurfactant when
required and particles, the overall chain growth process in emulsion becomes more complex
than in organic solvent. Several factors, including the partition of the monomer between
water/oil phases, the transportation of the monomer to the reaction loci, and a conceivable
effect of water on catalyst deactivation have to be considered. Effective diffusion of the
monomer to the reactive center is usually fulfilled in organic solvents in which ethylene has a
sufficiently high solubility. However, due to the limited solubility of ethylene in water (ca. 0.1
M at an ethylene pressure of 40 bar), diffusion of ethylene monomer to the metal center might
have an influence on the catalyst performance.15 Due to the different chain growth mechanism
in catalytic polymerization, the particle formation mechanism can differ from the traditional
radical polymerization in emulsion, as proposed in several studies.10b,10i
1.1.3. Particle formation in emulsion polymerization
Particle formation in conventional radical emulsion polymerization has been intensely
studied. 16 Micellar nucleation and homogeneous nucleation are the two mainly postulated
mechanisms (Scheme 1.3).

a

Here, emulsion is used in a general sense to indicate disperse aqueous system containing surface-active agents.
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In polymerizations with a water-soluble initiator and under conditions of sufficient
solubility of the lipophilic monomer in water, with addition of monomer units by chain
growth, the propagating species becomes increasingly hydrophobic. Homogeneous nucleation
occurs when the oligomeric chain reaches a critical length and collapses upon itself, which
forms the primary particles and simultaneously generates a new phase in the reaction mixture.
By adsorption of the surfactant onto the interface, the primary particle is stabilized. Further
chain growth occurs in the particles. However, when the solubility of the monomer in water is
very low, or in the presence of foreign entities, e.g. surfactant micelles, the propagating
species tend to adsorb onto the surface of foreign entities or migrate into the surfactant
micelles before reaching the critical length, which leads to heterogeneous nucleation.

Scheme 1.3 Particle nucleation in emulsion polymerization.

In conventional radical emulsion polymerization carried out at surfactant concentration
above the c.m.c., it is believed that both mechanisms operate simultaneously, and the
interplay between these two depends on the initiator type, monomer solubility in water, etc.
Homogeneous nucleation is considered to be the main mechanism for monomers with
relatively high water solubilities (>170 mmol L-1), and for polymerizations at surfactant
concentration below the c.m.c. or in surfactant free systems. For generating submicron
particles, the use of a water-soluble initiator is essential, in order to avoid heterogeneous
nucleation in the large monomer droplets. In industry, ‘seed’ latexes of known particle size
and concentration are often added for the convenient and reproducible control of the
nucleation process.
Recently, mini- and microemulsion techniques have been proved to be useful for the
synthesis of very small particles (<100 nm) via catalytic polymerization.10 The essential
feature of mini- and microemulsion polymerization by comparison to the conventional
6
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emulsion route is that the nucleation occurs in the very small monomer droplets, which are
effectively stabilized by the surfactant/costabilizer system, therefore small particles can be
obtained with either water- or oil-soluble initiator. This significantly facilitates the application
of catalytic polymerization in aqueous media since most known catalyst systems are
hydrophobic. Direct synthesis of polymer latexes via catalytic emulsion polymerization
largely extends the available type of polymer latexes in addition to those obtained by radical
routes.
The studies of particle formation mechanisms in radical emulsion polymerization have been
largely based on the analysis of relationships between initiator concentration, monomer
partition in different phases, and the evolution of polymer particle number during
polymerization.16 Due to different chain growth mechanisms, the conclusions drawn can not
be straightforwardly applied in catalytic emulsion polymerization.6c By contrast to the
continuous formation and termination of radicals in conventional radical polymerization, in
catalytic polymerization, the activation of the precatalyst is believed to take place dominantly
at the early stage of the polymerization. The active site then ideally exists over the entire
polymerization process, or until the occurrence of catalyst deactivation. An estimation of the
ratio of catalyst to particle/chain number can give some insights into the particle formation
mechanism; however the interpretations need to be taken with some cautions. For example,
another specific feature in catalytic polymerization is that by possible recombination of labile
ligand (L), the catalyst could in principle exit a particle and generate a new particle (at
sufficient surfactant concentration).10i The different chain termination deactivation pathways
between radical and catalytic routes could also affect the growth of particles. In radical
polymerization, bimolecular radical recombination and disproportionation are the two main
chain termination mechanisms. However, in catalytic polymerization several different
deactivation mechanisms may operate simultaneously.12,17 In addition, crystallization of the
polymer chains during polymerization can also have conceivable effects on the particle
formation, which is rarely encountered in radical emulsion polymerization, due to the mostly
amorphous nature of the particles formed therein.

1.2.

Structure of semicrystalline polymers

A large part of the commercial thermoplastics consists of various semicrystalline polymers.
The morphology of semicrystalline polymer is found to be closely related to their properties,18
therefore it is of interest for both practical applications and the fundamental understanding of
crystallization. In recent years, the study of polymers under various types of confinements has
7
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also attracted increasing interests, due to specific structure and properties induced by the
confinement. 19 For semicrystalline polymers, the most intensely studied systems include
block copolymers with one or several crystallizable blocks, thin and ultrathin polymer films
and confined polymer droplets. In this section, after a brief outline of some fundamental
findings on polymer crystallization, an account is given on studies on the morphology of
semicrystalline polymer under various confinements. The morphology of semicrystalline
polymer thin films will be discussed separately in the following section.
1.2.1. Crystallization as a general phenomenon of polymers
PE is one of the most important semicrystalline polymers in industry and also serves as a
model compound for studies of polymer crystallization. Since the pioneering studies in the
1950s for understanding the structure of linear PE single crystals, 20 it has been now
universally accepted that polymers with reasonably flexible chains crystallize as thin lamellae
with chain folding (Scheme 1.4, a).18 The folded chains are commonly approximately
perpendicular to the folding surface. Individual folded lamella can exist as a form of single
crystals, which however often requires carefully chosen crystallization conditions.
Furthermore, a folded chain lamella is also the basic morphological unit for larger crystalline
structures such as spherulites in bulk materials, which are formed by aggregation and
branching of a large number of lamellae. On a molecular level, it has been revealed by
diffraction studies that the arrangement of repeat units in a crystal lattice is responsible for the
formation of highly ordered lamellar structure. For a given polymer, very often more than one
type of unit cell lattice exists depending on the crystallization conditions. For PE, the
orthorhombic unit cell is most commonly observed and is also the densest form of chain
packing by comparison to the hexagonal and monoclinic unit cell.21

Scheme 1.4 Schematic representation of (a) a spherulite, a folded chain lamella crystal and a
representative orthorhombic unit cell in a PE single crystal (projection on the plane perpendicular to
the chain axis c), (b) fringed micelle crystals

8
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Among other important factors such as the chemical nature of the molecules, the thickness
of the folded lamella has an impact on the melting properties of semicrystalline polymers,
which is of great importance for their industrial applications where melt processing is mostly
used. The lamellar thickness typically ranges from several to several tens of nanometers.22 It
can be therefore well characterized by small angle scattering and electron and scanning probe
microscopic methods. Numerous studies on the relationship between lamellar thickness and
their melting/crystallization properties have shown that thermodynamically it can be
described by the Gibbs-Thomson equation:23
lc 

2Tc
h  Tc  Tc






2 

Tm  Tm 1 
h  lc 



where, lc, Tc and Tm represent the lamellar thickness, crystallization temperature and melting
temperature respectively; , ∆h, Tc , Tm represent the fold surface free energy, enthalpy
change of the respective thermal transition, equilibrium crystallization temperature and
equilibrium melting temperature, respectively.
It suggests that the higher the crystallization temperature, the larger the lamellar thickness,
and the thus crystallized lamellae melt at a higher temperature. However, complete
understanding of this relationship has not been achieved yet. Recently it was reported that lc is
related to the proximity of Tc to a transition temperature located above Tc .23b,23c This
observation has triggered increased discussions on whether crystallization occurs via
metastable mesophases.21
Note that by comparison to the length of a fully extended polymer chain with a molecular
weight > 104 g mol-1, a lamellar thickness on the nanometer range corresponds to a very high
degree of chain folding. This high degree of chain folding to form thin lamellae is believed to
be kinetically driven, since a fully extended chain crystal is actually more thermodynamically
favored in the bulk. 18a The most successful theory to describe this kinetic process has been
first postulated by Hoffman and Lauritzen 24 a and revised through their and many other
researchers’ work in the last decades. The most fundamental argument of this theory is that a
thin crystal grows faster than a thick one, as the addition of short straight stems, formed by
fluctuations of flexible chains, presents a lower entropic barrier than the addition of long
extended chains. The intricate details of this theory have been discussed in many
reviews.24b,24c In the context of this thesis, two important consequences of this kinetic
character of polymer crystallization on the resulting morphology should be pointed out: (i) the
9
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anisotropic habit of polymer single crystals owing to the different growth rate at each
crystallographic plane; (ii) the accumulation of chain loops and entanglements at the crystal
surface which forms the amorphous layers at both folding surfaces of the crystalline lamellae.
With increasing time and temperature, the interfaces between the crystalline lamellae and
amorphous layer have a high propensity of undergoing rearrangement.
At this point it is self-evident that polymer microstructure, namely degree of branching and
distribution of branches along the backbone, has a significant influence on crystalline
morphology. Introducing branches into the linear chains often causes a decrease of the
lamellar thickness due to exclusion of the branches from the crystalline layer. Small
branching units, such as methyl groups, or chloride, can be incorporated into the lamella with
expansion of the unit cell in the lateral direction.25 However, with the size of the branching
group increasing beyond a certain extent, the formation of highly folded chain crystals
become difficult, and finally the polymer can only form so-called fringed micelle crystals26
(Scheme 1.4, b). It should also be noted that with increasing difficulty for the polymer chain
to crystallize, the crystallization conditions can have an increasing impact on the final
morphology formed.
1.2.2. Structure of semicrystalline polymers confined as particles/droplets
Aside the aforementioned factors, a restricted geometry has also been observed to have a
significant impact on polymer crystallization.19 The structure of semicrystalline polymer
particles in various dispersing media, particularly water, is in principle of broad interest for
both practical applications of polymer latexes and for fundamental understanding of
crystallization under confinement. However, detailed morphological studies of semicrystalline
polymers dispersed as particles or droplets are rare.
Direct syntheses of PE latexes using in situ generated lipophilic catalyst precursors in minior microemulsion, or in situ generated hydrophilic catalyst precursor afforded submicron
particles. Accessible particle sizes range from several hundreds of nanometers down to < 20
nm, depending on the initial dispersing state of the reaction mixture. In the range of 100–300
nm, the particles were reported to have anisotropic shape.10c,10d Detailed TEM and AFM
studies show that the particles consist of both several stacked lamellae with lamella spacing of
ca. 10 nm and isolated single lamella with lateral extension up to 200 nm. The anisotropic
particle structures are attributed to the fast crystallization of the PE chains during
polymerization. Ethylene/1-olefin copolymer latexes were also prepared by catalytic emulsion
polymerization. The obtained copolymer particle have a lower crystallinity due to the
10
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presence of short or long alkyl branches, thus the particles exhibit more spherical shape in
TEM images.10f
Secondary dispersion in combination with a miniemulsion technique was reported to
provide PEO particles of about 100 nm size.27 Homogenous nucleation was indicated by a
high extent of undercooling during crystallization, and a loosely stacked lamellar structure in
the dispersed particles was proposed by the authors. By using a selective organic solvent and
subsequent cross-linking of the aggregated PB shell, dispersed PEO-b-PB particles of size <
100 nm were obtained.28 The authors reported that by tuning the cross-linking density the
crystallized PEO lamellar thickness can be controlled, and thus the melting temperature of the
PEO block. However, no detailed morphology characterization of the lamellae was provided.
In addition, the preparation of submicron particles of various other semicrystalline polymers
by secondary dispersion has been documented.29 The polymers used include HDPE,3c paraffin
(polyethylene wax),29a,29f polyurethane,29b polychloroprene,29c conjugated polymers29d etc.
Controlled radical emulsion polymerization of vinyl monomers with a crystallizable side
chain has also been reported.29e However, in these patent reports the particle structure and
morphology were not characterized or ill-defined.
Self-assembly of an amphiphilic block copolymer in water was reported to form submicron
core-shell particles with a crystalline core domain. 30 The melting temperature of the
crystalline core was observed to vary with its diameter, but the detailed structure of the
crystalline domain was not described.
Polymer droplets can be formed via dewetting of a thin polymer layer on a substrate19c,31 or
between two immiscible polymer layers.32 Colloidally dispersed particles with particle sizes
in the range of hundreds of nm down to 25 nm were obtained. In both cases, characteristic
homogenous nucleation was indicated by the drastically increased extent of undercooling by
comparison to bulk materials, and is further supported by the different crystallization kinetics
than from the bulk polymers. The crystallization rate in the confined droplets was reported to
be higher than that of the bulk material and is proportional to the droplet size. Independant
crystallization in individual droplets was directly visualized by atomic force microscopy
(AFM).19b,19c
1.2.3. Bulk block copolymers
Block copolymers are popular systems for the studies of semicrystalline polymer
morphology, due to their self-assembled nature induced by the micro-phase separation
between immiscible blocks. With varied block length, that is different crystalline domain size,
11
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the molten block copolymers spontaneously self-assembled into mesophases having spherical,
cylindrical or lamellar morphology.34
When a block copolymer is weakly segregated and all blocks are above their glass transition
temperatures, crystallization is observed to destroy the mesostructure and leads to the
formation of lamellar spherulitic structures. However, for highly incompatible systems or for
fast crystallization kinetics, the mesostructure formed during micro-phase separation may be
preserved. Crystallization thus takes place under the confinement of the amorphous matrix.
Numerous studies have been conducted to investigate the overall crystallization kinetics and
its effect on the final morphology in such systems. 33 In the context of this thesis, two
important findings thereof should be noted: (i) in the copolymers with one crystallizable
component and under weak segregation, crystallization was dominantly influenced by the
type of spacially confined structure, which is dependent on the composition of each block; (ii)
in copolymers with more than one crystallizable component, crystallization of the second
crystalline domain was observed to be significantly influenced by the more rapidly
crystallized domain.

1.3.

Polymer Films
1.3.1. Submicron semicrystalline films

In a study of poly(di-n-hexylsilane) films of thickness 5~350 nm, decreased crystallization
dynamics and even inhibition of microcrystallite formation in the films thinner than 50 nm
were reported.19a Since then thin (100 ~ 1000 nm) and ultrathin (< 100 nm) polymer films
have attracted increasing attentions, not only for their practical applications, especially for
polymers for electronic applications, but also for fundamental understanding of
structure/property relationships of polymers under two dimensional confinement. In this
section, the focus will be placed on semicrystalline polymer films.
It has been proposed, and is also generally agreed upon, that for a high molecular weight
polymer the chain segments close to the film/substrate and film/air interfaces adapt different
conformation than in the bulk interior, which leads to different segmental mobility,
viscoelastic properties, and thermal properties. For semicrystalline polymers, these influences
are related to the change of crystallinity, crystal growth rate, and thus the crystalline
morphology. 35 a Spherulites are the most common morphology for semicrystalline bulk
polymers and films of micrometer scale. Detailed electron microscopy studies show that
spherulites consist of folded lamellae as basic units. In the center of spherulites the lamellae
are stacked parallel, and the extent of branching and twisting increases drastically as they
12
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grow away from the center, giving a sheaf-like organization which finally develops into
spherulites. When the film thickness approaches a small multiple of characteristic molecular
dimensions of the polymer chain, that is the radius of gyration (Rg), the crystallization is often
observed to be influenced by this confined geometry.
In this context, three aspects of influences have been most often examined, (i) crystallinity,
(ii) crystal growth rate, (iii) diverse morphologies developed in ultrathin films which are
different from typical spherulites, and also the dependence of crystallite orientation with
respect to the substrate. A decrease of crystallinity with decreasing film thickness has been
observed for several different polymers.19a,35b In a study with a ferroelectric polymer, this
decrease of crystallinity is attributed to be the reason for the observed decrease of ferroelectric
responses in films with thicknesses below a threshold value.35b Interestingly, lowering the
annealing temperature was observed to reduce this threshold thickness at which stable
lamellar crystals can be formed, and thus improving the ferroelectric responses of the ultrathin
films. A decrease of crystal growth rate with decreasing film thickness was observed in PEO
thin films by several groups. In some cases it has been attributed to a hindered transportation
of chains to the growth front due to the interaction between the polymer and SiO2 substrate.35c
Due to altered crystallization kinetics, the formation of various morphologies ranging from
finger-like dendrites35d to even single crystal35e in ultrathin films was reported. With
decreasing film thickness, randomly oriented lamellae in normal spherulites are restricted to
exclusively either flat-on or edge-on orientation (with chain axis perpendicular or parallel to
substrate surface, respectively). However, no systematic trend can be derived from the
aforementioned studies. The morphological details and the orientation of lamellar crystallites
vary from one to another with the individual type of polymer and substrate used.
1.3.2. Preparation of polymer films
For the preparation of (ultra)thin polymer films, spin-coating of a polymer solution is the
most common method, which often involves the use of organic solvents and elevated
temperature to afford dissolution of the polymer. The development of syntheses of aqueous
polymer dispersions (latexes) enables film formation from polymer latexes under more
environmental friendly and benign conditions. Both academic and industrial research in this
area has been focused on improving the physical and mechanical properties of the films by
tuning the nature of the polymer and the film preparation conditions.
The formation of a polymer film from a dispersion of latex particles is a complex process
involving several phenomena.16,36,37 The characteristics of the latex particles, as for instance
13
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the glass transition temperature, Tg, of the latex polymer has been observed to have significant
influence on their film forming properties. Many different mechanisms have been proposed to
account for the various processes involved in latex film formation. In general it is agreed that
three main steps are involved in film formation from polymer latexes (Scheme 1.5).

Scheme 1.5 Three stages of film formation from polymer latexes.

(i) Upon applying the polymer latex onto a substrate, water starts to evaporate at a constant
rate, during which the particle may form a regular packing, depending on the particle size
uniformity, ionic strength, viscosity etc. (ii) the water evaporation rate decreases when
intimate contact between particles is achieved, and the surface between the particles is curved
such that the interfacial tension of water tends to force particles together, (iii) deformation of
the particles occurs due to large interfacial forces that deform the particles if their Tg is below
or close to the drying temperature. At this stage, the polymer chains diffuse across the particle
boundaries and at the end of this step the particles lose their identity and a homogeneous and
void-free film is formed. If the Tg of the latex particles is higher than the temperature at which
water evaporates, there will be ‘cracks’ in the resulting film due to insufficient coalescence
between the particles. The mechanisms involved in these different steps have been discussed
in detail in several review articles.16,37
Polymer latexes prepared by emulsion polymerization often contain non-volatile, watersoluble components, such as surfactants, plasticizers, etc., which may not be uniformly
dispersed throughout the full thickness of the film or, due to incompatibilities, may be
extruded from the polymer and accumulated at interstitial or interfacial regions. Such
heterogeneities may cause undesired properties in their applications.
So far, film formation from polymer latexes has been studied for amorphous polymers, as
they are dominant in classical applications of emulsions. The presence of a crystalline phase
may have additional impact on the film forming process and the fate of additives, especially
surfactant molecules.
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2. Scope and Objectives
Polyethylene and its bulk morphology have been studied intensely over the past 50 years.
Micron-sized single crystals, carefully grown from very diluted organic solutions, have
contributed to the fundamental understanding of polymer crystallization. However, nonaggregated and freely moving nanoscale polyethylene crystals have become accessible only
very recently. They are prepared by catalytic polymerization in aqueous emulsion with watersoluble catalysts.
This thesis explores the structure and properties of this novel, unique system. A detailed
account of their preparation, and the structure and thermal behavior of individual crystals is
given (Chapter 3). Interactions with guest molecules, dependant on particle crystallinity, are
discussed (Chapter 4). Due to their small size, the particles are able to form continuous films
despite their crystalline nature (Chapter 5). Modification and tailoring of their surface is
reported (Chapter 6).
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3. Synthesis and Characterization of Polyethylene Nanocrystals
3.1.

Introduction

Since the first report on catalytic polymerization of ethylene in water by a well-defined
rhodium complex in a suspension-type polymerization,1 several late transition metal catalyst
systems (in situ generated or well-defined) have been developed for this purpose.2,3 Among
them, salicylaldiminato-Ni(II) complexes have received special consideration due to: (i) the
well-defined structure and modular synthesis of the ligand backbone, allowing for systematic
variation of the substitutions on the ligand and thus catalytic properties, (ii) the polymers
obtained with this catalyst system cover a broad range of degree of branching, with
moderately high molecular weights. The use of lipophilic salicylaldiminato-Ni(II) complexes
in mini- or microemulsion has been intensely investigated.3 Colloidally stable PE dispersions
with various degrees of crystallinity could be obtained. The accessible particle size ranges
from several hundred nm down to ca. 10 nm.
Another approach using water-soluble precatalysts starting from a single aqueous phase has
also been reported recently, with either in situ generated catalyst or isolated well-defined
precatalyst.4 The second approach is attractive due to, firstly from practical point of view the
simplified initial state of the reaction mixture, i.e. an initial formation of mini- or microemulsion is not required, and secondly, also essential to the present work, the access to PE
dispersions with particle sizes down to ca. 10 nm due to an effective nucleation. The
microstructure and morphology of the obtained semicrystalline polymer particles of such
unprecedentedly small size are of interest. In this chapter, following a discussion of the
synthesis of PE dispersions with different particle size and crystallinity, the analysis of the
polymer microstructure and the particle morphology are described.

3.2.

Synthesis of PE nanocrystals

For the present study, water-soluble salicylaldiminato-Ni(II) complexes with remote
substituents R = CF3, CH3 were prepared. The use of a highly water-soluble labile ligand L, L
=

TPPTS

[tri(sodium

phenylsulfonate)

phosphine],

TPPDS

[di(sodium

phenylsulfonate)phenyl phosphine] or PEG-NH2 [Me(OCH2CH2)nNH2, n ≈ 52], affords watersoluble precatalyst 1 and 2 (Scheme 3.1).
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Scheme 3.1 Synthesis of water-soluble precatalysts.

In polymerization in toluene, it was observed that with a strong electron withdrawing
substituent, such as R = CF3, highly linear polyethylene (ca. 10 methyl branching/1000 carbon
atoms) with Mn of ca. 2·105 g mol-1 was obtained. In contrast, highly branched and completely
amorphous PE (ca. 80 methyl branching/1000 carbon atoms) was obtained with CH3
substituents owing to the significantly enhanced ‘chain walking’ ability, and also enhanced
chain transfer, which is attributed to a higher propensity for -hydride elimination due to the
less electrophilic nature of the metal center. 5 Consequently, the molecular weight also
decreases by one order of magnitude to ca. 104 g mol-1.
The synthetic protocol developed by I. Göttker-Schnetmann was employed with minor
modifications.4d Starting with a neutral Ni(II) complex [(tmeda)NiMe2] (tmeda = N,N,N’,N’tetramethylethylenediamine) as a precursor, addition of a stoichiometric amount of free
salicylaldimine (NR^O)H results in the protonation of one Ni(II)-methyl group, and the
formation of the neutral [(NR^O)NiMe(tmeda)] complex. Upon subsequent addition of the
water-soluble ligand L, the relatively labile tmeda ligand is exchanged by L to form
[(NR^O)NiMe(L)]. Evaporation of the high-boiling solvent under high vacuum at room
temperature facilitates the formation of [(NR^O)NiMe(L)] by partial removal of tmeda. Using
a slightly substoichiometric amount of L enables an efficient removal of residual organic
solvent-soluble impurities by repetitive washing with appropriate solvents (diethyl ether for
phosphine ligands or pentane when L = PEG-NH2) during workup. To enable the reaction of
the hydrophilic sulfonated phosphines (TPPTS or TPPDS) with the apolar salicylaldimine and
[(tmeda)NiMe2], DMF (N,N-dimethylformamide) was used as a solvent. In the case of L =
PEG-NH2, the reaction can be also carried out in benzene. Complexes 1 and 2 were obtained
in 90% yield, as DMF adducts when DMF was used as the solvent. A single Ni(II)-methyl
resonance is observed in the range of –1.2 ~ –1.5 ppm in 1H NMR spectra in CH3OH-d4
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solution. In 31P NMR spectra, a dominant signal of coordinating phosphine is observed at 32
ppm, and a minor signal at –3 ppm is assigned to partially dissociated free phosphine. The
dissociation occurred upon dissolving the complex in CH3OH-d4.4d
For the synthesis of PE dispersions, the aqueous solution of precatalyst 1 or 2, which also
contains the desired amount of SDS (sodium dodecyl sulfate) surfactant for stabilizing the
polymer particles, is exposed to a constant ethylene pressure at 15°C for ca. 30 min.
Polymerization at 40 bar ethylene pressure afforded transparent colloidally stable PE
dispersions containing typically ca. 2 wt.-% polymer solids content (Table 3.1, entries 3-1 to
3-4). Decreasing the ethylene pressure to 30 bar has no significant influence on the catalyst
activity and productivity, or the microstructure of the obtained polymers (Table 3.1, entry 3-5
and 3-6). At an ethylene pressure of 20 bar or below, no polymer could be obtained, likely
due to a too low solubility of ethylene under these conditions.
The consumption of ethylene can be monitored via the ethylene mass flow during
polymerization (Figure 3.1). A continuous decrease of catalyst activity is observed for
polymerizations with both types of water-soluble precatalysts. After ca. 30 min the ethylene
consumption had decreased by a significant extent. By comparison to continuously high
activities for hours observed in polymerization in toluene or miniemulsion with corresponding
lipophilic catalysts, this indicates an enhanced catalyst deactivation. Albeit the catalyst
deactivation pathways have been illuminated, this difference in catalyst stabilities between

40
entry 3-1
entry 3-3
30

-3

TOF mol(C2H4) * 10 / mol(Ni) / h

different colloidal systems remains unclear.2b,6
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Figure 3.1 Ethylene mass flow recorded during polymerizations (Table 3.1, entry 3-1 and 3-3).
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As anticipated, the substituents R (Scheme 3.1) have a substantial effect on the
microstructure of the obtained polymer in the dispersions. The dispersions formed with 1
(designated as dispersion I in the following) consist of high molecular weight, linear
semicrystalline polyethylene with Mn = 2×105 g mol-1 (Mw/Mn 2.4) and only 6 branches /
1000 carbon atoms (exclusively methyl branches) as determined from GPC and 13C NMR of
the isolated polymers, respectively (Scheme 3.2, Figure 3.2 and Table 3.1, entry 3-1). This
results in a high bulk crystallinity of ca. 60 % and a high melting temperature Tm = 132 °C (Tc
= 106°C) as determined by differential scanning calorimetry (DSC). By comparison, the
dispersions obtained with 2 (dispersion II) are composed of highly branched polyethylene
with ca. 50 methyl branches / 1000 carbon atoms and a small portion of ethyl and longer
chain branches (Scheme 3.2, Figure 3.3 and Table 3.1, entry 3-3). Branch formation occurs
via -hydride transfer as a key step, which is also the key step for chain transfer (Scheme
1.2).3c,7 Therefore, the decrease of molecular weight with increasing degree of branching is
expected. Nonetheless, the polymers obtained with precatalyst 2 have a molecular weight of
Mn = 104 g mol-1 (Mw/Mn 2.3). This is sufficiently high to be in the regime where molecular
weight has little influence on crystallization and crystallinity.8 As a result of the higher degree
of branching, the bulk polymer melts at Tm = 67 °C (Tc = ca. 60 °C) and possesses a much
lower crystallinity of ≤ 20%. Moreover, the melting and crystallization transitions cover a
much broader temperature range than observed for the bulk polymer from dispersion I, which
indicates a much less defined crystalline structure. The use of a hydrophilic labile ligand
containing a PEG group was found to have no significant influence on the catalyst
performance, besides a minor population of larger particles in the dispersions obtained (Table
3.1, entry 3-2 and 3-4).

Scheme 3.2 General nomenclature scheme for NMR assignment of polymers.
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SDS residue

Figure 3.2 13C-, 1H NMR spectra and GPC trace of the isolated polymer from dispersion PE I (Table
3.1, entry 3-1).
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CH2=CH-

CH2=CH-

Figure 3.3 13C-, 1H NMR spectra and GPC trace of the isolated polymer from dispersion II (Table
3.1, entry 3-3).
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Decreasing the amount of SDS initially added into the reaction mixture was found to have
no significant effect on the catalyst performance (Table 3.1, entry 3-7 and 3-8). Under
otherwise identical conditions, nearly the same amount of polymers were obtained with no
significant change of bulk material properties. However, the particle size in the dispersions
increased to some extent and a less ordered morphology was observed in these larger particles
(vide infra). At a low SDS concentration of 0.8 g L-1, the particle size increases to ca. 80 nm
in contrast to the size of ca. 10 nm at an SDS concentration of 7.5 g L-1. Surface tensions of
ca. 60 mN m-1 confirm the absence of SDS micelles in the as-prepared dispersions. That is,
the initially added SDS molecules are mostly adsorbed on the particle surface, affording their
colloidal stability. Assuming a spherical particle shape and a condensed monolayer adsorption
of SDS on the particle surface, the particle surface coverage by the head group of SDS
(assumed to be 0.62 nm2)9 can be estimated by taking into account the polymer content, the
average particle size as determined from DLS measurements and the initial amount of SDS. In
all dispersions, a particle surface coverage of higher than 50% is calculated, which is also in
line with the stability of all dispersions at room temperature observed over months.
In the catalytic polymerization with a water-soluble precatalyst, after the chain has grown
by at least a few repeating unit, the active species becomes hydrophobic. At a high surfactant
concentration, i.e. low interfacial tension, the generation of primary particles by collapse of
the oligomeric chain may be facilitated by micellization of the propagating species. The
formation of a large number of stabilized primary particle leads to a final small particle size of
down to ca. 10 nm. In contrast, at a low surfactant concentration, agglomeration of primary
particles may occur due to insufficient surface coverage of the primary particle surface, which
results in larger particle size and drastically decreased particle number. This effect of
surfactant concentration on the final particle number has also been observed and
experimentally studied in conventional radical emulsion polymerization.10
Based on the particle size determined by DLS, the molecular weight from GPC, an
estimation of Nchain/NNi yields in some cases Nchain/NNi > 1, which indicates not all precatalyst
is activated. Molecular weight distributions of about 2 also show that chain transfer occurs.
Therefore, the estimated ratio of Nparticle/NNi of about 1 indicates that in the polymerizations
carried out above the c.m.c. of SDS, a single active site is capable of generating a polymer
particle. In polymerization entries 3-7 and 3-8, due to the larger particle size, the number of
Nparticle/NNi appears much lower, however this probably results from coagulation of primary
particles at the early stage of the polymerization. This is also supported by the morphology of
these larger particles shown by TEM micrographs (vide infra). DLS measurements of these
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two dispersions show that the particle size distribution remains nearly as narrow as in the
dispersions obtained above the surfactant c.m.c. After storing at room temperature over
months, one dominant peak was still observed. The finding that not only these aggregates
consist of relatively uniform primary particles, but also have a quite uniform size distribution
as such suggests that they formed at similar conditions of surfactant concentration, which
changes with the progress of the reaction. Generation of a new chain via chain transfer to
ethylene monomer probably occurs in the existing particles, which therefore has little
influence on the final particle size obtained. Any conceivable heterogeneous formation of
particles at the later stage of polymerization can be excluded by the absence of bimodal size
distributions.10 Overall, these findings agree with the previous study by I. GöttkerSchnetmann on the preparation of dispersion I.

3.3.

Characterization of PE nanocrystals
3.3.1. Particle morphology

A unique feature of the particles in dispersion PE I and II is their very small size on the
order of 10 nm as given by dynamic light scattering (DLS). It must be noted that the single
angle DLS employed is subject to some error in the size regime of the particles studied. The
particle size was therefore also evaluated by atomic force microscopy (AFM) measurements
on separated particles (Figure 3.4). Spin-coating from dilute dispersions (Table 3.1, entry 3-1
and 3-3) allows for the deposition of separated particles on a glass or mica substrate. AFM
studies of such small particles are relatively accurate only with respect to height due to the
extra broadening effect in the lateral dimension induced by tip size.a The height of typically 8
to 15 nm found for individual particles in dispersion I and II (Figure 3.4) fits well with the
particle size found by DLS. With the consideration of tip convolution, the lateral dimension of
ca. 50 nm given by AFM line cross sections for the crystalline particles is also reasonable for
a particle size of ca. 10 nm. It is also observed that the formation of particle aggregates still
occurs to some extent despite a very high dilution of the dispersion. While the particles from
dispersion PE I tend to form anisotropic aggregates, the aggregates in the case of dispersion
PE II appear nearly spherical, as expected for much lower crystalline particles where fusion
between the particles occurs more likely. In addition, AFM phase images also provide
information about the viscoelastic properties of the particles. With the same measurement
a

The particles studied here have a size of ca. 10 nm, comparable to the AFM tip radius (typically ca. 10 nm in
the present study), which therefore causes significant broadening in the apparent lateral dimension of the
particles. It can be roughly estimated as Rm = 4 r  R , where r and R designate the tip and particle radius,
respectively (J. Appl. Phys. 2007, 101, 033527).
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parameters, the particles from dispersion PE II appear darker in the phase images than the
particles from dispersion PE I, which is caused by more significant damping interactions
between the tip and the softer lower crystalline material. The phase images also revealed
additional small ‘dots’ existing in addition to the PE particles, which are presumably
crystallized SDS aggregates, concerning their typical height of ca. 1 nm and their bright
appearance in the phase images.

Figure 3.4 AFM height images, corresponding line scans and phase images of particles of
dispersion I (left, with a scan size of 5 m) and II (right, with a scan size of 3 m).

Linear polyethylene is known to crystallize in the form of lamellae in the bulk, which is the
lowest hierarchical structure responsible for crystallinity. 11 The thickness of lamellae is
controlled by the microstructure of the polymer chain and the crystallization conditions
(Section 1.2.1). Polyethylene particles of hundreds of nm size in aqueous dispersions have
been shown to consist of mixtures of multi-lamellar and single lamellar particles.4a When the
particle size decreases down to the order of the lamellar thickness (under given crystallization
conditions), exclusive accommodation of one single lamella in one particle becomes possible.
This unique internal structure of particles in dispersion PE I was demonstrated by a
combination of cryo-TEM and SAXS analysis by the group of M. Ballauff.12
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Cryo-TEM allows for studying the particle shape by shock-freezing the dispersion to
conserve the original dispersion structure. Statistic analysis made on a relative larger number
of particles can give an overview of the particle size and shape. The SAXS analysis with
contrast variation affords the detailed internal structure of the particles in the dispersion. The
results show unambiguously that the particles of ca. 60% crystallinity (dispersion PE I)
consist of a single lamella with a thickness of 6.3 nm sandwiched between two ca. 1 nm
amorphous layers, and the lateral dimension of the particles amounts to ca. 24 nm (Figure 3.5
(a) and (b)). Cryo-TEM micrographs also show a rather narrow particle size distribution.
Surprisingly, the crystalline particles exhibit faceted truncated lozenge feature even at such
small particle sizes, which has been observed previously only for micron size melt- or
solution- crystallized PE single crystals formed at relatively high crystallization temperature.13
It is well-established for large PE single crystals that the truncated-lozenge shape is due to the
slower growth rate at {100} planes by comparison to {110} planes. The observation of this
shape in such small PE particles crystallized at such a large undercooling may indicate limited
growth under spatial confinement. In contrast, cryo-TEM micrographs show that the particles
in dispersion PE II have a much more spherical shape, as expected due to their low
crystallinity. SAXS measurements on the dispersion II were attempted, however meaningful
data analysis could not be obtained due to a too low scattering intensity.

Figure 3.5 A schematic structure of PE nanocrystals in dispersion I (a), and cryo-TEM micrograph
of polyethylene nanoparticles of dispersion I (b, M. Ballauff et al, Bayreuth) and dispersion II (c).

The structure of the crystalline phase in the particles was also studied by X-ray and electron
diffraction (Figure 3.6). X-ray diffraction patterns were recorded on powder samples prepared
by lyophilizing the PE dispersions. From PE dispersion I, characteristic (110) and (200)
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reflections of the orthorhombic polyethylene unit cell were observed at 2 angles of 21.4° and
23.8°, respectively, which agree well with the calculated values of 21.5° and 23.9°. From the
strong (110) reflection, the crystal size along this direction can be estimated via the DebyeScherrer equation.b,c The resulting value of ca. 20 nm agrees with the values obtained by cryoTEM and SAXS analysis. For electron diffraction studies, isolated particles were also
deposited on a TEM grid. Electron diffraction on the individual PE nanocrystals of ca. 10 nm
size was found to be very difficult due to damaging of the crystal by the electron beam in a
very short time. However, an electron diffraction pattern obtained from an isolated ca. 200 nm
particle confirms the single crystal feature of the particle (Figure 3.6, (c)).

Figure 3.6 (a) X-ray diffraction pattern of PE powder sample prepared by lyophilizing the
dispersion I, and II. (b) TEM micrograph of a ca. 200 nm PE particle and its corresponding electron
diffraction pattern (c) with the corresponding reflection indexes indicated in the image. The observed
reciprocal spacing of the (110) and (200) reflection is 0.22 1/Å and 0.23 1/Å, respectively. By
comparison to the calculated values of 0.24 1/Å and 0.27 1/Å, the decrease of both is probably due to
the distortion of the orthorhombic phase induced by radiation of the electron beam, as reported
previously (e.g. Makrom. Chem. 1973, 164, 333-341).

In contrast to the highly crystalline particles, in the X-ray powder diffraction pattern of the
low crystallinity sample (PE II) only one distinct peak was observed, which appears at
slightly lower angle than the (110) reflection of orthorhombic PE (Figure 3.6, (a)). The
b

According to the Debye-Scherrer equation, the crystal size (for particle size below 100 nm) at each reflection
direction can be estimated by d = b  / a cos (), where , a,  represents the X-ray wavelength, the full width at
half maximum (FWHM) of the diffraction peak and the diffraction angle, respectively; b is a constant which for
polymers usually is equal to 1.
c
The crystal size in the sample PE II is estimated to be ca. 6 nm by the Debye-Scherrer equation. However, this
value is subject to a large error due to a large inaccuracy in determining FWHM in the presence of the intense
amorphous halo.
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significantly increased intensity of the broad amorphous halo centred at ca. 19° is expected,
due to the much higher amorphous fraction. In random ethylene-propylene copolymers, the
introduction of methyl branches along the polyethylene chain is known to cause a decrease of
the crystallinity with increasing propylene content, and copolymers with ethylene content
below 60 mol.-% are essentially amorphous.14 It is also established in literature that propylene
units enter into the lattice of orthorhombic polyethylene, gradually increasing the disorder in
the crystalline phase but leaving substantially unaltered the trans-planar conformation of the
chains. As a consequence, the dimension of the a axis of the unit cell of polyethylene
increases almost proportionally to the propylene content of the copolymer, whereas the b and
the c axes practically retain the dimensions found in polyethylene. For high propylene
contents, a becomes nearly equal to

3 b and hence the unit cell becomes pseudo-

hexagonal.14a This explains the observation of both one diffraction peak and the lower
diffraction angle for PE II (cf. Section 6.3.1 for more detailed discussion on the particle
microstructure).
In the context of a conceivable practical growth limit of one single lamella in a PE
nanoparticle, the structure of particles of intermediate size of 10-100 nm is of interest. In
polymerizations carried out with catalyst 1a and 2a far below the c.m.c. of SDS, colloidally
stable PE dispersions with particle sizes of ca. 80 nm and 40 nm, respectively were obtained
(entry 3-7 and 3-8, Table 3.1). Cryo-TEM micrographs show well-separated particles in both
as-prepared dispersions (Figure 3.7, a, b). The particles in the dispersion from entry 3-8
(obtained with precatalyst 2) remain nearly spherical shape, though a slight anisotropy can be
seen in the enlarged image. Surprisingly, the particles in the as-prepared dispersion from entry
3-7 (obtained with precatalyst 1) have a rather irregular particle shape and morphology.
However, after a melt-recrystallization, much more regular sphere-like particles were
observed in TEM micrographs, with one or several pleat-like folds often present in the interior
of the particles (Figure 3.7, c). One possible explanation can be that the nascent ca. 80 nm PE
particles probably consist of randomly agglomerated small anisotropic ‘subparticles’. This is
supported by the AFM images measured on the isolated particles from the as-prepared
dispersion entry 3-7 (Figure 3.7, (d) and (e)). The height of the particle ranges from ca. 20-50
nm in contrast to typically 8-10 nm for the particles in dispersion entry 3-1. Upon meltrecrystallization, more than one lamellae form, and the pleat-like structure may result from
folding upon deposition of the particles on the TEM grid.
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(e)

(d)-2

Figure 3.7 Cryo-TEM micrograph of PE nanoparticles in the dispersion from entry 3-7 (a) and entry
3-8 (b, with an enlarged image in the inset); (c) TEM micrograph of PE nanoparticles in the meltrecrystallized dispersion from entry 3-7; (d)-1 and (e) are the AFM height and phase image,
respectively, of PE nanoparticles in the as-prepared dispersion from entry 3-7. (d)-2 shows the
corresponding height cross section in (d)-1. The irregularly shaped small bright dots in (e), as
indicated by the arrow, are presumably SDS aggregates as concluded from their very low height of ca.
0.5 nm.

3.3.2. Melting/Crystallization in PE nanocrystals
Melting/crystallization transitions in such small crystalline particle are of interest for
understanding polymer crystallization under confinement. DSC provides a direct method to
observe the thermal transitions occurring in the PE particles (Figure 3.8). The prerequisite of
no occurrence of particle coagulation was confirmed by DLS measurements on the dispersion
before and after DSC studies.
With a heating/cooling rate of 10 K min-1, a melting transition in dispersion I was observed
at ca. 127 °C in the first heating trace, which is about 5 °C lower than the Tm = 132 °C of the
bulk material. This slight decrease of the melting peak indicates that the surfactant layer
adsorbed on the particle interface does not cause a strong melting depression, which agrees
with literature studies on hexadecane and PEO confined in miniemulsion droplets. 15 In
dispersion II, the melting transition appears much broader and is centered at a much lower
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temperature of ca. 70 °C, as expected. Interestingly, in cooling traces a high supercooling of
crystallization is observed in both dispersions, with Tc located at 75 °C and 38 °C for polymer
dispersions I and II, respectively.

Figure 3.8 DSC traces of (a) dispersion PE I, (b) dispersion PE II.

This high degree of supercooling is attributed to the independent crystallization occurring in
individual molten droplets in the dispersions, which nucleate likely in a homogeneous fashion
in contrast to heterogeneous nucleation in the bulk.16 Note that the heating/cooling rate is
known to have an influence on the thermal transitions, therefore DSC studies with various
heating/cooling rates were performed. With a cooling rate ranging from 30 to 1 K min-1, no
strong influence on Tc was observed which only varies in the range of 75 ± 5 °C (data not
shown here). Furthermore, with an additional 1h isothermal interval introduced at various
temperatures during cooling from 140 °C to 75 °C, crystallization was observed to occur at
ca. 75 °C in all cases (Figure 3.9). These results show a high stability of the PE latexes under
the conditions of DSC measurements, and also as a colloidally stable supercooled dispersed
polymer melt. The melting endotherms and crystallization exotherms, respectively, observed
for the dispersions are rather weak due to the small amount of polymer present in the DSC
sample (ca. 0.3 mg of polymer). Melt and crystallization enthalpies measured are not accurate,
particularly for the low crystalline samples II. As far as can be told, there is no evidence that
these enthalpies differ drastically from the bulk.
In the measurements with sequential heating/cooling up to 5 cycles, although Tc remained at
ca. 75 °C, Tm was observed to be shifted to a lower temperature in the second heating trace
which increases however gradually again in the subsequent heating traces (Figure 3.9). The
thermodynamic relationships between the lamellar thickness and its melting/crystallization
temperature in the bulk has been described by the Gibbs-Thomson equation (Section 1.2.1),
which implies that the higher the crystallization temperature, the larger the lamellar thickness,
and thus the higher the melting temperature of crystallized lamellae. However, it should be
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noted that in nanoscale confinement, due to the drastically increased surface to volume ratio,
these relationships may not be applied directly. Furthermore, a possible reorganization of the
crystalline/amorphous interfaces in the particles upon heating was indicated by various
studies: DSC, ESR (Section 4.3), cryo-TEM and SAXS (M. Ballauff et al, unpublished
results). Thickened lamellae in once melted-recrystallized particles were suggested by the
latter two studies.
In DSC measurements carried out on a PE I dispersion with ca. 8 wt.-% solids content, a
significant cold-crystallization like peak was observed before the melting peak (Figure 3. 10).
After annealing at 80°C, about the onset temperature of this cold-crystallization like peak, for
3h, the melting temperature in the first heating trace of this in situ annealed sample was not
significantly altered, which indicates that the melting temperature observed by DSC with a
standard heating rate of 10 K min-1 probably corresponds to already restructured lamellae.17
Lamellar thickening upon annealing at various temperatures below Tm is also suggested by
Cryo-TEM and SAXS studies (M. Ballauff et al, unpublished results).

Figure 3.9 Heating (top) and cooling (bottom) traces of PE dispersion I measured with five
repetitive heating/cooling cycles (heating/cooling rate 10 K min-1). An isothermal interval of 1 h was
introduced at 100 °C, 95 °C, 90 °C, 85 °C and 80 °C, respectively during cooling. The insets show the
enlarged areas of the melting and crystallization transition, respectively, with the sequence of each
heating/cooling trace indicated. The first cooling trace was measured with a continuous cooling and is
not shown in the graph. In the 6th cooling trace the crystallization was not observed due to the
proximity of the isothermal temperature (80 °C) to the crystallization peak.
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Figure 3.10 Heating and cooling traces of as-obtained PE dispersion I (a, black) and after in situ
annealing at 80 °C for 3 h in the DSC instrument (b, red) (heating/cooling rate 10 K min-1). The
sequence of individual traces is indicated in the graph.

Combining the above observations, no clear picture on the correlation of Tm and the changes
thereof with lamellar thickness evolution can result. However, broadening of the melting
peaks after one heating/cooling cycle suggests (Figure 3.9 and Figure 3.10) that the original
particles as-obtained from polymerization may possess more monodisperse lamellar size via,
possibly, control of crystallization by chain-growth. In this context, detailed morphological
investigations on the melt-recrystallized particles and after annealing at various temperatures
might provide more insights.

3.4.

Conclusions

Employing a previously developed4d protocol, dispersions of linear polyethylene with a
particle size of only 10 nm (dispersion I) were obtained utilizing previously reported water
soluble precatalyst 1. With a modified precatalyst 2, dispersions II of branched, less
crystalline polymer were also prepared.
Cryo-TEM and SAXS, carried out by M. Ballauff et al, illustrated the single crystal nature
of the particle of dispersion I. For particles in dispersion II, a more spherical shape is
observed.
The dispersion can be molten and recrystallized without coagulation. Recrystallization
occurs with a high supercooling, due to independent crystallization of individual droplets,
rather than typical heterogeneous nucleation in the bulk.
The systems are of interest for further studies of the nature of the thermodynamically stable
crystalline form of PE in confinement.
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Experimental
3.5.1. General materials and considerations

All manipulations of nickel complexes were carried out under an inert atmosphere using
standard glovebox or Schlenk techniques. All glassware was flame-dried under vaccum
before use. Unless noted otherwise, all solvents were distilled under argon from appropriate
dying agents. Toluene and pentane were distilled from sodium, diethylether from
sodium/benzophenone under argon. Demineralized water was distilled under nitrogen and
degassed three times after distillation. DMF was thoroughly degassed by several freezepump-thaw cycles and stored in a glovebox. Ethylene of 99.95 % purity supplied by Gerling
Holz+Co was used as received. [(tmeda)NiMe2] was supplied by MCAT (Konstanz,
Germany). TPPTS (Aldrich, 96%), and SDS (Fluka, 98%) were used as received. TPPDS
[di(sodium

phenylsulfonate)phenylphosphine]

was

prepared

according

to

[ 18 ].

Salicylaldimine ligands 6-[C(H)=N{2,6-(3,5-R2C6H3)2C6H3}]-2,4-I2C6H2OH (R = CF3 and
CH3) were prepared according to reported procedures.3c
NMR spectra were recorded on a Varian Unity INOVA 400 or on a Bruker AC 250
spectrometer. Unless noted otherwise, 1H and

13

C NMR chemical shifts were referred to the

solvent signal. The spectra of complexes were assigned according to [4d]. High-temperature
NMR measurements of the isolated polymers were performed in 1,1,2,2-tetrachloroethane-d2
at 130°C. The branching structure was assigned according to [19, 20]. Elemental analyses
were performed up to 950°C on an Elementar Vario EL. Differential scanning calorimetry
was performed on a Netzsch Phoenix 204 F1 at a heating and cooling rate of 10 K min-1. DSC
data reported for bulk polymers are from second heating cycles. Polymer crystallinities were
calculated based on a melt enthalpy of 293 J g-1 for 100% crystalline polyethylene. DSC
traces of dispersions were obtained on ca. 15 mg of dispersion with ca. 2 wt.-% and 4 wt.-%
polymer solids content for dispersion I and II, respectively. Gel permeation chromatography
(GPC) was carried out in 1,2,4-trichlorobenzene at 160°C on a Polymer Laboratories 220
instrument equipped with Mixed Bed PL-columns and a refractive index detector, a viscosity
detector, and two angle laser light scattering detectors (15° and 90°). Data reported were
referenced to linear polyethylene standards. Dynamic light scattering was performed on a
Malvern Nano-ZS ZEN 3600 particle sizer (173° back scattering) on diluted dispersions. The
autocorrelation function was analyzed using the Malvern dispersion technology software 3.30
algorithm to obtain volume and number weighted particle size distributions. X-Ray diffraction
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was performed on a Bruker AXS D8 Advance diffractometer using Cuk1 radiation and a
Bruker AXS Sol-X solid state energy dispersive detector position.
3.5.2. General procedure for the preparation of precatalyst 1 and 2 4d
To a mixture of [(tmeda)NiMe2] (21.4 mg, 105 µmol) and 100 µmol of the salicylaldimine
6-[C(H)=N{2,6-(3,5-R2C6H3)2C6H3}]-2,4-I2C6H2OH (R = CF3 and CH3) in a septum capped
Schlenk tube was added DMF (L = TPPTS or TPPDS) (2.0 ml) or benzene (L = PEG-NH2)
via syringe at 20°C with stirring under argon. Rapid reaction was evident from the immediate
evolution of methane, which ceased within 5 min. The resulting orange to red solution was
stirred for 10 min at 20°C, TPPTS or TPPDS (90 µmol) and an additional 1 ml DMF were
added, and the mixture was stirred for additional 30 min. The solvent was carefully removed
under high vacuum (10-3 mbar), the residue was suspended in diethyl ether (5 ml) and
transferred to a vacuum tight centrifugation vial. The suspension was repeatedly centrifuged,
the supernatant removed and the orange solid redispersed with 5 ml portions diethyl ether (L
= TPPTS or TPPDS) or pentane (L = PEG-NH2) until the supernatant remained nearly
colorless. Analytically pure precatalyst 1 and 2 was obtained (as DMF adduct when DMF was
used as solvent) after removal of the residual solvent under high vacuum (10-3 mbar) in 90 %
yield. Spectroscopic data of precatalyst 1 agree with previously reported data.4d
Scheme 3.2 General numbering scheme of the ligand backbone:
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27
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1-TPPTS: H NMR (399.8 MHz, CD3OD, 298K):  8.15 (d, 4JPH = 8.0 Hz, 1H, 7-H), 8.10
(s, 4H, 15-, 19-, 21-, 25-H), 8.03 (s, 2H, 17-, 23-H), 7.98 (s, 1H, DMF), 7.86 (m, 6H, TPPTS),
7.71 (m, 3H, TPPTS), 7.68 (d, 4JHH = 2.0 Hz, 1H, 4-H), 7.54 (m, 3H, 10-, 11-, 12-H), 7.41
(m, 3H, TPPTS), 7.21 (d, 4JHH = 2.0 Hz, 1H, 6-H), 2.95 (s, 3H, DMF), 2.81 (s, 3H,
DMF), -1.54 (d, 3JPH = 7.2 Hz, 3H, Ni-CH3). 31P{1H} NMR (161.8 MHz, CD3OD, 298K): 
32.4.
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1-NH2-PEG: 1H NMR (399.8 MHz, C6D6, 298K):  8.05 (s, 4H, 15-, 19-, 21-, 25-H), 7.90
(d, 4JHH = 2.0 Hz, 1H, 4-H), 7.78 (s, 2H, 17-, 23-H), 6.88 (m, 10-, 11-, 12-H), 6.73 (d, 4JHH
= 2.0 Hz, 1H, 6-H), 6.47 (s, 1H, 7-H), 3.6 ̶ 3.3 (br. s, 210H, PEG), 3.23 (br. s, 2H, PEG), 3.14
(s, 3H, OCH3), 3.07 (br. s, 2H, PEG), 2.45 (s br., 2H, NH2CH2CH2O), 1.01 (s br.,
NH2CH2CH2O), -1.21 (s, 3H, Ni-CH3).
2-TPPDS: 1H NMR (399.8 MHz, CD3OD, 298K):  8.04 (s, 1H, DMF), 7.85 (d, 4JPH = 8.0
Hz, 1H, 7-H), 7.75 (m, 4H, TPPDS), 7.63 (d, 4JHH = 2.0 Hz, 1H, 4-H), 7.56 (m, 6H, TPPDS),
7.31 (m, 6H, 10-12-H and TPPDS), 7.12 (s, 4H, 15-, 19-, 21-, 25-H), 7.06 (d, 4JHH = 2.0 Hz,
1H, 6-H), 7.02 (s, 2H, 17-, 23-H), 2.95 (s, 3H, DMF), 2.82 (s, 3H, DMF), 2.30 (s, 12H, 26-29H), -1.46 (d, 3JPH = 7.2 Hz, 3H, Ni-CH3).

31

P{1H} NMR (161.8 MHz, CD3OD, 298K): 

30.7. Elemental analysis calculated for 2·DMF C51H47N2O8S2I2Na2PNi (Molecular weight:
1269.5 g mol-1): C: 48.24 H: 3.73 N: 2.20. Found C: 46.92, H: 3.40, N: 1.93.
2-NH2-PEG: 1H NMR (399.8 MHz, CD3OD, 298K):  7.83 (d, 4JHH = 3.0 Hz, 1H, 4-H),
7.61 (s, 1H, 7-H), 7.28 (s, 10-, 11-, 12-H), 7.22 (s, 4H, 15-, 19-, 21-, 25-H), 7.16 (d, 4JHH =
3.0 Hz, 1H, 6-H), 7.05 (s, 2H, 17-, 23-H), 3.8 ̶ 3.5 (br. s, 210H, PEG), 3.36 (s, 3H, OCH3),
2.50 (t, 3JHH = 8.0 Hz, 2H, NH2CH2CH2O), 0.90 (t, 3JHH = 8.0 Hz, 2H, NH2CH2CH2O), -1.31
(s, 3H, Ni-CH3).
3.5.3. Dispersion synthesis
Ethylene polymerization with precatalyst 1 and 2 in aqueous media was carried out in a 300
ml stainless steel mechanically stirred (1000 rpm) pressure reactor equipped with a
heating/cooling jacket supplied by a thermostat controlled by a thermocouple dipping into the
polymerization mixture. To a mixture of 750 mg SDS and 10 µmol of the respective complex
in a 250 ml Schlenk-flask were added 100 ml of distilled and degassed water at room
temperature. The resulting homogeneous solution was then cannula-transferred to the argon
flushed reactor cooled to 12 °C. The reactor was pressurized to a constant pressure of 40 bar
ethylene while the temperature was adjusted to 15 °C. After 30 min reaction time, ethylene
feeding was interrupted, the reactor was carefully vented, and the obtained dispersion was
filtrated through a plug of glass-wool. To determine the solids content, an aliquot of 20 g
dispersion was precipitated with 150 ml of MeOH. The obtained bulk polymer was filtrated
and thoroughly washed with MeOH, H2O, and dried under vaccum at 50 °C overnight.
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3.5.4. Microscopy

AFM. AFM images of the dispersed particles were obtained with a JPK NanoWizard
instrument in the intermittent contact mode using a Silicon tip with a force constant of 40 N/m
and resonant frequency of about 300 kHz. The diluted polyethylene dispersion was spincoated on a freshly cleaved mica surface. After air drying for 10 min, the height images and
phase images were measured simultaneously

Cryo-TEM. The electron microscopic investigations were performed on a Zeiss Libra 120
transmission electron microscope operated at 120 kV acceleration voltage. For cryo-TEM, a
Gatan CT3500 cryo-transfer system was used. Specimens for the cryo-TEM investigations
were prepared by freezing a thin film of the suspension in liquid ethane. The thin film was
created by dripping a small amount of the suspension on a 700 mesh grid. A meniscus, thin
enough for use in TEM, forms over the holes in the grid and is rapidly frozen to give a
vitrified sample. The sample was then cryo-transferred into the TEM and examined at a
temperature around 90 K with minimal electron dose.
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4. Interaction of Polyethylene Nanocrystals with Lipophilic Guest
Molecules
4.1.

Introduction

The behaviour of nanoscale entities towards molecular guests has been studied intensely
over the past 5 to 10 years. Beyond fundamental interest in the properties of very small
compartments, this issue is also relevant for applications such as, for example, delivery of
poorly soluble drugs, controlled release of active molecules, the homogeneous incorporation
of functional molecules like dyes into solid materials, or as carriers in aqueous multiphase
catalysis.1 Nanoscale entities with very small sizes, that is ca. 5 to 20 nm, dispersed in water
are of particular interest. They possess a high permeability through e.g. biological
membranes, and the high ratio of the interface to the continuous surrounding medium vs. the
volume results in a high accessibility and also colloidal stability. Water is obviously attractive
as a continuous phase in view of its ubiquitous presence in nature, and also in many technical
applications. Various dendritic molecules have been studied as hosts for small molecules.1c,1d
An amphiphilic structure with a hydrophilic periphery and a rather apolar interior can result in
non-aggregated unimolecular micelle-structures. 2 While the single-step synthesis of a
hyperbranched lipophilic core has been demonstrated,2b the dendrimer cores usually employed
require multistep syntheses for their preparation. Alternately, very small structures can be
formed by aggregation of amphiphilic molecules or polymers, with linear or also branched
microstructures.3,4 Note that in general terms, the size and structure of such aggregates will be
more sensitive to external conditions like concentration, temperature, and small changes in
composition of the surrounding medium.
A controlled switching of the properties of the aforementioned nanoscale entities by
external stimuli is desirable. To this end, pH sensitive systems have been studied. Most often,
fluorescent probe molecules were employed to monitor these changes and their effects on the
environment experienced by a guest molecule. Chemical hydrolysis of bonds in the carrier
entities has been employed, which is irreversible. 5 By comparison, changes in polarity or
aggregation number resulting from protonation can be reversible in principal, though in most
cases reversibility was not demonstrated. 6 As another concept, temperature dependant
changes of the miscibility of chain segments with the liquid dispersing medium which result
in a lower critical solution temperature (LCST) have been investigated.7 It can be noted that in
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the aforementioned approaches in most cases ‘switching’ is accompanied by aggregation and
strong changes in size.
Crystallization is a ubiquitous and general phenomenon. In addition to vast numbers of
studies of crystallization in the bulk, crystallization in compartmented systems has also been
investigated.8 Despite the generality of crystallization and melting, they have not been studied
in dispersed small structures suited as nanocontainers and as a means of switching the latter
with respect to the properties experienced by the guest molecules. The nanocrystals described
in Chapter 3 are of particular interest in this context.
In this chapter, the effect of reversible crystallization and melting in 10 nm polymer
particles on the environmental properties sensed by the guest probe molecules, such as
fluorescent dyes and nitroxide radicals, were studied by fluorescence and electron spin
resonance (ESR) spectroscopy, respectively. Aqueous dispersions of PE nanocrystals
(dispersion I and II) as described in Chapter 3 were employed. In terms of molecular
microstructure polyethylene is the simplest organic polymer, and its crystallization and
structure in the bulk have been investigated more intensely than for any other polymer
(Section 1.2.1).9 Also, as a hydrocarbon, polyethylene represents a highly lipophilic, apolar
environment.

4.2.

Fluorescent dyes as probe molecules

Solvatochromic dyes have been widely used in biological systems and various organized
assemblies as probe molecules, due to the sensitivity of their photophysical properties towards
the change of environmental polarity.10 For the present studies, two hydrophobic dyes, pyrene
and Nile Red were employed.
N

O

O

N
pyrene

Nile Red

Pyrene has received special consideration as a fluorescent probe because of the notably long
lifetime of pyrene monomers and the efficient formation of excimers.11 The relative intensity
of emission bands at 372 nm and 383 nm in the fluorescence spectra of pyrene monomer (I3/I1
ratio) is widely used as an empirical indicator of solvent polarity.11a The observation of
excimer emission is a strong indicator for diffusive encounter between two pyrene
molecules.11b The fluorescence properties of Nile red highly depend on the polarity of the
probe environment.12 It is intensely fluorescent in nearly all organic solvents. In water, it is
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insoluble and does not fluoresce. Depending on the relative hydrophobicity of the solvent, the
excitation and emission maxima of Nile Red fluorescence can vary over a range of 60 nm. In
addition, its fluorescent intensity was observed to increase with increasing hydrophobicity of
organic solvents. Kinetics studies of Nile Red emission in lipid vesicles and surfactant
micelles suggest that the environmental viscosity may also have influence on its fluorescent
intensity and emission maxima.13
In the present work, the interaction of PE nanoparticles of variable crystallinity with the two
aforementioned fluorescent probes was studied by fluorescence spectroscopy over a range of
particle number densities and ratios of probe to particle masses (Table 4.1 and Table 4.2).
4.2.1. Nile red as a probe
In the presence of dispersed polyethylene nanoparticles fluorescence was observed with the
emission peak maximum located around 646 nm (excitation with  = 570 nm). The
fluorescence intensity increases gradually with the concentration of polyethylene particles
(Figure 4.1). By comparison, in SDS solutions of variable surfactant concentration
fluorescence was only observed above the critical micelle concentration (Figure 4.1, b), as
expected.2b The dye can only be solubilized by SDS when free micelles are present. At the
same mass concentrations, the absorbance in polyethylene dispersions is much higher than in
SDS micelles (Figure 4.2); that is the polyethylene nanoparticles have a higher uptake
capacity. Note that the dispersions as prepared have surface tensions of 60 mN m-1 and higher.
This excludes any presence of free surfactant micelles. The absorption peaks (max) in the
UV/Vis spectra are located at 575 nm and 580 nm in nanoparticle dispersions and SDS
micelles, respectively. This small extent of blue shift in max in PE dispersions indicates that
the Nile Red molecules up-taken by the PE nanoparticle still sense the aqueous phase to a
certain extent,2b, 12c probably via the surfactant covered particle/water interface.
Table 4.1 Fluorescence studies with Nile Red in PE dispersions I and II.

a

sample
PE conc.
(g L-1)
mass ratio Nile
Red / PE
(× 10-3) a
ratio Nile Red
molecules /
PE particles a

I–1
0.05
6

I–2

I–3

I–4

I–5

I–6

II – 1

II – 2

II – 3

II – 4

II – 5

II – 6

0.11

0.47

0.94

1.76

4.04

0.057

0.11

0.47

0.95

1.87

4.07

285

140

33

16

8

3

279

144

33

16

8

3

449

220

53

25

13

5

185

96

22

10

5

2

calculated based on the total amount of Nile Red present in the samples, which was added in the form of a
Nile Red-water suspension. See experimental section for details.
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Figure 4.1 (a) Emission spectra of Nile Red in aqueous dispersions of polyethylene particles at
variable particle concentrations (solid lines: dispersion PE I; dashed lines: dispersion PE II). (b)
Fluorescence intensity at max vs. particle concentration, and SDS concentration for comparison.
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Figure 4.2 Absorption spectra of Nile Red in dispersion I and dispersion II (a) and absorbance of
Nile Red in dispersions at variable particle concentrations by comparison to SDS micelles (b).

4.2.2. Pyrene as a probe
The relative intensity of bands I3/I1 in fluorescence emission spectra of pyrene was
determined to be 0.61 in water, 0.84 in methanol, 0.98 in n-butanol, 1.60 in hexane and
dodecane at 20 °C ([pyrene] = 4.7 µmol L-1), which agrees with literature values.11a In
contrast to Nile Red, for pyrene fluorescence is also observed for neat aqueous solutions. In
the following fluorescence studies, potential contributions by pyrene dissolved in the aqueous
phase must be considered.
The I3/I1 ratios increase gradually with polyethylene particle concentrations at a given
amount of pyrene present (Figure 4.3, and Table 4.2). At low particle concentrations, that is at
a high pyrene to particle ratio, excimer formation is observed. This confirms that more than
one pyrene molecule can be present in a given particle. The presence or absence of excimer
emission corresponds surprisingly well with the number of pyrene molecules present in the
sample vs. the number of polymer particles, significant excimer formation is observed only at
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molecules/Nparticles

> 1. In contrast to the gradual increase of I3/I1 with increasing

concentration of polyethylene particles, upon addition of SDS to a neat aqueous solution of
pyrene a significant change of I3/I1 is only observed at the c.m.c., as expected. Above the
c.m.c., a threshold value of 0.9 is observed (Figure 4.3), in agreement with literature reports11
(comparing this value with I3/I1 = 0.6 for aqueous solutions and I3/I1 = 1.6 for aliphatic
hydrocarbon solvents indicates that in an SDS micelle (size ca. 2 to 3 nm) pyrene (size 0.8
nm) experiences an environment intermediate to water and hydrocarbons in polarity,
corresponding rather to an interface than a hydrophobic ‘micelle core’). For the dispersions,
I3/I1 ratios approach 0.95 and 1.1 for dispersions I and II, respectively. In the low crystalline
particles a less polar environment is experienced than in the crystalline particles. This is
indeed due to the polarity experienced by pyrene in the particles and not to a different
partition ratio of pyrene between particles and the aqueous phase, as evidenced by
fluorescence studies in the presence of 0.15 mol L-1 2-diethylaminoethanol (DAE) as a watersoluble quencher (Table 4.2, entries I-8 to I-10 and II-8 to II-10). In aqueous solutions of
pyrene in the absence of particles, at this quencher concentration no significant fluorescence
signals were observed. In the range of particle concentrations studied, the I3/I1 ratios observed
are higher in the presence of quencher under otherwise identical conditions (Table 4.2). This
shows that pyrene accessible to the quencher, that is pyrene dissolved in the aqueous phase
(or possibly also pyrene at the particle-interface) contributes to the overall fluorescence signal
detected in the absence of quencher. In detail, the I3/I1 ratio observed in the presence of
quencher is not constant but also increases somewhat with particle concentration (at a fixed
amount of pyrene present in the sample, Table 4.2). This implies that the average environment
experienced by the pyrene probe located in the particles changes with particle concentration,
that is at higher polymer particle/ pyrene ratios the portion of pyrene located at the interface
vs. the interior of the particles decreases.
Table 4.2 Fluorescence studies with pyrene in dispersion I and II, Cpyrene = 4.7 µmol L-1.
sample
polyethylene
conc. (g/l)
mass ratio
pyrene / polymer

(· 10-3)

ratio pyrene
molecules /
polymer particles
I 3 / I1
I 3 / I1
(with added
quencher DAE)

I–7

I–8

I–9

I – 10

I – 11

II – 7

II – 8

II – 9

II – 10

II – 11

0.01
7

0.119

0.924

2.86

10.98

0.014

0.094

0.703

2.09

8.61

58

8

1

0.3

0.09

68

10

1

0.5

0.1

150

21

2.7

0.87

0.23

71

11

1.4

0.48

0.12

0.62

0.76

0.79

0.83

0.94

0.68

0.89

0.93

0.98

1.08

-

0.90

0.92

0.96

-

-

1.01

1.09

1.14

-
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Figure 4.3 Stacked plots of pyrene fluorescence intensities at different nanoparticle concentrations,
total amount of pyrene: 4.7 µmol L-1 = 0.95 mg L-1. All spectra are normalized to the (0,0) peak at 374
nm (a); I3/I1 ratios observed vs. concentration of polyethylene dispersions, and vs. SDS concentration
for comparison (b). Total amount of pyrene: 4.7 µmol L-1 = 0.95 mg L-1 .

The temperature dependence of I3/I1 was studied. Samples were heated in closed cuvettes
above the melting point of polyethylene. Fluorescence spectra were taken at different
temperatures as the sample was gradually cooled to 25 °C (Figure 4.4). At high temperatures
of 90 to 130 °C, for a given set of conditions the I3/I1 ratio is similar for dispersions I (of
linear polymer) and II (of branched polymer), as should be expected when the polymers are in
the molten non-crystalline state. Particularly in the presence of DAE quencher, in which case
a contribution from the aqueous phase is suppressed, I3/I1 ratios around 1.5 were observed at
T > 90 °C, which are close to the values of low molecular weight aliphatic hydrocarbon
solvents of 1.6. Note that for pyrene solutions in dodecane ([pyrene] = 4 µmol L-1) the I3/I1
ratio did not vary significantly with temperature in the range studied, and also for aqueous
pyrene solutions temperature only had a slight effect, I3/I1 = 0.6 to 0.7.
Upon cooling of the dispersions a pronounced jump of I3/I1 occurs. The temperature at
which the jump occurs coincides within experimental error with the crystallization
temperatures (Tc = 75 °C and 38 °C for dispersion I and II, respectively) observed by DSC on
the different dispersions. Note that DSC studies on dispersion I revealed no strong effect of
the presence or absence of pyrene on the crystallization temperature (Figure 4.5). The jump in
I3/I1 at the crystallization temperature also occurs in the presence of quencher. The observed
jump therefore can not be related solely to a conceivable change in partitioning of the dye
between the particles and the aqueous phase upon crystallization, that is an expulsion of the
dye from the particles by crystallization. Rather, the dye in the particles experiences a change
in the average environment encountered. In a crystallized particle of the very small size
46

Chapter 4

Interaction of Nanocrystals with Guest Molecules

studied here, the amorphous phase in which the dye can be solubilized is located entirely at
the periphery of the particle (cf. Figure 3.5) such that it will experience the particle-water
interface to a certain extent as outlined above.
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Figure 4.4 Temperature dependant ratio of intensity of fluorescence bands I1 and I3 (squares and
circles: dispersions I, particle concentration 0.924 and 2.86 g L-1 respectively. Open triangles and
diamonds: dispersions II, particle concentration 0.703 and 2.09 g L-1 respectively. [pyrene] = 4.7 µmol
L-1 in all cases). Right graph: in the presence of 0.15 mol L-1 DAE quencher.

(a)
Peak: 127°C

∆ Hm = 3.7 J/g

∆ Hc = -2.6 J/g

Peak: 74 °C

Figure 4.5 DSC traces of dispersion I (2 wt.-%) in presence of pyrene.

Studies of the dispersions by DLS after cooling to room temperature showed that no
coagulation had occurred during the melting/recrystallization cycle (Figure 4.6). At room
temperature, the original fluorescence spectrum observed prior to the melting/crystallization
cycle is resumed.
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Figure 4.6 DLS traces of dispersion I (red line) and dispersion II (green line) (left). Samples after
melting / crystallization cycle (right).

In summary, the fluorescent studies with both Nile Red and pyrene demonstrated that
lipophilic probe molecules can be up-taken by the aqueous dispersions of PE nanoparticles. In
the hydrocarbon particles, the dye molecules experience more apolar environment than in the
hydrophobic core of SDS micelles. Furthermore, temperature dependent fluorescent study of
pyrene shows that the polarity experienced by pyrene can be switched by melting and
crystallization in the individual dispersed particles (Scheme 4.1).

melting
crystallization
molecular guest

10 nm
Scheme 4.1 Switching of polarity sensed by pyrene via melting/crystallization in PE nanoparticles
(blue indicates higher polarity at the interface, and red relatively less polarity experienced).

4.3.

Nitroxide radicals as probe molecules

Electron spin resonance spectroscopy (ESR) has been used to study properties of polymers,
e.g. microviscosity or polarity, on a local scale as sensed by spin probes. The underlying
principle is the very high sensitivity of rotational and lateral diffusion of a spin probe towards
its environment.20 Nitroxide free radicals are the most intensely studied spin probes for this
purpose because of their rather high chemical stabilities. In general, three lines are observed
in a continuous-wave (CW) ESR spectrum of a nitroxide radical, owing to the hyperfine
coupling between the electron spin and the nuclear spin of 14N, which is characterized by the
splitting between the outermost extrema in the spectra (2Azz’) (Scheme 4.2).
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Scheme 4.2 An energy level scheme and schematic ESR spectrum for a nitroxide spin system with
only consideration of electron Zeeman and hyperfine interactions.21

In addition, the shape of the ESR spectra can be strongly altered by the interactions between
the spin probes and the surrounding medium. Film formation process from polymer
dispersions22 and phase transitions,23,24 particularly glass transitions, in polymers have been
studied by ESR probe or label techniques. Location of the spin probe/label in different
microdomains of the dispersion, namely serum, surfactant layer and the polymer particles, and
the formation of surfactant aggregates in the dried film from dispersion, have been selectively
observed by using suitable spin probes.22
In this section two nitroxide radical spin probes, pyrene-TEMPO and DOXYL-cyclohexane,
are used as a reporter for the interactions of hydrophobic guest molecules with the PE
particles.
H
N

NO

O

O
N
O

pyrene-TEMPO

DOXYL-cyclohexane

4.3.1. Continuous wave (CW)-ESR studies
Aqueous suspensions of pyrene-TEMPO do not show any ESR signal due to its very low
solubility in water. However, in the presence of SDS micelles a characteristic fast regime
spectrum with anisotropic rotational features was obtained at 20 °C (Figure 4.7). Upon
addition of dispersion PE I into the aqueous suspension of pyrene-TEMPO, the spin probe
performs much more anisotropic motion, as evident, for example, from a drastic intensity
decrease of the high field line. In addition, the apparent hyperfine coupling constant (2Azz’)
appears even larger than in SDS micelles, although the probes taken up by the particles sense
much less polarity than in micelles according to the aforementioned fluorescence studies. This
probably results from an extra broadening effect due to the high microviscosity of the
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polymer phase and restricted slow motion in the particles, which is supported by the increase
of the widths of all three lines, particularly of the high field line.

Figure 4.7 CW-ESR spectra of pyrene-TEMPO in SDS micelles and in dispersion I at different
temperatures, as indicated in the graph (spectra were taken upon cooling from 110°C and 150°C,
respectively).

With increasing temperature, narrowing of the whole spectra was observed. In PE
dispersion I, the extreme separation 2Azz’ decreased from 38.5 G at 20 °C to 34.5 G at 150
°C. This can be related to a faster rotational motion at higher temperature, and probably also
to an increased contribution from the lower-polarity environment, the latter corresponding to
the polymer phase rather than the particle interface. Note that, by comparison to the isotropic
spectrum in SDS micelles at 110 °C, the spectrum in dispersion I at 150 °C still shows
residual anisotropy, i.e. a larger linewidth and lower amplitude of the high field line. This
confirms the incorporation of pyrene-TEMPO in the PE particles and its restricted rotational
motion in the polymer phase. Interestingly, in the temperature range where the crystallization
in the particles occurs during cooling from the molten state (Tc = 75 °C for dispersion I), a
two-component feature via a splitting of the high field line was observed (Figure 4.7, the
spectrum at 80 °C). This may be explained by assuming that at temperatures at which only
partial, incomplete crystallization occurs, a fraction of particles exists in which the probes are
located more towards the molten interior of the particles, and another fraction in which they
are located in the amorphous periphery covered with surfactants. Simulation with an
anisotropic model was attempted to retrieve quantitative information of the probe distribution,
however the results could not be brought into satisfactory agreement with the experimentally
observed lineshape, due to the single-component feature of the applied model.
DOXYL-cyclohexane is slightly more hydrophilic than pyrene-TEMPO. Its spectra
recorded in different media show a similar trend of lineshape change with respect to the
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solvent polarity and viscosity (Figure 4.8), as observed for pyrene-TEMPO. In neat water and
dodecane, isotropic spectra were observed, as expected for unrestricted rotation in a low and
viscose homogenous solution. The larger 2Azz’ in water is due to the high polarity of water. In
contrast, in both SDS micelles and PE dispersions, anisotropic features were evident (Figure
4.8 and Figure 4.9). The extra broadening effect of 2Azz’ and the large high field linewidth
(∆H(-1)) in the PE dispersions is due to the restricted slow motion of the probe in the
particles, as observed for pyrene-TEMPO as well. Furthermore, the restraining effect appears
slightly stronger in dispersion I than in dispersion II, which is compatible with a higher
degree of crystallinity of the particles in the former (Figure 4.9, the spectra in the original
dispersions).24
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Figure 4.8 CW-ESR spectra of spin probe DOXYL-cyclohexane in different media (amplitude
normalized to the central line).
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Figure 4.9 ESR spectra of spin probe DOXYL-cyclohexane in dispersion I (left) and II (right)
recorded at 20°C for the original dispersion, before and after applying one and two heating/cooling
cycles, respectively (amplitude normalized to the central line).
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However, after applying two heating/cooling cycles exceeding Tm, different effects on the
spectral lineshape are observed in dispersion I and II, respectively (Figure 4.9). In dispersion
II, after applying two heating/cooling cycles, the spectra taken at 20 °C were not changed in
terms of lineshape and linewidth. In contrast, in dispersion I, after one heating/cooling cycle,
significant line narrowing was observed for all three lines, and in particular for the high field
line. In addition, the relative amplitude of the high field line increased to a large extent, which
indicates somewhat less restricted and faster motion. The second heating/cooling cycle did not
result in further change of the spectrum. This observation suggests that the distribution of the
spin

probes

in

the

particles

of

dispersion

I

may

have

changed

after

one

melting/recrystallization sequence, which further affects the sensitivity of the spin probe
towards the aqueous environment. Such effects are apparently negligible in much less
crystalline particles, probably due to the much larger volume fraction of amorphous domain.
In this context, pulse ESR studies were carried out with aim to resolve separate information
on the interaction of the spin probe molecules with neighbouring water molecules in spatial
proximity of a few angstroms. For this purpose, electron spin echo envelope modulation
(ESEEM) spectroscopy was chosen, as was demonstrated previously to be a suitable
technique in studies on water penetration in micelles25a and membrane proteins.25b
4.3.2. Electron Spin Echo Envelope Modulation (ESEEM) studies
By introducing deuterium only in the aqueous media, information about average
concentration of water molecules sensed by the electron spin of nitroxide can be extracted
from the deuterium modulation depth in the ESEEM spectra.21 A typical distance scale of
electron nuclear interactions which can be detected by ESEEM is about 3~6 Å.25b PE
dispersions obtained by polymerization in D2O were fully characterized to ensure the same
particle microstructure, which is confirmed by the CW-ESR spectra measured in the original
and tempered dispersions. As observed previously, significant changes of lineshape only
occur in the highly crystalline dispersion I after the first tempering above the melting
temperature (cf. Figure 4.9).
Time domain three-pulse 3p-ESEEM spectra of dispersion I and II measured before and
after applying two heating cycles were converted to frequency domain spectra for directly
visualizing the proton and deuterium modulations (Figure 4.10). The applied data analysis
ensures that the amplitude of the deuterium peak in the frequency domain spectra is
proportional to the modulation depth in the time domain spectra. In all ESEEM measurements
performed in dispersion I and II, both proton and deuterium modulations were observed
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(Figure 4.10), which suggests that at room temperature the spin probe molecules up-taken by
PE nanoparticles are located relatively close to the interface of the particle, where they can
still sense the water molecules diffused into the surfactant layer to some extent.a The relative
peak intensity of deuterium to proton depends significantly on the number ratio of respective
nuclei close to the electron spin, which therefore gives a direct indication of relative distance
of the spin probe from the polymer chain and the aqueous medium. This can be estimated by
the water accessibility parameter D2O as defined below (Table 4.2): 25b
2

D2O = 2 kD (D / 2 MHz) / [1-cos(2·D·]
where, kD is the peak-to-peak deuterium modulation depth determined from the time domain
3p-ESEEM spectra, D is the deuterium resonance frequency, and  is the interpulse delay
between the first and second pulse, which was set to be 344 ns in the measurements.

Figure 4.10 ESEEM spectra of DOXYL-cyclohexane in dispersion I (left) and dispersion II (right)
in D2O before and after applying two heating cycles (solid line: original dispersion, dash line and dot
line: after first and second heating/cooling cycle, respectively). Insets in the graph are the partially
enlarged deuterium peak.
Table 4.2 Water accessibility parameters extracted from ESEEM measurements.
original

after first heating/coolng

after second heating/cooling

dispersion I (D2O)

0.028

0.040

0.039

dispersion II (D2O)

0.036

0.037

0.037

Note that the observed intensity of the deuterium peak is much lower than that reported for
proteins,25 which indicates that the environment sensed by the spin probes in the PE
nanoparticles is still apolar despite the influence from the surfactant covered particle/water
a

The modulation peak of 14N is significantly broadened due to a wide nuclear resonance frequency range caused
by the strong anisotropy of hyperfine interaction. The relative peak intensity in a FT transformed ESEEM
spectrum is directly correlated with modulation depth in primary data, however, it is still an arbitrary number
since its absolute intensity also depends on the number of observed spins.
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interface. In dispersion I, after a first melting/recrystallization cycle, the deuterium
modulation depth increases significantly, which translates to a higher water accessibility
parameter. However, no further change can be detected between the sample after the first and
second heating cycle. In dispersion II, the peak intensity remains constant in all three
samples.
In agreement with previous CW-EPR studies, the 3p-ESEEM study shows that a
melting/recrystallization sequence in the nascent particles induces structural reorganization of
the crystalline phase in the highly crystalline PE nanoparticles. Probably via lamellar
thickening, the volume fraction of the amorphous phase decreases, and consequently the spin
probes are pushed further towards the interface of the particle, where water molecules can be
sensed through the covered surfactant layer. This scenario is in agreement with
thermodynamic predictions based on the Gibbs-Thomson equation. Crystallization from the
molten state in the dispersed particles occurs at a temperature of 75 ± 5 °C (Sec. 3.3.2.),
which is about 60 °C higher than the original crystallization temperature under the preparation
conditions of these nanoparticles. This decreased extent of supercooling can lead to an
increase of lamellar thickness.
A higher water accessibility parameter was observed in the as-prepared dispersion II than in
dispersion I, in contrary to the observation in fluorescent studies that a more apolar
environment was sensed in dispersion II. This suggests that special caution need to be taken
when directly comparing different polymer dispersions, as the different particle shape may
also influence the averaged value of the water accessibility parameter.

4.4.

Conclusions

Fluorescence studies on aqueous dispersions show that the nanocrystals of linear or
branched polyethylene, respectively, take up lipophilic molecules like Nile Red or pyrene.
Studies of pyrene fluorescence at variable concentrations of polymer particles and pyrene, and
in the presence or absence of a water-soluble quencher reveal that in the particles pyrene
experiences a rather apolar enivronment, which is much less polar than the average
environment in SDS micelles. However, the polarity experienced does not quite reach that of
aliphatic hydrocarbon solvents or of polymer melts. This shows that the pyrene molecules
which are in the particles sense the surfactant covered water-particle interface to some extent,
possibly via short-range penetration of water or the surface charge.11a This effect is
significantly more pronounced for crystalline particles (dispersion I), in which amorphous
polymer portions which accommodate the probe molecules can only be located at the
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periphery. In the low crystalline particles (dispersion II) the pyrene molecules experience a
less polar environment on average. The polarity experienced by the probe molecules in these
nanoscale compartments can be switched reversibly by melting/crystallization in the particles,
which is induced by a temperature change (Scheme 4.1). The crystallization temperature at
which this occurs depends on the degree of branching of the polymer, and can thus be
controlled via the latter. Such nanocontainers with uptake properties tunable by crystallinity,
and which can be switched via crystallization are unprecedented. At the same time the system
studied is conveniently accessible from ethylene as a readily available building block.
In addition, spin probes with adequate hydrophobicity have been shown to be taken up by
the PE nanoparticles in aqueous dispersions. Furthermore, after a melting/recrystallization
sequence on the as-prepared particles, the accessibility of the slightly hydrophilic spin probe
DOXYL-cyclohexane to the water molecules was observed to be increased in the
recrystallized PE particles of higher crystallinity. This suggests structural reorganization of
the crystalline phase via lamellar thickening upon recrystallization. Quantitative
determination of the distribution of the probes in each phase is rather complex due to
significant surface contributions with the very small particles investigated. A comprehensive
picture of the probe location in a given system and its temperature dependence would require
further studies.

4.5.

Experimental
4.5.1. Materials

PE dispersions I and II (Chapter 3) were used as-prepared without further treatment such as
dialysis. Fluorescent dyes Nile Red (Fluka, 99%), and pyrene (Aldrich, 99%) were used as
received. The nitroxide spin probe pyrene-TEMPO was prepared according to [26]. DOXYLcyclohexane was used as received from Aldrich. PE dispersions in D2O were prepared by
polymerization in degassed D2O according to the procedure described in Chapter 3. The
obtained PE dispersions were characterized by DLS, GPC and DSC, which confirm the same
particle size, molecular weight and molecular weight distribution, and crystallinity as the
dispersion samples in H2O.

Synthesis of pyrene-1-(butyro)-(4-(2,2’,6,6’-tetramethyl-piperidine-N-oxide)amide (pyreneTEMPO): An amount of 0.150 g (0.520 mmol) of 1-pyrene-butyric-acid was dissolved in 25
ml of abs. CHCl3 at 0°C under an argon atmosphere. After stirring the mixture for 5 min.,
0.140 g (0.683 mmol) of dicyclohexyl-carbodiimide (DCC, Aldrich), and 0.028 g (0.245
mmol) of N-hydroxy-succinimide (NHS, Aldrich) were added. After stirring for an additional
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30 min., 0.154 g (0.887 mmol) of 4-amino-2,2’,6,6’-tetramethyl-piperidine-N-oxide (4Amino-TEMPO, Aldrich) was given in solid form at one portion to the reaction mixture. The
reaction mixture changed from bright yellow to pale red. The cooling bath was removed and
the mixture was allowed to warm up to room temperature gradually. Then it was heated to 55
°C. The heater was removed immediately after reaching 55 °C. Stirring was continued for 2hs
after room temperature was reached again. After filtering off the white precipitate
dicyclohexyl-urea (DCU) and washed with 20 ml of abs. CHCl3. The reddish washing phase
and the filtered CHCl3 reaction mixture were combined and the solvent was removed under
vacuum at room temperature. The oily residue was purified by column chromatography using
silica-gel as stationary phase and CH2Cl2/isopropanol (starting with 100:1 then 100:3 v:v) as
eluent. After removing the eluent under high vacuum, 140 mg reddish powder was obtained
(yield: 61%).
Scheme 4.2 Numbering scheme of the NMR assignment of pyrene-TEMPO.
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H), 3.48 (m, br. 2H, 10-H), 2.28 (s, br. 2H, 8-H), 1.9~1.0 (m, br. 18H, 2-~7-H, 9-H). ms
(FAB): M/Z = 443 (M + 2). Elemental analysis calculated for C29H33N2O2 (Molecular weight:
441.55 g mol-1): C: 78.88 H: 7.53 N: 6.34. Found C: 70.48, H: 7.96, N: 6.96.
4.5.2. Fluorescence studies
All fluorescence and absorption studies are based on at least two independent experiments.
Steady-state fluorescence measurements were carried out on a Perkin-Elmer LS 50
luminescence spectrometer. The samples were excited at 333 and 570 nm for the cases of
pyrene and Nile Red, respectively. The spectra were recorded with a slit width of 2.5 nm and
scanning speed of 100 nm min-1. All UV/vis absorption spectra were recorded on a PerkinElmer Lambda 18 UV/vis dual-beam spectrometer with distilled water as a reference.
A general prerequisite for these studies is that with increasing particle number density
multiple scattering in the sample does not deteriorate detection of the fluorescence signal.
This was fulfilled under all conditions studied. Spot tests in which fluorescence spectra were
taken repeatedly on a given sample showed the results to be time-independent; that is, it can
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be safely assumed that the systems reach a constant state rapidly. Reported values for the
solubility of pyrene in water vary.11a,27 We determined a saturation concentration of ~ 4 mol
L-1 at 20 °C.
A stock solution of pyrene (0.096 g L-1, 0.47 mM) in MeOH was prepared via sonication.
Different amounts of polyethylene dispersions were diluted with water to the desired
concentrations. The resulting samples were added to the same amount of pyrene stock
solution and kept at room temperature overnight to attain equilibrium. The final samples
contain 4.7 M pyrene and 1 vol.-% MeOH. This amount of MeOH has no influence on the
fluorescence of pyrene, as confirmed by measuring the fluorescence of pyrene in different
solvent mixtures of MeOH and H2O. The pyrene-to-polyethylene particle ratio was varied
from approximately 100 to 0.1 (Table 4.2).
Similar results as with 2-dimethylaminoethanol (DAE) as a quencher were obtained with
0.05 mol L-1 solutions of KI as a quencher. DAE was preferred, however, as the addition of
KI and resulting increased ionic strength of the solution which decreases electrostatic
stabilization sometimes resulted in partial coagulation of the particles, as observed by DLS.
For temperature-varied fluorescence measurements, the samples were heated externally in a
closed fluorescence cell up to 130 °C and 120 °C for dispersion I and II, respectively. After
equilibration at this temperature for ca. 2 min, the samples were transferred to a thermostated
cell holder which was pre-heated to 95 °C. The emission spetra were recorded successively
until reaching a stable state within ca. 6 min. The samples were then allowed to cool down to
room temperature within ca. 30 min, and the emission spectra were recorded while cooling.
The sample temperature was measured with a thermocouple dipping into the sample directly
before each recording of emission spectra.
An aqueous dispersion of Nile Red (0.016 g L-1) was prepared via sonication. Different
amounts of polyethylene dispersions were then added into each sample of prepared 3 ml Nile
Red aqueous dispersion. The resulting samples were stored at room temperature, and the
fluorescence and UV/Vis absorption spectra were recorded until the dispersions were
saturated with Nile Red, as indicated by no further change in absorbance occurring. The
absorption peaks in the UV/Vis spectra are located at 575 and 580 nm in the nanoparticle
dispersions and SDS micelles, respectively.
4.5.3. ESR studies
Spin probes were added to the PE dispersions as a solid. After equilibration at room
temperature overnight, the dispersions were filtered through a 0.45 µm filter to remove
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undissolved excess probe. Continuous wave ESR spectra were recorded using a MiniScope
200 CW ESR spectrometer (Magnettech GmbH, Berlin) operating in the X-band (~9.4 GHz)
with a modulation amplitude of 0.05 mT. Temperatures were controlled via a variable
temperature unit (Magnettech). The spectrum at a given temperature was recorded after
thermal equilibration for 10 min. After measurements at high temperatures, the dispersions
were studied again by DLS to ensure no occurrence of coagulation.
For ESEEM studies, the spin label DOXYL-cyclohexane was added into the PE dispersions
in D2O (~1 mg/ml) and equilibrated at room temperature overnight, then filtrated with a
0.45m microfilter to remove the undissolved spin probe. Tempering was carried out in a
vacuum-tight glass vial and kept at 140 °C, or 105 °C (for dispersion I and II, respectively)
for ca. 5 min, then gradually cooled down to room temperature. After tempering all samples
were back-checked with DLS to ensure no occurrence of coagulation.
ESEEM measurements were performed on an Elexsys E580 EPR spectrometer (Bruker)
operated at X-band frequencies using a Flexline split-ring resonator ER 4118X_MS3
(Bruker). The resonator was overcoupled to Q ~ 100. The temperature of the experiments was
set to 40 K with liquid helium cooling, and was controlled by a CF935 cryostat (Oxford
Instruments, Witney, Oxon) with an ITC4 temperature controller (Oxford Instruments LTD,
Oxford).
Electron spin echo detected EPR spectra (ESE spectra) were obtained using a primary echo
sequence with interpulse delay  of 200 ns. In experiments the /2 pulse length was set to 16
ns and the pulse length to 32 ns. The three-pulse ESEEM measurements were performed at
the maximum of the ESE detected EPR spectrum, with the interpulse delay between the first
and second /2 pulses set to 344 ns. The initial delay between the second and third /2 pulse
was set to 200 ns, and the ESEEM spectra were accumulated for 1024 increments with 8 ns
per increment. Four-step phase cycling was applied to suppress spectra distortions by echo
crossings. Analysis of the peak amplitude in ESEEM spectra was performed by polynomial
background subtraction, with the order of the polynomial fitting chosen as low as possible to
sufficiently fit the exponential decay baseline, but still preserve the full information of
modulation depth. After hamming apodization and zero filling, the primary ESEEM data in
the time domain was finally Fourier transformed into frequency spectra.
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5. Film Formation from Polyethylene Nanocrystal Dispersions
5.1.

Introduction

Thin and ultrathin crystalline polymer films are of fundamental scientific as well as
practical interest concerning their structures and properties.1 For the preparation of ultrathin
(≤ 0.1 µm) films the polymer is applied to the substrate in a non-ordered state, usually as a
dilute solution in an organic solvent. To overcome the intra- and intermolecular interactions
responsible for crystalline order in the solid polymer, and render it soluble, high temperatures
are often required. Crystalline order only forms on the substrate during solvent removal
and/or cooling. By this method, ultrathin high-density polyethylene films have been prepared
conventionally by evaporating solutions in hydrocarbon solvents at temperatures of 100 to
180 °C.2 As a different approach to ultrathin films of crystalline polymers, in this chapter the
preparation of polyethylene ultrathin films from aqueous dispersions of prefabricated
nanocrystals is presented. The nanocrystals function as mesoscopic building blocks for the
film, that is well-defined crystalline order is already introduced prior to the film formation
step. Film formation occurs at room temperature, and water rather than organic solvents is
evaporated.
The construction of materials from individual nanoscale crystalline entities as building
blocks has been studied intensely for inorganic materials. Here, it has been employed as a
route to mesoscopic materials, that is materials intermediate in order to glasses or liquids and
bulk inorganic crystals, with a more complex, often hierarchical structure compared to the
later. 3 Also, the occurrence of such entities as intermediates is discussed to be a general
principle of inorganic crystal formation.4
In our case, the nanoscale building blocks consist of an organic polymer, and their order
results from the principles of polymer crystallization which includes the presence of
amorphous phases as a general feature of a crystal. This new principle is demonstrated for
polyethylene which is the simplest organic polymer in terms of molecular structure, and is of
vast practical importance. As outlined in Section 1.2.1, its crystallization and structure in the
bulk have been investigated intensely.5 Also, studies of single crystals of polyethylene have
been ground-breaking for the understanding of polymer crystallization.6 Typically, isolated
crystals of several m lateral extension were employed, which were prepared by
crystallization from super-saturated solutions in organic solvents. While isolated single
crystals were in the focus of these studies, it has been noted briefly that the micron-sized
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polymer single crystals can aggregate to form a compact thick film during slow filtering of
their suspensions in organic solvents. 7
In this chapter a full account is given of the nature of semicrystalline PE films prepared
from aqueous dispersions of prefabricated nanocrystals. The nascent morphologies and
behaviour at elevated temperature of submicron films of variable thickness are studied, as
well as the fate of surfactant, which provides colloidal stability in the original PE dispersions.
Aqueous dispersions of nanoscale PE crystals with various particle microstructures as
described in Chapter 3 are used for the film studies. The as-obtained PE dispersion contains
just enough surfactant SDS to afford colloidal stability of the particles but no free surfactant,
as confirmed by a high surface tension of > 60 mN m-1, therefore the dispersion was directly
applied for the film preparation without any further treatment, such as dialysis. The films
obtained from dispersion PE I and II are designated as film I and II, respectively.

5.2.

Nascent crystalline film (film I)

Directly drying the as-obtained dispersion on a substrate affords continuous films of
micrometer thickness. To reproducibly prepare microscopically smooth and uniform
submicron PE films, spin-coating was applied. By varying the polymer content of the applied
dispersions, and the spin-coating rotation frequency, films of variable thickness ranging from
15 nm to 300 nm were obtained. The film thickness is mainly determined by the polymer
solids content of the dispersions employed. AFM images of the films prepared from the
dispersion with various polymer content of 2 wt.-%, 0.8 wt.-% and 0.2 wt.-% illustrate that a
sufficiently high polymer content (> 0.8 wt.-%) is required to obtain complete coverage of the
substrate on a large scale, otherwise isolated ‘holes’ form as seen in the phase image (Figure
5.1, AFM images of a 220 nm thick film are not shown here due to the similarity to the 50 nm
thick film). For the 50 nm and thicker films, coverage of the substrate without holes or defects
is evident from AFM. The surface roughness amounts to ca. 5 nm as concluded from line
scans over several micrometers. AFM height and phase images show a uniform morphology
and the absence of large crystalline structure, even for the thickest film studied here, in
accordance which the films appear dark when viewed with cross polarizers in an optical
microscope.
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Figure 5.1 AFM height and phase images of (a) ca. 50 nm film, (b) ca. 15 nm ultrathin film, (c)
discontinuous monolayer with scan sizes of 4 m, 1.5 m and 4 m, respectively, and corresponding
height cross sections (a-3) and (c-3), for (a-1) and (c-1), respectively.

At a low polymer content of 0.2 wt.-%, the particles assemble as a discontinuous monolayer
on the substrate. Surprisingly, height cross sections on the assembled structures show a rather
uniform thickness of 8-9 nm (Figure 5.1, c-3). Considering the anisotropic shape of the
particles (a plate-like shape with height of ca. 9 nm and lateral dimension of ca. 24 nm), this
indicates that the primary crystals orient preferentially with their lamellae laying flat on the
substrate. Height cross sections on a 220 nm thick film show that even at this relatively high
film thickness, the surface roughness only varies in the range of ca. ±5 nm (AFM images not
shown here due to similarity to the 50 nm thick film), which implies a layer-by-layer packing
of the particles in the nascent films probably is maintained even up to hundreds of nanometers
(vide infra for the orientation of primary nanocrystals in the nascent films).
It is noteworthy that the area marked with an arrow in Figure 5.1 (c-1) is probably
composed of surfactant (SDS) desorbed from the PE particle surface during film formation.
Height cross section shows its typical thickness of 1-2 nm and rather smooth surface (Figure
5.1, c-3). Phase images indicate its different viscoelastic properties by comparison to the
surrounding area covered by PE particles and to the uncovered substrate (Figure 5.1, c-2).
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Distribution of the surfactant in the nascent films, and the effect of annealing thereof will be
discussed in more detail in following sections.
For TEM studies, the films were floated off the glass slide onto water and transferred onto a
copper grid. Free-standing films were obtained. TEM micrographs of a ca. 50 nm and thicker
films of hundreds of nm show an overall uniform structure, with minor electron density
variations on a local scale (Figure 5.2, a), which is in agreement with the homogeneous
morphology observed by AFM. Analysis of the films by electron energy loss spectroscopy
(EELS) gives no indication of the presence of surfactant in the films, which is removed during
the floating-off procedure (note, however, that the sulfur element concentration here is at the
sensitivity limit of this method).

Figure 5.2 TEM micrograph of a free-standing film (a), and electron diffraction patterns with the
electron beam perpendicular (b), 20° inclined (c), and 45° inclined (d) to the film surface.

Electron diffraction on the nascent spin-coated films demonstrates the presence of
crystalline phases. The electron diffraction pattern corresponds to the most common
orthorhombic polyethylene crystal structure. With the incident beam direction perpendicular
to the film surface, sharp (hk0) diffraction rings are observed (Figure 5.2, b). Electron
diffraction was also performed with the incident beam inclined to the film normal direction by
tilting the sample. The sharp (110) and (200) diffraction rings change to continuous arcs with
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a tilting angle larger than 20° (Figure 5.2, c, d). This confirms that the nanocrystals are
oriented preferentially with their lamella c axis perpendicular to the substrate surface (Scheme
5.1).8 The differences in electron density at a local scale observed for films can be attributed
to some degree of disorientation of the platelets in the films, below the limit of electron
diffraction.

Scheme 5.1 Schematic representation of film preparation and film structure (surfactant molecules
adsorbed to the surface of dispersed particles not shown for the sake of clarity).

In preparation of annealing studies, the melting temperature of the films of different
thickness was studied with a differential AC-chip calorimeter in the group of C. Schick in
Rostock (Figure 5.3, a).

Figure 5.3 (a) First heating traces of AC calorimetry on ultrathin and thin PE films (ca. 50 nm and
300 nm, respectively), (b) AFM height image and corresponding line cross section of an ultrathin
polyethylene film on the chip of AC calorimeter after AC calorimetry measurements.

The melting peak temperature of a ca. 300 nm and a ca. 50 nm film was determined to be at
131 °C and 128 °C, respectively, which shows no significant melting depression in the
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submicron thin films compared to the bulk material (Tm = 133 °C in the first heating trace of a
standard DSC measurement with a heating rate of 2 K min-1). A formation of large droplets
induced by a conceivable dewetting during the AC calorimetry measurements can be
excluded. AFM on the film previously subject to the AC-chip calorimetry experiment shows a
complete coverage of the chip sensor surface by the film with a surface roughness of ca. 10
nm (Figure 5.3, b).
In the film forming approach we report here, the crystalline order already exists prior to film
formation, thus the size and degree of perfection of the crystallites are expected to be uniform
over the whole film thickness. By contrast, a depression of the melting point with decreasing
film thickness has been reported in various solution cast films. The observed depression was
attributed either to less perfected crystalline order in proximity to the film-air interfaces, or to
strong interactions between the substrate and the polymer.9

5.3.

Morphology of film I recrystallized from the melt

For bulk semicrystalline polymers the crystalline morphology, crystallization kinetics and
the mechanical properties are closely correlated to one another, as documented by numerous
studies.5, 10 Pioneering studies of isolated polyethylene (PE) crystals have been groundbreaking for understanding polymer crystallization,6 and crystal growth, reorganization
phenomena etc. are still subject to debate.11 Closely related, the morphology of PE thin and
ultrathin films has also received considerable attention recently, amongst others in the context
of understanding confinement effects on polymer crystallization.2c,11a, 12 Spherulites are a
common morphology of bulk crystalline polymers and micrometer thick films. However, in
thin and ultrathin films, the morphological details and crystallization kinetics are significantly
influenced by the confinement in one dimension, and interactions between the polymer and
the substrate.1f, 13
Water-soluble additives, especially surfactant, can have a profound effect on the film
formation process from polymer dispersions.14 Given that the SDS surfactant present in the
PE dispersion remained at least partially in the nascent films, the morphology of films
recrystallized from the melt by heating the nascent films once above the melting temperature
was studied in order to elucidate the evolution of film morphologies with respect to the film
thickness and any conceivable influence of surfactant molecules thereon.
The as-prepared films were heated to 160 °C and kept at this temperature for 10 min, then
cooled to ambient temperature for AFM imaging (Figure 5.4). Constant heating and cooling
rates were applied to ensure the same thermal history of the films studied. By keeping the film
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above the melting temperature for 10 min, presumably the structure of the primary crystals is
entirely overcome and the material subsequently crystallized from a molten state under the
confinement in one dimension. Note that the crystallization event is not intervened by
evaporation of any organic solvent, therefore the crystalline morphology observed here is
reasonably discussed only vs. previous observations on solvent-cast films which had
undergone thermal treatment to remove the previous thermal history from the film preparation
process.

Figure 5.4 AFM height images of recrystallized PE films from the melt with film thickness of (a, b)
220 ± 20 nm, (c) 40 ± 10 nm; and (e) 15 ± 5 nm. (c-2) and (e-2) the corresponding height cross
sections of (c-1) and (e-1), respectively; (d) phase image of the area marked with square in (c-1). The
inset in (a) is the corresponding optical micrograph (crossed polarizers), and the scale bar represents
10 m. The insets in (d) and (e-1) are the enlarged images of a 1.5 m area in respective images. The
scan sizes in (a), (b) (c)-1, (d) and (e)-1 are 100 m, 10 m, 10 m, 5 m and 4 m, respectively.
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For the continuous films with a thickness ranging from ca. 40 nm up to several hundreds of
nanometres, in all cases spherulitic structures were observed, with varied morphological
details. In the 220 nm thick film, more conventional polygonal spherulites formed with a
diameter up to ~0.1 mm, and a characteristic extinction pattern can be distinctly observed by
optical microscopy (crossed polarizers, Figure 5.4, a, inset). The radial growth of edge-on
lamella from the nucleation center of the spherulites (Figure 5.4, b) is very similar to previous
observations on the morphology of thin HDPE films.2a,2b For film thicknesses below 200 nm,
only open spherulitic structures were observed (Figure 5.4, c-d), probably due to limited
branching of lamellae in such thin films. The growth direction of lamellae appears more
random with decreasing film thickness. In a 40 nm thick film, parent lamellae can be hardly
distinguished (Figure 5.4, c-1). Notably, despite that surfactant remained in the film which
could potentially promote droplet formation, even in the molten state, dewetting was not
observed in annealing of the 40 nm and thicker film. The surface roughness after annealing
remains within the range of 5 to 10 nm (Figure 5.4, c-2). In 40 nm films, some areas of
irregular shapes between the crystallized lamellae were revealed to be uncovered of polymer
by the phase image (Figure 5.4, d), which probably resulted from a limited amount of material
available to the lamellar growth front in such ultrathin films, rather than dewetting.15 For the
15 nm film, and also in discontinuous monolayers, annealing at 160 °C results in obvious
dewetting and the formation of large droplets. By lowering the annealing temperature to 130
°C, and applying a shorter annealing time of 3 min, flat-on lamellae form predominantly as
indicated by their height and lateral size given by the line cross section profile (Figure 5.4, e1, e-2).
It is interesting to note that in the melt-crystallized films of thickness ranging from 40 to
220 nm, edge-on lamellae are the preferred crystalline form. This can be better distinguished
in the enlarged phase and height images (Figure 5.4, d, e-1). In the samples studied, flat-on
lamellae become dominant only at a film thickness of 15 nm. The orientation of lamellae with
respect to film thickness is still under debate, and subject to both theoretical 16 and
experimental studies.15, 17 It is generally agreed that the primary nuclei adopt an edge-on
orientation on the substrates, which grows further along this orientation in films of sufficient
thickness.2a With decreasing thickness, the growing lamellae tend to change to flat-on
orientation in favour of lowering the interfacial energy between the crystallized lamellae.2c
However, the corresponding critical film thickness varies for different polymers, and the
thermal history of the films. In our case we observe that the critical thickness approaches the
dimension of the lamellar thickness of the primary PE crystals. Besides factors such as
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temperature, or polymer-substrate interactions, in our case a contribution of enhanced surface
nucleation on the film surfaces enriched with impurities such as extruded surfactant, can not
be excluded as well. A migration of the surfactant molecules towards the film-air interface
upon heating was indicated by the annealing of ultrathin films below the melting temperature,
as discussed below.
For semicrystalline polymers, annealing generally can have a significant impact on their
morphology. This is mainly attributed to enhanced chain mobility at temperatures higher than
the crystallization temperature at which the original crystalline structure formed. e.g., lamellar
thickening on a local scale upon annealing has been visualized directly by AFM on either
polymer single crystals of micrometer size,11b,11c or monolamellar polymer crystals.18 For the
novel film structures studied here, annealing also gives insights regarding the role and fate of
surfactant.
As described previously, by varying the polymer content of the spin-coated dispersion,
discontinuous monolayer assemblies of PE crystals and continuous ultrathin films can be
obtained. In both cases the primary crystals have preferred flat-on orientation with respect to
the substrate surface, as indicated by, either the AFM height cross section profile on the
crystal assemblies, or for the nascent continuous ultrathin films the observed variation of
electron diffraction patterns from continuous (hk0) diffraction rings to arcs by tilting the film
surface with respect to the electron beam (Figure 5.2, c, d). To elucidate the effect of
annealing on the orientation of crystallites in films of various thicknesses, annealing below
the melting temperature was studied for both discontinuous monolayers of flat-on assembled
primary crystals, and the ultrathin films composed of pre-oriented primary crystals.

5.4.

Annealing of polyethylene nanocrystal assemblies and ultrathin film I

For direct observation of the development of morphology, the annealing was carried out in
situ on the hotstage of an AFM instrument. Annealing at 75 °C for up to 20 h did not induce
significant changes of the crystal thickness, as illustrated by a comparison of the height in the
images recorded at 75 °C and room temperature (Figure 5.5, a, c and corresponding height
cross sections). Interestingly, the surfactant aggregates could be removed by rinsing
thoroughly with water without destroying the monolayer (as studied on a sample annealed at
75 °C). This is confirmed by the disappearance of about 2 nm ‘islands’ between assembled
particles in both height and phase images (Figure 5.5, a-d). AFM images were taken at several
positions to ensure that they are representative for the sample surface.
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Figure 5.5 AFM height and phase images of a discontinuous monolayer structure, (a-1) and (b-1)
as-prepared sample recorded at room temperature, (c-1) and (d-1) annealed at 75 °C for 20 h, washed
with water at room temperature, then recorded at 75 °C, (a-2), (b-2), (c-2) and (d-2) corresponding line
cross sections in the height and phase images, respectively. The scan sizes in (a)-1 and (b)-1 are 2 m,
and in (c)-1 and (d)-1 1.5 m.

In order to follow the evolution of morphology with temperature and time, AFM images
were recorded at the same position during further annealing (Figure 5.6, a-c). With increasing
of the annealing temperature to 90 °C, no pronounced reorganization occurred, besides a
smoothening of the monolayer surface on a local scale (Figure 5.6, b). The average thickness
did not increase significantly as indicated by the line cross section.
After further annealing at 110 °C for 125 min, significant thickening was observed at some
areas (for better illustration, cf. inverted height images of two representative thickened areas,
Figure 5.6, e, f). The ‘cheese-hole’ structure of the covered areas in the original sample,
reflecting the boundaries between the primary crystalline domains, has disappeared nearly
completely, probably due to enhanced diffusion of the chains on the substrate at higher
temperature. Corresponding line cross sections show that the maximum thickening amounts to
ca. 13 nm, by comparison to the average thickness of ca. 7 nm at 75 °C (Figure 5.6, g).
Notably, a partial melting was observed in the nearby regions marked with arrows, as
indicated by a drastic decrease of height at the corresponding positions. The height cross
section profiles of Figure 5.6 (a-c) show that the lateral extension of the assembled particles
decreases slightly with increasing height at higher temperature, as expected (Figure 5.6, g).
However, with consideration of the amorphous layers which are unlikely to be completely
penetrated by the AFM tip under the applied moderate tapping force, the thickening effect we
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observed here just slightly exceeds the initial folding length of 12 nm for linear polyethylene
at a crystallization temperature of 110°C as reported by Barham et al.19 Annealing for a longer
time at 110°C did not result in a further increase of lamella thickness. Note that the applied
moderate imaging force has no additional effect on the observed lamellar thickening, as
confirmed by a height cross section on a larger scanning area which includes the continuously
scanned region in the images described above, and previously unscanned neighbouring areas.
A similar extent of lamellar thickening was observed over the whole length of the line scan
(Figure 5.6, d-1 and d-2). The thickened lamellae maintained their thickness after cooling to
room temperature, as expected.

Figure 5.6 AFM height images recorded during stepwise annealing (below Tm) of a discontinuous
monolayer structure on a silicon wafer at different temperatures and time periods, (a) 75 °C, 20 h, (b)
90 °C, 37 min, (c) 110 °C, 125 min, (d) 32 °C, 30 min. (e, f) enlarged inverted height images of the
areas (0.5×0.5 m2) indicated in (a) and (c), respectively, (g) corresponding line cross sections in (a),
(b) and (c); (d-2) corresponding line cross section in (d-1). As a guide to the eye, the square marked
area in (d-1) indicates the area scanned in (a)-(c). The scan sizes in (a), (b), (c) are 1.5 m, and in (d)-1
is 3.0 m.
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Note that by comparison to a typical lateral extension of several microns of the polymer
single crystals subjected to the previous literature studies, the lateral dimension of the crystal
assemblies studied here is in the range of hundreds of nanometres, thus the neighbouring
chains of each crystallite available for its reorganization are highly limited. Based on the
aforementioned observations, we assume that the lamellar thickening in the discontinuous
monolayer occurs via local disentanglement and reorganization of chains in the amorphous
phase due to enhanced mobility at elevated temperatures, rather than chain unfolding as
reported for ultralong alkane and PE single crystals.11c,20 The persistence of flat-on lamella
orientation is in agreement with previous AFM observations on annealing of isolated solutiongrown PE single crystals in the absence of traces of organic solvent.11c
To investigate whether surfactant molecules have any effect on the lamella thickening,
annealing of the discontinuous monolayer was also carried out without any intermediate
washing procedure, which was usually employed in film sample preparation to remove SDS
desorbed from the particle surface in deposition via spin-coating. The results show a similar
trend of lamella thickening vs. the annealing temperature (Figure 5.7).

Figure 5.7 AFM height images recorded during annealing of a discontinuous monolayer structure at
different temperatures (below Tm), with the surfactant present in the dispersion still remaining in the
sample after deposition on the silicon wafer (unrinsed sample), (a) 75 °C 20 h, (b) 110 °C 5 min, (c)
110 °C, 115 min, (d) 115 °C, 90 min, and (e) corresponding height cross sections in (a)-(d). The
arrows mark the position composed of desorbed SDS. The scan sizes in all image are 1.5 m.

A significant thickening effect was observed at a high temperature of 110 °C, with
simultaneous partial melting adjacent to the thickened regions (indicated by the formation of
holes), as expected from the observations described above during annealing of the washed
sample. A maximum thickening was observed to a similar extent of up to 14 nm (from an
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original height of 8 nm) at 110 – 115 °C (Figure 5.7, e). In contrast, the thickness of the areas
covered only by SDS aggregates (marked with arrows in Figure 5.7, a, e) remained nearly
constant up to 115 °C. Therefore, a significant contribution to the observed height increase of
PE monolayers by aggregation of surfactant residues can be excluded.
Annealing of a nascent continuous film of ca. 50 nm was carried out in a Linkam hotstage,
and studied by AFM after rapid cooling (with a cooling rate of 50 K min-1) to ambient
temperature (Figure 5.8). AFM images were recorded at the same position for direct
comparison.

Figure 5.8 AFM images recorded during annealing of an ultrathin film I (ca. 50 nm) below the
melting temperature. (a) nascent film; (b) annealed at 95 °C for 24 h; (c-1) and (c-2) enlarged images
of area marked with square in (b); (d-1) and (d-2) after rinsing the sample with water; (e) annealed at
120 °C for 13 h; (f) annealed at 130 °C for 20 h. (a), (b), (c-1), (d-1), (f) are height images; (c-2), (d2), (e) are phase images. (c-3) and (c-4) are the corresponding cross sections in (c-1) and (c-2),
respectively. The scan sizes in (a) and (b) are 10 m, in (c)-1 and (c)-2 5 m, in (d)-1 and (d)-2 5 m,
in (e) 1.0 m, and in (f) 10 m.

After annealing at 95 °C for 24 h, new structures of about 30 nm in height and several
hundred nm in diameter appeared in height images (marked with arrows in Figure 5.8, b).
Height and phase images of the square marked area in Figure 5.8 (b) are enlarged for better
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illustration (Figure 5.8, c-1, c-2), which show that these newly appeared structures consist of
several layers, with a thickness of ca. 5 nm for each layer as given by the height cross section
profile. The phase image (Figure 5.8, c-2) reveals that the stacking of multilayers is often
surrounded by some ‘island’ like structures, which also show different phase variation from
the surrounding area. However, by rinsing the film-air interface with water, the previously
observed dots and ‘islands’ were removed in both height and phase images (Figure 5.8, d-1,
d-2). This indicates their composition of aggregated surfactant, probably formed by migration
of SDS extruded towards the film-air interface upon annealing. A similar extrusion effect of
surfactant during annealing of latex films has been observed previously.21 Further annealing at
higher temperatures up to 120 °C shows no additional formation of SDS aggregates, or any
changes of surface morphology. Moreover, the boundaries between crystalline domains can
still be clearly recognized in the phase image after annealing at a such high temperature,
which indicates no occurrence of surface melting even at 120 °C (Figure 5.8, e). After
annealing at a temperature up to 130 °C, a dendrite like morphology formed after rapid
cooling to room temperature (Figure 5.8, f), which is characteristic of melt-crystallization in
ultrathin films.
These findings show lamellar thickening on a local scale to occur in the discontinuous
monolayers upon annealing at a sufficiently high temperature of about 110 °C. Annealing of
the continuous ultrathin crystalline films at temperatures up to 120 °C did not induce
observable changes of film morphology, which would, however, be more difficult to detect by
comparison to the discontinuous monolayer, as the extent of expected lamellar thickening is
in the range of the surface roughness of the nascent ultrathin continuous films.

5.5.

Distribution of surfactant in the films (film I)

Taking into account the composition of the as-prepared PE dispersions (ca. 2 wt.-% polymer
content and 0.7 wt.-% surfactant content), and as a simplification assuming spherical PE
particles with a diameter of 10 nm, the specific particle surface coverage per SDS molecule is
estimated to be about 0.8 nm2, which agrees well with a reported value of an effective head
group area of 0.62 nm2 for SDS in neat water. 22 The SDS surfactant added into the
polymerization medium can be assumed to adsorb onto the surface of the PE particles formed
completely, affording their colloidal stability. The high surface tension of 60 mN m-1 also
confirms the absence of SDS micelles in the as-prepared PE dispersions. During film
formation from surfactant-stabilized polymer dispersions, the surfactant molecules desorb
from the particles and form aggregates, which, depending on the compatibility of the
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surfactant with the polymer, may be uniformly distributed within the film, or enriched at the
film interfaces.14a Enrichment of surfactant molecules at both the polymer-substrate interface
and the film-air interface has been directly observed by various spectroscopic methods.14c
However, these observations have only been realized in m thick films, due to a depth
resolution limit. To estimate the distribution of surfactant in our nascent and annealed films at
different film thicknesses, static contact angles were determined (Table 5.1).
Table 5.1 Static contact angles of the films (film I).
nascent film

annealed < Tm
washed

discontinuous
monolayer
15 nm film
50 nm film
220 nm film

recrystallized from the
melt
washed

30°

60° a

75°

80° c

80°

20°
< 20°
< 20°

90° a
90° b
90° b

105°
90°
95°

60° c
90° d
95° d

60°
90°
105°

a

annealed at 75°C, b annealed at 95°C, c annealed at 130°C, d annealed at 160°C. The experimental accuracy of
contact angle determination is estimated to be about ±10°. The static contact angle on a freshly cleaned silicon
wafer substrate was determined to be < 20°.

For the nascent continuous films, low contact angles of ≤ 20° were observed for the whole
range of film thicknesses studied, which indicates the enrichment of surfactant at the film-air
interface. Annealing below melting temperature, at 75 °C and 95 °C for ultrathin and thin
films, respectively, already resulted in significantly increased contact angles, despite that
formation of SDS aggregates on the film-air interface was observed after this low temperature
annealing step (Figure 5.8). In addition, the annealed film could not be floated off the
substrate as in the case of nascent films, which renders it feasible to rinse the film-air interface
of the annealed films with water intensely. However, no significant changes of contact angles
were observed before and after the rinsing procedure. The above observations suggest that the
film-air interface of the nascent films was covered by desorbed SDS, although the SDS layer
can not be directly observed by AFM. Upon heating, the continuous SDS layer, probably also
surfactant migrated from the film-substrate interface, form large aggregates at the film-air
interface. However, since the lateral dimension of these aggregates (several hundreds of nm)
is very small as compared to the size of a water droplet (~2 mm in diameter) applied in the
contact angle measurements, the wettability of the film-air interface is rather dominated by
the hydrophobic PE film, which is in agreement with theoretical predictions of the contact
angle on a smooth but chemically heterogeneous surface according to the Cassie equation.23
For films thicker than 50 nm, higher annealing temperatures or longer annealing time were
required to increase the contact angle to a similar extent (Table 5.1), which is probably due to
hindered diffusion of the surfactant molecules in the thicker films. For the as-prepared
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discontinuous monolayer, an intermediate contact angle of 30° between a freshly cleaned
silicon wafer substrate and polyethylene film was observed, which increased to a smaller
extent after annealing. This is probably due to too low amount of SDS in such thin material to
form a continuous surfactant layer (Figure 5.1, c). In the films recrystallized from the melt,
the contact angle was observed to increase to a similar extent as in annealed films, except for
the slight decrease in a 15 nm ultrathin film, which may be attributed to a discontinuous
coverage of the substrate after melting (Figure 5.4, e).

5.6.

Morphology of low crystallinity film (film II)

Ultrathin and thin films of less crystalline PE were prepared from dispersion PE II,
composed of polymer with a considerable degree of methyl branching (50 branches/1000
carbon atoms by comparison to 5 branches/1000 carbon atoms in the polymer of dispersion I,
as determined by

13

C NMR analysis on the isolated bulk polymers). DSC traces of the bulk

polymer display broad melting and crystallization transitions, covering a temperature range
from about 0 °C to 100 °C, with the melting and crystallization peak located at ca. 67 °C and
66 °C, respectively (cf. Section 3.3.2). The thermal properties of the bulk polymer of
dispersion PE II are comparable to a random ethylene-propylene copolymer (EP rubber) with
a relatively low propylene content. 24 Crystallization of ethylene sequences in such EP
copolymers is hindered by the methyl branches. Consequently, the formation of a lamellar
morphology is limited to domain structures, 25 or even entirely suppressed at a propylene
content of 30 mol.-%.26
Nascent films prepared from dispersion II appear homogenous and continuous in AFM
height and amplitude images (Figure 5.9, a-b), which agrees with the overall uniform feature
observed in TEM images of free-standing films (Figure 5.10), prepared by floating the
(nascent) films off the substrate in water. The surface roughness given by the AFM height
cross sections of as-prepared films is similar to that of film I, as expected considering similar
particle size in dispersion I and II. However, by contrast to the nascent film I, the particle
boundaries can not be distinguished any more, which indicates stronger particle coalescence
of the amorphous phase in the less crystalline film.
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Figure 5.9 AFM images of film II, (a) and (b) nascent ultrathin film (ca. 65 nm), (c) and (d) ca. 65
nm ultrathin film annealed at 115 °C for 5 min, (e) and (f) ca. 300 nm thin film annealed at 115°C for
5min. (a), (c), (e) are height images, and (b), (d), (f) are amplitude images. The scan size in (a)-1 is 10
m, in (b) 5 m, in (c)-1 10 m, in (d) 5 m, in (e)-1 10 m, and in (f) 10 m.

Figure 5.10 TEM micrograph of a free-standing ultrathin film II.

Films were annealed in a Linkam hotstage with a constant heating and cooling rate.
Morphology changes were recorded by AFM at ambient temperature. Melting of the ultrathin
film II (ca. 65 nm) at temperatures above 120 °C for longer than 5 min resulted in dewetting
and the formation of large droplets. Applying a lower temperature of 115 °C and slow cooling
rate of 2 K min-1, the formation of a sheaf like morphology was observed (Figure 5.9, c-d).
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The surface roughness drastically increased to ± 40 nm, however, a continuous coverage of
the substrate is maintained as observed from the amplitude image. In thicker films of about
300 nm, crystallization from the melt at 115 °C causes a more drastic increase of surface
roughness to ± 100 nm, and detailed crystalline structures were difficult to be distinguished in
AFM images (Figure 5.9, e-f). The significant morphological differences observed in
melt/recrystallized film II by comparison to film I is probably due to a lower crystallization
rate induced by substantial increase of short chain branching, thus competitions between
dewetting and crystallization also have an impact on the development of film morphology
upon annealing.27

5.7.

Conclusion

The construction of semicrystalline polymer ultrathin films from individual crystalline
mesoscale entities is demonstrated to be an attractive method. It is based on the combination
of a very small crystal size with the general structure of polymer single crystals, which results
in efficient interaction via the amorphous parts despite their overall minor volume share. This
has been demonstrated for linear polyethylene, a high volume commodity plastic which is
also physiologically inert and environmentally benign, but difficult to process to thin and
ultrathin films to date. As an inherent feature of the applied approach, the crystallinity of the
as-obtained films can be tuned by the crystallinity of the prefabricated mesoscale entities.
This has been illustrated for polyethylene with a moderately high degree of branching. In
addition, the film formation process is carried out at ambient temperatures and does not
involve hazardous and toxic organic solvents, which can also be beneficial for sensitive
substrates.
Spin-coating of dispersion I afforded continuous films with a thickness from as low as 15
nm up to several hundred nm. These nascent films posses a homogeneous topography over
hundreds of micrometers, as revealed by both AFM and TEM. Electron diffraction confirms
that the nanoscale crystalline phase present in the primary PE nanocrystals is maintained in
the nascent films. For a 40 nm film and thicker films studied, recrystallization from the
molten state upon cooling did not result in dewetting and afforded again continuous films
despite the presence of surfactant. The morphology of the recrystallized films depends on
their thickness. While thicker films are composed of polygonal spherulites, randomly grown
edge-on oriented lamella predominate thin films due to one dimensional confinement.
Dominant formation of flat-on lamella was observed only in a film of 15 nm thickness.
Overall, the morphology of these melt-recrystallized films is similar to the films originally
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cast from solution, and not influenced by the surfactant introduced with the original primary
nanocrystals.
Thermal annealing of discontinuous assembled monolayers of PE nanocrystals below the
melting temperature resulted in lamella thickening without changes of crystal orientation, or
structure of the particle assemblies, likely via local disentanglement and reorganization of
polymer chains.
Surfactant adsorbed to the nanocrystal surface in the aqueous dispersion desorbed at least
partially during formation of the nascent films. Upon annealing below the melting point, the
surfactant molecules migrate toward the film-air interface to form aggregates, which can be
removed by rinsing with water, without any other observable undesired effect on film
structure, and stability.

5.8.

Experimental
5.8.1. Materials and General Considerations

Detailed characterization of PE dispersions used for film preparation is given in Chapter 3.
Static contact angle measurements were carried out with a home-made set up by placing a ca.
3 l water droplet on the film surface. Differential AC calorimetry measurements were carried
out according to [28] in the group of Prof. Christoph Schick at the University of Rostock,
Germany. Polyethylene dispersions were directly spincoated onto the SiN4 membrane of a
chip sensor. The film thickness of the film obtained was estimated by AFM measurements of
films prepared on a silicon wafer under identical conditions. Temperature scanning was
applied from 60°C to 140°C with a linear heating rate of 2 K min-1 at a fixed temperature
oscillation frequency of 20 Hz and oscillation amplitude of 1V. First heating traces were used
to evaluate the melting temperature of nascent films.
5.8.2. Preparation of films
Polished glass slides or silicon wafers were cleaned by immersing in a 7:3 vol. mixture of
96% H2SO4 and 30% H2O2 at 80 °C for ca. 30 min, rinsed thoroughly with distilled water in
an ultrasonic bath, and dried in air. Freshly cleaved mica was used as such. The films were
prepared by placing 30-40 l of PE dispersions of variable polymer solid content onto a clean
substrate, then spin-coating with a rotation speed ranging from 2000-4000 rpm at room
temperature on a customer-made spin-coating device. Thickness of thus obtained films was
determined by AFM measurements on purposely introduced scratches at several different
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positions on the film surface. The nascent films appear transparent. For TEM analysis, the asprepared film on a substrate was inserted into distilled water at an angle of ca. 45°. The
floated-off film was then transferred onto a copper grid and dried at room temperature
overnight prior to TEM analysis. For annealing experiments the film was annealed with an
appropriate temperature program in a Linkam hotstage (THMS 600) equipped with liquid
nitrogen cooling. The static water contact angles on the films were measured on several
different areas in each film sample with a customer-made device.
5.8.3. AFM imaging
The topography of the films was measured with a JPK NanoWizard instrument in the
intermittent contact mode using a Silicon tip with force constant of 40 N m-1 and resonant
frequency of about 300 kHz. The set point amplitude Asp was set just sufficient to follow the
topography of the film, and minimize any possible deformation of the film surface by the
scanning probe. Height, phase and amplitude images were recorded simultaneously. For
measurements at elevated temperatures, the sample was heated to the desired temperatures on
a heating stage incorporated in the scanning system. The temperature variation of the heating
stage was determined separately to be ± 2 °C with a PT100 thermocouple. The thermal drift of
the cantilever resonance curve was tuned at each measurement temperature.
5.8.4. TEM imaging
The electron microscopic investigations of the free-standing films were performed on a
Zeiss Libra 120 instrument operated at 120 kV acceleration voltage on unstained samples. For
electron diffraction, the film samples were examined at selected areas at a temperature around
90 K with a minimal electron dose. At first, the film samples were oriented with the film
surface normal parallel to the electron beam, and then tilted with respect to the surface normal
with desired angles by keeping at the same area. The tilted angle was directly read on the
tilting stage.
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6. Polyethylene Nanoparticles with Surface Functionalization
6.1.

Introduction

Nanomaterials, especially those with well-defined structure, have received increasing
interests in the recent decades,1 due to their unique optical, electronic, mechanical properties,
and chemical reactivities. Their properties can differ from conventional bulk materials due to
the finite small size of particles or domains generated thereof. Beyond fundamental interest in
the understanding of structure-property relationships, progress has already been made to the
development of versatile nanomaterials-based applications, especially diverse biomedical
applications such as biomedical imaging, drug delivery system, targeting etc., 2 in which
appropriate surface functionalization is often required.
A great variety of nanomaterials have been synthesized for the aforementioned applications,
a considerable number of which are polymer nanoparticles. They are also of particular interest
in the context of this thesis. Appropriate functionalization on the particle surface is essential
for interacting with biologically active molecules, and efficient colloidal stability is a
prerequisite for the applications in living systems. For these purposes, various synthetic
strategies have been employed. The most intensely studied methods include: (i)
polymerization in heterogeneous media, especially aqueous emulsions consisting of most
often conventional surfactants;3 surfactant ionic liquids4 or lyotropic mesophases5 were also
reported, (ii) chemical modifications of preformed polymer particles through postpolymerization reactions 6 and surface grafting 7 or functionalization 8 , (iii) self-assembly of
amphiphilic components, such as block or graft copolymers,9,10 polyelectrolyte or surfactant
complexes 11 etc., among which polymer micelles, accessible via either polymerization of
polymerizable surfactant12 or self-assembly of amphiphilic block copolymers13, have gained
considerable attention for their particular suitability as drug delivery system,14 (iv) synthesis
of intrinsically amphiphilic macromolecules, such as dendrimers, 15 cascade polymers, 16
hyperbranched polymers, 17 which often provides multifunctionality and monodisperse
particles in the size range of 1-10 nm.
Of the aforementioned methods, polymerization in aqueous emulsions probably provides
the most straightforward and versatile access to surface-functionalized polymer particles in
the submicron size range.1d Using mini- and microemulsion techniques particle sizes of down
to tens of nanometers with narrow size distribution can be achieved. 18 , 19 Many types of
polymerization reactions, including conventional and controlled radical polymerization, 20
catalytic polymerization, 21 ionic polymerization, 22 and polycondensation/polyaddition 23 can
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be applied, which enables the access to particles containing a variety of functionalities. The
obtained polymer latex particles have diverse internal and surface morphologies such as core
shell, capsule, microgel, hybrid structures,1d depending on the component of the
polymerization mixture and the polymerization process, which can be therefore tailored for
desired applications.
Polymer nanoparticles containing a hydrophobic core and hydrophilic surface groups/layers
are of particular interest, for example, as drug delivery system24 and as multivalent binding
entities. 25 For their preparation, the mostly studied method so far is radical emulsion
polymerization. The applied monomers include styrene as the most common hydrophobic
monomer, and -caprolactone and lactides were also reported.26 A variety of ionic monomers
and amphiphilic (macro)monomers were used for providing colloidal stability, and
functionalization of the particle surface which is also essential for subsequent interactions
with biomolecules or fluorescent tags. To this end, a considerable amount of studies have
been carried out with reactive surfactants.27,28 Aside the aforementioned potential applications,
polymer latexes obtained with reactive surfactants are also of interest for film formation. In
films formed from polymer latexes stabilized with physically adsorbed surfactant, desorption
of the surfactant from the particle surface often causes inhomogeneity in the films, which also
has adverse affects on their water resistance.29 Surfactant extrusion in the films formed from
the polymer latexes obtained with polymerizable surfactant has shown to be significantly
suppressed.30
By comparison to free radical polymerization, catalytic polymerization in emulsion offers
the convenient accessibility of semicrystalline polymer nanoparticles of size down to ca. 10
nm with controlled microstructures (Chapter 3). Furthermore, olefinic monomers which are
usually not suitable for radical polymerization can be employed. In this chapter,
copolymerization of ethylene with various amphiphilic comonomers with water-soluble
salicylaldiminato Ni(II)-methyl complexes is studied, with the aim to introduce functional
groups on the polyethylene particle surface, and thus also provides there unique nanocrystals
with a better defined surface chemistry. Dye uptaking and film forming properties of the
copolymer latex free of non-covalently bound surfactant are studied and compared to the
homopolyethylene latex stabilized by the physically adsorbed surfactant SDS.

6.2.

Copolymerization of ethylene with amphiphilic comonomers

Copolymerizations with three different types of amphiphilic comonomers containing ionic
sulfate, non-ionic polyethylene glycol, and saccharide functional groups were carried out
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(Scheme 6.1). The choices of the functional groups were based on considerations of colloidal
stabilizing ability and specific functionality. For example, polymer nanoparticles bearing
various saccharide functional groups are of particularly interest as multivalent binding entities
for lectins.25 Two water-soluble neutral Ni(II) catalyst precursors 1 and 2 with varied remote
substituents on the ligand backbone were used, with the aim of controlling the microstructure
and crystallinity of the obtained copolymer particles, as already observed in ethylene
homopolymerization (Chapter 3). The length of the alkyl linker between the olefinic double
bond and the functional groups in the comonomers was chosen to be sufficiently long to
prevent possible deactivation of the catalyst via chain-walking to the -carbon of the
functional group and further conceivable -X elimination.31

Scheme 6.1 Copolymerization of ethylene with amphiphilic comonomers.

Homopolymerization of the comonomers A and B with complex 1 and 2 was attempted in a
neat aqueous solution of the comonomers, a however, only unreacted monomers were
recovered.
It is noteworthy that the catalyst precursors were observed to be stable and inert towards the
substrate for days in the presence of a large excess of the saccharide containing monomer. 1H
NMR spectra of precatalyst 1a recorded in the presence of 30 eq. of the monomer containing
a –(OCH2CH2)3-glucose moiety (i.e. 120 eq. of –OH groups) and after storing at room
temperature for 48 h show that the chemical shift of nickel coordinated methyl proton signal
a

Exemplified reaction conditions: [precatalyst 1 or 2] = ca. 0.6 mM, [comonomer A] = ca. 100 mM,
[comonomer B] = ca. 10 mM, stirring in a Schlenk tube at room temperature and under argon atmosphere
overnight.
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(Ni(II)-CH3) remained at -1.50 ppm (d, 3JPH = 7.2 Hz), and the integration did not change
significantly, by reference to the integrations of the proton signals resonating at 2.86 and 2.99
ppm assigned to DMF (the precatalyst was obtained as the DMF adduct) (Figure 6.1). This
also suggests that at room temperature precatalyst 1a does not polymerize the saccharide
monomer in the absence of ethylene. The minor signal resonating at -1.32 ppm is due to the
partial dissociation of the labile ligand TPPTS in CD3OD.32

Figure 6.1 1H NMR spectra of precatalyst 1a in CD3OD (top) (C1a = 4.7 mM), and after the addition
of 30 eq. monomer containing a –(OCH2CH2)3-glucose group (Ccomo. = 137 mM) and storing at room
temperature for 48 h (bottom). Both spectra were taken at 298K.

However, at 30 bar ethylene pressure, moderate activities in the copolymerizations with all
three types of comonomers were observed (Table 6.1). At an ethylene pressure to 20 bar or
below, no observable polymer formation occurred in either homo- or copolymerization of
ethylene, therefore the ethylene pressure was kept at 30 bar in all copolymerization
experiments. Other conditions, namely reaction temperature, the amount of catalyst precursor
and stirring speed were chosen as optimized for ethylene homopolymerization.
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Reaction conditions: 10 mol catalyst precursor, 30 bar ethylene pressure, 15 °C, 60 ml of water, stirring speed of 1000 rpm, polymerization time of 60 min. b the monomer
was only partially dissolved c 5 ml MeOH were added in addition to dissolve the comonomer d in the presence of 0.1g SDS, e 20 mol catalyst precursor, and in the presence of
0.1g SDS, f ethylene homopolymerization in the presence of 0.75g SDS, g ethylene homopolymerization in the presence of 0.075g SDS, and at an ethylene pressure of 40 bar. h
mol (ethylene converted) mol (Ni)-1. i determined from 13C NMR, j determined from the integration of +B4+ carbon resonance, k calculated from the incorporated vs. initially
added comonomer, l determined by DSC with a heating/cooling rate of 10 K min-1; the crystallinity was calculated with respect to the weight fraction of the (CH2CH2)n portion
in the copolymer, m determined by GPC, n volume average size determined by DLS, o surface area coverage, calculated by (head group area of incorporated surfactant) /
(surface area of all particles) by assuming the specific surface area per surfactant head group to be 0.62 nm2 and taking into account the particle size determined by DLS (cf. text
for details), p the melting and crystallization transitions observed at lower temperatures may result from the PEG chain of the incorporated comonomer (cf. text), the
crystallinities were calculated from the melting peak at higher Tm. q contains also ca. 20 vol.% of ca. 800 nm particles. r bimodal distribution, contains also ca. 40 vol.% of >200
nm particles. s number of functional groups or surfactant head groups per nm2 particle surface, calculated by (number of incorporated surfactant molecules) / (particle surface
area) t alkyl branches with more than 4 carbon atoms

a

cat.

entry

Ccomo
(mM)

Table 6.1 Copolymerization of ethylene with amphiphlic comonomers a
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Copolymerizations were first carried out exclusively in presence of comonomers without
additional surfactant (Table 6.1, entry 6-1 to 6-7). Compared to the ethylene
homopolymerizations in the presence of the surfactant SDS under otherwise identical
conditions (Table 6.1, entry 6-11 and 6-12), both activity and productivity of the catalyst in
copolymerizations decrease to nearly 25% and even lower to 5-10% in the case of the glucose
group containing comonomer C1. Presumably, a less effective colloidal stabilization by the
saccharide groups leads to a less efficient formation of primary particles and decreased
productivity. Another explanation is a conceivable deactivation of the catalytically active
species by the alcoholic –OH moieties.b Polymer latexes with polymer contents ranging from
0.25 to 1.1 wt.-% were obtained (Table 6.1, entry 6-1 to 6-6).
Ethylene mass flow traces recorded during copolymerizations showed the catalyst life time
to be similar as observed in the homopolymerization, and lower catalyst activities were
observed since the early stages of polymerizations (Figure 6.2). 1H NMR spectra of the
isolated copolymers (vide infra) show that the amount of internal olefinic protons, resulting
from chain transfer, is nearly the same as in the homopolymers. Available GPC traces and 1H
NMR spectra show that the molecular weights of the obtained copolymers are slightly lower
than, but still in the same order of magnitude as the homopolymers. The number-average
molecular weights determined from the total double bond content from 1H NMR is in good
agreement with available GPC data. GPC also shows that molecular weight distributions
remained in the range of 2. Above observations indicate that the incorporation of the bulky
comonomer slowed down the chain growth,33 as expected, but did not significantly enhance
deactivation of the catalyst by presence of the polar functional groups. The aforementioned
less efficient stabilization of primary particle may in addition account at least partially for the
decreased catalyst productivity. Note that the copolymerizations were carried out at
comonomer concentrations below or rather close to their respective c.m.c.; c however, a
possible deactivation of the catalyst by an increased exposure to the aqueous phase in the
absence of micelle formation can be excluded, as comparative ethylene homopolymerization
carried out far below the c.m.c. of SDS showed no significant decrease of activity (Table 6.1,
entry 6-13).
b

In NMR studies carried out in CD3OD, it was observed that in the presence of ethylene, the deactivation rate of
salicylaldiminato-Ni(II)Me(pyridine) complex was accelerated, despite the observation of polymer formation,
which indicates a higher propensity of the polymerization active species to undergo alcoholysis (I. GöttkerSchnetmann, unpublished results).
c
c.m.c. of the comonomers were determined to be ca. 45 mM and 10 mM for comonomer A and B, respectively
by measuring the concentration dependence of the surface tension of their neat aqueous solutions. By
comparison, the c.m.c. of SDS was determined to be ca. 7 mM, which agrees with a previously reported value of
8.9 mM.41
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Figure 6.2 Mass flow traces of the ethylene homopolymerizations (solid lines) and
copolymerizations of ethylene with comonomer A (dashed lines) with catalyst precursor 1a (left) and
2a (right), respectively.

Covalent incorporation of the comonomers into the polymer backbone was confirmed by
13

C NMR and DEPT spectra of the isolated bulk copolymers. In copolymers obtained with

catalyst 1, the characteristic long chain branch tertiary carbon signal was observed at 38.1 –
38.3 ppm in the 13C NMR and DEPT spectra of the copolymers, which is absent in ethylene
homopolymers (Figure 6.3). In ethylene homopolymerization with catalyst 2, a small amount
of long chain branches were also observed owing to its higher ‘chain running’ ability,
however, the integration of the B4+ carbon signal in the

13

C NMR spectra of copolymers

increased to an extent corresponding to the incorporated comonomers, as calculated from the
increased amount of long alkyl chain branch tertiary carbon signals (Figure 6.4,
corresponding DEPT,

13

C and 1H NMR spectra of the isolated copolymers with other

comonomers are given in Figure 6.13-6.21 in Addendum).
The integration of the B4+ carbon signal was used to determine the molar incorporation
ratio of the comonomer. The obtained values agree within experimental errors with the
integration of the characteristic methylene proton signal arising from the -position to the
functional group of the comonomer observed at 3.7 ppm, d to which any conceivable
contribution from unreacted comonomers can be excluded, since the characteristic allylic
carbon signals at 138 and 113 ppm and the proton (CH2=CH-) multiplet at 5.77~5.87 ppm of
the free comonomers were not detected.

d

The minor signal at 4.3 ppm was also observed in a 1H NMR spectrum of SDS taken in C2D2Cl4 under the same
conditions. It is presumably due to partial hydrolysis of the sulfate group to alcohol, which has been reported
previously (e.g. J. Phys. Chem. 1962, 66, 2239).
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Figure 6.3 13C NMR and 1H NMR spectra of isolated copolymers from entry 6-1 (precatalyst 1) in
C2D2Cl4 at 130 °C. The assignment of the methylene carbon (as identified from the DEPT spectrum,
Figure 6.13) resonance at 33.37 ppm is unclear. The broad proton resonance at 4.33 ppm is
presumably due to partial hydrolysis of –SO4-Na+ to –OH.
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x

Figure 6.4 13C NMR and 1H NMR of isolated copolymers from entry 6-2 (precatalyst 2) in C2D2Cl4
at 130 °C. For the nomenclature of additional carbons other than indicated in the inset of the graph,
please refer to Scheme 3.2.

The characteristic methylene carbon signals of the -position to the functional group
(assigned as x) in the isolated copolymers were observed at nearly the same chemical shift as
in the free comonomers (at the resonance 63.4~63.5 ppm for sulfate containing copolymers),
as expected, due to the presence of the long alkyl linker, except for the copolymers obtained
with comonomer type C, for which partial decomposition of the functional groups during the
over-night

13

C NMR measurements at 130 °C is suspected. This is suggested by different
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chemical shifts of the methylene carbon signal of the -position to the saccharide groups at
63.2 ppm by comparison to 68.7 ppm for the neat comonomer, as well as other –OH attached
methine carbon signals in the region of 66~73 ppm (Figure 6.20, Addendum).
The integration of characteristic carbon signals of the -position to the functional groups
were observed to be lower than the expected value calculated from the incorporation ratio
determined from B4+ integration, probably due to its longer relaxation time.
NMR analysis (1H-, 13C NMR, 1H,1H-gCOSY and 1H,13C-gHSQC) of the free comonomers
in C2D2Cl4 show that the x carbon resonates at a chemical shift of 29.5 ± 0.3 ppm, depending
on the individual polar functional groups. In the copolymers, this signal is obscured by the
intense + peak at 30 ppm (cf. Experimental section and Figure 6.22 and Figure 6.23 in
Addendum for detailed NMR characterization of the free comonomer A, B and C3.
Presumably, in the polymers the chemical shifts of the proton and carbon atoms remote from
the long alkyl chain attached branching points do not differ from the free comonomers). The
specific carbon resonance at 26.2 ppm (assigned as x) supports the presence of the functional
group, and the integration of this signal agrees with the incorporation ratio determined from
the B4+ signal, except in the copolymers obtained with comonomer A where a lower value
was observed. The reason for the latter remains unclear.
In general, ethylene incorporation dominates the chain growth due to the high affinity
toward ethylene of the applied catalyst system. About 0.2-2.0 mol.% incorporation ratio of the
comonomer into the PE backbone was obtained for the studied comonomers. This observation
qualitatively agrees with the previous studies on the copolymerization of ethylene with
nonpolar 1-olefins, such as 1-butene and norbornene, with lipophilic salicylaldiminato Ni(II)
complexes in both toluene and miniemulsion, in which ethylene incorporation was also
observed to be strongly favored.33,34 1-butene incorporation up to ca. 4 mol.% was obtained in
copolymerization in toluene at a high 1-butene molar ratio of 0.76 in the reaction mixture,
which was enhanced slightly to 4.5 mol.% in miniemulsion polymerization.33
Interestingly, in copolymerization with all three types of comonomers, both higher
productivity and higher incorporation ratio were observed for precatalyst 1 than 2. Decreased
productivity in copolymerization with precatalyst 2 could originate from its stronger
propensity for ‘chain walking’ along the alkyl chain towards the functional group, which
could deactivate the catalyst. A tentative explanation for higher incorporation ratios with
precatalyst 1 is that possibly rapid crystallization occurred in the higher crystalline particles
formed by catalyst 1 (vide infra), which could purge the lipophilic catalyst active site towards
the particle surface and facilitates its access to the amphiphilic comonomers located at the
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particle/water interface. During the polymerization with precatalyst 2, due to the more
pronounced amorphous nature of the formed particles, the lipophilic catalyst active site is
probably located more at the interior of the particle, thus its access to the amphiphilic
comonomer is restricted.
In terms of incorporation feasibility of the three types of monomers, comonomer B
containing a PEG group was found to be incorporated to the highest extent, despite its bulky
size. Although the initial molar concentration of the added monomer B is the lowest due to its
high molecular weight, the polymerization results show the highest conversion of the
comonomer (Table 6.2, entry 6-3 vs. 6-1 and 6-9). This may originate from the amphiphilic
nature of the PEG moiety itself which could favour the contact between the lipophilic reactive
center with the double bond in the comonomer.
In the absence of SDS, the copolymerization with comonomers of type C containing
saccharide groups shows significantly decreased productivity, probably due to its very poor
solubility in water. This hypothesis is supported by the observation of increased productivity
upon addition of a small amount of MeOH (ca. 8 vol.-% vs. water), a very good solvent for
this type of monomer (entry 6-6). However, particle sizes of 90 nm were obtained, probably
due to the insufficient particle stabilization by the comonomer. For comonomer C2, which is
even less soluble than C1 in water, 0.1g of SDS (below c.m.c.) was added to increase its
solubility in water, and the productivity in polymerization also increased significantly (entry
6-7 vs. 6-8). Copolymerizations with comonomer C3 were therefore carried out in the
presence of 0.1 g SDS. Improved catalyst productivity and monomer incorporation ratio were
obtained (entry 6-9 and 6-10). However, a drawback of this approach is that physically
adsorbed SDS can be only partially removed via dialysis. NMR analysis of the isolated solid
materials from lyophilizing the dialyzed dispersions shows that the molar ratio between
covalently bounded comonomer and physically adsorbed surfactant (including unreacted
comonomer and SDS) is about 1:1. e (Figure 6.19, Addendum). The dialyzed copolymer
dispersion with comonomer C3 containing mannose groups was further used for studying the
multivalent binding ability of the copolymer particle towards desired lectins. Preliminary
studies show that the copolymer particles with surface bound -D-mannose moieties exhibit
multivalent binding activities towards concanavalin A (Con A) (M. Schmidt, V. Wittmann,
unpublished results).

e

This is estimated by taking into account the molar incorporation ratio of the comonomer determined from 13C
NMR of the isolated copolymer, and the integration ratio between the sum of signals of the protons from the
saccharide group and of the -position to the saccharide group and the proton signal of the PE backbone.
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C NMR analysis also show that microstructure control via the remote substituents on the

catalyst ligand backbone occured in a similar fashion as in ethylene homopolymerization.
Homopolyethylene obtained with catalyst precursor 1 has a highly linear structure with only 3
methyl branches/1000 carbon atoms. In contrast, a degree of branching of 55 methyl
branches/1000 carbon atoms and a small extent of ethyl and long alkyl chain branches are
observed in homopolyethylene obtained with complex 2, which results in significant
difference in crystallinity between the two homopolymers (ca. 50% and <20%, respectively)
(Table 6.1, entry 6-11 and 6-12, cf. Chapter 3). 13C NMR spectra of the isolated copolymers
show that, beside the additional long alkyl chain branches introduced by the incorporated
comonomer, the amount of short methyl and ethyl branches remains in the same range as in
corresponding homopolymers.

6.3.

Characterization of the copolymers
6.3.1. Bulk materials

The effects of incorporated long chain branches on the polymer thermal properties were
studied by DSC (Table 6.1 and Figure 6.5). Significant influences were only observed in the
copolymers obtained by precatalyst 1, where the crystallinity decreases to ca. 35% (calculated
with respect to the ethylene derived portion of the polymer), compared to ca. 50% of the
homopolyethylene prepared under identical conditions. However, well-defined and relatively
narrow melting and crystallization transitions were still observed, with the melting peak
shifted to about 15°C lower than that of homopolyethylene (Figure 6.5, a, c). This indicates
that highly ordered folded-chain crystallites remain present in the copolymers, and the crystal
thickness probably decreases due to rejection of the long chain branches from the crystalline
layer, as observed for random ethylene copolymers with other 1-olefin comonomers.35 By
comparison, no significant change was observed on either the melting temperature or
crystallinity of the less crystalline copolymers (Figure 6.5, b, d), probably due to their
originally very small crystallite size and more likely fringed micelle crystal (or bundled
crystal) morphology rather than folded lamellar crystal at such a high methyl branch content
(cf. Chapter 3).36
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(a)

(b)

(c)

(d)

Figure 6.5 DSC traces of isolated copolymers from entry 6-1 (a), entry 6-2 (b), entry 6-3 (c) and
entry 6-4 (d).

In copolymers obtained with comonomer B, an additional melting/crystallization transition
due to the long PEG chain was observed at ca. 27 °C and -30 °C, respectively, which however
are significantly shifted to lower temperatures by comparison to the neat comonomer (Tm = 50
°C and Tc = 12 °C observed in the free comonomer B, Figure 6.24, Addendum). This
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substantially lowered Tm and Tc may be due to the confined crystallization of PEO by more
rapidly crystallized PE backbone, as observed in copolymers with one or more than one
crystallisable segments.37 Possibly, residual low molecular weight compounds such as trace of
water also contribute.
Presence of the crystalline phase in the copolymer particles was further confirmed and
characterized by XRD measurements on isolated powder materials prepared by lyophilizing
the copolymer dispersions. In copolymers obtained with precatalyst 1 (Figure 6.6, from entry
6-1, 6-3 and 6-11), characteristic (110) and (200) reflections of orthorhombic PE were
observed at 21.5° and 23.8°, respectively, which are in good agreement with theoretical
values. This also suggests that the structure of the crystalline phase is not influenced by the
incorporated amount of long chain branches, as expected due to exclusion of these bulky
groups by lamellar crystals. In homopolymer as well as copolymers obtained with precatalyst
2 (entry 6-4 and 6-12), beside the significantly increased amorphous halo, only one
pronounced reflection peak was observed at lower angles of 20.9° and 21.1°, respectively.
This indicates a change of orthorhombic to pseudo-hexagonal unit cell in the crystalline phase
by expansion of a axis, probably due to incorporation of the methyl branches into the unit
cells. The observed scattering angle is also in reasonable agreement with the calculated value
of 20.5° by applying the expanded unit cell parameters.38d

Figure 6.6 XRD measurements of isolated homo- and copolymers (intensity normalized).

It has been recognized by numerous studies that the degree of branching, distribution of the
branches and crystallization conditions all play significant roles on the crystalline morphology
of ethylene copolymers.38 It is established so far that methyl branches can be incorporated into
the crystalline unit cell, which causes the expansion of lattice parameter a while b and c retain
their dimensions. With a increasing almost proportionally to the propylene content of the
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ethylene copolymer, the most common orthorhombic unit cell of PE changes to a pseudohexagonal form from certain point. This has been observed in a random EP copolymer with
propylene content of 25 mol.-%.38d
With respect to the long period order, as the branch content increases the change of
crystalline morphology goes through various stages.38a,38e Linear polyethylene crystallizes
rapidly as folded lamellae, which further form spherulites as a supermolecular morphology.
With increasing branching content, the lamellae become thinner, shorter and also curved in
shape, which hinders formation of spherulites. For random EP copolymer, this was already
observed with a propylene content of 10 mol.%.38b For determining the lamellar thickness,
TEM analysis on stained samples,38a SAXS40 and Raman spectroscopy38a are the most
commonly applied methods for bulk materials. It should be noted that it is inappropriate to
directly compare the values obtained by different methods and from various systems, and a
broad thickness distribution can have significant influences on the reported values. 39
However, the studies carried out on carefully fractionated short chain branched polyethylene
reported the lamellar thickness of down to 2.4 nm determined by SAXS in the sample with a
high degree of branching of 28 CH3/1000C.40a Finally, at even higher degrees of branching,
lamellae eventually deteriorate into small crystallites and form a granular morphology which
resembles fringed-micelle-like crystals as shown by TEM studies. Meanwhile, the crystal
reflections in WAXS become obscure and very broad melting/crystallization transitions were
observed in DSC traces. This was observed for an EP copolymer and an EO (O = octene)
copolymer with a degree of branching of 13 mol.-% and 10 mol.-%, respectively.38c,38e The
dimension of such fringed-micelle-like crystals was often not commented in TEM studies,
however the SAXS analysis carried out on a 10 mol.-% ethyl branched PE sample reported a
value of ca. 2.6 nm. Branching groups more bulky than methyl are found to have drastically
increased effects on hindering the formation of long and well-ordered lamellae.38b
It should be noted that the aforementioned studies were all carried out on bulk materials, the
conclusions drawn there can not be directly applied to polymer confined in nanometer size
structures. DSC traces of isolated ethylene homo- and copolymers obtained with precatalyst 2
resemble those of random ethylene copolymers with high degrees of branching, for which
only micelle-like crystals were observed by TEM38a,38c and/or SAXS.38e,40b However, distinct
reflections are obvious in WAXS of the lyophilized powder materials. Due to the fact that the
degrees of branching of these polymers are at the borderline where transition from welldefined lamellae to granular micelle-like crystals occurs, the crystallization conditions would
have a significant influence on the morphology of nascent particles. This probably causes the
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disagreement between WAXS and DSC observations. The material used in WAXS probably
reflects more the nascent particle morphology, whereas reorganization upon heating may
occur in DSC measurements. From the studies on isolated bulk materials described above, it
can be concluded that crystalline structures exist in nascent PE II homo- and copolymer
particles obtained with precatalyst 2, however it is speculated that defined lamellae of
substantial length do not form. This can also explain the observed more spherical particle
shape.
6.3.2. Particles in the copolymer dispersions
Particle size in the as-obtained copolymer dispersions ranges from ca. 10 nm to 50 nm as
determined by DLS (Table 6.1), and no significant coagulation was observed after storing at
room temperature for months. In general, the comonomer A bearing an ionic sulfate group
shows better stabilizing ability than the comonomers B and C containing non-ionic PEG or
saccharide group when a similar incorporation ratio is achieved. Assuming the covalently
bounded functional groups to be located exclusively on the particle surface, the functional
group density on the particle surface is estimated to be on the order of 1 per nm2 with minor
variation for different comonomers (Table 6.1), which supports the assumption that the better
stability of copolymer particles containing sulfate moieties is due to the stronger electrostatic
repulsion effect between ionic head groups counter ions. Surface tensions of the as-obtained
dispersions were determined to be ca. 40 mN/m, which indicates the presence of unreacted
free comonomer. Dialysis was therefore attempted to remove the unreacted comonomer
remaining in the as-obtained dispersions. However, except for the sample from entry 6-2,
strong coagulation was observed in all dispersions obtained in the absence of SDS upon
attempting dialysis.
For entry 6-2, through a thorough dialysis procedure, the surface tension of the dialyzed
dispersion approached 72 mN m-1. DLS measurements on the dialyzed dispersion show only a
slight increase of the particle size to ca. 20 nm, after storing at room temperature over several
weeks (Figure 6.26 Addendum). To confirm the absence of unreacted free surfactant in the
dialyzed dispersion entry 6-2, 13C- and 1H- NMR spectra of the copolymer isolated by freezedrying an aliquot of dialyzed dispersion were recorded (Figure 6.14, Addendum), which
ensures detection of all components present in the dialyzed dispersion. The spectra show no
detectable amount of, either olefinic protons from the comonomer (multiplet at 5.9 ppm in
C2D2Cl4), or the methylene carbon-position to the double bond of the comonomer (at 34.0
ppm in C2D2Cl4). The integration of the + carbon was observed to be in the same range
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as given by the spectrum of the copolymer isolated by precipitation from methanol and
extracted with a solvent mixture of methanol/toluene. Therefore, it can be concluded that the
comonomer A physically adsorbed on the particle surface was removed by thorough dialysis,
and the particle colloidal stability can be fully attributed to the covalently bound comonomer.
It is noteworthy that the preparation of the colloidally stable copolymer dispersion from entry2 free of physically absorbed surfactant is reproducible, as concluded from three independent
syntheses of these dispersions.
Assuming a spherical particle shape, an exclusive location of the covalently bound
functional groups at the particle surface, and the specific surface area per surfactant head
group to be 0.62 nm2, as reported for neat aqueous solutions of SDS,41 the particle surface
area coverage by the incorporated comonomer was estimated to be ca. 15%, by taking into
account the molar incorporation ratio of the comonomer, the polymer content of the
copolymer dispersion and the particle size determined by DLS. Notably, for entry 6-1 even
after short dialysis for several hours, strong coagulation occurred and the particle size
pronouncedly increased to hundreds of nanometers, despite its originally higher particle
surface area coverage of 50% compared to 15% of entry 6-2. This significant difference in
colloidal stability of the copolymer particles may be related to the different crystallinity of the
two polymers, which was also observed by Claverie et al.42
Presence of a crystalline phase in the copolymer particles is also supported by DSC
measurements on the copolymer dispersion. The DSC cooling trace of the copolymer
dispersion (entry 6-1) shows a large extent of supercooling of ca. 31 °C (Tc = 80 °C vs. Tc =
111 °C in the bulk), which is characteristic for crystallization in individual compartments
(Figure 6.7).

Figure 6.7 DSC traces of the copolymer dispersion from entry 6-1 measured with a heating/cooling
rate of 10 K min-1.

Cryo-TEM images show that the crystalline copolymer nanoparticles with surface-bound
sulfate moieties (entry 6-1, Table 6.1), despite decreased crystallinity, still maintain a distinct
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anisotropic disc-like shape (Figure 6.8, a), with the thickness and lateral diameter amounting
to ca. 6 nm and 22 nm, respectively. By comparison, most of the less crystalline copolymer
particles appear more spherical, as expected (Figure 6.8, b). However, some particles with
anisotropic but more irregular shape were also observed. The reason for such anisotropy
remains unclear at the current stage.

Figure 6.8 Cryo-TEM micrographs of copolymer nanoparticles with surface-bound sulfate moieties
in (a) as-obtained dispersion from entry 6-1, (b) dialyzed dispersion from entry 6-2.

DLS measurements on copolymer dispersions containing PEG moieties yielded a larger
particle size of ca. 25 nm and 40 nm for dispersions from entry 6-3 and 6-4, respectively.
Surprisingly, cryo-TEM micrographs show similar anisotropic disc-like shapes for the
copolymer particles in these two dispersions (Figure 6.9), despite the distinct differences in
the properties of isolated bulk materials, such as crystallinity and melting/crystallization
behaviour shown by DSC and different WAXS pattern. Cryo-TEM studies of homopolymer
PE II particles with a larger size of ca. 40 nm show a nearly spherical particle shape also for
the larger particles (Figure 3.5, b), which excludes any conceivable effect of the increased
particle size on the particle shape.
Cryo-TEM of the copolymer particles with surface-bound mannose functional groups show
a somewhat larger particle size than the values determined by DLS on the freshly prepared
dispersions (entry 6-9 and entry 6-10, Table 6.1) which is probably due to less efficient
stabilization by the saccharide groups, promoting partial agglomeration during storage, which
was also observed by DLS. Surprisingly, more spherical shapes were observed in the
dispersions with both high and low crystallinity (Figure 6.10). At this stage, the correlation of
polymer crystallinity with observed particle shape is ambiguous. The nature of various
100

Chapter 6

Polyethylene Nanoparticles with Surface Functionalization

functional groups seems to have additional effects. Crystallization of PEG moieties may
contribute to the anisotropic shape. More bulky sugar functional groups are suspected to
hinder the facetted crystallization of polymer chains in the particles. However, further indepth microscopic and X-ray scattering studies are required for clarifications. Overall, wellisolated particles in all studied copolymer dispersions were demonstrated by cryo-TEM.

(a)

(b)

Figure 6.9 Cryo-TEM micrographs of copolymer nanoparticles with surface-bound PEG moieties
(a) as-prepared dispersion entry 6-3 (Table 6.1), (b) as-prepared dispersion entry 6-4 (Table 6.1).

Figure 6.10 Cryo-TEM micrographs of copolymer nanoparticles with surface-bound mannose
moieties (a) as-prepared dispersion entry 6-9 (Table 6.1), (b) as-prepared dispersion entry 6-10 (Table
6.1).
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6.3.3. Uptake of fluorescent dye by copolymer particles
The use of polyethylene nanoparticles as switchable containers for lipophilic guest
molecules, such as a dye molecule (pyrene), has been described in Chapter 4. The relative
intensity ratio I3/I1 in the fluorescence emission spectra of pyrene is an indication of solvent
polarity. 43 I3/I1 was determined to range from 0.61 in water to 1.60 in hexane. In the
polyethylene nanoparticles, pyrene molecules were accommodated in the amorphous part of
the particles located at the particle surface, therefore an apolar environment was experienced
by pyrene as indicated by I3/I1 ratios of up to 1.1 for the less crystalline homopolyethylene
dispersion, which, however, does not quite correspond to that of aliphatic hydrocarbon
solvents or polymer melts. This indicates that pyrene molecules in the particles sense the
surfactant (SDS) covered water-particle interface to some extent.
Pyrene was used here as a probe molecule to study the influence of covalently bound
surfactant on the local polarity sensed by the guest dye molecules in the copolymer particles.
Homopolyethylene particles stabilized by physically adsorbed surfactant SDS were used as a
reference for comparison. At a given amount of pyrene present, a similar trend of gradual
increase of I3/I1 ratio is observed with increasing number density of copolymer particles, as in
homopolyethylene particles (Figure 6.11 and Table 6.2). Considering the particle size
difference between the homo- and co-polymer particles, here the dependence of the I3/I1 ratio
is plotted vs. the number ratio of pyrene to particles, rather than particle concentration.

cPE II + DAE
cPE II
PE II + DAE
PE II

1,5
1,4
1,3
I3 / I1

fluorescene intensity (normalized)

0.15 g/l
1.19 g/l
4.44 g/l

1,2
1,1
1,0
0,9

360

400

440
/ nm

480

520

0,8
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2

0,2

number ratio (pyrene / PE particles)

Figure 6.11 (a) Pyrene fluorescence spectra in the dialyzed copolymer dispersion (entry 6-2, Table
6.1, designated as cPE II) at different particle concentrations. All spectra are normalized to the first
emission band at 374 nm. (b) I3/I1 ratios observed vs. pyrene/particle number ratio, for homo(designated as PE II) and copolyethylene particle, respectively, and the dependence in the presence of
0.47 mol L-1 DAE quencher. Total amount of pyrene: 4.9 mol L-1.
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Table 6.2 Fluorescence studies of pyrene in the dialyzed cPE II dispersion (entry 6-2, Table 6.1), by
comparison to as-obtained PE II dispersion. Cpyrene = 4.9 mol L-1.
sample
particle conc.
(g L-1)
number ratio
(pyrene / PE)

PE II

cPE II

0.094

0.70

2.09

0.153

1.19

4.44

11

1.4

0.48

100

10

3

0.98
1.14 *

0.99
1.23 *

1.16
1.44 *

1.3
1.5 *

0.89
0.93
1.01 *
1.09 *
* in the presence of 0.47 mol L-1 DAE quencher.
I 3 / I1

In the studied range of pyrene to particle number ratio, significantly higher I3/I1 values were
observed in copolymer particles, with a I3/I1 ratio approaching 1.3 by comparison to 0.93 in
homopolyethylene particles at an even lower number density of particles, that is a higher
pyrene to particle number ratio. This indicates a much more apolar environment is sensed by
pyrene in the copolymer particles on average. Bearing in mind the contributions of pyrene
dissolved in the aqueous phase to the overall fluorescence signal, the fluorescence spectra
were also recorded in the presence of 0.47 mol L-1 water-soluble quencher 2dimethylaminoethanol (DAE). At this concentration of quencher only minor fluorescence
signals were observed in a neat aqueous solution of pyrene in the absence of particles. In PE
homo- and copolymer particles, a trend of significant increase of I3/I1 ratio was observed, as
expected. The highest I3/I1 ratio of 1.5 was obtained in the copolymer particles for the particle
concentrations studied, which approaches the value in hydrocarbon solvents. This confirms
that the polarity difference sensed by pyrene in the copolymer particles is indeed related to
incorporated comonomer, and not just to a different partition ratio of pyrene between the
particles and the aqueous phase.
This effect can be related to the reduced crystallinity by comparison to the homopolymers
(cf. Chapter 4), and possibly a significantly reduced amount of surfactant head groups on the
particle surface in the copolymer particles. For the particles stabilized by physical absorption,
assuming a condensed monolayer-like packing of SDS molecules on the particle surface, the
thickness of the SDS layer is estimated to be 1-2 nm by taking into account the particle radius
and the weight ratio of SDS vs. polymer present in the dispersion. For the copolymer particles
free of SDS surfactant, covalent incorporation of the surfactant into the polymer chains not
only provides sufficient colloidal stability with a relatively low surface area coverage, it
probably also results in less pronounced short-range penetration of water to the water-particle
interface.
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6.3.4. Film formation from the copolymer dispersion
In chapter 4, construction from individual nanoscale crystalline entities has been
demonstrated to be an attractive method to generate ultrathin semicrystalline polymer films
under benign conditions. Macroscopically continuous films with a thickness of ca. 15~220 nm
were obtained with a smooth film surface, the roughness varying on a range of several
nanometers, by spin-coating the aqueous polymer nanocrystal dispersions on a glass substrate
at room temperature. Subsequent transferring to a TEM grid also afforded free-standing films.
Dropwise application of the particle dispersions to a glass substrate and subsequent drying
at room temperature resulted in micrometer thick films. On an as-prepared micrometer thick
film, a low contact angle of <20° was determined which significantly increased to about 90°
after thoroughly rinsing the film surface with water. This indicated an enrichment of the
surfactant molecules at the film-air interface after desorbing from the particle surface during
the film formation process.
By applying the similar principle of film formation from polymer nanoparticle dispersions,
ultrathin films were prepared from the dialyzed copolymer dispersion (entry 6-2) via spincoating. For this purpose, the polymer content of the dialyzed dispersion was increased to ca.
1.5 wt.-% via slow evaporation of water. Complete coverage of the substrate without holes up
to lateral extension of several hundred micrometers is evident from the AFM images (Figure
6.12, a). The film thickness was determined to be ca. 25 nm by AFM measurements on a
purposely introduced scratch on the film surface. The film surface appears to be less
homogeneous than the films obtained with homopolyethylene dispersions, as more bright
areas in the height image (corresponding to larger height) are observed on the film surface.
This is probably caused by a small fraction of larger particles formed during the dialysis and
concentrating procedures. However, the average surface roughness of such a thin film remains
approximately 5 nm as given by AFM line cross sections over several micrometers (Figure
6.12, b). Above observations confirm that the coalescence between the polymer nanoparticles
is sufficient for formation of a homogeneous ultrathin film also in the presence of surfacebound charged moieties. Dropwise application of the dialyzed copolymer dispersion on a
glass substrate results in a continuous film of about 1 m thickness. The water contact angle
on the as-prepared micrometer-thick film was determined to be about 90°, which agrees with
a reported value for a polyethylene film.44 No significant change of the contact angle was
observed after rinsing the film surface thoroughly with water. This further supports the
absence of unreacted free surfactant in the dialyzed copolymer dispersion and the ultrathin
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films prepared thereof. The film surface polarity here is still dominated by the hydrophobic
polyethylene portion due to the relatively low amount of surface-bound sulfate moieties.

Figure 6.12 AFM height images and corresponding line cross sections of a ca. 25 nm ultrathin film
prepared from the dialyzed copolymer dispersion (entry 6-2, Table 6.1), (a) on a purposely introduced
scratch on the film surface, (b) of the square indicated area in (a) with higher magnification.

6.4.

Conclusions

In summary, aqueous dispersions of ethylene copolymer particles with three types of
amphiphilic comonomers were prepared by water soluble salicylaldiminato-Ni(II) complexes.
Incorporation of the commoners and the composition of the copolymers were determined by
comprehensive 1H and

13

C NMR analysis. Catalyst activities in copolymerizations were

significantly lowered by the incorporation of the comonomer, although incorporation of
ethylene was observed to be dominant for all comonomers studied. The incorporation of
various comonomers varies from 0.2 mol.-% to 2 mol.-%, depending also on the employed
precatalyst.With the comonomer containing an anionic sulfate group, a colloidally stable
copolymer dispersion free of non-covalently bonded surfactant was obtained by thorough
dialysis after the polymerization, which did not cause significant increase of the particle size.
Sufficient colloidal stability provided by the relatively low particle surface area coverage is
attributed to the covalent binding of the surfactant to the polymer chain.
Incorporation of the bulky comonomers was observed to lower the polymer crystallinity to
some extent, however the shape of copolymer particles seems to be also influenced by the
nature of the incorporated comonomer, not only the crystallinity of copolymer.
Uptaking of a dye guest molecule (pyrene) by the copolymer nanoparticles show that a more
apolar environment is sensed by pyrene than in the homopolyethylene nanoparticles, probably
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due to a significantly reduced amount of surfactant on the particle surface (via covalent
incorporation), by comparison to nonreactive surfactant SDS, and thus less pronounced shortrange penetration of water to the water-particle interface. In the presence of a water-soluble
quencher the average polarity sensed by pyrene approaches the value in hydrophobic solvents,
which indicates the highly lipophilic interior of thus obtained copolymer nanoparticles.
Continuous ultrathin films can be obtained by spin-coating the copolymer dispersion on a
glass substrate. The absence of free surfactant was confirmed by a high contact angle
measured on a nascent film of micrometer thickness.

6.5.

Experimental

Materials and General Considerations. Comonomer A was synthesized according to [45]
with minor modifications. Comonomer B was provided by Hassan Harison in the group of
Prof. Lutz at University of Strasbourg. Comonomer C1-3 were provided by Magnus Schmidt
in the group of Prof. Wittmann at the University of Konstanz. Complexes 1 and 2 were
prepared as described in Chapter 3. Characterization methods, including the molecular weight
determination by GPC, thermal properties by DSC, polymer microstructures by NMR,
particle size by DLS, and particle morphology by cryo-TEM, XRD measurements and AFM
measurements are described in Section 3.5. The NMR assignment of the comonomers is based
on 1H-, 13C-, 1H,1H-gCOSY and 1H,13C-gHSQC experiments. Elemental analyses were carried
out at the Department of Chemistry at the University of Konstanz.
Synthesis of comonomer A.45 Chlorosulfonic acid (5.2 g, 0.030 mol) was added dropwise
into a ice-cooled flask containing 40 ml of pyridine. To the above solution, a solution of
undecenyl-1-ol (6.5 g, 0.038 mol) in 10 ml pyridine was introduced dropwise via a dropping
funnel. The obtained grayish mixture was slowly warmed up to 55 °C, and kept stirring at this
temperature overnight. The reaction mixture was then slowly poured into a ice-cooled
saturated NaHCO3 aqueous solution under vigorous stirring. The obtained clear solution was
kept stirring at room temperature overnight, then extracted with 1-butanol (3×50 ml). The
combined organic phase was washed once with brine, dried over MgSO4 and concentrated in
vacuo. The crude product was washed repeatedly with diethyl ether and acetone until white
solid was obtained, which was redissolved in a solvent mixture of methanol/acetone (1:3), and
filtrated through a Nylon filter to remove any undissolved residue. After removing the
solvent, 5.3 g (yield: 64 %) comonomer A was obtained as white powder.
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Scheme 6.2 General schemes of NMR assignment of the comonomers.
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Comonomer A: 1H NMR (200 MHz, CD3OD, 298K):  5.80 (m, 1H, 2-H), 4.90-5.02 (m,
2H, 1-H), 4.00 (t, 2H, 3JHH = 10 Hz, 11-H), 2.06 (m, 2H, 3-H), 1.69 (m, 2H, 10-H), 1.32 (br,
12H, 4-~9-H).

13

C NMR (50 MHz, CD3OD, 298K):  140.1 (C2), 114.7 (C1), 69.3 (C11),

34.9 (C3), 30.7-30.1, (C4~C8 and C10), 26.9 (C9). Elemental analysis calculated for
C11H21SO4Na (molecular weight: 272.34 g mol-1): C: 48.51, H: 7.77, Found C: 48.82, H: 8.10.
Comonomer B: 1H NMR (399.8 MHz, C2D2Cl4, 298K):  5.80 (m, 1H, 2-H), 4.90-5.02 (m,
2H, 1-H), 3.80-3.60 (br. m, 150H, -(OCH2CH2)nOH), 3.42 (t, 3JHH = 13 Hz, 2H, 11-H), 2.78
(br. s, 1H, -(OCH2CH2)nOH), 2.09-2.02 (br. m, 7H, 3-H, contaminated with some impurity),
1.55 (br. s, 2H, 10-H), 1.36-1.27 (br. m, 12H, 4-~9-H).

13

C NMR (100.5 MHz, C2D2Cl4,

298K): 140.0 (C2), 114.7 (C1), 71.8 (C11), 72.8-62.1 (-(CH2CH2O)nH), 34.2 (C3), 30.129.4 (C4~C8 and C10), 26.5 (C9).
Comonomer C3: 1H NMR (399.8 MHz, C2D2Cl4, 298K):  5.82 (m, 1H, 2-H), 4.93-5.02 (m,
2H, 1-H), 4.82 (br. s, 1H, 12-H), 4.49-5.22 (br., 4H, -OH), 4.1-3.7 (br., 6H, 13-~17-H), 3.603.38 (br. t, 2H, 11-H), 2.03 (br. m, 2H, 3-H), 1.55 (br. s, 2H, 10-H), 1.37-1.27 (br. m, 12H, 4~9-H). 13C NMR (100.5 MHz, C2D2Cl4, 298K): 140.0 (C2), 114.7 (C1), 100.2 (C12), 72.4,
72.0, 71.4, 66.6 (C13-C16), 68.2 (C11), 61.3 (C17), 34.3 (C3), 30.0-29.4 (C4~C8 and C10),
26.6 (C9).
Copolymerization in homogeneous aqueous phase was carried out in a 300 ml stainless
steel mechanically stirred (1000 rpm) pressure reactor equipped with a heating/cooling jacket
supplied by a thermostat controlled by a thermocouple dipping into the polymerization
mixture. To a mixture of the desired amount of the comonomer and the respective complex in
a 250 ml Schlenk-flask were added 60 ml of distilled and degassed water at room
temperature. When necessary, short time sonication was applied to facilitate complete
dissolution of the comonomer. The resulting homogeneous solution was then cannulatransferred to the argon flushed reactor cooled to 12 °C. The reactor was pressurized to a
constant pressure of 40 bar ethylene while the temperature was adjusted to 15° C. After 60
min reaction time ethylene feeding was interrupted, the reactor was carefully vented, and the
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obtained dispersion was filtrated through a plug of glass-wool. To determine the solids
content, an aliquot of about 20 g dispersion was precipitated with 200 ml of MeOH. The
obtained bulk polymer was filtrated and thoroughly washed with methanol and water, and
dried under vaccum at 50 °C overnight.
Uptaking of pyrene. Steady-state fluorescence measurements were carried out on a PerkinElmer luminescence spectrometer LS 50. The fluorescence emission spectra were recorded at
an excitation wavelength of 333 nm, slit width of 2.5 nm and scanning speed of 100 nm min-1.
A stock solution of pyrene (0.1 g L-1, 0.49 mM) in MeOH was prepared via sonication.
Various amounts of copolymer or polyethylene dispersions were diluted with water to the
desired concentrations. The resulting samples were added to the same amount of pyrene stock
solution and kept at room temperature overnight to reach equilibrium. The final samples
contained 4.9 µM pyrene and 1 vol.-% MeOH. This amount of MeOH has no influence on the
fluorescence of pyrene, as confirmed by measuring the fluorescence of pyrene in different
solvent mixtures of MeOH and H2O. The pyrene-to-polyethylene particle ratio was varied
from approximately 100 to 1 (Table 6.2).
Preparation of films. Polished glass slides or silicon wafer were cleaned by immersing in
a 7:3 vol. mixture of 96% H2SO4 and 30% H2O2 at 80 °C for ca. 30 min, rinsed thoroughly
with distilled water in an ultrasonic bath, and dried in air. Freshly cleaved mica was used as
such. The films were prepared by placing 30-40 l of PE dispersion of various polymer
content onto a clean substrate, then spin-coating with a rotation speed ranging from 20004000 rpm at room temperature on a home-made spin-coating device. The nascent films appear
transparent.
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Figure 6.13 DEPT (135°) of the isolated copolymers with sulfate groups (Table 6.1, entry 6-1 (left)
and entry 6-2 (right)).
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Figure 6.14 13C NMR and 1H NMR of the isolated copolymer from entry 6-2 after thorough dialysis
and freeze-drying.
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Figure 6.15 13C NMR, DEPT (135°) and 1H NMR of the isolated copolymer from entry 6-3.
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Figure 6.16 13C NMR, DEPT (135°) and 1H NMR of the isolated copolymer from entry 6-4 (x
carbon signal not shown here due to similarity to the spectra of entry 6-3).
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Figure 6.17 13C NMR and 1H NMR of the isolated copolymer from entry 6-5.
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Figure 6.18 13C NMR and 1H NMR of the isolated copolymer from entry 6-6 (carbon signals from
the x carbon and the glucose group not shown here due to similarity to the spectra of entry 6-5).
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Figure 6.19 13C NMR and 1H NMR of the isolated copolymer via lyophilizing dialyzed dispersion
entry 6-8 (only aliphatic carbon signals are shown here).
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Figure 6.20 13C NMR and 1H NMR of the isolated copolymer via lyophilizing dialyzed dispersion
entry 6-9.
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Figure 6.21 13C NMR and 1H NMR of the isolated copolymer via lyophilizing dialyzed dispersion
entry 6-10 (only aliphatic carbon signals are shown here).
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Figure 6.22 1H- (a), 13C NMR (b), 1H, 1H-gCOSY (c) and 1H, 13C-gHSQC (d) of the free
comonomer C3 in C2D2Cl4 at 298K. For direct comparison with the spectra of the copolymer, the
chemical shift of carbon in C2D2Cl4 is referenced as 74.4 ppm.
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(a)
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(c)

(d)
Figure 6.23 1H- (a), 13C NMR (b), 1H, 1H-gCOSY (c) and 1H, 13C-gHSQC (d) of the free
comonomer B (X = -(OCH2CH2)36OH in C2D2Cl4 at 298K (cf. Figure 6.22 (c) for the assignment of
the 1H, 1H-gCOSY crossing peaks). For direct comparison with the spectra of the copolymer, the
chemical shift of carbon in C2D2Cl4 is referenced as 74.4 ppm.
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Figure 6.24 1H- and 13C NMR of SDS in C2D2Cl4 at 403K. For direct comparison with the spectra of
the copolymer, the carbon chemical shift of C2D2Cl4 is referenced as 74.4 ppm.
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Figure 6.25 DSC traces of neat free comonomer B measured with a heating/cooling rate of 10 K
min-1.
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Figure 6.26 DLS traces of the dispersion from entry 6-2, before dialysis (red line), after 1 week of
dialysis (green line), and measured 2 weeks after dialysis (blue line).
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7. Conclusive Summary and Outlook
Polyethylene (PE) and its bulk morphology have been studied intensely over the past 50
years. Micron-sized single crystals, carefully grown from very diluted organic solutions, have
contributed to the fundamental understanding of polymer crystallization. However, nonaggregated and freely moving nanoscale polyethylene crystals have become accessible only
very recently. The structure and properties of this novel system were explored.
Aqueous dispersions of PE nanoparticles with various microstructures and crystallinities
were

synthesized

via

catalytic

polymerization

of

ethylene

with

water-soluble

salicylaldiminato Ni(II)-complexes, employing a procedure previously reported by our group.
These colloidally stable dispersions consist of particles of semicrystalline linear, or branched
polyethylene, dependant on the catalyst employed, with a volume average size of ca. 10 nm.
This unprecedentedly small size is attributed to the effective particle nucleation and further
growth in individual compartments.
The single crystal nature and unique single lamellar structure of nanoparticles of linear PE
of ca. 60% bulk crystallinity (PE I) was illustrated by cryo-TEM and SAXS analysis, carried
out by M. Ballauff et al. In contrast, a more spherical shape is observed for nanoparticles of
branched PE of much lower crystallinity (PE II), which probably consist of micelle-like
crystals rather than defined lamellae. Interestingly, for ca. 80 nm size particles of PE I formed
at a lower surfactant concentration, random aggregation of primary particles, rather than
expanding of the single lamella in its lateral dimension, probably occurs at the early stage of
particle growth, which results in a more irregular particle shape as observed by cryo-TEM and
AFM. Furthermore, it was strongly indicated by the studies with different methods that the
crystalline structure in such nascent nanoparticles is subject to reorganization upon thermal
treatment at temperatures both below and above the melting temperature (determined by
standard DSC on the dispersions). For the less crystalline particles composed of branched
polymer, a structure composed of very small crystallites embedded in an amorphous matrix is
in agreement with experimental data and agrees with the observed more spherical nature.
Further investigations on the relationship between the lamellar thickness in the tempered
particles and the corresponding recrystallization temperature may shed light on the
equilibrium structure of polyethylene crystallized in confinement.
Melting/crystallization in such nanoscale entities were studied for the first time as a means
of switching environmental polarity sensed by guest molecules up-taken by the nanoparticles.
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Studies with lipophilic guest molecules, that is the fluorescent dyes pyrene and Nile Red,
show that the guest molecules were taken up by the PE nanocrystals and located in the
amorphous portion. This results in a much more apolar environment experienced by the guest
molecules by comparison to the hydrophobic core of SDS micelles. The polarity experienced
by pyrene located in the particles is higher in more crystalline particles. This is attributed to a
sensing of the aqueous phase by pyrene forced to the water-particle interface by the lamellar
crystallites. Upon melting/crystallization, the polarity experienced by the pyrene probe
changes significantly. The temperature at which this polarity switch occurs was controlled by
the degree of branching of the polymer.
An uptake of lipophilic guest molecules by PE nanocrystals was also observed for nitroxide
spin probes. In agreement with the fluorescence studies, CW-ESR of the spin probes in the PE
dispersions suggests again partition of the slightly hydrophilic nitroxide radicals between the
polymer phase and the aqueous phase, as concluded from the observed lineshape, which
differs from the spectra taken in pure aqueous solutions or in polymer films. However
quantitative analysis could not be retrieved due to the complex nature of the spectra, which
are the sum of several contributions. In addition, both CW-ESR and ESEEM studies show
that restructuring, probably via lamellar thickening, occurs upon crystallization from once
melted PE I nanocrystals. In line with this interpretation, no significant difference was
observed for less crystalline PE II nanoparticles.
Starting from the pre-formed nanocrystals, submicron semicrystalline polyethylene films
can be prepared under much more benign conditions, by comparison to the traditional route
starting from a diluted polymer solution in hot organic solvents. Aside the aforementioned
advantages, the crystallinity of thus obtained films can be conveniently controlled by the
crystallinity present in the polymer crystals. Homogenous films without defects were
observed over micrometer areas. Sufficient interactions between the amorphous portions of
the nanocrystals provided free-standing films. In the nascent films the primary PE
nanocrystals orient preferentially with their lamellar axis perpendicular to the substrate
surface, as shown by electron diffraction studies. Correspondingly, flat-on assembly of PE
nanocrystals in discontinuous monolayers is observed by AFM.
Upon melting/recrystallization the continuity of the submicron films is maintained without
significant dewetting. Detailed morphologies formed upon recrystallization, dependant on the
film thickness, are in general similar to organic solution-cast films. However, upon annealing
of the monolayer-like assembly of PE nanocrystals, lamellar thickening was observed,
without changes of crystal orientation. Surfactant adsorbed to the nanocrystals in the aqueous
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dispersion desorbs at least partially during formation of the nascent films, and upon annealing
below the melting point surfactant migrates to the film-air interface to form aggregates, which
can be removed by rinsing, during which the film stays intact and structurally unaltered as
revealed by AFM and water contact angles.
Surface functionalization of PE nanocrystals by copolymerization with various types of
amphiphilic comonomers was demonstrated. Despite favored incorporation for ethylene by
the catalysts employed, copolymer particles with moderate incorporations of the studied
comonomers were obtained. Incorporation of a comonomer containing an anionic sulfate
group was observed to afford better colloidal stability by comparison to nonionic PEG and
saccharide groups. The crystallinity of the copolymer particles with respect to the ethylene
derived portion is similar as in homopolyethylene particles.

128

List of References

8. References cited in this Thesis
1.

ACS Symposium Series, vol 648, Provder, T.; Winnik, M. A.; Urban, M. W. vol eds. 1996; vol 790,
Provder, T.; Urban, M. W. vol eds. 2001; vol 941, Provder, T. vol eds. 2006.

2.

Alakoskela, J.-M. I.; Kinnunen, P. K. J. J. Phys. Chem. B 2001, 105, 11294-11301.

3.

Alamo, R. G.; Mandelkern, L. Thermochimica. Acta. 1994, 238, 155-201.

4.

Alamo, R. G.; Viers, B. D.; Mandelkern, L. Macromolecules 1993, 26, 5740-5747.

5.

Allen, T. M.; Cullis, P. R. Science 2004, 303, 1818-1822.

6.

Althues, H.; Henle, J.; Kaskel, S. Chem. Soc. Rev. 2007, 36, 1454-1465.

7.

Anonietti, M.; Ozin, G. Chem. Eur. J. 2004, 10, 28-41.

8.

Aramendia, E.; Mallégol, J.; Jeynes, C.; Barandiaran, M. J.; Keddie, J. L.; Asua, J. M. Langmuir 2003,
19, 3212-3221.

9.

Axelson, D. E.; Levy, G. C.; Mandelkern, L. Macromolecules 1979, 12, 41-52.

10.

Barham, P. J.; Chivers, R. A.; Keller, A.; Martinez-Salazar, J; Organ, S. J. J. Mater. Sci. 1985, 20,
1625-1630.

11.

Barham, P. J.; Jarvis, D. A.; Keller, A. J. Polym. Sci. Polym. Phys. Ed. 1982, 20, 1733-1748.

12.

Barker, I.C.; Cowie, J.M.G.; Huckerby, T. N.; Shaw, D. A.; Soutar, I.; Swanson. L. Macromolecules
2003, 36, 7765-7770.

13.

Barrere, M.; Landfester, K. Macromolecules 2003, 36, 5119-5125.

14.

Bartczak, Z.; Argon, A. S.; Cohen, R. E.; Kowalewski, T. Polymer 1999, 40, 2367-2380.

15.

Bastero, A.; Göttker-Schnetmann, I.; Röhr, C.; Mecking, S. Adv. Synth. Catal. 2007, 349, 2307-2316.

16.

Bastero, A.; Mecking, S. Macromolecules 2005, 38, 220-222.

17.

Bauers, F. M.; Chowdhry, M. M.; Mecking, S. Macromolecules 2003, 36, 6711-6715.

18.

Bauers, F. M.; Mecking, S. Angew. Chem. Int. Ed. 2001, 40, 3020-3022.

19.

Bauers, F. M.; Mecking, S. Macromolecules 2001, 34, 1165-1171.

20.

Bauers, F. M.; Thomann, R.; Mecking, S. J. Am. Chem. Soc. 2003, 125, 8838-8840.

21.

Belaroui, F.; Grohens, Y.; Boyer, H.; Holl, Y. Polymer 2000, 41, 7641-7645.

22.

Bensason, S.; Minick, J.; Moet, A.; Chum, S.; Hilter, A.; Baer, E. J. Polym. Sci. Part B: Polym. Phy.
1996, 34, 1301-1315.

23.

Berkefeld, A.; Mecking, S. Angew. Chem. Int. Ed. 2006, 45, 6044-6046.

24.

Berkefeld, A.; Mecking, S. J. Am. Chem. Soc. 2009, 131, 1565-1574.

25.

Berkefeld, A.; Mecking, S. Angew. Chem. Int. Ed. 2008, 47, 2538-2542.

26.

Berndt, I.; Popescu, C.; Wortmann, F.-J.; Richtering, W. Angew. Chem. Int. Ed. 2006, 45, 1081-1085.

27.

Binder, W. H.; Sachsenhofer, R. Macromol. Rapid Comm. 2008, 29, 952-981.

28.

Bosman, A.W.; Janssen, H.M.; Meijer, E.W. Chem. Rev. 1999, 99, 1665-1688.

29.

Brintzinger, H. H.; Fischer, D.; Mülhaupt, R.; Rieger, B.; Waymouth, R. Angew. Chem. Int. Ed. 1995,
34, 1143-1170.

30.

Broz, P.; Driamov, S.; Ziegler, J.; Ben-Haim, N.; Marsch, S.; Meier, W.; Hunziker, P. Nano Letters
2006, 6, 2349-2353.

129

List of References
31.

Buchachenko, A. L.; Kovarskii, A. L.; Vasserman, A. M. in Advances in Polymer Science, Rogovin,
Z. A. ed., Wiley, 1974, p.26-57.

32.

Butt, H.-J; Graf, K.; Kappl, M. Physics and Chemistry of Interfaces, 2nd ed.; Wiley, Weilheim, 2006.

33.

Cahn, R. W.; Haasen, P.; Kramer, E. J.; Eds. Materials Science and Technology: A Comprehensive
Treatment, vol. 12, Thomas, E. L. vol. Eds. Structure and Properties of Polymers, Wiley, 1993. Chap.
3 & 4.

34.

Cao, T.; Munk, P.; Ramireddy, C.; Tuzarlt, Z.; Webber, S. E. Macromolecules 1991, 24, 6300-6305.

35.

Caruso, F.; Colloids and Colloid Assemblies, Wiley-VCH, Weinheim, 2004.

36.

Chemtob, A.; Heroguez, V.; Gnanou, Y. Macromol. Rapid Commun. 2005, 26, 1711-1715.

37.

Chen, G.-H; Guan, Z.-B. J. Am. Chem. Soc. 2004, 126, 2662-2663.

38.

Cho, E. C.; Cho, K.; Ahn. J. K.; Kim, J.; Chang, I. Biomacromolecules 2006, 7, 1679-1685.

39.

Cho, T. Y.; Strobl, G. Macromolecules 2007, 40, 2596-2599.

40.

Chow, P. Y.; Gan, L. M. Adv. Polym. Sci. 2005, 175, 257-298.

41.

Clausse, D. J. Therm. Anal. 1998, 51, 191-201.

42.

Claverie, J. P.; Soula, R. Prog. Polym. Sci. 2003, 28, 619-662.

43.

Cölfen, H. Macromol. Rapid Commun. 2001, 22, 219-252.

44.

Cölfen, H.; Mann, S. Angew. Chem. Int. Ed. 2003, 42, 2350-2365.

45.

Connor, E. F.; Younkin, T. R.; Henderson, J. I.; Hwang, S. J.; Roberts, W. P.; Litzau, J. J.; Grubbs, R.
H. J. Polym. Sci. Part A: Polym. Chem. 2002, 40, 2842-2854.

46.

Cormia, R. L.; Price, F. P.; Turnbull, D. J. Chem. Phys. 1962, 37, 1333-1340.

47.

Cramer, S. E.; Jeschke, G.; Spiess, H. W. Macromol. Chem. Phys. 2002, 203, 182-198.

48.

Darensbourg, D. J.; Ortiz, C. G.; Yarbrough, J. C. Inorg. Chem. 2003, 42, 6915-6922.

49.

de Ballesteros, O. R.; Auriemma, F.; Guerra, G.; Corradini, P. Macromolecules 1996, 29, 7141-7148.

50.

Defoor, F.; Groeninckx, G.; Reynaers H. Macromolecules 1993, 26, 2575-2582.

51.

Dieterich, D.; Uhlig, K. in Ullmann’s encyclopedia of industrial chemistry, 6th edn, vol 28. WileyVCH, Weinheim, 2003, p.667-722.

52.

Disney, M. D.; Zheng, J.; Swager, T. M.; Seeberger, P. H. J. Am. Chem. Soc. 2004, 126, 1334313346.

53.

Distler, D. Wässrige Polymerdispersionen; VCH: Weinheim, 1999.

54.

Dosiere, M. Crystal Growth in Polyethylene in Handbook of Polymer Science and Technology,
Cheremisinoff, N. P. Ed. Marcel Dekker, 1989, p. 362-436.

55.

Dutta, A. K.; Kamada. K; Ohta, K. J. Photochem. Photobio. A. 1996, 93, 57-64.

56.

Faust, H. W.; McLennan, A. J.; Schofield, K. US 2003/0050347.

57.

Fischer, E. W. Z Naturforsch. 1957, 12a, 753-754.

58.

Fitch, R. M. Polymer Colloids: A Comprehensive Introduction, Academic Press, San Diego, 1997,
p6-41.

59.

Frank, C. W.; Rao, V.; Despotopoulo, M. M.; Pease, R. F. W.; Hinsberg, W. D.; Miller, R. D.; Rabolt,
J. F. Science 1996, 273, 912-915.

60.

Fréchet, J. M. J. J. Polym. Sci. Part A: Polym. Chem. 2003, 41, 3713-3725.

61.

Fréchet, J. M. J. Proc. Natl. Acad. Sci. USA. 2002, 99, 4782-4787.

62.

Gao, W.-P.; Bai, Y.; Chen, E.; Zhou, Q. Chin. J. Polym. Sci. 2005, 23, 275-284.

130

List of References
63.

Geurts, J.; Schellekens, M. A. J.; Nabuurs, T.; Overbeek, G. C. WO 2009/016239.

64.

Gillies, E. R.; Jonsson, T. B.; Fréchet, J. M. J. J. Am. Chem. Soc. 2004, 126, 11936-11943.

65.

Glatzhofer, D. T.; Cho, G.; Lai, C. L.; O'Rear, E. A.; Fung, B. M. Langmuir 1993, 9, 2949-2954.

66.

Golemanov, K.; Tcholakova, S.; Denkov, N. D.; Gurkov, T. Langmuir 2006, 22, 3560-3569.

67.

Göttker gen. Schnetmann, I.; Korthals, B.; Mecking, S. J. Am. Chem. Soc. 2006, 128, 7708-7709.

68.

Grayson, S.M.; Fréchet, J. M. J. Chem. Rev. 2001, 101, 3819-3867.

69.

Greenspan, P., Mayer, E. P.; Fowler, S. D. J. Cell Biol. 1985, 100, 965-973.

70.

Guo, Q.; R.; Gronski, W.; Staneva, R.; Ivanova, R.; Stühn, B. Macromolecules 2003, 36, 3635-3645.

71.

Guyot, A.; Tauer, K. Polymer Synthesis, Springer-Verlag Berlin: Berlin, 1994; Vol. 111, p. 43-65.

72.

Haag, R. Angew. Chem., Int. Ed. 2004, 43, 278-282.

73.

Hammouda, A.; Gulik, Th.; Pileni, M. P. Langmuir 1995, 11, 3656-3659

74.

Hawker, C. J.; Wooley, K. L. Science 2005, 309, 1200-1205.

75.

Held, A.; Bauers, F. M.; Mecking, S. Chem. Comm. 2000, 301-302.

76.

Held, A.; Mecking, S. Chem. Eur. J. 2000, 6, 4623-4629.

77.

Helin, A. F.; Stryker, H. K.; Mantell, G. J. J. Appl. Polym. Sci. 1965, 9, 1797-1805.

78.

Hentze, H. P.; Kaler, E. W. Curr. Opin. Colloid & Interface Sci. 2003, 8, 164-178.

79.

Herd, O.; Heßler, A.; Langhans, K. P.; Stelzer, O.; Sheldrick, W. S.; Weferling, N. J. Organomet.
Chem. 1994, 475, 99-111.

80.

Hoffman, J. D. Polymer 1983, 24, 3-26.

81.

Hoffman, J. D.; Davis, G. T.; Lauritzen, J. I. Treatise on Solid State Chemistry, vol. 3, Hannay, N. B.
Ed. Plenum Press, 1975. Chap 7.

82.

Hoffman, J. D.; Lauritzen, J. I. J. Res. Natl. Bur. Std. 1961, 65A, 297.

83.

Hu, W.; Srinivas, S.; Sirota, E. B. Macromolecules 2002, 35, 5013-5024.

84.

Hugger, S.; Thomann, R.; Heinzel, T.; Thurn-Albrecht, T. Colloid Polym. Sci. 2004, 282, 932-938.

85.

Huth, H.; Minakov, A. A.; Schick, C. J. Polym. Sci. Part B 2006, 44, 2996-3005.

86.

Ittel, S. D.; Johnson, L. K.; Brookhart, M. Chem. Rev. 2000, 100, 1169-1203.

87.

Jenkins, J.C.; Brookhart, M. J. Am. Chem. Soc. 2004, 126, 5827-5842.

88.

Jeon, K.; Krishnamoorti, R. Macromolecules 2008, 41, 7131-7140.

89.

Jia, Z.; Chen, H.; Zhu, X.; Yan, D. J. Am. Chem. Soc. 2006, 128, 8144-8145.

90.

Johnson, L. K.; Killian, C. M.; Brookhart, M. J. Am. Chem. Soc. 1995, 117, 6414-6415.

91.

Joso, R.; Reinicke, S.; Walther, A.; Schmalz H.; Müller, A. H. E.; Barner, L. Macromol. Rapid Comm.
2009, 30, 1009-1014.

92.

Kalyanasundaram, K.; Thomas, J. K. J. Am. Chem. Soc. 1977, 99, 2039-2044.

93.

Kästele, X.; Chrobaczek, H.; Tschida, G.; Schlichting, I. US5078747, 1992.

94.

Kataoka, K.; Harada, A.; Nagasaki, Y. Adv. Drug Delivery Rev. 2001, 47, 113-131.

95.

Keddie, J. L. Mater. Sci. Eng. 1997, 21, 101-170.

96.

Keller, A. Phil. Mag. 1957, 2, 1171-1175.

97.

Keller, A.; O’Connor, A. Nature 1957, 180, 1289-1290.

98.

Kim, J. H.; Jang, J.; Zin, W. Macromol. Rapid Commun. 2001, 22, 386-389.

99.

Kolb, L.; Monteil, V.; Thomann, R.; Mecking, S. Angew. Chem. Int. Ed. 2005, 44, 429-432.

100. Korthals, B.; Morant-Minana, M. C.; Hohberger, C.; Mecking, S. Langmuir 2009, 25, 10554–10557.

131

List of References
101. Krausch, G.; Magerle, R. Adv. Mater. 2002, 14, 1579-1583.
102. Kressler, J.; Wang, C. Langmuir 1997, 3, 4407-4412.
103. Krishna, M. M. G. J. Phys. Chem. A. 1999, 103, 3589-3595.
104. Kruczala, K.; Varghese, G.; Bokria, J. G.; Schlick, S. Macromolecules 2003, 36, 1899-1908.
105. Kunna, K.; Müller, C.; Loos, J.; Vogt, D. Angew. Chem., Int. Ed. 2006, 45, 7289-7292.
106. Landfester, K. Colloid Chemistry II, Springer-Verlag Berlin: Berlin, 2003, p.75-123.
107. Landfester, K.; Antonietti, M.; Scherf, U.; Neher, D. Max-Planck-Gesellschaft: WO 2003/50147.
108. Lee, M.; Lee, S.-J.; Jiang, L.-H. J. Am. Chem. Soc. 2004, 126, 12724-12725.
109. Lemarchand, C.; Gref, R.; Couvreur, P. Eur. J. Pharm. Biopharm. 2004, 58, 327-341.
110. Leube, H. F.; Schmidt-Thümmes, J.; Zeller, E.; Maas, H. 2002, US Patent 6403727 to BASF.
111. Liu, J.; Zhang, F.; He, T. J. Mater. Sci. 2001, 36, 5345-5349.
112. Loo, Y.-L.; Register, R. A.; Ryan, A. J. Phys. Rev. Lett. 2000, 84, 4120-4123.
113. Loos, J.; Tian, M. J. Polym. Sci. B 2001, 39, 763-770.
114. Lovell, P. A., El-Aasser, M. S., Eds. Emulsion Polymerization and Emulsion Polymers, Wiley:
Chichester, U.K., 1997.
115. Ma, Y.; Hu, W.-B.; Reiter, G. Macromolecules 2006, 39, 5159-5164.
116. Ma, Y.; Tang, Y.; Billingham, N. C.; Armes, S. P.; Lewis, A. L.; Lloyd, A. W.; Salvage, J. P.
Macromolecules 2003, 36, 3475-3484.
117. Magonov, S. N.; Yerina, N. A.; Ungar, G.; Reneker, D. H.; Ivanov, D.A. Macromolecules 2003, 36,
5637-5649.
118. Maierhofer, C.; Rohmer, K.; Wittmann, V. Bioorg. Med. Chem 2007, 15, 7661-7676.
119. Maitre, C.; Ganachaud, F.; Ferreira, O.; Lutz, J. F.; Paintoux, Y.; Hemery, P. Macromolecules 2000,
33, 7730-7736.
120. Mandelkern, L. Polymer J. 1985, 17, 337-350.
121. Mareau, V. H.; Prud’homme, R. E. Crystallization of Thin Polymer Films: Crystallinity, Kinetics and
Morphology in Soft Material: Structure and Dynamics, Dutcher, J. R.; Marangoni, A. G. Eds. Marcel
Dekker, 2005, p.39-71.
122. Mareau, V. H.; Prud’homme, R. E. Macromolecules 2005, 38, 398-408.
123. Masirek, R.; Piorkowska, E.; Galeski, A.; Hiltner, A.; Baer, E. Macromolecules 2008, 41, 8086-8094.
124. Massa, M. V.; Dalnoki-Veress K. Phys. Rev. Lett. 2004, 92, 255509.
125. Mathot, V. B. E.; Scherrenberg, R. L.; Pijpers, M. F. J.; Bras, W. J. Therm. Analy. 1996, 46, 681-718.
126. Mathot; V. B. F.; Scherrenberg, R. L.; Pijpers, M. F. J. Polymer 1998, 39, 4541- 4559.
127. Mecking, S. Colloid Polym. Sci. 2007, 285, 605-619.
128. Mecking, S.; Claverie, J.: “Transition Metal Catalyzed Polymerization in Aqueous Systems” in Late
Transition Metal Polymerization Catalysis (Eds.: B. Rieger, L. S. Baugh, S. Kacker, S. Striegler),
Wiley-VCH, 2003, p.231-278.
129. Mecking, S.; Held, A.; Bauers, F. M. Angew. Chem Int. Ed. 2002, 41, 544-561.
130. Mellbring, O.; Kihlman Oiseth, S.; Krozer, A.; Lausmaa, J.; Hjertberg, T. Macromolecules 2001, 34,
7496-7503.
131. Minakov, A. A.; van Herwaarden A.W.; Wien W.; Wurma, A.; Schick, C. Thermochim. Acta 2007,
461, 96-106.

132

List of References
132. Monteil, V.; Wehrmann, P.; Mecking, S. J. Am. Chem. Soc. 2005, 127, 14568-14569.
133. Montenegro, R.; Antonietti, M.; Mastai, Y.; Landfester, K. J. Phys. Chem. B. 2003, 107, 5088-5094.
134. Müller, A. J.; Balsamo, V.; Arnal, M. L. Adv. Polym. Sci. 2005, 190, 1-63.
135. Newkome, G. R.; Moorefield, C. N.; Baker, G. R.; Saunders, M. J. Angew. Chem. Int. Ed. 1991, 30,
1178-1180.
136. Okuda, J.; Müllhaupt, R. in Synthesis of Polymers, Schlüter, A. D. vol. ed. Wiley-VCH, 1999. p123162.
137. O'Reilly, R. K.; Hawker, C. J.; Wooley, K. L. Chem. Soc. Rev. 2006, 35, 1068-1083.
138. Ottaviani, M. F.; Venturi, F.; Pokhrel, M. R.; Schmutz, T.; Bossmann, S. H. J. Coll. Interf. Sci. 2001,
238, 371-380.
139. Ozin, G. A. Adv. Mat. 1994, 4, 612-649.
140. Paik, P.; Kar, K. K. J. Appl. Polym. Sci. 2007, 105, 1133-1143.
141. Petermann, J.; Gleiter, H. Phil. Mag. 1973, 28, 1279-1286.
142. Pichot, C. Curr. Opin. Colloid Interface Sci. 2004, 9, 213-221.
143. Pyun, J.; Matyjaszewski, K. Chem. Materials 2001, 13, 3436-3448.
144. Qiu, J.; Charleux, B.; Matyjaszewski, K. Prog. Polym. Sci. 2001, 26, 2083-2134.
145. Randall, J. C. J. Macromol. Sci., Rev. Macromol. Chem. Phys. 1989, C29, 201-317.
146. Rastogi, A.; Terry, A. E.; Mathot, V. B. F.; Rastogi, S. Macromolecules 2005, 38, 4744-4754.
147. Rastogi, S.; Spoelstra, A. B.; Goossens, J. G. P.; Lemstra, P. J. Macromolecules 1997, 30, 7880-7889.
148. Reichardt, C. Chem. Rev. 1994, 94, 2319-2358.
149. Reiter, G. Adv. Polym. Sci. 2006, 200, 1-36.
150. Reiter, G.; Botiz, I.; Graveleau, L.; Grozev, N.; Albrecht, K.; Mourran, A.; Möller, M. Lecture Notes
Phys. 2007, 714, 179-200.
151. Reiter, G.; Castelein, G.; Sommer, J.-U.; Röttele, A.; Thurn-Albrecht, T. Phys. Rev. Lett. 2001, 87,
226101.
152. Reiter, G.; Sommer, J.-U. J. Chem. Phys. 2000, 112, 4376-4383.
153. Reiter, G.; Strobl, G. R. Eds. Progress in Understanding of Polymer Crystalliztion, Lecture Note
Phys. vol. 714, Springer, 2007.
154. Riess, G. Prog. Polym. Sci. 2003, 28, 1107-1170.
155. Ross, G. S.; Frolen, L. J. J. Res. NBS. 1975, 79A, 701-711.
156. Sackett, D.L.; Wolff, J. Anal. Biochem. 1987, 167, 228-234.
157. Sano, H.; Usami, T.; Nakagawa, H. Polymer 1986, 27, 1497-1504.
158. Schantz, S.; Carlsson, H. T.; Andersson, T.; Erkselius, S.; Larsson, A.; Karlsson, O. J. Langmuir 2007,
23, 3590-3602.
159. Schlick, S. Advanced ESR Methods in Polymer Research, Wiley, 2006.
160. Schmidt-Thümmes, J.; Koehler, G. 1991, DE 3924396, Applicant: BASF.
161. Schönherr, H.; Frank, C. W. Macromolecules 2003, 36, 1188-1198.
162. Senrui, S.; Suwa, T.; Konishi, K.; Takehisa, M. J. Polym. Sci. Part A: Polym. Chem. 1974, 12, 83120; 535-552.
163. Sideratou, Z.; Tsiourvas, D.; Paleos, C. M. Langmuir 2000, 16, 1766-1769.
164. Sirota, E. B. Macromolecules 2007, 40, 1043-1048.

133

List of References
165. Slomkowski, S.; Sosnowski, S.; Gadzinowski, M. Collids Surf. A. 1999, 53, 111-118.
166. Soula, R.; Novat, C.; Tomov, A.; Spitz, R.; Claverie, J.; Drujon, X.; Malinge, J.; Saudemont, T.
Macromolecules 2001, 34, 2022-2026.
167. Soula, R.; Saillard, B.; Spitz, R.; Claverie, J.; Llaurro, M. F.; Monnet, C. Macromolecules 2002, 35,
1513-1523.
168. Starkweather, H. W.; Han, M. C. J. Polym. Sci. Part A: Polym .Chem. 1992, 30, 2709-2713.
169. Stoffelbach, F.; Tibiletti, L.; Rieger, J.; Charleux, B. Macromolecules 2008, 41, 7850-7856.
170. Strobl, G. R. Eur. Phys. J. E 2000, 3, 165-183.
171. Strobl, G. R. Progr. Polym. Sci. 2006, 31, 398-442.
172. Strobl, G. R. The Physics of Polymer, 2rd ed.; Springer, Berlin, 1997.
173. Sutton, D.; Nasongkla, N.; Blanco, E.; Gao, J. Pharmceut. Res. 2007, 24, 1029-1046.
174. Szajdzinska-Piętek, E.; Maldonado, R.; Kevan, L.; Jones, R. R. M. J. Am. Chem. Soc. 1984, 106,
4675-4678.
175. Taden, A.; Landfester, K. Macromolecules 2003, 36, 4037-4041.
176. Takahashi, T.; Mizuno, H.; Thomas, E. L. J. Macromol. Sci. B. 1983, 22, 425-436.
177. Thünemann, A.F.; Müller, M.; Dautzenberg, H.; Joanny, J.F.; Löwen, H. Adv. Polym. Sci. 2004, 166,
113-171.
178. Tillier D. L.;Meuldijk, J.; Koning, C. E. Polymer 2003, 44, 7883-7890.
179. Turos, E.; Greenhalgh, K. B.; Garay, J. C. WO 2008/085556.
180. Urban, D.; Takamura, K. Polymer Dispersions and their Industrial Applications; Wiley-VCH:
Weinheim, 2002.
181. Vainshtein, B. K. Structure Analysis by Electron Diffraction, Pergamon Press, Oxford, 1964.
182. Van Herk, A., Ed.; Chemistry and Technology of Emulsion Polymerisation; Blackwell Publishing Ltd:
Oxford, UK, 2005.
183. Vaughan, A. S.; Basset, D. C. Polymer, 1988, 29, 1397-1401.
184. Voigt-Martin, I. G.; Alamo, R. G.; Mandelkern, L. J. Polym. Sci. Part B: Polym. Phys. 1986, 24,
1283-1302.
185. Voigt-Martin, I. G.; Mandelkern, L. J. Polym. Sci. Part B: Polym. Phys. 1989, 27, 967-991.
186. Voit, B. J. Polym. Sci. Part A: Polym. Chem. 2000, 38, 2505-2525.
187. Volkov, A.; Dockter, C.; Bund, T.; Paulsen, H.; Jeschke, G. Biophys. J. 2009, 96, 1124-1141.
188. W. Xu, P. Liu, H. Li, X. Xu, J. Appl. Polym. Sci. 2000, 78, 243-249.
189. Wang, C. M.; Friedrich, S.; Younkin, T. R.; Li, R. T.; Grubbs, R. H.; Bansleben, D. A.; Day, M. W.
Organometallics 1998, 17, 3149-3151.
190. Wang, C.; Chu, M.-C.; Lin, T.-L.; Lai, S.-M.; Shih, H.-H.; Yang, J.-C. Polymer 2001, 42, 1733-1741.
191. Wang, L.; Lu, R. S.; Bau, R.; Flood, T. C. J. Am. Chem. Soc. 1993, 115, 6999-7000.
192. Wang, X.; Liu, L.; Ramström, O.; Yan, M. Experimental Biology Medicine 2009, 234, 1128-1139.
193. Wang, Y.; Chan, C.-M.; Ng, K.-M.; Li, L. Macromolecules 2008, 41, 2548-2553.
194. Wang, Y.; Ge, S.; Rafailovich, M.; Sokolov, J.; Zhou, Y.; Ade, H.; Lüning, J.; Lustiger, A.; Marom,
G. Macromolecules 2004, 37, 3319-3327.
195. Wang, Y.; Rafailovich, M.; Sokolov, J.; Gersappe, D.; Araki, T.; Zou, Y.; Kilcoyne, A.D.L.; Ade, H.;
Marom, G.; Lustiger A. Phys. Rev. Lett. 2006, 96, 28303.

134

List of References
196. Weber, C. H. M.; Chiche, A.; Krausch, G.; Rosenfeldt, S.; Ballauff, M.; Göttker-Schnetmann, I.;
Tong, Q.; Mecking, S. Nano Lett. 2007, 7, 2024-2029.
197. Wegner, G. Thin Solid Films 1992, 216, 105-116.
198. Wehrmann, P.; Zuideveld, M.; Thomann, R.; Mecking, S. Macromolecules 2006, 39, 5995-6002.
199. Williams, D. R. US 2008/0128083.
200. Winnik, F. M. Chem. Rev.1993, 93, 587-614.
201. Woodward, J. T.; Gwin, H.; Schwartz, D. K. Langmuir 2000, 16, 2957-2961.
202. Wunderlich, B. Macromolecular Physics, vol. 1, Academic Press: New York, 1973.
203. Xia, F. J. Appl. Phy. 2002, 92, 3111-3115.
204. Xu, G. H.; Dong, J.; Severtson, S. J.; Houtman, C. J.; Gwin, L. E. J. Phys. Chem. B. 2009, 113,
10189-10195.
205. Xu, J.; Luo, S; Shi, W; Liu, S.-Y. Langmuir 2006, 22, 989-997.
206. Xue, C.; Jog, S. P.; Murthy, P.; Liu, H. Biomacromolecules 2006, 7, 2470-2474.
207. Yakabe, H.; Sasaki, S.; Sakata, O.; Takahara, A.; Kajiyama, T. Macromolecules 2003, 36, 5905-5907.
208. Yamamoto, K.; Kato, K.; Sugino, Y.; Hara, S.; Miwa, Y.; Sakaguchi, M.; Shimada, S.
Macromolecules 2005, 38, 4737-4743.
209. Yan, F.; Texter, J. Chem. Comm. 2006, 2696-2698.
210. Yao, Y.-F.; Graf, R.; Spiess, H. W.; Rastogi, S. Macromolecules 2008, 41, 2514-2519.
211. Yu, Y. S.; Zhang, L. F.; Eisenberg. A. Macromolecules 1998, 31, 1144-1154.
212. Zhang, Q.; Clark, C. G.; Wang, M.; Remsen, E. E.; Wooley, K. L. Nano. Lett. 2002, 2, 1051-1054.
213. Zhang, Q.; Remsen, E. E.; Wooley, K. L. J. Am. Chem. Soc. 2000, 122, 3642-3651.
214. Zhang, Q.; Wang, M. Curr. Org. Chem. 2005, 9, 1053-1066.
215. Zheng, P.-W.; Jiang, X.; Zhang, X.; Zhang, W.; Shi, L.-Q. Langmuir 2006, 22, 9393-9396.
216. Zhou, W.; Weng, X.; Jin, S.; Rastogi, S.; Lovinger, A. J.; Lotz, B.; Cheng, S. Z. D. Macromolecules
2003, 36, 9485-9491.
217. Zuideveld, M. A.; Wehrmann, P.; Röhr, C.; Mecking, S. Angew. Chem Int. Ed. 2004, 43, 887-891.

135

Zusammenfassung

Zusammenfassung
Polyethylen (PE) und dessen Morphologie waren in den letzten 50 Jahren Gegenstand
intensiver Untersuchungen. Einzelkristalle mit Größen auf Mikrometerskala, die langsam aus
sehr verdünnten organischen Lösungen kristallisiert wurden, haben zum grundlegenden
Verständnis der Polymerkristallisation beigetragen. Allerdings sind nicht aggregierte
nanoskalige PE-Kristalle, die frei beweglich sind, erst seit kurzem zugänglich. Die Struktur
und die Eigenschaften dieses neuartigen Systems wurden untersucht.

Wässrige Dispersionen von PE-Nanopartikeln mit verschiedenen Mikrostrukturen und
Kristallinitäten wurden durch katalytische Polymerisation von Ethylen synthetisiert. Dafür
wurde eine Methode, die kürzlich von unserer Arbeitsgruppe veröffentlicht wurde, mit
Salicylaldiminato-Ni(II)-Komplexen als Katalysatoren verwendet. Diese kolloidal stabilen
Dispersionen bestehen abhängig vom verwendeten Katalysator aus teilkristallinem linearem
oder verzweigtem PE mit einer durchschnittlichen Partikelgröße von ca. 10 nm. Diese
außergewöhnlich geringe Partikelgröße ist auf eine effektive Keimbildung und weiteres
Wachstum ausschließlich in den einzelnen Kompartimenten zurückzuführen.
Aus cryo-TEM und SAXS Messungen, die von Ballauff et al. durchgeführt wurden, ging
hervor, dass die Nanopartikel aus linearem PE mit ca. 60 % Kristallinität (PE I)
monolamellare Einkristalle sind. Im Gegensatz dazu wurde eine eher sphärische Form für
Nanopartikel aus verzweigten PE wesentlich niedrigerer Kristallinität (PE II), die vermutlich
eine mizellare kristalline Struktur anstelle definierter Lamellen aufweisen, beobachtet.
Interessanterweise kam es für ca. 80 nm große Partikel aus PE I, die bei niedrigerer
Tensidkonzentration gebildet worden sind, eher zu einer zufälligen Aggregation der
Primärpartikel, als zu einer lateralen Ausdehnung der einzelnen Lamellen. Diese Aggregation
findet wahrscheinlich auf der ersten Stufe des Partikelwachstums statt, was zu einer
unregelmäßigeren Partikelform, wie in cryo-TEM und AFM Messungen beobachtet, führt.
Des Weiteren gaben Untersuchungen mit verschiedenen Methoden einen deutlichen Hinweis
darauf, dass die kristalline Struktur in solchen gerade entstandenen Nanopartikeln einer
Reorganisation bei erhöhter Temperatur, sowohl unter als auch über dem Schmelzpunkt
(bestimmt

aus

Standard-DSC-Messungen

der

Dispersionen),

unterliegt.

Für

die

niedrigkristallinen Partikel aus verzweigtem Polymer stimmt eine Struktur aus sehr kleinen
Kristalliten, die in eine amorphe Matrix eingebettet sind, mit den experimentellen Daten und
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der beobachten sphärischen Form überein. Weitere Untersuchungen der Beziehung zwischen
der Lamellendicke in den Partikeln und der zugehörigen Rekristallisationstemperatur könnten
Einblick geben in die Gleichgewichtsstruktur der Kristallisation von PE auf sehr geringen
Größenskalen.
Der Schmelz- beziehungsweise Kristallisationsvorgang in solchen nanoskaligen Objekten
wurde zum ersten Mal als ein Vorgang untersucht, der die Polarität der Umgebung ändert, die
von Gastmolekülen in PE-Nanopartikeln wahrgenommen wird. Untersuchungen mit
lipophilen Gastmolekülen, in diesem Fall mit den Fluoreszenzfarbstoffen Pyren und Nilrot,
zeigten, dass die Gastmoleküle von den PE-Nanokristallen aufgenommen worden sind und
sich in den amorphen Bereichen befinden. Das führt zu einer viel unpolareren Umgebung für
die Gastmoleküle im Vergleich zum hydrophoben Kern von SDS-Mizellen. Die Polarität, die
die Pyrenmoleküle in den Partikeln erfahren, steigt mit zunehmender Kristallinität der Partikel.
Dies ist darauf zurückzuführen, dass die Pyrenmoleküle durch die lamellaren Kristallite an die
Wasser-Partikel-Grenzfläche gebracht werden und so die wässrige Phase spüren. Durch
Schmelzen/Kristallisieren ändert sich die Polarität, die die Pyrenmoleküle erfahren, deutlich.
Die Temperatur, bei der diese Änderung der Polarität auftritt, kann durch den
Verzweigungsgrad des Polymers kontrolliert werden.
Als lipophile Gastmoleküle für PE-Nanokristalle wurden auch Nitroxid-Spinsonden
verwendet. In Übereinstimmung mit den Fluoreszenzuntersuchungen weisen auch die CWESR-Spektren der Spinsonden in den PE-Dispersionen auf eine Verteilung der schwach
hydrophilen Nitroxidradikale zwischen der Polymer- und der Wasserphase hin. Dies ging aus
der beobachteten Linienform hervor, die sich von den Spektren in reinen wässrigen Lösungen
und denen in Polymerfilmen unterscheidet. Eine quantitative Aussage kann jedoch aufgrund
der Komplexität der Spektren, die aus mehreren Beiträgen bestehen, nicht getroffen werden.
Außerdem zeigen sowohl CW-ESR als auch ESEEM-Messungen, dass es bei der
Kristallisation von einmal geschmolzenen PE I Nanokristallen zu einer Reorganisation
kommt, vermutlich durch Verdickung der Lamellen. In Übereinstimmung mit diese
Interpretation wurde für niedrigkristalline PE II Nanopartikel kein signifikanter Unterschied
nach der Rekristallisation beobachtet.
Ausgehend von vorgeformten Nanokristallen können teilkristalline Polymerfilme im
Submikrometer-Bereich unter wesentlich milderen Bedingungen im Vergleich zum
traditionellen Weg, der von einer verdünnten Polymerlösung in heißen organischen
Lösungsmitteln ausgeht, hergestellt werden. Ein weiterer Vorteil ist, dass die Kristallinität
dieser Filme einfach durch die Kristallinität der Polymerkristalle kontrolliert werden kann.
II
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Hierbei wurden über Mikrometer-Bereiche homogene Filme ohne Defekte beobachtet. Eine
effiziente Wechselwirkung zwischen den amorphen Teilen der einzelnen Nanokristalle
ermöglicht freistehende Filme. In den entstandenen Filmen ist die Lamellenachse der PEPrimärkristalle vorzugsweise senkrecht zur Filmoberfläche orientiert, was aus der
Elektronenbeugung hervorging. Diese Orientierung findet sich auch in diskontinuierlichen
Monoschichten von PE-Nanokristallen, die in AFM-Messungen beobachtet wurden.
Nach Schmelzen/Rekristallisieren bleibt die Kontinuität der Filme ohne erkennbare
Entnetzung erhalten. Die genauen Morphologien nach der Rekristallisation hängen von den
Filmdicken ab und entsprechen im Allgemeinen Polymerfilmen aus organischen Lösungen.
Beim Erwärmen der Monoschichten aus PE-Nanokristallen wurde eine Verdickung der
Lamellen ohne eine Veränderung der Kristallorientierung beobachtet.
Die auf der Oberfläche der Nanokristalle adsorbierten Tensidmoleküle desorbieren teilweise
während der Filmbildung aus den Partikel-Dispersionen. Beim Erwärmen der entstandenen
Filme unter den Schmelzpunkt wandern die Tensidmoleküle zu den Filmoberflächen und
können durch Waschen mit Wasser ohne Änderung der Kontinuität sowie der Struktur der
Filme entfernt werden, was aus AFM und Kontaktwinkelmessungen hervorging.
Copolymerisationen von Ethylen mit verschiedenen amphiphilen Comonomeren wurden
durchgeführt, um die Partikeloberflächen zu funktionalisieren. Trotz des bevorzugten Einbaus
von Ethylen mit den verwendeten Katalysatoren wurde ein mäßiger Einbau für die
untersuchten Comonomere beobachtet. Beim Einbau eines Comonomers mit anionischen
Sulfatgruppen wurden Copolymer-Partikel erhalten, die bessere kolloidale Stabilität zeigten
als beim Einbau von nicht-ionischen PEG- oder Saccharidgruppen. Die Kristallinität des PEAnteils der Copolymer-Partikel verhält sich ähnlich wie bei Homopolyethylen-Partikeln.
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