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Polymer morphology and tuning of chain crystallinity are investigated in nanohybrids
composed of hydrophilic poly (ethylene oxide) and silica nanoparticles of three different
sizes, pursuing to understand the effect of the presence of the inorganic surfaces and of the
severe confinement. Nanoparticles with size smaller, comparable and larger than that of the
polymer coil are used in order to confine the polymer chains. Crystallinity was found to be
affected by the degree of spatial confinement that the nanoparticles impose, their surface
area as well as their curvature. The polymer chains that were able to crystallize under
confinement showed a different crystalline behavior with a lower Tm and lower crystallinity.
Small nanoparticles affect the crystallinity due to their high surface area which leads to large
confinement while the large nanoparticles have the ability to adsorb the polymer chains on
their surface, disrupting the crystallization process. For further understanding the
crystallization process mixtures of two kinds of silica nanoparticles of different sizes were
mixed with the polymer, in a three-component system, in an attempt to investigate the case
of severely confined polymers. Under severe confinement, in the three component system,
the polymer was not able to crystallize at all, resembling the case of intercalated
PEO/Na+MMT. By varying the ratio of small vs large nanoparticles, in hybrids of constant
polymer volume fraction, the tuning of crystallinity was achieved. The kinetics of
crystallization, the chain conformations and the polymer dynamics in PEO/SiO 2 nanohybrids
were investigated as well, as a function of the inorganic surfaces and of the spatial
confinement. The chain conformations in the hybrids showed an increase in the gauche
population of the C-C bond along the polymer backbone, which increases with the increase
of the nanoparticle concentration, indicating that the system becomes more disordered and
liquid-like. The critical parameter was the confining length, expressed as the ratio of the
interparticle distance over the chain radius of gyration, d/Rg and a d/Rg<0.1-0.5 was found
necessary to observe the effect. On the other hand, both local and segmental dynamics of
PEO chains, close to the silica surfaces seems to remain mostly unaffected and does not
exhibit significant differences compared to the respective of the pure polymer. The
crystallization kinetics, reveals that silica nanoparticles act as nucleating agents promoting
the nucleation process, with the large nanoparticles accelerating the primary crystallization
process more than the small. At the same time, POM measurements show that the addition
of nanoparticles affects the number and size of spherulites. A slightly retarded spherulitic
growth rate, compared to that of the bulk polymer, was found with increasing the amount
of inorganic surfaces.
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Introduction

I NTRODUCTION
Polymer systems are widely used due to their unique attributes: ease of production, light
weight, and often ductile nature. However, polymers have lower modulus and strength as
compared to metals and ceramics. One way to improve their mechanical properties is to
reinforce them with inclusions (fibers, whiskers, platelets, or particles). Embedding of
inclusions in a host matrix to make composites that provides material properties not
achieved by either phase alone, has been a common practice for many years. Traditionally,
composites were reinforced with micro-sized additives; nevertheless, important
compromises were often required in material design since, for example, an increase in
strength was often accompanied by a loss in toughness and an increase in brittleness or a
loss of optical clarity. It is anticipated, that these problems can be overcome if the inorganic
additive can exist in the form of a fine dispersion on nm size within the polymeric matrix.
When the dispersed particles have at least one dimension in the nanometer range, then the
material is called a nanocomposite. Experiments have shown that nanoscale reinforcement
brings new phenomena, which give to nanocomposites properties superior than those of
the conventional composites. The small size of the fillers leads to a dramatic increase in the
interfacial area that creates a significant volume fraction of interfacial polymer with
properties different than the respective of the bulk polymer even at low loadings. This
provides the opportunity to design materials without the compromises typically found in
conventionally filled polymer composites. Properties like strength, stiffness, thermal and
oxidative stability, barrier properties, self-extinguishing behavior, biodegradability and many
others can be now optimized in a nanocomposite.
Nanocomposites are currently utilized in a variety of applications. They have been used in
the automobile industry in different parts of the automobiles from fuel pumps to bumpers.
Another use is in food packaging where the polymers barrier technology was improved by
the addition of clays in a polymer matrix reducing gas/vapor permeation and thus yielding
significant improvements to shelf life. Other applications include: modification of rheological
properties in cosmetics, ink and lubricant industries, dental materials, orthopedic parts,
drug delivery etc. Besides the various applications, nanocomposites constitute ideal systems
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for the study of the behavior of polymers when they are restricted in space, between the
nanofillers.
However, despite the large volume of nanocomposites produced over the last 15-20
years, the relationships between their nano-scale structural variables and macroscale
physical and mechanical properties, as well as the understanding of the basic physical origin
behind the optimization of these properties are largely missing.
In an attempt to understand the behavior and produce new knowledge in the field of
polymer nanocomposites, we have investigated the effect of the presence of silica
nanoparticles, SiO2, and of the confinement they impose on the morphology, crystallization,
crystallization kinetics, chain conformations and dynamics of poly(ethylene oxide), PEO.
More specifically, series of PEO / SiO2 were developed through water mixing utilizing
nanoparticles of three different sizes, pursuing to understand the effect of the presence of
the inorganic surfaces and of the severe confinement. Nanoparticles with size smaller,
comparable and larger than that of the polymer coil were used in order to achieve the
confinement. Further than the two-component PEO / SiO2 nanohybrids, three component
systems consisted of mixtures of nanoparticles were synthesized as well, in an attempt to
tune / eliminate polymer crystallinity.
The present thesis is organized and presented in six chapters:
In the first chapter, a brief overview of polymer nanocomposites and of the different
fillers most frequently used for their preparation is discussed. Moreover, the subjects of
polymer crystallization and polymer dynamics are shortly introduced. Lastly, the effect that
the presence of the additives and / or the confinement has on polymer crystallization and
dynamics, are presented according to the current knowledge.
The basic principles of the characterization techniques utilized in this work, i.e. the
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Dynamic
Light Scattering (DLS), Thermogravimetric Analysis (TGA), X-ray Diffraction (XRD),
Differential Scanning Calorimetry (DSC), Infrared Spectroscopy (IR), Polarized Optical
Microscopy (POM) and Dielectric Relaxation Spectroscopy are described in the second
chapter.
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The third chapter describes the effect of confinement and of the inorganic surfaces on
the polymer crystallization, chain conformations and dynamics in two-component PEO-SiO2
nanocomposites. For this, a poly (ethylene oxide) matrix was filled with nanoparticles of size
smaller, comparable and larger than the polymer’s coil in order to confine the chains. Series
of nanocomposites were synthesized from water dispersions covering the whole regime
from pure polymer up to the highest possible in inorganic material.
The fourth chapter describes the development of three-component nanohybrids,
composed of PEO and mixtures of nanoparticles of two different sizes, the investigation of
their crystalline behavior and the tuning of crystallinity that can be achieved.
In the fifth chapter, the effect that nanoparticles have on crystallization kinetics, were
examined using isothermal Differential Scanning Calorimetry (DSC) and isothermal Polarized
Optical Microscopy (POM).
Finally, in the sixth chapter, the general conclusions of the current work are given.
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C HAPTER 1: P OLYMER N ANOCOMPOSITES
Organic/inorganic composite materials have been extensively studied for a long time.
They combine the advantages of the inorganic material (e.g. rigidity, thermal stability) and
of the organic polymer (e.g. flexibility, dielectric properties, ductility and processability);
nevertheless certain problems like reduction of transparency or reduced toughness
frequently emerge. These problems can be overcome when the inorganic phase in the
composites becomes nanosized and the hybrid materials are called nanocomposites.1,2
Polymer nanocomposites usually possess superior physicochemical properties compared to
those of the respective composite material because the small size of the fillers leads to a
dramatic increase of the interfacial area as compared to traditional composites and thus
creates a significant volume fraction of interfacial polymer with properties different from
those of the bulk even at small loadings.3–5 A plethora of different fillers have been
employed over the years and depending on how many dimensions they have in the nm
range, they are divided in four large categories. If three dimensions are in the order of
nanometers we have nanoparticles such as carbon black, silica, gold, titanium oxide
nanoparticles etc. Additives with two dimensions in the nanometer range, form elongated
structures such as nanorods and nanotubes. Additives with one nano-sized dimension are in
the form of platelets having thickness of one to a few nanometers thick and hundreds to
thousand nm wide and long (e.g. graphene, clays). Last, there are nanoporous materials
which have cavities in the nanometers range.6
A commonly utilized type of fillers is nanoplatelets including graphite, graphene, clays
and other layered materials.7–15 One example used in the synthesis of nanocomposites is
layered silicates that are natural or synthetic minerals, consisting of very thin layers that are
usually bound together via Van der Waals forces. The layer thickness is around 1 nm and the
lateral dimensions of these layers may vary from 300 Å to several microns depending on the
particular silicate. These layers organize themselves to form stacks with a regular between
them called the interlayer or the gallery. Depending on the interaction between the
surfaces and the polymer, the latter can enter the gallery.

If the interactions are

unfavorable, the two components are immiscible and the nanocomposite has a phase
separated structure. If the interactions are favorable then the polymer enters the galleries
and the nanocomposite has an intercalated structure, while if the interactions are extremely
favorable the layered structure of the clay is destroyed, resulting in dispersed platelets
within the polymer matrix. This structure is called exfoliated. The best properties of the
hybrids are usually observed for intercalated16–18 and exfoliated19–21 systems.
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Figure 1.1:

Phase separated (left), exfoliated (center) and intercalated (right) structure of a
polymer/layered silicate nanocomposite.

Polymer/layered silicate nanocomposites show improvements in mechanical strentgh22,
thermal stability23, flame retardancy and other related properties like low smoke production
and CO2 yield24–26. In this context, the silicate layers act as superior insulators and mass
transport barrier to the volatile products generated during decomposition, making them
irreplaceable materials in ground, underground, aircraft and space vehicle industry27. Another
important feature of polymer/layered silicate nanocomposites is their antimicrobial and gasbarrier properties28,29 which have been used in food packaging as barrier materials,
antimicrobials and sensors. 30,31
Elongated nanofilleres such as nanorods, carbon nanotubes (CNTs) and other nanofibers
have also been extensively used due to their improved mechanical properties32,33, to the
superior electrical and thermal conductivity34,35 and to their tissue growing potential. CNTs
are long cylinders of covalently bonded carbon atoms which possess extraordinary
electronic and mechanical properties. There are two basic types of CNTs: single-wall carbon
nanotubes (SWCNTs) which possess the fundamental cylindrical structure and multi-wall
carbon nanotubes (MWCNTs) which consist of coaxial cylinders, having interlayer spacing
close to that of the interlayer distance in graphite (0.34 nm). These cylindrical structures are
only few nanometers in diameter, but the cylinder can be tens of microns long, with most
being end-capped with half of a fullerene molecule. They were first discovered by M. Endo
in 1978, as part of his Ph.D. work at the University of Orleans in France, but real interest in
CNTs started when Iijima first reported it in 199136. The field thrives after that and the first
polymer composites using CNT’s as fillers were reported by Ajayan et al (1994)34.
Potential applications include: tissue engineering8,37, supercapacitors and electronic
textiles38, printed circuit boards, connectors, thermal interface materials, electrostatic
dissipation, electrostatic painting, electromagnetic interference (EMI) shielding, printable
circuit wiring, and transparent conductive coating.39
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The realization of the full potential for polymeric nanocomposites to manifest their
entitled property improvement relies, for some properties, on the ability to achieve
maximum particle-matrix interfacial area. Spherical nanoparticles provide an extreme case
of inorganic surface area available for interaction with a polymeric matrix and therefore
they have been widely used as fillers in polymers: from nanoparticles of metals (e.g., Au,
Ag)40, metal oxides (e.g., TiO2 Al2O3), semiconductors (e.g., PbS, CdS), and so forth, among
which SiO2 is viewed as being very important.41–48 The large specific surface area of the filler
causes the formation of an interfacial polymer layer (shell) attached to the particle core.
Consequently, one should speak about core-shell particles dispersed in a polymer matrix.
The presence of this shell also will reduce the maximum filling degree of nanoparticles in a
polymer matrix. The physical properties of the polymer localized in the shell are different
from the bulk polymer due to immobilization. If there are attractive forces between the
filler and the interfacial polymer, the mobility of the polymer chains is reduced and the glass
transition temperature increases. If there are repulsive forces between the particle and the
interfacial layer, the polymer chain mobility is increased yielding in a plasticizing effect with
glass transition temperature depression. Especially precise differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA) can be employed for measuring the change in
the glass transition temperature with nanofiller load. There is strong evidence that the
interaction of the interfacial layer with the particle and the free bulk polymer is responsible
for the changes in thermomechanical and electrical properties. Considering the increasing
specific surface area with decreasing particle size, the amount of interfacial polymer layer
strongly depends on nanofiller size and load.41,49

Figure 1.2:

Nanoparticles dispersed in a polymer matrix. The interfacial layer indicated in
black circles.
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Polymers filled with nanoparticles exhibit high antimicrobial properties 50, high
transparency and UV-absorption characteristics51, decreased proton conductivity, water
swelling and methanol permeability which could be applied in fuel cells52, photo-degradable
properties53, UV protection properties, which have been already utilized in commercial
products such as sunscreens, cosmetics, sports equipment and supplements54, high flame
retardation capacity

55,56

, excellent optical transparency utilized in optical devices57,58,

electrical properties suitable for use in organic batteries59, for oxygen scavenging

60

and

many others.
In this work, polymer nanocomposites utilizing poly(ethylene oxide) and silica
nanoparticles are developed and studied. More specifically, the polymer crystallization,
chain conformation and dynamics are investigated in the presence of the inorganic surfaces
and under confinement.

1.1 P OLYMER C RYSTALLIZATION
A crystal is a solid material whose constituents, such as atoms, molecules or ions, are
arranged in a highly ordered microscopic structure, forming a crystal lattice that extends in
all directions. The process of crystal formation is called crystallization.
Crystallization, as a transition from the liquid to the solid phase, is a critical procedure
that determines the final properties of the solid produced, either that is a metal, a ceramic
or a polymer. Though the physical mechanisms of the crystal formation should be the same
in all cases, it is interesting that each of the above types of materials crystallizes in a
completely different way. This is due to the fact that crystallization is defined by
thermodynamic and kinetic factors, making it very difficult to predict. 61
Polymers encounter a tremendous difficulty when crystallizing: instead of attaching
individual blocks (molecules) independently, a polymer always arrives as ‘chain of blocks’.
Due to the connectivity of the blocks, they can be integrated to the crystal only sequentially,
at a limited number of nearby sites. This imposes severe constraints on the attachment
possibilities of subsequent chain segments, leading to chain folding and the formation of
lamellar crystals having amorphous fold segments. The coexistence of amorphous and
crystalline parts is called semicrystalline state and the majority of polymers crystallize this
way, in imperfect crystals.
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Figure 1.3: Schematic representation of the crystallization of polymers and small
molecules 62

A liquid crossing its standard freezing point will crystalize in the presence of a seed crystal
or nucleus around which a crystal structure can form creating a solid. In this case the
progressing crystals need specific energy to form and the crystallization process is defined
by the thermodynamics of the system:
T(Sliquid – Ssolid) < Hliquid – Hsolid (1.1)
Gliquid > Gsolid

(1.2)

where S is the entropy, H is the enthalpy and G is the Gibbs free energy.
Thus, at a specific temperature (which corresponds to a specific energy), the creation of
the solid phase (nuclei) is thermodynamically favorable, and so the material crystallizes.
Lacking any such nuclei, the liquid phase can be maintained all the way down to the
temperature at which crystal homogeneous nucleation occurs.
When the polymer is in the liquid state and is cooled down, it doesn’t crystallize as it
reaches the temperature, that it should have crystallized if the crystal was perfect (Tm0). The
temperature goes lower than Tm0 in the liquid (supercooling) so that the solidification begins
and the crystallization process continues with T=Tm0 in the solid. Hence, the crystallization
begins after there has been significant supercooling (ΔΤ), with initially small crystallization
rate, which increases as the temperature decreases (Figure 1.3). Thermodynamically,
supercooling exists due to the temperature gradient of the liquid phase being larger than
that of the solid phase:

(1.3)
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This implies that at T=Tm0, if a solid state occurs in the liquid-solid interface, the heat
transfer rate is larger in the liquid than in the solid and thus the solid phase melts. With
supercooling this is reversed, the heat flow rate is larger in the solid than in the liquid, due
to the temperature difference, and so the development of the solid phase is allowed. The
growth rate of the interface is determined by the difference of the two temperature
gradients. 61,63–65
10
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Figure 1.4: Supercooling mechanism
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As a consequence the thermal history is very important and, if it is not the same, it leads
to materials with different final properties . It can be said that essentially there is not a welldefined state of a polymeric crystal. Understanding the mechanism behind polymer
crystallization is crucial in polymer physics. Materials that crystallize in a temperature range,
like polymers, do not have a uniform internal structure and therefore isothermal
crystallization experiments are important.
The percent of the polymer that will finally crystallize depends on the symmetry of the
polymer, the way the crystallization process has been achieved and the strength of
interactions between polymer chains. The tendency towards forming crystals grows the
simpler the symmetry of the molecule is and the stronger the secondary bonds. On the
other hand, crystallinity is hindered by branching, copolymerization and the flexibility of the
chains. 61,63–66
Crystallization in polymeric materials exhibits a hierarchy of different sizes and thus a
variety of different experimental techniques are required in order to be investigated in all
length scales. X-Ray diffraction (XRD) has to be utilized in order to investigate the
dimensions and characteristics of the unit cell, the formation and the size of the crystalline
lamellae as well as the percentage of the crystalline and the amorphous part can be studied
Page | 10
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with Small Angle X-Ray Scattering (SAXS) while the development of spherulites, objects
composed of crystalline and amorphous regions, can be observed using Polarized Optical
Microscopy (POM). Complementary to the techniques mentioned above, the most
commonly used technique for the observation of the melting and crystallization process is
Differential Scanning Calorimetry (DSC) which is a macroscopic technique to investigate
thermal transitions (Figure 1.4).

Figure 1.5: Hierarchy of sizes involved in polymer crystallization and the corresponding
techniques that are most commonly used to investigate it.

The process of polymer crystallization includes two steps: the first is the nucleation which
is the formation of nuclei that are folded polymer chains, in the liquid and the second is the
growth which involves the increase of the nuclei size creating lamellae, which in turn grow
forming larger objects called spherulites.
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1.1.1. N UCLEATION
Nucleation is the formation of a small solid phase inside the liquid and includes two types:
homogeneous and heterogeneous nucleation.
Homogeneous is the nucleation process that is not affected by the presence of a solid
phase, the surface on which the polymer crystallizes either a nucleus, or any other foreign
entity. Homogenous nucleation is rare due to the large amount of energy needed to start
the process without the pre-existence of a solid phase. Homogeneous nucleation is
thermodynamically driven by the Gibbs free energy (ΔG). This solidification transformation
has two contributions: the first is the free energy difference between the solid and liquid
phases, or the volume free energy ΔGv, and the second will result from the formation of the
solid–liquid phase boundary. Finally, the total free energy change is equal to the sum of
these two contributions—that is:
∆𝐺 =

4 3
𝜋𝑟 ∆𝐺𝑣 + 4𝜋𝑟 2 𝛾
3

(1.4)

Figure 1.6: Formation of critical size of embryos 67

These volume, surface, and total free energy contributions are plotted schematically as a
function of nucleus radius in Figure 1.6. The curve associated with the sum of both terms
(green line) first increases, passes through a maximum, and finally decreases. In a physical
sense, this means that as a solid particle begins to form as molecules in the liquid cluster
together, its free energy first increases. If this cluster reaches a size corresponding to the
critical radius, then growth will continue accompanied by a decrease in free energy. On the
other hand, a cluster of radius less than the critical one will shrink and re-dissolve. This
subcritical particle is an embryo, whereas the particle of greater radius is termed a nucleus.
A critical free energy, occurs at the critical radius which corresponds to an activation free
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energy, which is the free energy required for the formation of a stable nucleus. Equivalently,
it may be considered as an energy barrier for nucleation process.67
Heterogeneous nucleation can be considered as a surface catalyzed or assisted
nucleation process. Heterogeneous nucleation forms at preferential sites such as phase
boundaries, surfaces or impurities like dust. At such preferential sites, the effective surface
energy is lower, thus diminishing the free energy barrier and facilitating nucleation. The
extent of how a surface can catalyze or facilitate the nucleation depends on the contact
angle of the nucleus with respect to the substrate. The smaller the angle (or the stronger
the wetting of the surface), the lower the free energy change, and the lower the nucleation
barrier will be. The critical radius of the nucleus (r*) for a heterogeneous nucleation, is the
same as that for a homogeneous nucleation, whereas the critical volume of the nucleus, is
usually smaller for heterogeneous nucleation than for homogeneous nucleation, due to the
surface wetting (spreading).

1.1.2 G ROWTH
After the nucleus is formed, it continues to grow in two-dimensions creating lamellae
which form even larger objects such as dendrites, spherulites etc.

61,63–65,67–69

X-Ray and

electronic microcopy experiments have shown that polymer crystallites consist of leaf-like
structures called lamellae. The formation of lamellae is the first step in the growth stage of
the crystallization process, following the end of nucleation.

Figure 1.7: Schematic representation of (a) fold plane showing regular chain folding, (b)
ideal stacking of lamellar crystals, (c) interlamellar amorphous model, and (d) fringed micelle
model of randomly distributed crystallites. 69

Lamellae are thin and flat with 100-200 Å thickness and 10-100 μm side dimensions.
Moreover, electron diffraction experiments have shown that the axis of the polymeric chain
is perpendicular to the lamellae and therefore the polymer chain has to be folded inside the
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lamella. Folding is not occurring ideally and with perfect order, but randomly and
imperfectly (Figure 1.7d).
As seen in Figure 1.7a one folding plane can contain many chains. The height of the plane
is known as folding period and corresponds to the lamellar thickness. One lamella consists
of many folding planes one on top of the other (Figures 1.7b,c, Figure 1.8).

Figure 1.8: Lamellar stacking

The thickness of polymer lamellae is very important to crystalline polymers because it
directly affects important properties such as their melting point, their chemical reactivity,
and their mechanical behavior among others. The actual thickness is primarily a physical
property related to the parameters of the crystallization process, rather than one depending
on the chemistry of the molecular chain but is affected by chemistry, such as the ability of
hydrogen bonding. It increases with crystallization temperature, apparently without limit
but as the crystallization rate slows down at higher temperatures the higher thicknesses
become increasingly unattainable in reasonable times. 61,68,69
Lamellae twist, diverge and branch creating larger objects called spherulites. Spherulites,
literally little spheres, are a form of higher level ordering readily seen with a polarizing
optical microscope. They are considered the polymeric analog to grains in other materials
(metals, ceramics). They consist of clusters of lamellae of ~10 nm thickness that propagate
radially from the center out (Figure 1.9). It can be said that spherulites are objects that
display both order and disorder, as they contain both crystalline and amorphous regions.
They are characteristic of melt-crystallized polymers, although their size and internal
structure are highly variable depending upon primary nucleation, crystallization conditions,
and the molecular structure of the polymer.61,67,70
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Figure 1.9: In-situ AFM recording of a crystallizing polymer. (AFM tapping mode images of
a homogeneously nucleated growing spherulite obtained at different times).71

Figure 1.10 shows that the lamellar structure of polymer spherulites is built on a
framework of individual dominant lamellae that branch repetitively and then diverge.
Starting from an individual lamella, the progression is first to multilayer axialites in which
the longest, i.e. fastest growing, lamellae splay most, presenting a sheaf-like appearance
down the principal axis of splay. When the diverging units eventually meet, they enclose an
inner area known as the eye, which crystallizes separately, usually inward from its
boundaries. The spherulite then continues to form usually spherically.

Figure 1.10:

Lamellar texture of developing spherulites 72

As the interface of the spherulite propagates, another phenomenon called secondary
crystallization occurs at the same time, when the forming lamellae do not fill the entire
space and as a result there is space with the spherulite that has not crystallized. It can be
said that the interface of the spherulite forms a ‘grid’ as it propagates and then the space in
between the grid crystalizes with secondary crystallization.61,67,70,73
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Figure 1.11: Formation of spherulite from lamellae

As spherulite formation reaches its end, boundaries occur in neighboring spherulites. The
boundaries of the intersecting spheres are hyperboloids and from their shape the
nucleation type can be derived: e.g. simultaneous nucleation gives a plane that is
perpendicular and a bisector to the line that connects the two sphere centers. The percent
of growth of a spherulite, before forming boundaries, depends on the density of
nucleation.61,67,73,74
Spherulites are metastable structures that can be re-arranged even in temperatures
much lower than the melting temperatures; nevertheless their formation is important since
they are a major determinant of polymer properties.
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1.2 P OLYMER D YNAMICS
Dynamic processes in polymers occur over a wide range of length and time scales.75–85
Figure 1.12 relates the dynamic modulus as it may be observed on a polymer melt with the
length and time scales of molecular motion underlying the rheological behavior. This
example describes the behavior of an amorphous polymer excluding any crystallization
processes.86,87

Figure 1.12: Richness of dynamic modulus in a bulk polymer and its molecular origin 80

At low temperature (or short time) the material is in the glassy state and only small
amplitude motions like vibrations, short range rotations or secondary relaxations are
possible. Below the glass transition temperature Tg only secondary relaxations like side
group reorientations or rotations (named with the letters β, γ, etc.) are observed. In
addition, at high frequencies the vibrational dynamics characterizes the dynamic behavior of
amorphous polymers. The secondary relaxations cause the first small step in the dynamic
modulus of such a polymer system.
At the glass transition temperature, Tg, the primary relaxation (α-relaxation), related to
segmental motion of the chain, becomes active allowing the system to flow. In the dynamic
modulus, the α-relaxation causes a large step of typically three orders of magnitude in
strength.
At higher temperatures, the modulus relates to large scale motions of the polymer chain.
Two aspects stand out. First, when the sample has a molecular weight below the critical
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molecular weight for entanglement, Me, relaxations of fluctuations out of equilibrium are
entropy-driven (qualitatively described by the Rouse model) and no rubbery plateau is
detected since no transient network is formed. Second, for samples having a molecular
weight higher than Me, these relaxations are limited by confinement effects caused by the
mutually interpenetrating chains. This confinement is modeled most successfully in terms of
the reptation model by de Gennes88 and Doi and Edwards89. These confinement effects are
described in terms of a tube following the coarse grained chain profile. The final diffusive
motion is only allowed along the tube profile leading to the reptation snake-like motion of a
polymer chain.
When a chain has lost the memory of its initial state, rubbery flow sets in. Then the
system enters into the liquid flow, which is characterized by the translational diffusion
coefficient of the chain. Depending on the molecular weight, the characteristic length scales
from the motion of a single bond to the overall chain diffusion may cover about three orders
of magnitude, while the associated time scales easily may be stretched over ten or more
orders.
Different relaxation processes have been found to depend differently on temperature.
For example local secondary relaxations show an Arrhenius type of dependence:
𝐸
𝜏(𝑇) = 𝜏0 exp (
)
𝑘𝐵 𝑇

(1.5)

E is the activation energy and kB is the Boltzmann’s constant.
On the other hand, α-relaxation shows a VFT (Vogel-Fulcher-Tammann) type of
dependence:
𝜏(𝑇) = 𝜏0 exp (

𝐷𝑇 𝑇0
) (1.6)
𝑇 − 𝑇0

τ0 represents the limit of relaxation times at high temperatures (usually τ0 =10-14 s), T0 the
‘ideal’ glass point that corresponds to the ‘Vogel temperature’ (usually 30-50K below the Tg)
and D=B/T0 a non-dimensional parameter. At T→0K the VFT behavior turns into an
Arrhenius one. 90
The relaxation time of α-process increases rapidly near Tg so for every 3-5 K of
temperature drop, relaxation time increases by nearly one order of magnitude. The
temperature at which α and β relaxations separate is called separation temperature Tαβ.
Above this temperature only one relaxation mechanism is present. Below T αβ the response
equations of the system diverge from single exponential and exhibit a more complex time
dependence that is described by the KWW equation (Kohlrausch – Williams – Watts).
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𝜑(𝑡) = exp[−(𝑡⁄𝜏)𝛽 ]

(1.7)

β<1 is the non-exponentiality parameter and τ is the relaxation time 91

Figure 1.13: α,β and γ relaxations as seen in an Arrhenius plot

Polymer dynamics exhibit relaxation times that span from picoseconds to seconds and
this is the reason that a plethora of experimental techniques such as Nuclear Magnetic
Resonance (NMR), Dynamic Light Scattering (DLS), Quasi Elastic Neutron Scattering (QENS),
Neutron Spin Echo, Dielectric Relaxation Spectroscopy (DRS), and many others are needed
for its investigation.80 The most recent developments in the field (experimental data,
theoretical models and simulations) can be found in many review articles. 75,83,85,92–94

1.3 C ONFINEMENT

EFFECTS

1.3.1 C R Y ST A L LI ZA T I O N U N D ER C O N FI N E M EN T
It was as early as 1880 when Van Riemsdyk95 reported that small gold droplets
crystallized at much larger supercooling than bulk gold. In the 50’s and 60’s many
researchers performed careful experimental studies on droplet dispersions (usually in the
micron range) of water, metals, alkanes and polymers96–101. All these studies reported that
the crystallization of droplets occurred at much greater supercooling than in the
corresponding bulk material. The explanation offered was a change from heterogeneous
nucleation in the bulk to a different kind of nucleation in heterogeneity-free droplets. The
nucleation could occur by either homogeneous nucleation in the bulk of the droplets or by
surface nucleation. In several of these works, the authors pointed out that surface
nucleation required a lower free energy and therefore could dominate the crystallization of
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clean droplets, rather than the more energetically costly homogeneous nucleation that
should occur within the volume of the droplet by spontaneous aggregation of the molecules.
This different behavior was attributed to crystallization under confinement. Following
polymer crystallization in droplets, scientists moved to thin and ultrathin polymer films
where new crystallization patterns were observed.102 Seaweeds, star-like and dendritic
patterns are just few of the different crystalline structures observed. The lamellae
orientation, the substrate as well as the confining length were parameters that dominated
this new crystallization process. Keller et al 103 examined the preferred lamellae orientation
with respect to the substrate. They found that chain folds are mainly in amorphous or quasiamorphous state in contrast to the lateral surface of polymer lamellae which is fully
crystallized. Therefore, the surface energy of the fold surface is quite different from that of
the lateral surface: the former is generally ten times larger than the latter. In the bulk, the
anisotropic lamellae can be isotropically distributed. However, for the thin films, with
thickness that reaches the lamella thickness or to a small multiple of it, the anisotropic
surface properties will eventually prevail because lamellae cannot rotate freely in 1Dconfined space. As a result, preferential lamellae orientations result in ultrathin films.
Generally, two preferred orientations are encountered mostly in experiments:
perpendicular (edge-on lamellae) and at the other extreme parallel (flat-on lamellae) to the
substrate surface. In Figure 1.14 these two orientations are schematically shown.

Figure 1.14: Illustration of edge-on (left) and flat-on (right) lamellae. Note that the normal
to the basal planes is either parallel to (edge-on) or normal to (flat-on) the substrate surface.
The lamellar thickness is denoted as l and the other two dimensions are denoted as x and y,
respectively. For edge-on lamellae, x is further constrained by the film thickness. The free
surface energy of fold surface, σ e , is usually much larger than that of lateral surface, σl. 104
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Depending on their thickness polymer films can be roughly classified into 3 categories:
1. Thickness > 100 nm (Thin films)
In this case, spherulites or lamellar bundles are usually observed and
predominantly edge-on lamellae (with chain axis parallel to the substrate) are
found.
2. Thickness <100 nm but larger than the coil size of polymers (Ultra-thin films)
Both edge-on and flat-on lamellae (with chain axis normal to the substrate) can
be formed and typical morphologies are two-dimensional spherulites, seaweeds,
dendrites, and multilayer lamellae with a spiral structure.
3. Τhickness similar to the coil size (monolayer)
Approaching a quasi-two-dimensional (quasi-2D) state, in which diffusion may
become the dominant parameter instead of surface nucleation during
crystallization. Thus, in monolayers the crystals usually grow with typical diffusionlimited morphologies, such as seaweeds and dendrites with exclusively flat-on
lamellae.

Figure 1.15: Different typesof structures formed in the crystallization of ultra-thin films.

These unique types of crystallization behavior that emerge from confined polymers have
been studied in various systems and many ways to confine the polymer have been
implemented: from block copolymers to blends and polymer nanocomposites. Recently the
quantitative equivalence between polymer nanocomposites and thin polymer films was
verified. 105
Block copolymers are of the first classes of materials used to confine a polymer and study
the crystallization behavior. Block copolymers are usually synthesized by controlled
polymerization of one monomer, followed by chain extension with a different monomer to
form AB or ABC block copolymers. They constitute model systems for studying selfassembly, since the molecular architecture and interactions can be precisely varied over a
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wide range.106 When the repulsive interactions between the different blocks are sufficiently
large, molten block copolymers spontaneously self-assemble into mesophases having
morphologies such as spheres, cylinders, and lamellae. Combining two self-organizing
mechanisms, such as crystallization and self-assembly, into a single polymer yields
morphological richness and kinetic complexity. For example, when a block copolymer is
weakly segregated and both blocks are above their glass transition temperatures, the melt
mesophase is generally destroyed when one block crystallizes;107 crystallization creates an
entirely new structure bearing little resemblance to that present in the melt. However, by
increasing the segregation strength, the melt mesophase may be able to effectively confine
crystallization to regions of predefined size, shape, and connectivity. Ryan et al

108

studied

the crystallization within the discrete spheres of a block copolymer mesophase and showed
that crystallization is initiated homogeneously (not so often observed in bulk polymers), and
that the observed crystallization kinetics are first-order rather than the sigmoidal kinetics
conventionally observed during polymer crystallization.
Carbon nanotubes (CNT) were first reported by Iijima36 in 1991, and the first polymer
nanocomposites using carbon nanotubes as a filler were reported in 1994 by Ajayan et al.34
Since then and due to the CNT’s unique properties, they have been extensively used as
fillers for polymer nanocomposites.109–117 The structure of the polymer matrix and the
interface are strongly influenced by CNTs in semicrystalline polymer composites because the
nanotubes have the potential to nucleate polymer crystallization. Experiments showed that
addition of even less than 1% CNT results in substantially reduced spherulitic size and
crystallization half-times118–120 while crystallization kinetics experiments showed that the
entire crystallization process occurs faster.116,117 The structure of the nucleated crystalline
polymer layer on SWNT is of particular interest. Transcrystallinity, where nucleation occurs
at the CNT filler and oriented crystallization progresses radially from the CNT’s surface, is a
very interesting phenomenon observed in these systems. 121
Amongst all the potential nanocomposite systems, those based on layered silicates have
been widely investigated, as well, probably because, on one hand, the starting clay materials
are easily available and, on the other hand, because of their enhanced combined properties.
The findings concerning the effects of the inorganic filler on crystallization and polymer
chain conformation are still controversial. The inorganic surface has been shown to favor a
nucleating effect for various polymers,122–128 whereas reduction of heterogeneous
nucleation has been reported for PEO due to PEO/Na+ coordination.129
In a previous work from our group PEO/Layered silicate nanocomposites were
extensively studied. The structure, the crystallinity, the chain conformation near the
inorganic surfaces and the kinetics of crystallization under confinement were the issues
addressed. 130–133
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Figure 1.16: XRD diffractograms of pure PEO (top), Na +MMT (bottom) and PEO/ Na+MMT
nanocomposites with varying polymer content 90.

Figure 1.16 shows diffractograms of PEO, Na+MMT and their nanocomposites. Pure clay
exhibits a peak at 2θ = 8.8ο, which corresponds to an interlayer distance of 1.0 nm. With the
addition of just 5% PEO, this peak disappears and two new peaks appear at 2θ = 6.7ο και 2θ
= 4.8ο, which correspond to interlayer distances of 1.30 and 1.85 nm, respectively. The
existence of these two peaks suggests that PEO chains intercalate inside the galleries of the
layered silicate forming a structure with single and double layers of polymer. Something
equally interesting is observed in the peaks that correspond to the crystalline polymer (main
peaks at 2θ = 19.0ο and 2θ = 23.2ο). These peaks are observed only for hybrids with PEO
content>70wt%. Their absence from the spectra of hybrids with polymer content <70wt%
indicates that the polymer that remains, either intercalated within the galleries or close to
the inorganic walls, is in the amorphous state. Thus crystallinity is hindered when the
polymer gets confined.
Crystallization kinetics experiments that were performed in the same nanocomposites
utilizing Isothermal Differential Scanning Calorimetry (DSC) and Isothermal Polarized Optical
Microscopy (POM) showed that the crystallization time, increases with the increase of
crystallization temperature. Polarized Optical Microscopy images reveal that the spherulites
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have larger sizes when the crystallization temperature increases whereas the addition of
clay results in a significant increase in the number of spherulites which have a smaller size
than the respective of the pure polymer. Moreover the whole crystallization process
becomes faster as observed by both POM and DSC.
The next step in the attempt to elucidate the subject of crystallization under confinement
is the control of the confining length since in layered silicates systems it is defined by the
polymer / surface interactions and thus it is fixed. In this work, we attempt to develop
polymer nanocomposites with SiO2 nanoparticles in order to be able to control the confining
length by either changing the size or the content of the silica nanoparticles. Polymer/silica
nanocomposites have been the subject of extensive study in the last decade. 47,48,134–137 Kim
et al found that for the silica nanoparticle-filled Polyethylene naphthalate (PEN) composites,
crystallization peaks were shifted to higher temperatures, the degree of crystallinity was
increased and the overall crystallization time, was reduced with the silica content.137 In Poly
propylene (PP)/SiO2 nanocomposites, the nanoparticles were found to act as nucleating
agents with the polymer forming more perfect crystals with a narrow lamellar thickness
distribution with increasing silica content.135 In this work the crystallization behavior of
PEO/SiO2 nanoparticles is examined. Previous reports on the systems have showed that the
nanoparticles act as nucleating agents.138 However this work examined nanohybrids with 19 % silica content, while we try to cover the whole range from pure polymer to as far as the
geometry allows. Moreover, Wunder et al

48

have examined the effect of curvature in

adsorbed layers of PEO on silica nanoparticles finding that the smaller the nanoparticle the
easier it was for the adsorbed polymer to crystallize.
1.3.2 D YN A MI CS

UN DE R CO N FI N E M EN T

The investigation of polymer dynamics close to interfaces and/or in very thin films has
been a subject of great interest during the recent years, together with the study of their
static behavior, since significant differences can emerge when the molecules are confined
over distances comparable to their sizes.139–141 Polymer nanocomposites of different
dimensionalities have, thus, been utilized to investigate the effect of confinement on
polymer dynamics and the resultant modifications of the polymer glass transition
temperature, Tg.
The dynamics of many polymer systems have been investigated in various types of
confinement. Many results point towards the presence of an interfacial layer that is
substantially slower than the liquid that is further away from the interface.142–146 Arndt et al.
147

were able to quantify the exchange process between interfacial and bulk like molecules,

by studying the dynamic glass transition of low-molecular-weight glass-forming liquids
being confined to nanoporous sol-gel glasses. They found that molecules with only one
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hydrogen bond per molecule stick to the pore walls relatively loose and the relaxation of the
interfacial layer can be directly observed in the dielectric spectra as an additional peak. The
thickness of the interfacial layer increases with decreasing temperature accompanied by the
vanishing of the dielectric strength of the dynamic glass transition (bulk-like molecules) at
low temperatures. Molecules capable of forming two or three hydrogen bonds per molecule
have stronger coupling to the surface of the glass. Neither the dynamics of the interfacial
layer is detected directly nor any effects of dynamic exchange are observed. The interfacial
layer thickness is constant in the whole temperature range.
Dielectric relaxation experiments on ethylene glycol, confined in zeolitic materials has led
to the conclusion that only 6 interacting molecules are required in order for the system to
exhibit bulk like dynamics.148 Results from lubrication of pore walls by silanization and from
partial filling of pores have underlined the importance of the interfacial interactions. While
relaxation rates were found to be decreased in the adsorbed molecules, the silanization of
the inner surfaces, which acts as a molecular lubrication, led to faster molecular dynamics of
the confined liquid comparable to the bulk. 143,149.
The dynamics of PEO under confinement has been studied with sometimes contradictory
results. When PEO formed an intercalated structure between laponite sheets, a significant
number of PEO monomer units were found to display a strong slowing down as compared
to neat amorphous PEO. This decrease in the segmental mobility was mainly assigned to the
complexation of PEO oxygens by the Na+ counterions located in the laponite interlayer
galleries.150 On the other hand no significant influence was detected in PEO dynamics when
confined in 180 Å diameter Anodic Aluminum Oxide (AAO) pores.151 When PEO is confined
between graphene oxide (GO) layers the intercalation of polymer chains does not only lead
to the suppression of polymer crystallization but also to the suppression of dielectric relaxation that is related to glass transition together with a slowing down of the -relaxation
modes. Two new relaxation processes, different than the α-- and β--relaxation processes, are
observed.

152

At the same time, molecular dynamics computer simulations revealed that

PEO adopts highly amorphous conformations in a liquid-like bilayer inside the galleries of
montmorillonite and shows no indication of crystallinity or periodic ordering; confined
chains are less ordered than the most disordered bulk PEO system due to both the severe
confinement and the coordination of the ether oxygen atoms with the alkali cations in the
galleries.14,153
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Figure 1.17: Arrhenius representation of the relaxation times for PEO / Na+-MMT hybrids
with a) 50%PEO b) 70%PEO and c) 80%PEO. The β (full symbols), α’ (half-full symbols) and α
(empty symbols) relaxation processes of the nanocomposites are presented along with the α
(solid line) and β (dotted line) relaxation processes of the pure polymer. 154

Polymers, and especially PEO, confined within montmorillonite galleries is a system that
has been extensively studied by our group in the past with the dynamics reported in a
number of papers.

84,155–161

Polymer dynamics was probed by use of Dielectric Relaxation

Spectroscopy and Quasi Elastic Neutron Scattering (QENS). Figure 1.17 shows the relaxation
times of the different processes for hybrids with varying concentration as well as for pure
polymer. The pure polymer (represented by lines) exhibits α- (VFT behavior) and β(Arrhenius) relaxation processes. Hybrids containing less than 70% PEO, appear to undergo
the same β-relaxation but no α relaxation. Instead a new process called α’ is present and is
attributed to confined PEO since, for those polymer contents, all PEO is confined between
the montmorillonite galleries or close to the outer surface of the clays. For polymer
contents >70% PEO there is excess polymer outside the galleries and away from the walls.
For those hybrids there are three relaxation processes present; the classic β-relaxation and
the classic α- relaxation together with the α’-relaxation attributed to confined polymer.
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1.4 C URRENT W ORK
In this thesis the structure, crystallization, chain conformations and dynamics of PEO
filled with SiO2 nanoparticles of smaller, comparable and larger size than that of the PEO coil
has been investigated.
At first the characterization of the initial materials was performed utilizing a)Dynamic
Light Scattering (DLS) and Transmission Electron Microscopy (TEM) for the determination of
the size of nanoparticles and PEO coil, b)X-Ray Diffraction (XRD), and Infrared Spectroscopy
(ATR-FTIR) for the structural characterization and c)Differential Scanning Calorimetry (DSC)
and Thermogravimetric Analysis (TGA) for the acquisition of the thermal properties.
The nanocomposites were prepared through solution mixing, in compositions ranging
from pure polymer to the highest possible in silica for the three different sizes of
nanoparticles. For all the nanocomposites the same characterization procedure and
experimental techniques as for the raw materials were utilized.
Following the thermal characterization of the three different series of nanohybrids and
the investigation of the crystallization / melting process, the dynamic response of PEO /
silica nanohybrids were further examined with Dielectric Relaxation Spectroscopy. The chain
conformations and the changes induced by the proximity to the inorganic surfaces and by
the confinement was investigated with Infrared Spectroscopy and Raman Spectroscopy.
Following the thermal behavior of the hybrids, the investigation of the mechanism of the
crystallization process in the nanohybrids was performed by use of isothermal Differential
Scanning Calorimetry (DSC) and Isothermal Polarized Optical Microscopy (POM) to
investigate the crystallization kinetics of two series of nanohybrids.
Further to the detailed examination of the crystallization process of the two component
PEO / SiO2 nanohybrids, which resulted in the observation that nanoparticle fillers with
smaller size than that of the PEO coil have different effect compared to nanoparticle fillers
with larger size, three-component systems were developed. Thus the structural,
morphological and thermal behavior of PEO filled with nanoparticles of two different sizes
was investigated.
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C HAPTER 2: M ATERIALS AND M ETHODS
2.1 M ATERIALS
2.1.1 P OLY ( ETHYLENE

OX IDE )

Poly (ethylene oxide), PEO, is a semi-crystalline, thermoplastic, water soluble polymer
with a general formula: (CH2CH2O)n. Due to its ability to form hydrogen bonds, it is soluble
in water and this property makes it the quintessential biocompatible polymer for a wide
range of biomedical applications such as pharmaceuticals, drug delivery, tissue scaffolds,
gene therapy, cancer treatment etc.1–7 PEO has been proposed for use in solid polymer
electrolytes with high ionic conductivity, as well, because of its ability to dissolve large
amounts of salt and of its structure, which supports ion transport. Despite its pronounced
crystalline character that inhibits the cation mobility, PEO-based electrolytes are still among
the most studied polymer ionic conductors, whereas various methods have been developed
to increase the volume fraction of its amorphous phase and to improve its conductivity at
ambient temperatures.8–11
The poly (ethylene oxide) that was used in the present work was purchased from
Aldrich. It has a molecular weight of 100.000 and a polydispersity index of Mw/Mn = 2.4. Its
melting point is Tm=67 oC and its glass transition temperature Tg=-67 oC. It has a degree of
crystallinity of ~65-80% depending on the conditions under which the material was
crystallized.

2.1.2 S I O 2 N ANOPARTICLES
Nanoparticles have one dimension that measures 100 nanometers or less.

In

nanotechnology, silica-based nanoparticles have a dominant role because of their
fundamental characteristics, such as size (generally from 5 to 1000 nm), unique optical
properties, high specific surface area, low density, adsorption capacity, capacity for
encapsulation, biocompatibility and low toxicity. These features lead to applications in
which silica nanoparticles are being widely utilized as an inert solid supporting or entrapping
different matrices.12
In this work, silica nanoparticles of three different sizes were utilized and they are noted
as Ludox LS (R~7nm), Ludox AS40 (R~18.5nm) and Nissan Snowtex ZL (R~67nm). All
materials were commercial and they were purchased in water dispersion from SigmaAldrich (Ludox LS and AS40) and from Nissan (Snowtex ZL). In all cases, the surface of the
nanoparticles has -OH groups so that they can interact favorably with hydrophilic polymers
such as PEO.
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Figure 2.1: Silica nanoparticles

2.1.3 N ANOCOMPOSITES

PREPARATION

Hybrid materials of PEO and SiO2 nanoparticles were prepared in a wide range of
compositions covering the whole regime from pure polymer to the highest possible in silica
for the three different sizes of nanoparticles. The nanocomposites were prepared via
solution mixing using the following procedure: the polymer was first diluted in water and
left stirring for 24h. Then the appropriate amount of nanoparticle dispersion was simply
added in the solution. The samples were left to homogenize for 24h in a magnetic stirrer
and then they were placed into Petri dishes and dried under vacuum. Before each
measurement the samples were left at 100 oC for 15 min, in order to erase any thermal
history, and then cooled down to room temperature at a constant rate of 10oC/min, in order
to ensure the same crystallizing conditions. All samples concentration was measured in
weight fractions and then turned to volume fractions. Further to the two component
systems, nanohybrids composed of the polymer and two different nanoparticles were
developed as well. In this case, the synthetic procedure was similar with the dispersion of
the smaller nanoparticles being added first. Thermal annealing and slow cooling to room
temperature was applied as well, to ensure on the one hand equilibrium and on the other
hand the similar conditions with the two component systems to facilitate comparison of the
results.
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2.2 M ETHODS
2.2.1 T RANSMISSION E LECTRON M ICROSCOPY (TEM)
One of the characteristics of polymer nanostructured materials is the extremely small
size of the added nanoparticles. Although some structural features can be revealed by x-ray
and neutron diffraction, direct imaging of individual nanoparticles is only possible using
electron microscopy and scanning probe microscopy.
Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it
passes through it. An image is formed, magnified and focused onto an imaging device, such
as a fluorescent screen, a photographic film, or a detector such as a CCD camera.
Transmission Electron Microscopes are capable of imaging at a significantly higher
resolution than optical microscopes, due to the small de Broglie wavelength of electrons.
This enables the user to examine fine details—even as small as a single column of atoms,
which is thousands of times smaller than the smallest resolvable object in an optical
microscope.

Figure 2.2: TEM image of silica nanoparticles in a polymer matrix

The basic principle of operation of a modern TEM, which is composed of an illumination
system, a specimen stage, an objective lens system, a magnification system, and a data
recording system, is shown schematically in Fig. 2.3 The electron gun, which typically uses a
LaB6 thermionic emission source or a field emission source, is the heart of the illumination
system. The LaB6 gun fires a high-illumination current, but the current density and the beam
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coherence are not as high as those of a field emission source. A field emission source is used
primarily for performing high-coherence lattice imaging, electron holography, and high
spatial resolution microanalysis. The TEM illumination system includes condenser lenses as
well, which are vitally critical for forming a fine electron probe. The specimen stage is
important for structure analysis, because it can be used to perform in-situ observations of
phenomena induced by annealing, electric fields, or mechanical stresses, making it possible
to characterize the physical properties of individual nanostructures. The objective lens,
which determines the limit of image resolution, is extremely critical for TEM. The TEM
magnification system consists of intermediate and projection lenses, and it provides a
magnification of up to 1.5 million times. The data recording system is digital (usualy a charge
coupled device, CCD), to allow quantitative data processing and quantification.13,14

Figure 2.3: The working principles and comparison of an optical microscope, a TEM and a SEM.

2.2.2 S CANNING E LECTRON M ICROSCOPY (SEM)
A technique similar with TEM is Scanning Electron Microscopy (SEM). Both microscopies
use electrons instead of light but the difference is that SEM produces an image by scanning
the surface of the sample instead of passing through. The electrons interact with atoms in
the sample, producing signals that can be detected and that contain information about the
sample's surface topography and composition. The electron beam is generally scanned in a
raster scan pattern, and the beam's position is combined with the detected signal to
produce an image. SEM can achieve resolution better than 1 nanometer.

Page | 42

Chapter 2: Materials and Methods

The basic function of a SEM is shown schematically in Fig. 2.3 along with its differences
with TEM and an optical microscope. A beam of electrons is produced at the top of the
microscope by an electron gun. The electron beam follows a vertical path through the
microscope, which is held within a vacuum. The beam travels through electromagnetic fields
and lenses, which focus the beam down toward the sample. Once the beam hits the sample,
electrons and X-rays are ejected from the sample. Detectors collect these X-rays,
backscattered electrons, and secondary electrons and convert them into a signal that is sent
to a screen similar to a television screen. This produces the final image.15

Figure 2.4: SEM image of gold nanoparticles

2.2.3 D YNAMIC L IGHT S CATTERING (DLS)
Dynamic Light Scattering (DLS) is also known as Photon Correlation Spectroscopy (PCS).
This technique is one of the most powerful methods to determine the size of particles.
Particles suspended within a liquid undergo Brownian motion. The larger the particle, the
slower the Brownian motion will be. DLS monitors the Brownian motion with light scattering.
From a microscopic point of view, the particles scatter the light and thereby imprint
information about their motion. Analysis of the fluctuations of the scattered light thus yields
information about the particles. Experimentally, one characterizes intensity fluctuations by
computing the intensity correlation function G(q,t); this is connected with the electric field
correlation function the analysis of which provides the diffusion coefficient of the particles.
A correlator is basically a signal comparator. It is designed to measure the degree of
similarity between two signals, or in this case one signal with itself at varying time intervals.
The dynamic information of the scatterers in the medium is derived from the
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autocorrelation of the scattered electric field whereas the measured quantity is the
scattered intensity autocorrelation function (second order autocorrelation curve) derived
from the intensity trace recorded during the experiment as follows.
𝐺(𝑞, 𝜏) =

〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉
(2.1)
〈𝐼(𝑡)〉2

where G(q,τ) is the intensity autocorrelation function at a particular wavevector, q, and
delay time, τ, and I is the scattered intensity. The magnitude of the scattering vector is given
by:
𝑞=

4𝜋𝑛0
sin(𝜃⁄2) (2.2)
𝜆0

At short delay times, the correlation is high because the particles do not have a chance to
move to a great extent from the initial state that they were in and the two signals are thus
essentially unchanged. As the time delays become longer, the correlation decays
exponentially, meaning that, after a long time period has elapsed, there is no correlation
between the scattered intensity of the initial and final states. This exponential decay is
related to the motion of the scatterers. To fit the decay (i.e., the autocorrelation function),
numerical methods are used, based on calculations of assumed distributions. If the sample
is monodisperse then the decay is simply a single exponential. The Siegert equation relates
the second-order intensity autocorrelation function with the first-order field autocorrelation
function C(q,τ) as follows:
𝐺(𝑞, 𝜏) − 1
𝐶(𝑞, 𝜏) = √
(2.3)
𝑓∗
where the parameter f* is a correction factor that depends on the geometry and the size
of the laser beam in the light scattering setup. From fitting equation (2.3), with an
exponential decay,
𝐶(𝑞, 𝜏) = 𝛢𝑒 −𝛤𝑡 (2.4)
a decay rate
𝛤 = 𝐷𝑞 2

(2.5)

can be calculated, where D is the translational diffusion coefficient. For a dilute solution
where all scatterers are performing Brownian motion, the diffusion coefficient is related to
the scatterer size and more specifically its hydrodynamic radius, RH, through the StokesEinstein equation
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𝐷=

𝑘𝑇
6𝜋𝜂𝑅

(2.6)

where k is the Boltzmann constant, T the temperature in K and η the viscosity of the
solvent. In Figure 2.5 the correlation functions of two monodispersed spherical particles of
different sizes are shown. The longer it takes for the correlation function to decay the larger
the nanoparticles. 16,17
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Figure 2.5:

Typical correlation functions of the dispersions of two monodispersed spherical particles of
different sizes.

Figure 2.6:

Experimental setup of Dynamic Light Scattering 18

The basic geometry of the experimental setup utilized for the Dynamic Light Scattering
measurements is shown in Figure 2.6. A laser beam is shot through a polarizer and a series
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of lenses into the sample. The scattered light then goes through a second polarizer and its
intensity is collected by a photomultiplier and sent to the correlator.

2.2.4 T HERMOGRAVIMET RIC A NALYSIS (TGA)
Thermogravimetric Analysis is a technique in which the mass of a substance is monitored
as a function of temperature or time as the sample specimen is subjected to a controlled
temperature program in a controlled atmosphere. TGA can provide information about
physical phenomena, such as second-order phase transitions, including vaporization,
sublimation, absorption, adsorption, and desorption. Likewise, TGA can provide information
about chemical phenomena including dehydration, decomposition, and solid-gas reactions
(e.g., oxidation or reduction). TGA is commonly used to determine selected characteristics
of materials that exhibit either mass loss or gain due to decomposition, oxidation, or loss of
volatiles (such as moisture).

Figure 2.7:

Typical experimental setup of TGA

Figure 2.6 shows a typical TGA experimental setup. It consists of a sample pan and a
reference pan that are supported by a precision balance. The pans reside in a furnace and
are heated or cooled during the experiment. The weight detector monitors the mass loss of
the sample during the experiment. A sample purge gas controls the sample environment.
This gas may be inert or a reactive gas that flows over the sample and exits through an
exhaust.19
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2.2.5 X-R AY D IFFRACTION (XRD)
The discovery of X-rays in 1895 enabled scientists to probe crystalline structure at the
atomic level, since their wavelength is ~1 Å, which is about the same in size as an atom. Each
crystalline solid has its unique characteristic X-ray pattern which may be used as a
"fingerprint" for its identification. Once the material has been identified, X-ray
crystallography may be used to determine its structure, i.e. how the atoms pack together in
the crystalline state and what the interatomic distances and angles are, etc. Thus X-ray
diffraction can be used to determine the size and the shape of the unit cell for any
compound.
X-rays are produced by bombarding a metal target (Cu, Mo usually) with a beam of
electrons emitted from a hot filament. The incident beam will ionize electrons from the Kshell (1s) of the target atom and X-rays are emitted.

Figure 2.8:

X-ray production

The interaction of the incident rays with the sample produces constructive or destructive
interference. Bragg diffraction occurs when radiation is scattered in a specular fashion by
the atoms of a crystalline system, and undergoes constructive interference. For a crystalline
solid, the waves are scattered from lattice planes separated by the interplanar distance d.
When the scattered waves interfere constructively, they remain in phase since the path
length of each wave is equal to an integer multiple of the wavelength. The path difference
between two waves undergoing interference is given by 2dsinθ, where θ is the scattering
angle (Figure 2.9). This leads to Bragg's law, which describes the condition on θ for the
maximum constructive interference:
2𝑑 sin 𝜃 = 𝑛𝜆 (2.7)
where n is a positive integer and λ is the wavelength of incident wave.
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Figure 2.9: Bragg diffraction

This law relates the wavelength of electromagnetic radiation to the diffraction angle and
the lattice spacing in a crystalline sample. The diffracted X-rays are then detected,
processed and counted. By scanning the sample through a range of 2θ angles, all possible
diffraction directions of the lattice should be attained due to the random orientation of the
powdered material. Conversion of the diffraction peaks to d-spacings allows identification of
the crystalline material because each one has a set of unique crystallographic characteristics.
Typically, this is achieved by comparison of d-spacings with standard reference patterns.20

2.2.6 D IFFERENTIAL S CANNING C ALORIMETRY (DSC)
Differential Scanning Calorimetry is a technique that is widely used to measure thermal
transitions like melting, crystallization and glass transition. It monitors the heat that is
absorbed or emitted by a sample in order to keep the temperature the same as that of a
reference sample. This way all the thermal transitions that take place as a result of chemical
or physical changes can be monitored while the sample is cooled or heated.
The setup is simple and is based on two individually heated pans connected to sensors as
shown in Figure 2.10. One pan is the reference pan and the other is the sample holder. The
operating principle is based on maintaining the same temperature in both samples. When
the material undergoes a transition, heat is either emitted or absorbed (depending on
whether the transition is exothermic or endothermic) leading to a change in the sample’s
temperature. Any change in the sample’s temperature results in the resistor to channel
more or less energy in order to maintain the sample temperature similar to that of the
reference. The rate at which the resistor provides power to the sample compared to that of
the reference sample gives us information about the transition of the material. The extra
energy supplied by the resistor is equal to the heat of fusion ΔΗ needed for the sample to
make this transition.
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Figure 2.10: DSC basic setup21

DSC is widely used in polymeric materials. From the flow chart as a function of
temperature or time (for a constant temperature) we can extract a lot of information about
the thermal properties of the sample.
The first information that can be extracted is the heat capacity of the sample (Cp). In a
DSC diagram where x axis represents change in temperature over time (ΔΤ/t) and y axis
represents the change in heat flow over time, so if we divide heat flow over time with the
polymer mass and rate then y axis will be the heat capacity of the material.

Figure 2.11: Heat capacity of a sample

In a DSC diagram the glass transition temperature of a polymeric sample can be observed.
The glass transition temperature (Tg) is characteristic of the amorphous nature of the
polymer. Below Tg, an amorphous material acts as a glass, while above Tg it acts as an
elastomer. During the transition the heat capacity of the sample changes as seen in Figure
2.12.
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Figure 2.12: Glass transition region as seen in a DSC diagram

Many polymers are not purely amorphous but semicrystalline. That means that an
amorphous and a crystalline phase coexist in the sample. The crystalline phase melts and
crystallizes. Above a certain temperature, Tm, the polymer chains leave their appointed
positions and move freely meaning they are in the melt state. In order for this to happen the
chains have to absorb energy (endothermic transition) and that can be seen in a DSC curve
(Figure 2.13).

Figure 2.13: Melting curve as seen in a DSC diagram

Respectively under a certain temperature (Tc), the polymer chains move into ordered
places creating crystals emitting energy (exothermic transition). The crystallization curve as
seen by the DSC is shown in Figure 2.1419,22–24

Figure 2.14: Crystallization curve as seen in a DSC diagram
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2.2.6.1

C R Y ST A L LI ZA T I O N

K I N ET I C S

The crystallization kinetics can be studied when a material passes from the melt state to
that of the crystal under constant temperature. Typical isotherm curves as seen by DSC are
shown in figure 2.15.

Figure 2.15: DSC thermogramms of isothermal crystallization at different temperatures

The transition of the material from one phase to the other is most usually described
using the Avrami equation which provides information about the type and the rate of
nucleation, the growth rate of the crystalline moieties as well as their shape.
The simplest form of the Avrami equation makes the following assumptions and
simplifications:
•

Nucleation is happening randomly, homogeneously and uniformly throughout the

material.
•

Growth rate is independent of the degree of the material that has transformed to

the new phase.
•

Growth occurs with the same rate linearly towards all directions.

With these assumptions the Avrami equation is the following:
𝑉𝑐 (𝑡) = 1 − 𝑒𝑥𝑝(−𝑘𝑡 𝑛 ) (2.8)
Where:
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-Vc is the volume fraction of the material that is in the new phase i.e. the relative
crystallinity (Vc=(4ΝπΓ3t3)/3 where N is the number of nuclei per volume, Γ is the linear
growth rate of the radius and t is the crystallization time. )
-k is a constant of the crystallization rate which depends on the shape of the spherulites
as well as on the degree and type of nucleation.
-n is the Avrami index that depends on the type of nucleation and the geometry of the
crystal.
In the Avrami equation the n index can be considered as a first approximation to be
composed of two terms:
𝑛 = 𝑛𝑑+ 𝑛𝑡

(2.9)

where nd represents the dimensionality of the growing crystals and this quantity can only
have as values the integer numbers 1, 2 or 3 corresponding to one-, two- or threedimensional entities that are formed. In the case of polymers, only 2 and 3 are commonly
obtained as they would represent axialites (two dimensional lamellar aggregates) and
spherulites (superstructural three dimensional aggregates of radial lamellae), respectively.
The time dependence of the nucleation is represented by nt. In principle its value should be
either 0 or 1, where 0 corresponds to instantaneous nucleation and 1 to sporadic
nucleation. However, since in many cases the nucleation may be somewhat in between
completely instantaneous or completely sporadic, a non-integer Avrami index can be
sometimes explained in this way among others. In those cases where the growth of
spherulites is not linear with time, the crystallization process may be governed by diffusion
and nt can have a value of 0.5. Table 2.1 summarizes the values for the Avrami constant for
the various crystallization mechanisms.

Figure 2.16:

Right: Relative crystallinity as a function of time at a constant T. Left: Linear
transformation of the Avrami equation.

Another information that can be derived from the Avrami equation is the half
crystallization time (τ

1/2).

That starts with the assumption that primary crystallization ends
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at around 50% of the volume being crystal. If we insert this number to the Avrami equation
(Eq. 8) then we have Eq.10 from where we calculate the half crystallization time. 25–27
𝐾=
Avrami

Crystal

exponent n

Geometry

ln(2)
𝜏1/2 𝑛

(2.10)
Nucleation
Mode

Rate
determination

0.5

Rod

Simultaneous

Diffusion

1

Rod

Simultaneous

Contact

1

Disc

Simultaneous

Diffusion

1.5

Sphere

Simultaneous

Diffusion

1.5

Rod

Sporadic

Diffusion

2

Disc

Simultaneous

Contact

2

Disc

Sporadic

Diffusion

2

Rod

Sporadic

Contact

2.5

Sphere

Sporadic

Diffusion

3

Sphere

Simultaneous

Contact

3

Disc

Sporadic

Contact

4

Sphere

Sporadic

Contact

Table 2.1 Summary of exponents in the Avrami equation for different crystallization mechanisms25

2.2.7 P OLARIZED O PTICAL M ICROSCOPY (POM)
Polarized Optical Microscopy (POM) is based on the principles of a simple optical
microscope, with the difference of using polarized light. This method takes advantage of the
birefringence of various materials (including crystalline ones) to give us information about
their internal structure, which cannot be observed otherwise.
Electromagnetic radiation can be considered as a wave having a specific frequency and
wavelength. The electric and the magnetic components oscillate perpendicular to each
other and to the direction of the wave propagation. By convention the "polarization" of light
refers to the polarization of the electric field.
Natural light has a circular polarization. This means that light is composed of two plane
waves of equal amplitude but differing in phase by 90°. This leads to the perception that the
wave vector moves in a circle as it approaches the observer (Figure 2.17)
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A polarizer is a filter that allows only one direction of wave oscillation to pass through. If
we place a polarizer in front of a light source then we will get a linearly polarized light. If we
additionally install a second polarizer perpendicular to the previous one (analyzer), then no
light can pass through. When an anisotropic material is put between the polarizer and the
analyzer structural information for the material can be derived because of the changes it
causes to the polarization of the light. This is the principle which POM is based on. (Figure
2.17)28–30

Figure 2.17: Basic principle of Polarized Optical Microscopy

2.2.7.1

BIREFRINGENCE

Isotropic materials (gases and solids with a cubic structure) have the same optical
properties and refractive index in all directions. On the contrary anisotropic materials (90%
of solids) have different properties and refractive index depending on the direction of
propagation of the light and the crystallographic axis of the sample. As a result anisotropic
materials split a light beam in two parts: the ordinary and the extraordinary beam. The
ordinary beam experiences the same refractive index throughout the material while the
extraordinary experiences a variable refractive index (Figure 2.18). This property of
anisotropic materials is called birefringence.
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Figure 2.18: Basic principle of Polarized Optical Microscopy setup

Using POM the birefringence of some materials is exploited as can be seen Figure 2.18:
Initially white light enters the first polarizer. The resulted linearly polarized beam enters the
anisotropic material and two components exit. The split beam enters the analyzer and the
result is a colorful image due to the retardation. The optical results of such measurements
on ice and paracetamol crystals when studied under polarized microscope is shown in Figure
2.19.20–30

Figure 2.19: Polarized Optical Microscopy images of ice crystals (left) and paracetamol crystals
(right)
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2.2.8 I NFRA -R ED S PECTROSCOPY (IR)
Infrared radiation refers to that part of the electromagnetic spectrum between the
visible (~700 nm) and microwave regions (~1 mm). Photon energies associated with this part
of the infrared (from 1 to 15 kcal/mole) are not large enough to excite electrons, but may
induce vibrational excitation of covalently bonded atoms and groups. The covalent bonds in
molecules are not rigid sticks or rods, but are more like stiff springs that can be stretched
and bent. Virtually all organic compounds absorb infrared radiation that corresponds in
energy to various vibrations which reflect their characteristics and structure, thereby
creating its signature. In addition to the fundamental vibrational modes, the observed
spectrum also exhibits overtones and combinations of the corresponding bands. Hence, IR
spectrometry can be a useful tool in the investigation of the structure and in the
identification of an unknown sample. Furthermore, the intensity of the spectral signature is
related to the abundance of the IR-active species in a sample. Therefore, both qualitative
and quantitative analysis can be performed based on an IR spectroscopic measurement.
IR spectroscopy is so sensitive to molecular vibrations that can even detect differences in
rotational isomers of the same bond, for example the difference between trans and gauche
conformation. The free energy difference associated with the trans/gauche conformational
equilibrium governs the population ratio between these conformers and therefore IR
spectroscopy can provide knowledge on the conformational changes of polymer chains. 23,24

2.2.9 R AMAN S PECTROSCOPY
Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. Inelastic scattering means that the
frequency of photons of a monochromatic light changes upon interaction with a sample.
This change provides information about vibrational, rotational and other low frequency
transitions in molecules the same way like in IR spectroscopy. IR and Raman spectroscopies
are complementary techniques, since transitions allowed in Raman may be forbidden in IR
or vice-versa.

2.2.10

D IELECTRIC R ELAX ATION S PECTROSCOPY (DRS)

Dielectric spectroscopy is a powerful tool to investigate molecular dynamics and charge
transport. It is broadband in frequency and covers a range between 10-6 – 1012 Hz,
combining different measurement techniques.33 When an electric field is applied on a
parallel plate capacitor containing a dielectric, the atomic and molecular charges in the
dielectric are displaced from their equilibrium positions and the material is said to be
polarized. There are several different mechanisms that can induce polarization in a dielectric
upon the application of field and the two most important that can be studied by dielectric
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spectroscopy are: 1) polarization due to charge migration and 2) polarization due to
orientation of permanent dipoles.
Migration of charges gives rise to conductivity. The measured conductivity encompasses
contributions from extrinsic migrating charges (e.g. ionic impurities) and intrinsic migrating
charges (e.g. proton transfers along hydrogen bonds). From the interplay between the
extrinsic and intrinsic contributions the measured value of conductivity can display different
trends.
The second major polarization mechanism is dipole orientation. While electronic and
atomic polarization result from induced dipoles, there are many materials that contain
permanent dipoles. When such materials are placed in an electric field, dipole orientation is
produced as a result of the alignment of dipoles in the direction of the applied field. This
orientation (polarization) of permanent dipoles involves cooperative motions of molecular
segments in a viscous medium with time scales measurable by dielectric spectroscopy. The
time dependent loss of the orientation of the dipoles upon removal of the electric field is
called dipole relaxation. Measuring the dipole relaxation in polymers can be really tricky
since polymers are complicated molecules which exhibit various ways of relaxation. In
Figure 2.20 the motional processes of polymeric systems are shown.

Figure 2.20: Length scales and motional processes in polymeric systems.

Such motional processes can be fluctuations within a monomeric unit or rotational
fluctuations of a short side chain. On a larger spatial scale or at equivalently longer times the
so called segmental motion which is related to the glass transition becomes relevant. At
much greater length scale than a segment the molecular motion of the whole molecule
takes place. This motional process is directly related to viscoelastic properties of a solution
or a melt. Provided that the motional process under consideration is related with a dipole
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orientation, a dielectric relaxation process can be observed by DRS and is characterized by a
peak in ε’’ and a step-like decrease of ε’ versus frequency at isothermal conditions (Figure
2.21).

Figure 2.21: Principal behavior of the real and the imaginary part of the dielectric function in the
frequency domain.

The physical quantity that is measured in a dielectric relaxation experiment is the
complex dielectric permittivity ε* which determines the ability of a material to be polarized
as a response to an applied field.
𝜀 ∗ (𝜔) = 𝜀 ′ (𝜔) − 𝑖𝜀 ′′ (𝜔)
where ε’ is the real part, ε’’ is the imaginary part (or dielectric loss part), i= √−1 and
ω=2πf is the angular frequency. The complex dielectric permittivity is related to the dipoledipole autocorrelation function C(t). The latter, under certain circumstances can be written
as the sum C (t )    j (t ) k (0)    ||j (0) k|| (0) of two terms that are related to
j ,k

j ,k

dipoles perpendicular and parallel to the polymer chain. It can be proved, that the first term
is giving rise to the segmental relaxation whereas the second which exist only in certain
polymers to the overall motion of the polymer chain.
With DRS different dielectric relaxation processes can be analyzed through the peaks in
the ε’’ and the steps in the ε’, using model functions. Starting from the theoretically well
founded Debye function several formulas have been suggested to describe the
experimentally observed data. In this work, for the analysis of DRS spectra the HavriliakNegami model was used.34
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C HAPTER 3: PEO C ONFINED BETWEEN SILICA
NANOPARTICLES :

S TRUCTURE , C RYSTALLIZATION , C HAIN

C ONFORMATION AND D YNAMICS
Polymer nanocomposites, comprised of a polymer matrix and nano-additives (e.g.,
nanoparticles, nanotubes, clays, graphene, etc.) as the filler, usually possess improved and
often novel physicochemical properties compared to their bulk counterparts. 1–3 These
superior properties are attributed to the small size of fillers which leads to a dramatic
increase in interfacial area, that creates a significant volume fraction of interfacial polymer
with properties different from the respective of the bulk polymer even at small loadings.4,5
In such nanocomposite systems the understanding of the relationship between the physical
and chemical attributes of the nanofillers and the host matrix is of great importance for the
design of new materials with specific functionalities. Crystallization of polymer chains, which
is crucial to the final properties, is strongly influenced by the fillers, as the hierarchy in the
formation of polymer crystals is disrupted when the polymer chains are forced to crystallize
in a restricted space and therefore the nanocomposites’ performance depends on the
nanofillers.6 Furthermore, topological conﬁnement of the polymer chains at the molecular
level aﬀects the chain structure and dynamics and, hence, their macroscopic properties,
being the result of a complex competition between entropic and enthalpic driven forces. 5,7,8
Polymer crystallization, chain structure and dynamics on planar surfaces has been studied a
lot in the past8–13, whereas at the same time the interest in nanocomposites has motivated
both theoretical and experimental work on the effect of curvature by using nanoparticles.
Generally, the nanoparticles act as nucleating agents thus favor the crystallization
process at very low loadings, whereas they may exert confinement on crystallization at high
content.14,15 It has been reported that there are two kinds of nano-confinement effects;
polymer adsorption on the inorganic surface and confinement of the chains between the
inorganic walls.
On the one hand the attraction between the polymer chains and the inorganic surface
leads to an adsorbed interfacial layer with reduced chain mobility which exhibits different
crystallization behavior from that of the bulk phase.16 Although some experiments have
revealed that the fillers could restrict chain mobility within several nanometers around
particles, suppressing polymer crystallinity,17 the detailed crystallization behavior of the
mobility restriction region have not been reported. Moreover, there are cases where severe
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confinement leads to a complete suppression of crystallization and an enhancement of
segmental mobility.12,18 Of particular importance, in the study of crystallization of polymers
filled with nanoparticles, is the size ratio of nanoparticle to polymer (e.g., the ratio of the
radius of the spherical nanoparticle over the radius of gyration of the polymer chain), the
shape of the nanoparticles, the filler loading, the dispersion of the nanoparticles in the
matrix, as well as the polymer molecular weight and structure, the nature of the
interactions between the polymer and the nanoparticle, etc.19,20 The ratio of the distance
between neighboring sticky monomers along the chain to the spacing between neighboring
adsorption sites on the inorganic surface also plays an important role on the amount of
polymer that will be adsorbed and its layer thickness11. Poly (ethylene oxide) chains, for
example, bond onto the surface of silica nanoparticles through strong hydrogen bonding
between OH-groups provided by silica and the ether oxygen groups of the polymer.

Figure 3.1: Schematic sketch of a polymer chain adsorbed on a flat surface.

The part of the chain that gets adsorbed is called train, the part of the chain that is
between two trains is called loop while the part of the chain that can move while anchored
in on train is called tail. In scaling descriptions of equilibrium polymer adsorption onto
colloidal particles20, the adsorbed polymer has been modeled as an inner (self-similar)
region made of overlapping loops and tails, surrounded by a ‘mushroom’ region consisting
of a few loops and tails that behave as isolated chains. The relative importance of these two
regions depends on the size of the particle and the coil of the polymer chain. Theoretical
models have shown that if the Rnanoparticle<aN1/2, where N is the number of monomers per
chain and a the size of the Kuhn segment, (which effectively means Rnanoparticle<Rg of the
polymer) then only one or two chains can adsorb on the surface and create the self-similar
region while the rest extend outwards in a large ‘mushroom’ area. The loops and tails in the
mushroom area are long and flexible and thus, crystallization can occur. If aN1/2<R<aN3/5
(roughly when Rnanoparticle~Rg) then most of the adsorbed polymer is predicted to be the
inner, self-similar, region with a few loops and tails protruding into the solution or the bulk
material, while if R>aN3/5 (Rnanoparticle>>Rg) the mushroom region vanishes, meaning that the
polymer is predicted to be adsorbed on the particle surface, unable to crystallize. 20,21 Above
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this limit the radius of the nanoparticle is irrelevant, since the curvature above this point is
for the polymer equivalent to a flat surface.

Figure 3.2: Polymer chains adsorbed on a particle much smaller than the polymer coil (left),
on a particle of roughly the same size as the polymer coil (middle) and on a particle
much larger than the polymer coil. 20

All the above assumptions are made for the single nanoparticle case. The system
becomes much more complex when more nanoparticles are added in the system in which a
single polymer chain may be able to ‘bridge’ several nanoparticles or get confined between
them.
On the other hand, polymer confinement can be introduced when the chains are
restricted in the space between the nanoparticles. The higher the particle loading, the
smaller the distance between neighboring particles will be, leading to growing steric
obstacles in the crystallization process. The effect of confinement has been investigated in
both thin polymer films22,23 as well as in polymer nanohybrids like polymer / spherical
nanoparticles,21,24,25 polymer / nanorods26 and polymer / layered nanoadditives.12,13,27,28
For better understanding the effect of confinement and of the nanoparticles’ curvature
on poly(ethylene oxide) chains between silica nanoparticles three different sizes of
nanoparticles were chosen in the current work:
 Nissan Snowtex ZL(R=67nm), the size of the nanoparticle is much larger than that of
the polymer coil
 Aldrich Ludox AS40(R=18.5nm), the size of the nanoparticle is roughly the same as that
of the polymer coil
 Aldrich Ludox LS (R=7nm), the size of the nanoparticle is smaller than that of the
polymer coil
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ΡΕΟ
RH =12nm

LUDOX LS
R =7nm
LUDOX AS40
R =18.5nm

SNOWTEX ZL
R =67nm

Figure 3.3: Representation of the relative sizes of the nanoparticles along with the PEO coil

In order to confine the polymer as much as possible in the space between the
nanoparticles a range from pure polymer to as much silica as possible needs to be covered.
For spherical particles, the closest distance between the particles is 74%(vol), if the particles
are arranged in an FCC lattice. Our nanoparticles are randomly distributed within the
polymer matrix, so in order to have a uniform sample the particles loading was kept below
70% by vol. All hybrids were prepared in weight fractions, TGA measurements were
performed to verify the calculated weights and provide the exact hybrid composition and
then volume fractions were calculated for all cases.
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The objective of this work is to study the effect of the confinement and/or the proximity
to the silica surface, on poly (ethylene oxide) (PEO) structure, conformation and dynamics.
In the past, the understanding of the behavior of PEO under confinement, in a system of
PEO/layered silicate nanocomposites was systematically pursued;

12,28–30

in that case the

polymer was confined in the interlayer galleries of 1nm thickness, between the clay sheets.
That confinement was so severe that the polymer chains were not able to twist and turn in
order to crystallize and remained amorphous. However the galleries were of fixed height
strictly defined by the polymer / surface interactions and thus no study could be made on
the effect of different confining lengths. In an attempt to control the confining length, PEO
nanocomposites with silica nanoparticles in which the confining length can be controlled by
changing either the size or the concentration of the nanoparticles were developed. In this
way, the effect of the confining length on the polymer crystallinity and dynamics can be
explored.
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3.1 E XPERIMENTAL

TECHNIQUES

3.1.1 T R AN S MI S SI O N E L E CT R O N M I CRO S CO P Y (TEM)
In this work the Transmission Electron Microscope used for acquiring images of the
nanoparticles as well as of the nanocomposites was a Jeol JEM HR2100. For the
nanoparticles images, the dispersion was diluted 10 times, then put on TEM grids and
observed under the microscope. For the nanocomposites, the samples were first sliced with
a Leica EM UC7 ultracryomicrotome equipped with a diamond knife at -150oC into 50nm
thin sections and then observed under the microscope. These measurements were
performed in a collaboration with Dr. Apostolos Avgeropoulos at the University of Ioannina.
The contrast between the silica-containing phase (shown as dark spheres) and the polymer
(bright region) was sufficient for imaging, and no further staining was required.
3.1.2 S CA N N I N G E L E CT R O N M I CR O S CO P Y (SEM)
Thin films of the nanohybrids were directly put on a silicon wafer when still in dispersion
and the water was evaporated at first freely and then, after most of the solvent had
evaporated, under vacuum. The samples were subsequently heated to 100oC for ~0.5h and
cooled down at a rate of 10oC/min to ensure equilibrium samples and similar preparation
protocols for all measurements. The films were spattered with a thin layer of gold
nanoparticles and then observed under a Field Emission Jeol JSM 7000F.
3.1.3 D YN A MI C L I G HT S CA T T ER I N G (DLS)
For the Dynamic Light Scattering measurements two sets of instruments were used: a
Brookhaven BI200SM apparatus equipped with a Brookhaven Mini – L30 laser with λ= 637
nm and an ALV apparatus with an ALV-5000 correlator equipped with a laser of λ=532nm.
All dispersions were diluted with nanopure water in dispersions of 0.1% concentration.
Filtering of the samples in dust-free light scattering cells was performed using hydrophilic
filters with pore size 0.2 μm. All measurements were performed at T=25oC in scattering
angles covering the range from 30o to 150o. The autocorrelation functions were analyzed
using the K.W.W. function
𝜑(𝑡) = exp[−(𝑡⁄𝜏)𝛽 ](3.1)
where β<1 is the non-exponentiality parameter and τ is the relaxation time. If β ~1 then we
have an exponential decay of the correlation function, while if β≠1 then the relaxation time
is given by the equation:

τ(q) =

𝜏𝐾𝑊𝑊
𝛽

1

𝛤 (𝛽)(3.2).
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3.1.4 T H E R MO G R AV I ME T R I C A N AL YSI S (TGA)
TGA measurements were performed to obtain the decomposition steps and the
respective decomposition temperatures for PEO and for all nanohybrids. All measurements
were performed with an SDT600 TGA/DTA apparatus (TA Instruments). Heating scans were
performed from room temperature to 700 oC at a heating rate of 10 oC/min, under argon
atmosphere. PEO degrades at relatively lower temperatures where silica doesn’t suffer any
significant mass loss, therefore from the amount of the solid residue at the end of the
measurement, the exact composition of each hybrid can be determined. The homogeneity
of the samples was verified by performing measurements of different parts of certain
nanocomposites.
3.1.5 X-R A Y D I F FR A CT I O N (XRD)
Structural characterization of the pure materials and of the nanocomposites was
performed with X-ray diffraction, using a RINT-2000 Rigaku diffractometer. The X-rays are
produced by a 12 kW rotating anode generator with a Cu anode equipped with a secondary
pyrolytic graphite monochromator. The Cu Kα radiation was used with wavelength λ = λCuKα =
1.54 Å. Measurements were performed for 2θ from 1.5o to 30o with step of 0.02o. From the
dispersions, a film was cast with the water evaporating at first freely and then under
vacuum. The samples were heated to 100oC for 0.5 h and then cooled with 10oC/min to
room temperature, in order for all to have the same crystallizing conditions. A Rigaku
multipurpose high temperature attachment was utilized so that measurements at ambient
temperature and at 100 oC (above the melting temperature of the polymer) could be
performed at the same setup without changing the sample geometry; these measurements
were utilized for the crystallinity calculation. In all cases, samples were first measured at
ambient temperature, whereas the measurement in the melt followed.
3.1.6 D I F F E R E N T I AL S C AN N I N G C A LO RI M ET RY (DSC)
The thermal properties of the nanocomposites as well as of the initial components were
measured with a PL-DSC (Polymer Laboratories) differential scanning calorimeter. The
temperature range covered was between -100 oC and 100 oC with a heating/cooling rate of
10oC/min under N2 flow to prevent decomposition, whereas two heating/cooling cycles
were performed in all cases. Cooling was performed using liquid nitrogen. The melting, Tm,
and crystallization, Tc, temperatures were obtained from the second cycle to ensure the
elimination of the effects of thermal history.
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3.1.7 I N FR A -R E D S P E C T R O S C O P Y (IR)
For the spectroscopic characterization of the nanohybrids a Nicolet 6700 apparatus with
a DTGS detector was used at ambient temperature. All films were treated at 100oC for 0.5h
to erase thermal history and then cooled to room temperature at 10oC/min prior to each
measurement. For the investigation of the chain conformations measurements were
performed in various temperatures including temperatures in the melt using an Equinox 55
Bruker with a DTGS detector in combination with a single reflection diamond ATR
temperature attachment accessory of Golden Gate. The temperature was controlled with
accuracy better than 1oC. In order to maintain an inert atmosphere during the high
temperature experiments, the sample compartment was properly flushed with nitrogen gas
for 30 min before each measurement. For background correction purposes, corresponding
spectra were recorded for each temperature. Special care was given so that no bands
associated with CO2 or H2O were present after the background correction. All the
measurements for the determination of the chain conformation of the polymers were
performed in a collaboration with Dr. K.S Andrikopoulos and Prof. G.A. Voyiatzis in the
Institute of Chemical Engineering Sciences, at FORTH Patras.
3.1.8 R A M AN S P E CT R O S CO P Y
Poly(ethylene oxide) crystallinity as well as the conformations of PEO chains in the
amorphous state were investigated by Raman Spectroscopy (RS) utilizing an HR-800 (JY)
micro-Raman system with the excitation wavelength of 441.6 nm, emitted from a HeCd
laser. The laser power (on the sample) was ~1 mW and was focused by a 50× (NA 0.55) long
working distance microscope objective. The backscattered light was collected by the same
objective and after passing through an appropriate edge filter and dispersed by the
monochromator, it was detected by a liquid nitrogen cooled 2D-CCD detector. The spectral
resolution was ∼4 cm-1. For the temperature dependence of the Raman spectra a heating
stage (Linkam Ltd, model THMS600) with controllable temperature was appropriately
placed under the microscope of the micro-Raman set-up. All the Raman measurements
were performed in a collaboration with Dr. K.S Andrikopoulos and Prof. G.A. Voyiatzis in the
Institute of Chemical Engineering Sciences, at FORTH Patras.
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3.1.9 D I E L E CT R I C R EL A XA T I O N S P E CT RO S CO P Y (DRS)
The dynamic measurements were performed utilizing a dielectric spectrometer Alpha
Analyser from Novocontrol, in the frequency interval 10-2-107 Hz. A thin film of the material
under study was placed in a stainless steel parallel plate capacitor. The film was prepared by
uniaxially pressing each sample to form disks 12mm in diameter and 0.3-0.6mm in thickness.
The pellets were annealed at 100˚C in vacuum for 12 hours and adhered between indium
foils to improve the electrical contact with the electrodes. The temperature was controlled
through a heated flow of nitrogen gas, by Quatro Cryosytem in the range of -150oC-0oC.
Measurements were performed in a pure nitrogen atmosphere. All samples were kept at
100oC for 30min and then cooled at -150oC with a rate of 10oC/min before the
measurements whereas they were kept under nitrogen atmosphere throughout the
measurements. All DTS measurements were performed in a collaboration with Dr. Daniele
Prevosto and Dr. Massimiliano Labardi in University of Pisa, in the auspices of COINAPO
COST action (STSM-MP0902-14971).
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3.2 E XPERIMENTAL R ES ULTS
3.2.1 P O LY M E R C HA R A CT ER I Z AT I O N
The polymer that was utilized throughout this work was poly(ethylene oxide), purchased
from Aldrich with a molecular weight of 100.000 and a polydispersity index of M w/Mn = 2.4.
PEO was fully characterized through X-Ray Diffraction (XRD), Differential Scanning
Calorimetry (DSC), Infrared Spectroscopy (FTIR-ATR), Dynamic Light Scattering (DLS) and
Thermogravimetric Analysis (TGA).
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Figure 3.4: DSC measurement of pure PEO.

The thermal properties of the polymer were measured using DSC and the measurement
is shown in Figure 3.4. The measured quantity is the heat flow which is shown normalized
with the polymer mass as well as the cooling/heating rate so that it becomes heat capacity
and so that the integration of the melting curve gives us directly the enthalpy of fusion
(ΔΗexp). The degree of crystallinity was calculated to be %cryst=78%, by the ratio ΔΗexp/
ΔΗcryst where ΔΗexp is the experimentally measured enthalpy and ΔΗcryst is the enthalpy of
fusion of a 100% crystalline PEO (ΔΗcryst=46.94 cal/gr).31 Besides the degree of crystallinity,
the melting and crystallization temperatures can be derived from this measurement as the
peak position of the melting and the crystalline peak and can be identified as T m=67oC and
Tc=43.5oC, respectively. The glass transition temperature of PEO was given by Sigma-Aldrich
to be Tg=-67°C; nevertheless it was not possible to determine it from the current
measurement due to the high degree of crystallinity of the measured PEO and the weak
nature of the transition.
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Figure 3.5: Thermal decomposition of PEO as measured by TGA

Further to the thermal transitions of PEO, its thermal stability was investigated utilizing
TGA and the measurement is shown in Figure 3.5. PEO is found to have a constant weight up
to ~350oC. Further increase of the temperature leads to an abrupt weight loss which ends at
~430oC and corresponds to the decomposition of the material. It is clear that PEO
disintegrates completely in a single step and its decomposition temperature as obtained
from the first derivative of the weight loss curve is Td=400 oC.

At the end of the

measurement, a solid residue of less than 2% is found which can be probably attributed to
the presence of stabilizers in the material; in any case this mass falls within the error of the
measurement.
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Figure 3.6: X-ray diffractogram of pure PEO
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The structural characterization of the polymer was performed with X-ray diffraction. The
PEO film was measured at room temperature and its X-Ray diffraction pattern is shown in
Figure 3.6. PEO crystallizes in a monoclinic unit cell with the most plausible model to
describe its structure being the 72 helical model, which assumes 7 chemical units and two
turns within the helix period.32 The scattering angles of the main X-ray diffraction peaks of
PEO homopolymer are in a very good agreement with those reported in the literature for
the helical model of the crystalline PEO (Table 3.1) with the two main peaks at 19.0o and
23.2o corresponding to the interchain distance (4.67 Å) and chain fold distance (3.83 Å)
respectively.
2θobs (deg)

2θ (deg)33,34

hkl

13.42

13.42

100

14.58

14.53

021

14.9

15.2, 14.9

110

17.1

101

19.0

18.9, 19.2

120

21.0

20.8

0.31

21.5

21.1

104

22.0

21.9

102

22.3

22

023

22.8

22.8, 23.26

112

23.2

23.2

032

24.1

24.1

130

26.1

26.2

033

26.8

26.7

131

27.8

27.5

200

32.0

211

Table 3.1.

Crystallographic data for crystalline PEO
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The nanocomposites were prepared in a water solution so the radius of the polymer coil
in water was an important parameter that had to be calculated. Α dilute solution
(concentration 0.1%) of PEO in water was prepared and measured using DLS. Figure 3.7
shows the correlation functions of the scattered intensity |C(q,t)|2 for different scattering
angles. Despite the fact that all correlation functions looked like single decays, the best fit
for all was achieved utilizing a double exponential; in all cases, the relaxation times become
slower with the decrease of the scattering angle. By analyzing the curves using K.W.W.
functions (eq. 3.1), we can calculate the relaxation times (τ) for the two populations of
scatterers in the sample. We plotted Γ=(1/τ) over q2 (where q is the scattering vector
described in Chapter 2 eq. 2.2) and the regression was a linear one. This dependence refers
to diffusion of the chains in the solution. As discussed in Chapter 2, the diffusion coefficient
is related to the scatterer size and more specifically to its hydrodynamic radius, RH, through
the Stokes-Einstein equation (eq. 2.6) from which we concluded that there the two
populations in the solution have hydrodynamic radii being RH1=12.1nm and RH2=73.5nm that
correspond the one in single PEO chains and the other small aggregates. The intensity of a
fraction of light scattered by a group of scattering particles is proportionate to I~R6 (for
Rayleigh Scattering), where R is the radius of the scatterer and therefore, particles with
larger radius have a larger contribution in intensity. The fact that the second population
with RH2=73.5nm, has a small intensity contribution leads to the conclusion that this
aggregated population is very small compared to the single chain population with
RH1=12.1nm. The radius of gyration of the PEO chains can be calculated as: 𝑅𝑔 = 1.27𝑅𝐻 =
15.2𝑛𝑚 if we assume Θ conditions.
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Figure 3.7: Intensity correlation functions of PEO chains in a dilute solution in water.
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Infrared Spectroscopy can be used to identify materials since each molecule absorbs at
frequencies characteristic of its structure. This technique can also be used to investigate the
polymer’s chain conformations. The investigation of the conformations of the PEO chains in
the bulk and in the nanocomposites will be shown analytically later in this chapter. The ATRFTIR measurement that provides the vibrational modes of PEO is presented in Figure 3.8.
The identification of the vibrational modes can be seen in Table 3.2 and is in agreement with
the peaks of crystalline PEO in literature.35
IR Peak Position (cm-1)

Vibration

843

CH2 rock (antisym.)

945

CH2 rock (symm.), C-O-C stretch (antisym.)

962

CH2 rock (antisym.)

1059

CH2 rock (symm.), COC stretch (antisym.)

1100

COC stretch (symm. or antisym.)

1107

COC stretch (symm. or antisym.)

1148

CC stretch, COC stretch (antisym.)

1236

CH2 twist (symm. or antisym.)

1241

CH2 twist (antisym.)

1279

CH2 twist (symm. or antisym.)

1341

CH2 wag (antisym.)

1360

CH2 wag (symm.), CC stretch

1413

CH2 wagging (antisym.)

1455

CH2 bending (antisym.)

1467

CH2 bending (antisym.)

2880

CH2 stretching (symm. and antisym.)

Table 3.2. Identification of infrared peaks and correspondence to specific molecular
vibrations 35
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Figure 3.8: Infrared spectra of the crystalline PEO probed by ATR-FTIR

3.2.2 S I O 2 N AN O P AR T I CL E S C H AR A CT E RI ZAT I O N
The objective of the current work is to investigate the effect of the presence of
nanoparticles on polymer chain conformation, mobility and crystallinity. This effect can be
different depending on the relative sizes between the nanoparticle and the chain; thus the
ratio Rn/Rg, where Rn is the radius of the nanoparticle and Rg is the radius of gyration of the
polymer chain is of great importance.
The sizes of the nanoparticles used were chosen so that the effect of curvature (which
increases as the nanoparticle size decreases) as well as the effect of confinement (which
increases as the nanoparticle size decreases at the same composition) can be studied. The
nanoparticles were purchased in water dispersion and were characterized using
Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS), X-ray Diffraction
(XRD), Differential Scanning Calorimetry (DSC), Infrared Spectroscopy (IR), and
Thermogravimetric Analysis (TGA).
An important factor when it comes to nanoparticles is aggregation. Our nanoparticles
were, first and foremost, checked for aggregation using DLS and TEM. Figures 3.9, 3.10 and
3.11 show the correlation functions of the scattered intensity |C(q,t)|2 for different
scattering angles of the nanoparticle dispersions for Ludox LS, Ludox AS40 and Snowtex ZL,
respectively. The concentration of the dispersions was 0.1%. All the curves relax as single
exponential functions, proving that there is no aggregation of the nanoparticles when they
are in the water dispersion. The relaxation times are becoming slower as the scattering
angle decreases.
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Figure 3.9: Intensity correlation functions of Ludox LS in water dispersion
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Figure 3.10. Correlation functions of the scattered intensities of Ludox AS40 in water
dispersion

Each correlation function is fitted with a KWW function (Equation 3.1). For the fittings of the
Ludox LS correlation functions the stretched exponential factor was β=0.7-0.9, for the
correlation functions of Ludox AS40 β=0.94-0.98, while for the Snowtex ZL β was 0.98-1.02.
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Figure 3.11: Correlation functions of the scattered intensities of Snowtex ZL in water
dispersion
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Figure 3.12: Decay constant as a function of the scattering vector for the dispersion of
nanoparticles in water.

In our samples a diffusion relaxation is expected and therefore the decay constant, Γ=1/τ,
is related by Brownian Motion to the diffusivity by: Γ=Dq2 where D is the diffusion
coefficient and q is the scattering vector (given by eq. 2.2). By plotting Γ/q2 we get a linear
regression which corresponds to diffusion of the nanoparticles in the dispersion (Figure
3.12). The diffusion coefficient is related to the scatterer size and more specifically its
hydrodynamic radius, RH, through the Stokes-Einstein equation (eq. 2.6) from which we
have calculated the hydrodynamic radii for the three nanoparticle dispersions. The radii
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calculated through the Stokes-Einstein equation are shown in Table 3.3 along with the
corresponding radii measured by TEM.
TEM images of the nanoparticles were obtained to confirm the size. The dispersion of the
nanoparticles was diluted and then put on TEM grids. Figures 3.13, 3.14 and 3.15 show the
TEM images of the Ludox LS, Ludox AS40 and Snowtex ZL respectively. The sizes measured
by the images are presented in Table 3.2.

Figure 3.13: TEM image of Ludox LS nanoparticles

Figure 3.14: TEM image of Ludox AS40 nanoparticles

Figure 3.15: TEM image of Snowtex ZL nanoparticles
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R (ΤΕΜ)

RH (DLS)

Ludox LS

6±2 nm

7±1 nm

Ludox AS40

16±2 nm

18.5±1 nm

Snowtex ZL

68±2 nm

67±1 nm

Table 3.3. Νanoparticles radii measured by TEM and DLS

In this work the relative sizes of the nanoparticles used compared to the R g of the
polymer are as follows: one larger than the radius of gyration of PEO (Rn/Rg~5), one about
the same size (Rn/Rg~1) and one with size smaller than the PEO coil (Rn/Rg~0.5) (Snowtex ZL,
Aldrich Ludox AS40 and Aldrich Ludox LS respectively).
Structural characterization of the nanoparticles was performed using XRD. The
nanoparticles were dried under vacuum to remove the water, annealed at 100oC for 0.5
hour to ensure that no water remained in the sample and then measured as a powder with
XRD. Figure 3.16 shows an XRD diffractogram for Ludox LS nanoparticles. Only a very broad
peak can be observed, that is characteristic of amorphous materials. Similar
diffractogramms were obtained for the other two sets of nanoparticles.

Intensity (a.u.)

Ludox LS

5

10

15

o

2( )

20

25

30

Figure 3.16: X-ray Diffractogram of Ludox LS nanoparticles

The nanoparticles amorphous state is confirmed through DSC as seen in Figure 3.17. The
nanoparticles were dried and annealed at 100oC for 0.5 hour and were placed in the DSC
crucibles in a powder state. The measurement shows no melt or crystallization peaks. The
same can be seen in the DSC measurements of Ludox AS40 and Snowtex ZL.
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Figure 3.17: DSC measurement of Ludox LS nanoparticles

Figure 3.18 shows an ATR-FTIR measurement of Ludox LS nanoparticles. The spectrum is
characterized by the presence of strong bands at 1108 cm-1, 805 cm-1, and 468 cm-1 and may
be assigned as the Si-O stretching, Si stretching, and Si-O-Si bending characteristic group
frequencies, respectively.36 The fact that only a small number of peaks are observed is due
to the simplicity of the molecule. Similar spectra were obtained for the other two sets of
nanoparticles.
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Figure 3.18: ATR-FTIR measurement of Ludox LS nanoparticles
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Figure 3.19 shows the TGA curve for Ludox LS. TGA measurements were conducted at a
constant heating rate of 10 oC /min using an empty crucible as reference. An initial loss of
about 6% is attributed to the loss of water in temperatures around 100 oC and an additional
weight loss of ~4% in higher temperatures is observed, which Ogawa et al. attributed to the
loss of absorbed water and dehydration of the residual silanol groups.37 Smaller mass loses
are observed for Ludox AS40 and Snowtex ZL (Fig.3.20 and 3.21 respectively). Silica boils at
~2230oC and degrades at even higher temperatures. These temperatures are beyond the
scope of this investigation and therefore they are not shown here.
100
95

6%

90

8%
10.5%

85

Mass %

80
75
70
65
60
55
50

Ludox LS
0

100

200

300

400

500

600

700

o

Temperature ( C)
Figure 3.19: Thermogravimetric analysis of silica nanoparticles Ludox LS
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Figure 3.20: Thermogravimetric analysis of silica nanoparticles Ludox AS40
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Figure 3.21: Thermogravimetric analysis of silica nanoparticles Snowtex ZL

3.3 PEO-S I O 2 N ANOCOMPOSITES
Solution intercalation from water was chosen as the best method for the preparation of
PEO / silica nanocomposites since the nanoparticles were purchased in a water dispersion;
moreover water is generally accepted as a good solvent for poly(ethylene oxide).
Nanohybrids covering a wide range of polymer compositions from pure polymer to about
30%(vol) polymer which was the limit due to geometry restrictions were prepared. Initially
a PEO/water solution was prepared and left to stir for 24h in order for the polymer to
completely dissolve. Then the appropriate amount of silica nanoparticles (already dispersed
in water) was added in the solution. The solution was left to stir for 24h, sonicated for 1h,
then put in a Petri dish and left to dry under vacuum. Prior to each measurement the
materials were annealed at 100oC for 0.5 hour and then cooled slowly with 10oC/min to
ensure that they all have been through the same thermal treatment.
All three series of nanohybrids were characterized with DSC, XRD, ATR-FTIR and TGA to
investigate the effect of the nanoparticles’ addition in the polymer’s structure and
crystallization. Selected nanohybrids that presented the most interesting results were
further examined with ATR-FTIR and Raman Spectroscopy to investigate the chain
conformation and with Dielectric Relaxation Spectroscopy to investigate chains’ dynamic
response, in the presence of the nanoparticles and / or under confinement.
Prior to the solvent evaporation, a sample of the nanocomposite solution was examined
through Dynamic Light Scattering. Figures 3.22 and 3.23 show, indicatively, two
nanocomposites, with different size of additives at different concentrations. Figure 3.22
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shows the correlation functions of the scattered intensities of the nanocomposite with
76%PEO-24%AS40 (vol). The correlation functions decay as single exponentials and from
their fitting with KWW functions we get that the scatterer has an Rh=27.7nm; these silica
nanoparticles alone were measured to have an R=18.5nm. The analysis showed that the
stretched exponential β was between 0.88-0.93 for the nanocomposite while for the
nanoparticles it was β=0.94-0.98.
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Figure 3.22: Correlation functions of the scattered intensities of the nanocomposite with
76%PEO-24%AS40 (Vol)
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Figure 3.23: Correlation functions of the scattered intensities of the nanocomposite with
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The same picture, where the addition of polymer in the nanoparticle dispersion leads to
an effective larger size for the nanoparticle with the polymer adsorbed on the silica surface,
is confirmed with the larger nanoparticles as seen in Figure 3.23. Snowtex ZL nanoparticles
were measured to be 67nm and in the 49%PEO-51%ZL(Vol) nanohybrid solution the Rh was
measured to be 77.5 nm. Therefore we come to the conclusion that the adsorption of the
polymer starts from the solution, where PEO chains are attracted to the silica surface
creating a ‘core-shell’ like nanoparticle of larger radius than the SiO2 nanoparticles
themselves. It has to be noted that the viscosity of the solutions was measured to ensure
that the increase in the particle’s size measured by DLS in not due to viscosity changes. Pure
water, water with SiO2 nanoparticles and water with PEO and SiO2 nanoparticles in the same
concentration as the nanocomposite that was measured in DLS were measured at T=25oC
with a viscometer (Rolling-ball viscometer Lovis) for their density and dynamic viscosity.
Density

showed

no

differences:

dH2O

was

measured

to

be

0.995gr/cm3,

dH2O+SiO2=0.998gr/cm3 and dH2O+SiO2+PEO was measured 1gr/cm3. No significant changes were
found in viscosity also, where ηH2O was measured 1.030mPa*s, ηH2O+SiO2=1.039mPa*s and
ηH2O+SiO2+PEO was measured 1.066mPa*s. Since these changes lie within the experimental
error of the instrument, the viscosity value of water was used in the DLS analysis.
An important factor when working with nanoparticles is their aggregation since if an
important aggregation of the nanoparticles in the polymer matrix exists, it leads to an
uneven distribution of them in the sample and makes the calculation of interparticle
distance and / or total surface area in the nanohybrid very difficult. Therefore a good
dispersion of nanoparticles in the final films is crucial. The nanoparticles in the water
dispersions do not aggregate (as obtained from the DLS measurements) however, the
confirmation of good nanoparticle dispersion within the polymer matrix after the removal of
water is imperative. In order to examine the good dispersion of the dried samples TEM
measurements of thin slices of the materials were performed. The films were
cryomicrotomed at -150oC in slices of 50nm thickness and then observed with TEM. Figures
3.24 to 3.29 show representative images of different nanohybrids of the PEO-LS series with
different polymer content. As seen in the images there is a very good dispersion of the
nanoparticles in the polymer matrix even for low polymer loadings with minimum to no
aggregation. Therefore our materials can be considered as successful nanocomposites and
thus a full investigation of their behavior was performed.
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Figure 3.24: TEM image of the cryomicrotomed 99%ΡΕΟ-1%LS (wt%) nanohybrid

Figure 3.25: TEM image of the cryomicrotomed 97%ΡΕΟ-3%LS(wt%) nanohybrid

Figure 3.26: Image of the cryomicrotomed 95%ΡΕΟ-5%LS(wt%) nanohybrid
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Figure 3.27: TEM image of the cryomicrotomed 90%ΡΕΟ-10%LS(wt%) nanohybrid

Figure 3.28: TEM image of the cryomicrotomed 80%ΡΕΟ-20%LS(wt%) nanohybrid

Figure 3.29: TEM image of the cryomicrotomed 35%ΡΕΟ-65%LS(wt%) nanohybrid
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3.3.1 PEO-S N O W T EX ZL N A N O CO MP O SI T E S ERI E S
The first series of nanocomposites that was prepared was the PEO-ZL series. Snowtex ZL
nanoparticles were found to have an R~67nm and therefore, they are much larger than the
PEO coil in the solution. Moreover, the curvature of these nanoparticles is the smallest
among the three kind of nanoparticles used in this investigation.
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Figure 3.30: TGA measurements of PEO-ZL nanohybrids.

The nanocomposites were characterized with thermogravimetric analysis (TGA) on a
SDT600 TGA/DTA apparatus (TA Instruments). Heating scans were performed from room
temperature to 600 oC at a heating rate of 10 oC/min, under argon atmosphere. TGA
measurements were important to verify the composition of the final specimens versus the
designed composition and to determine their decomposition temperature. Figure 3.30
shows the mass loss for all the nanohybrids of this series indicating that the decomposition
of PEO happens in a single ‘step’. From the remaining weight at temperatures above 600 oC,
where PEO has decomposed, the polymer and silica content in each sample can be deduced.
All the results are shown in Table 3.4 along with the calculations of the content in volume
fractions. The decomposition temperatures of all hybrids, derived from the derivative of the
curves of the mass loss are shown in the same table, as well. The decomposition
temperatures of all nanohybrids are slightly larger than the decomposition temperature of
pure polymer which is Td=400oC, however they do not seem to be affected by the silica
content. In all our work we refer to the nanocomposites in volume fractions for more direct
comparison between the different nanocomposite series.
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Theoretical PEO

Measured PEO

PEO Content

Decomposition

content (wt %)

content (wt%)

(vol%)

Temp. (oC)

99

96

98

406

97

95

97.5

409

95

92.5

96

406

90

90

95

409

80

80

89

411

70

70

82.5

413

60

50

67

409

37

37

54.5

407

30

30

46,5

401

20

18

34

406

Table 3.4. Table of PEO content in the nanohybrids: as designed (first column) as measured
by TGA (second column) and the measured content in volume fraction (third column). The
last column shows the PEO decomposition temperature in the nanohybrids.

The structure of the nanocomposite materials was investigated initially with X-Ray
diffraction. Pure polymer exhibits two main peaks at 19.0o and 23.2o corresponding to the
interchain distance (4.67 Å) and the chain fold distance (3.83 Å) respectively. Moreover a
very broad peak with low intensity lies beneath the crystalline peaks from 15o-30o. This
broad peak is attributed to the amorphous part of the polymer and is called ‘amorphous
halo’. The diffractogram of silica nanoparticles contains only this broad peak which was
expected considering silica’s amorphous nature. Figure 3.31 shows the X-Ray diffraction
patterns of PEO, ZL and PEO-ZL nanocomposites with varying polymer concentration. It
needs to be noted that prior to each measurement the samples were heated at 100 oC for ½
hour to erase any thermal history and were then crystallized with a cooling rate of 10 oC/min
to ensure that they all have crystallized under the same conditions.
The diffractograms of the nanocomposites exhibit the two main peaks, at 19.0 o and 23.2o
that correspond to those of crystalline PEO for all PEO concentrations, confirming that PEO
crystallizes in the same, 72 helical structure, with the bulk PEO. However their intensity is
evidently declining with the addition of more nanoparticles, suggesting lower degree of
crystallinity. Moreover the amorphous halo is increasing with increasing silica content. This
is due to both the addition of nanoparticles which are amorphous and the increase of the
amorphous PEO content. It has to be noted that the polymer shows signs of crystallinity for
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all polymer contents suggesting that confinement is not large enough to suppress polymer
crystallinity.
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Figure 3.31: X-ray diffractograms of pure PEO (top), pure SiO2 (bottom) and PEO/ZL
nanocomposites with varying polymer content. The curves have been shifted vertically
for clarity.

The results of XRD concerning polymer crystallinity in the nanohybrids, was further
confirmed through DSC which provides additional information as well. Figure 3.32 shows the
DSC measurements for all the nanocomposites of this series. The temperature range
covered was between -100 oC and 100 oC with a heating/cooling rate of 10oC/min, whereas
two heating/cooling cycles were performed in all cases. The melting, Tm, and crystallization,
Tc, temperatures were obtained from the second cycle to ensure the elimination of the
effects of thermal history. In all cases the measured heat flow is shown normalized with the
polymer mass of the nanocomposite and the heating rate so that the integral under the
melting curve will directly provide the heat of fusion, ΔHexp. It is noted that, in the
nanocomposites, it is only the polymer that undergoes the melting transition; thus, the
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contribution of the inorganic material to the Cp is a constant factor that does not influence

Cp (cal g

-1 o -1

C )

the enthalpy calculation.
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Figure 3.32: DSC melting curves of PEO/ZL hybrid materials at a heating rate of 10 oC/min.
The curves have been shifted vertically for clarity.

Looking at the DSC curves it is evident that by adding, even 2% of SiO2 particles in the
matrix, the shape of the melting curve changes. A second melting peak appears at higher
temperatures than the bulk melting peak, which is seen in nanocomposites with 98-67%
volume fraction; a melting peak at temperatures similar with the bulk is observed as a
shoulder as well. This second population crystallizes and melts separately than the bulk and
can be attributed to the introduction of surfaces in the matrix. This behavior is not fully
understood but is not uncommon in polymer nanocomposites.24,38,39 For polymer contents
below 67% vol this effect disappears and the Tm is shifted back to 67oC, very similar to the
Tm of pure polymer. The degree of crystallinity can be calculated as % crystallinity =
ΔΗexp/ΔΗcryst where ΔΗexp is the measured heat of fusion of the polymer in the
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nanocomposite and ΔΗcryst =46.94 cal/gr is the heat of fusion of a totally crystalline PEO. The
values of the degree of crystallinity obtained from DSC are plotted in Figure 3.33.
Although the Tm is affected, initially, by the addition of nanoparticles the crystallinity is
not. It remains constant until ~70-80 vol % PEO content and then it starts to drop when
more nanoparticles are added. This is because in high silica loadings there is a significant
amount of polymer that gets adsorbed around the nanoparticles that remains amorphous,
reducing thus, the degree of crystallinity.
The glass transition temperature can’t be seen neither in the pure PEO, nor in any of the
nanocomposites of this series. Pure polymer has a high degree of crystallinity and therefore
the remaining amorphous part is not large enough to have a contribution that can be seen
through DSC. In the nanocomposites, on the one hand crystallinity drops but on the other
hand so does the polymer content, which again leads to a small amorphous contribution in
the DSC signal that cannot be discerned.
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Figure 3.33: Degree of crystallinity obtained from the analysis of DSC curves as a function of
PEO volume fraction

The absorption spectra of pure PEO and of the nanocomposites were measured with
ATR-FTIR and the results can be seen in Figure 3.34. Pure PEO shows a large broad band of
asymmetric CH2 stretching between 3000 and 2750 cm-1. Moreover, the bands at 948 and
964 cm-1 (this spectral region is not shown since silica exhibits a very broad peak covering
the range 750-1300 cm-1 that dominate in the spectra of the hybrids) are assigned to the
symmetric and asymmetric CH2 rocking modes, the bands at 1236 and 1242 cm-1 are
ascribed to the asymmetric CH2 twisting modes, and the bands at 1343 and 1360 cm-1 are
attributed to the asymmetric and symmetric CH2 wagging modes, respectively. It has been
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well-known that the frequency, width, and intensity of these CH2 vibrations are sensitive to
the intermolecular interactions and the conformation changes of the polymer backbone.
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Figure 3.34: ATR-FTIR spectra of all the nanocomposites in the PEO-ZL series. The curves have
been shifted vertically for clarity.

The spectra of all hybrids contain absorption bands characteristic of PEO superimposed
with those of silica. Moreover, the peaks that originate in the crystal ordering of the
polymer appear to decrease in intensity with the addition of nanoparticles in the matrix and
they are present in all the nanocomposites. This behavior is different from the one observed
in PEO-Na+MMT nanocomposites, in which the crystalline peaks disappeared abruptly below
70% polymer weight fraction, where all the chains were either confined within the clay
galleries or were in close proximity to their outer surface unable to crystallize.
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3.3.2 PEO-LUDOX AS40 NANOCOMPOSITE SERIES
The investigation of the behavior of PEO when confined near/between ~67nm spherical
SiO2 walls, showed that although the inorganic walls affect the crystallization process and
result in a decrease of the degree of crystallinity for high silica content, the confinement is
not enough to cause its complete suppression as in the case that layered silicates were used
as the additive.12 In order to confine the polymer more, nanocomposites with particles of R
~18.5nm (Ludox AS40) were developed. In this case, the size of these nanoparticles is
approximately the same as the PEO coil.
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Figure 3.35: TGA measurements of PEO-AS40 nanohybrids.

As in the PEO-ZL series, the first step in the study of this series of PEO-AS40 nanohybrids
was the verification of the acquired compositions. Figure 3.35 shows the weight loss for
each of the nanohybrids as measured by TGA. The measured contents were then turned to
volume fractions for comparison reasons. All the weight and volume fractions are shown in
Table 3.5. The TGA measurements provided the decomposition temperature, T d, of the
polymer in each case through the derivative of the weight loss curve, which is shown in
Table 3.5 as well.
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Theoretical PEO

Measured PEO

PEO Content

Decomposition

content (wt %)

content (wt%)

(vol%)

Temp. (oC)

90

86

92.5

406

80

78

88

407

70

64

78

402

60

54

70.5

400

50

46

63

398

40

36

53

398

38

34

51

401

35

33

50

404

20

20

34

405

Table 3.5. Table of PEO content in the nanohybrids of the series PEO-AS40: as designed
(first column) as measured by TGA (second column) and the measured content in
volume fraction (third column). The last column shows the PEO decomposition
temperature in the nanohybrids

The crystalline structure of the hybrids of this series were probed with XRD in this case as
well. Figure 3.36 shows all the diffractograms of the nanohybrids. The two main crystalline
peaks of PEO that correspond to the interchain distance (19.0o) and chain fold distance
(23.2o) are present at the same diffraction angles indicating that the polymer crystallizes in
the 72 helical model. However the intensity of the crystalline peaks points to declining
crystallinity as the PEO content decreases. This was seen in the PEO-ZL series as well,
nevertheless in the case of PEO-AS40 series the reduction of the intensity is more prominent.
It is noted, that for the hybrid with the lowest polymer content, no crystalline peaks can be
observed; nevertheless this may be attributed either to the absence of crystallinity or to the
absence of enough coherence of the structure.
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Figure 3.36:

X-ray diffractograms of pure PEO (top), AS40 (bottom), and PEO/AS40

nanocomposites, with varying polymer content. The curves have been shifted vertically for
clarity.

In an attempt to quantify our results, the X-ray diffractograms were fitted with a linear
combination of a certain number of Pearson functions:
𝑦 = 𝑦0 +

𝐴

(3.3)
𝑥−𝑥
1
(1 + 4( 𝜔 𝑐 )2 (2 ⁄𝑚 − 1))𝑚

one for each of the main crystalline peaks (where y represents the measured intensity, A
the peak area, w the peak width at half height, xc the peak position and m the width at the
foot of the peak40 and of a Lorentz function that accounts for the amorphous part of the
spectrum. The latter is obtained from fitting the measurement of each of the nanohybrids at
T=100 oC, i.e. at a temperature higher than the polymer melting temperature. With this
analysis the degree of crystallinity can be calculated as seen for example in Figure 3.37
where the diffractogram of a nanocomposite containing 92.5%PEO-7.5% silica (vol) is shown
together with the total fit and all the individual peaks. Note that the measurements at
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ambient temperature and those at 100 oC (above the melting temperature) were performed
with the identical sample utilizing a high temperature attachment cell. The crystallinity
values can be obtained from the integrated intensity of all crystalline reflections (Ic) and of
the amorphous halo (Ia) as Xc = [Ic/(Ic + Ia)]. The results are shown in Figure 3.39 along with
the values for the degree of crystallinity obtained by DSC.
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Figure 3.37: Deconvolution of the X-ray diffractograms of a PEO/AS40 nanocomposite
containing 92.5 vol % PEO and 7.5% SiO2. The red line corresponds to the total fit, the
green to each of the individual Pearson peaks and the yellow to the Gaussian fit of the
corresponding measurement at 100 oC.

The DSC measurements that are shown in Figure 3.38 showing the non-isothermal
melting endotherms for the pure polymer and the nanohybrids with different contents in
nanoparticles verified the results obtained from XRD. The addition of small amounts of
nanoparticles leads, as in the case of the PEO-ZL hybrid series, to the appearance of a new
peak at higher temperatures; nevertheless, in this case it does not seem like an extra peak
but more likely a broadening and / or a shift of the bulk peak towards higher temperatures.
Thus, if there are indeed two peaks, the two melting temperatures are much closer than in
the case of PEO-ZL nanohybrids. This peak is present for the hybrids with PEO content
higher than 70.5% vol. However below 53% PEO content this peak not only disappears but a
new peak with melting temperature lower than that of the bulk starts to emerge. For low
polymer contents the melting of this new crystalline phase has completely substituted the
original melting peak and its shift is as high as 20oC. This new crystalline behavior can only
be attributed to polymer chains confined in the space between the SiO 2 nanoparticles. The
Page | 96

Chapter 3: PEO confined between SiO2 nanoparticles

inadequacy of space leads the chains to crystallize in a different manner than they do in the
bulk. Lamellar thickness in bulk PEO for a Tm~65oC has been reported to be 8-20 nm.41 If the
polymer melts at higher temperatures than 65oC then the lamella thickens more than 20nm
while for Tm lower than 65oC the lamella thickness is less than 8nm. For high silica loadings
the space left for the polymer chains to fold is small therefore the folding occurs in a space
less than 8nm.
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Figure 3.38: DSC melting curves of PEO/AS40 hybrid materials at a heating rate of 10 oC/min.
The curves have been shifted vertically for clarity.

The degree of crystallinity derived from both DSC and XRD declines with the decrease of
polymer content as shown in Figure 3.39. Nevertheless, the values obtained by XRD are
systematically lower than those obtained by DSC. This is due to the fact that peak intensity
in XRD reflects the total scattering from each of the crystal planes, and depends on the
distribution of atoms in the crystal structure. Semi-crystalline polymers have anisotropic
crystals, which means a large distribution of atoms in the crystal structure that leads to a
decrease in the scattered intensity and therefore in an underestimation of the crystallinity.
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This is more clearly demonstrated when examining the nanohybrid with 34%PEO-66%AS40
(vol) for which XRD shows no crystalline peaks while in DSC a melting peak is observed.
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Figure 3.39: Degree of crystallinity as a function of PEO volume fraction obtained from the
analysis of X-ray diffraction (filled circles) and differential scanning calorimetry (filled
squares) for the series of PEO-AS40nanohybrids.

The absorption spectra of all the nanocomposites were measured with ATR-FTIR and the
results can be seen in Figure 3.40. The peaks attributed to silica, from 750 to 1300 cm-1,
cover the peaks of the polymer and are not shown here. The peaks of pure polymer,
attributed to various vibrations in the discussion of PEO-ZL nanocomposites, are present in
all nanohybrids with their intensity constantly decreasing with decreasing polymer content.
This is in agreement with the XRD and DSC measurements of this series of nanohybrids,
which showed that the addition of nanoparticles leads to confinement of the chains which
leads to a decrease in crystallinity.
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Figure 3.40: ATR-FTIR spectra of all the nanocomposites in the PEO-AS40 series. The curves
have been shifted vertically for clarity.

Page | 99

Chapter 3: PEO confined between SiO2 nanoparticles

3.3.3 PEO-LUDOX LS NANOCOMPOSITE SERIES
The investigation of PEO chains when confined between nanoparticles of about the same
size as its coil, revealed a different crystallization behavior, with the form of a new
melting/crystallization peak, shifted towards lower temperatures. If the assumption that
this new peak has its origins in the confinement of the polymer chains is correct then by
adding nanoparticles of size smaller than the PEO coil, the confining length will decrease and
this new crystalline behavior should be enhanced. Thus, to confirm this assumption, hybrids
with PEO and Ludox LS nanoparticles were developed in all possible compositions.
First of all, TGA measurements were performed since they are considered important for
the verification of the composition of the final specimens versus the designed composition.
Figure 3.41 shows the weight loss for all the nanohybrids of this series. From the remaining
weight at temperatures above 600 oC, where PEO has decomposed, the polymer and silica
content in each sample can be deduced. All the results are shown in Table 3.6 along with the
calculations of the content in volume fractions. The PEO decomposition temperatures, Td, of
all hybrids derived from the derivative of the weight loss curve are shown in the Table 3.6 as
well. The decomposition temperatures of all hybrids, are as in the other two series of
nanohybrids, an average of seven degrees above the Td of the polymer which is 400oC. The
addition of more nanoparticles in the matrix doesn’t seem to affect the decomposition
temperature of the polymer, until we reach very low polymer contents. Polymer hybrids
with 43 and 31% vol PEO exhibit an increase in the decomposition temperature of 12 and
22oC respectively. These two hybrids are the ones that exhibit the highest degree of
confinement of their polymer chains and the highest shift of their melting temperature
(Figure 3.45). Therefore we can say that the confined and adsorbed chains have a higher
decomposition temperature.
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Figure 3.41: TGA measurements of PEO-LS nanohybrids. The pure PEO and SiO 2 are included.

Theoretical PEO

Measured PEO

PEO Content

Decomposition

content (wt %)

content (wt%)

(vol%)

Temp. (oC)

99

97

98.5

406

97

93

96.5

408

95

90

95

407

90

86.5

93

409

80

75

86

403

70

64

78

406

60

55

71.5

404

50

44

62

406

40

35

52

408

38

34

51

409

35

30

47

409

32

28

44

408

30

27

43

412

20

18

31

422

Table 3.6. PEO content by wt% in the PEO-LS nanohybrids: as designed (first column) as
measured by TGA (second column). The corresponding volume fraction of the
measured weight fraction (third column) and the decomposition temperature, T d,
(fourth column) are included
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The crystalline behavior of the polymer was probed with XRD and Figure 3.42 shows the
diffractograms of all the hybrids. PEO, as in the previous series of nanohybrids, crystallizes in
a 72 helical model with the characteristic peaks at 19.0o and 23.2o being present in all the
hybrids that crystallize. As expected the intensity of the crystalline peaks drops as the silica
content increases in the matrix.
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Figure 3.42:

X-ray diffractograms of pure PEO (top),and PEO/LS nanocomposites, with

varying polymer content. The curves have been shifted vertically for clarity.

In an attempt to quantify the crystallinity, a High Temperature Attachment was
connected to the XRD setup and the diffractograms of all hybrids at 100oC, above the
polymer melting temperature were obtained. Following the measurements, the X-ray
diffractograms obtained at room temperature were fitted with a linear combination of a
certain number of Pearson (Eq. 3.3) functions one for each of the main crystalline peaks and
a Lorentz function that accounts for the amorphous part and which was obtained from
fitting the corresponding measurement of the melt at 100oC. Figure 3.43 shows an example
of this fitting process for a nanocomposite containing 93%PEO-7% silica (vol). The
crystallinity values were obtained from the integrated intensity of all crystalline reflections
(Ic) and of the amorphous halo (Ia) as Xc = [Ic/(Ic + Ia)]. The degree of crystallinity derived from
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this fitting procedure is shown in Figure 3.44 and an obvious decrease with the decrease of
polymer content is observed as was qualitatively the case in all the nanohybrid systems
described before.
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Figure 3.43: Deconvolution of the X-ray diffractograms of a PEO/LS nanocomposite
containing 93 % PEO and 7% SiO2 (vol). The red solid line corresponds to the total fit
along with the Pearson fitted peaks (green lines). The diffraction data of the same
hybrid measured at 100 oC are shown with the yellow line.
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Figure 3.44: Degree of crystallinity as a function of PEO content obtained from the XRD
measurements of the PEO-LS nanohybrids.
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DSC measurements verified the results obtained from XRD and are shown in Figure 3.45
where the non-isothermal melting endotherms for the pure polymer and nanohybrids with
different contents in nanoparticles are shown. In all cases the measured heat flow is shown
normalized with the polymer mass of the nanocomposite and the heating rate so that the
integral under the melting curve will directly provide the heat of fusion, ΔHexp.
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Figure 3.45: DSC melting curves of PEO-LS hybrid materials at a heating rate of 10 oC/min.
The curves have been shifted vertically for clarity.

XRD showed a decrease in polymer crystallinity, however DSC is able to discern
populations that crystallize and melt in a different way (Figure 3.45). Initially, the addition of
small amounts of nanoparticles leads to the appearance of a second melting peak; this is not
a discrete peak but rather like a shoulder on the high temperature side of the main peak.
The maximum shift in the melting temperature, which is 7 oC, is observed for the nanohybrid
with 95%PEO-5%SiO2 (vol); this high temperature peak disappears for the nanocomposite
with 93%PEO. For hybrids with lower polymer content and up to ~71% the Tm remains the
same as the bulk. This behavior was seen both in the PEO-ZL series and in PEO-AS40 series
and is attributed to the inorganic surfaces acting as nucleating sites and creating larger
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(more perfect) crystals. This supports the claim that the insertion of small amounts of SiO2
surfaces in the PEO matrix enhances the crystallization process.
For the nanocomposite with 52%(vol) polymer content, another transition peak with a
lower Tm is observed. The new melting transition shows a composition dependent Tm and as
more nanoparticles are being added, this peak grows larger (while the main peak becomes
smaller), until it finally substitutes the main peak for the 31%(vol) PEO hybrid. The existence
of the second peak, which was seen in the PEO-AS40 series as well, can be attributed to
polymer crystallizing under confinement between the silica surfaces. When the silica
content increases, the space between the nanoparticles becomes smaller and the polymer
gets restricted with not enough space for the ordinary crystal formation. Thus the polymer
crystallizes differently than it does in the bulk with rather smaller crystals resulting in a
shifted melting transition as observed by DSC. Nevertheless, it is noted that the polymer is
able to crystallize for all silica content hybrids as the confining length is not small enough to
suppress crystal formation as in the case of PEO/Na+-MMT hybrids.12
Following the structural and thermal characterization of the PEO-LS nanohybrids, their
spectroscopic characterization was performed. More specifically, the absorption spectra of
all the nanocomposites were measured with ATR-FTIR and Raman Spectroscopy at room
temperature and the results are shown in Figure 3.46. The spectrum of pure polymer
exhibits all the bands attributed to PEO in literature both in Raman and in IR.42–46 Τhe
nanocomposites exhibit the same sharp peaks resembling the ones of the pure crystalline
PEO, only with reduced intensity indicating a decrease of crystallinity as more and more
nanoparticles are inserted into the matrix. This is in agreement with the XRD and DSC
measurements of this series of nanohybrids.
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Figure 3.46: Raman (left) and ATR-FTIR (right) spectra of all the nanocomposites in the PEOLS series. The curves have been shifted vertically for clarity.

Raman Spectroscopy can be utilized to probe polymer crystallinity, quantitatively, in the
nanohybrids by measuring each sample both at ambient temperature and in the melt. In
order to calculate the crystallinity of the nanocomposites it was important to identify two
well-defined bands in the Raman spectrum, which can be attributed to a certain vibration in
the crystalline and in the amorphous phase respectively. In the current work, the
wavenumber regime between 750-900 cm-1, which corresponds to CH2 rocking vibration
region, was utilized for the estimation of crystallinity; utilization of other regions were also
examined with less than 3% deviation in the calculated degree of crystallinity.
The crystallinity values were obtained from the integrated intensity of all crystalline
vibrations (Ic) and of their correspondent amorphous vibrations (Ia) as Xc = [Ic/(Ic + Ia)]. The
results are shown in Figure 3.47 along with the respective results from DSC and XRD. The
results are in very good agreement with the crystallinity obtained by DSC and XRD,
considering the fact that these 3 techniques are completely different and each examines the
crystallinity from a different perspective.
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Figure 3.47: Degree of crystallinity as a function of PEO content obtained from the analysis of
X-ray diffraction (squares), differential scanning calorimetry (circles) and Raman
Spectroscopy (triangles) for the PEO-LS nanohybrids.

A study complementary to the one shown above at ambient temperature, was
performed for different temperatures below and above the Tm, as well. By increasing the
temperature above Tm, the sharp crystalline peaks lose intensity and acquire some
background until finally, above Tm, they are lost and they are substituted by broad peaks
corresponding to the ones of the amorphous melt material.
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Figure 3.48: Raman Spectra of pure PEO for four different temperatures. In the caption the
region between 700 and 1000cm -1 is shown enlarged
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Figure 3.48 shows Raman spectra of the pure polymer for different temperatures. The
crystallinity can be calculated for each of these curves so that its dependence on
temperature is estimated. The same regime corresponding to the CH2 rocking vibration was
utilized.
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Figure 3.49: Temperature dependence of the degree of crystallinity measured by Raman
Spectroscopy for pure polymer (top) and 47%PEO-53%LS (vol) nanohybrid. In each case
the corresponding DSC measurement (shifted) is shown for comparison

Figure 3.49 shows the degree of crystallinity as a function of temperature for pure PEO,
that exhibits a single melting transition, and for the nanocomposite with 47% polymer that
exhibits two melting transitions (see Figure 3.45). The corresponding DSC melting curve is
shown for comparison in each graph (the y axis for the DSC curve does not correspond to
crystallinity or heat flow since it was multiplied by a random number in order to be
comparable with the degree of crystallinity in each graph). What is interesting is that in
both cases the degree of crystallinity follows a similar trend with the measured heat
capacity; for the pure polymer shows one ‘step’ in its reduction in the melt region while for
the nanocomposite it consists of two ‘steps’. This confirms the results of the DSC studies;
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the existence of two different polymer populations that can be attributed to PEO in close
proximity to silica surfaces and PEO in the bulk crystallizing and melting in a different way. It
is noted that the thermodynamic stability of the samples was verified prior each
measurements. In the selected temperatures the sample was left for up to 3 hours acquiring
data every half hour to account for any differences in the Raman spectra. No differences
were found and thus the kinetic factor was removed from the crystallinity measurements.
An ATR-FTIR investigation, complementary to the Raman, was conducted and another
interesting phenomenon was observed. Figure 3.50 (a) shows the IR spectra of pure polymer
in the region between 1300 and 1400 cm-1. The sharp peaks at 1342 cm-1 and 1360 cm-1
correspond to crystalline PEO and are attributed to the CH2 wagging antisymmetric and
symmetric vibrations respectively (Table 3.2). When the temperature is increased above the
melting temperature, these peaks disappear and are substituted by one broad at 1352 cm -1
attributed to the respective vibration of the melt.47
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Figure 3.50: ATR-FTIR spectra of a) pure PEO (left) and b) 43.5% PEO hybrid (right) at
different temperatures both above and below the T m in the CH2 wagging vibration
region

Α similar behavior of the ATR-FTIR spectra as a function of temperature was obtained for
a nanohybrid with 86%vol PEO that was studied; it is reminded that this nanohybrid shows a
single melting transition in the DSC measurements . For the nanocomposite with 43.5%vol
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PEO, however, this is not the case. The two melting transitions seen by the DSC create a
temperature range in which the one kind of crystals, close to the inorganic surfaces, has
melted whereas the crystals away of the surface still exist. This behavior is reflected in the
ATR-FTIR measurements shown in Figure 3.50 (b). Below 38oC the usual crystalline behavior
and the double peak at 1342 cm-1 and 1360 cm-1 can be clearly observed. Above 40 oC, after
the first DSC Tm is surpassed, both the crystalline (peaks at 1342 and 1360 cm-1) and the
melt bands (peak at 1352 cm-1) are observed in the IR spectra. It is only for the highest
temperatures, above even the bulk polymer Tm, that the usual melt behavior is recovered
and that one single broad band at 1352cm-1 is observed. It is noted that the equilibrium of
the samples before each measurement was verified in this case as well following the same
procedure that was described above. This proves that in our nanohybrids the polymer
crystallizing under confinement creates smaller lamellae, since it has no space to fold
properly, which crystallize and melt in lower temperature than the bulk polymer, as
suggested in our DSC investigation of the system.

3.4 E FFECT

OF

C ON FINEMENT , E FFECT

OF

G EOMETRY :

A

C OMPARISON

S TUDY
In a previous work of our group the effect of confinement of PEO in layered silicate
nanocomposites was explored. Layered silicates have a linear geometry since they are
comprised of stacks of 1 nm thick layers (or platelets) of dimensions up to μm, with a
regular gap in between (interlayer or gallery). If the conditions are favorable, the polymer
can enter the galleries and thus be confined to a ~1nm between two silicate layers (Figure
3.51).

Figure 3.51: Intercalated structure of polymer/layered
silicate nanocomposite

Figure 3.52 shows the DSC results of the PEO-Na+MMT hybrids,
where a melting curve is present only for polymer concentrations
70 wt% and higher. The absence of melting curves in the
nanocomposites with lower PEO content indicates that the
intercalated polymer as well as the chains that are adsorbed to
the outer inorganic surfaces are amorphous; it is only the excess
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polymer outside the completely filled galleries and away from the walls of the inorganic
particles (in the hybrids with high concentration) that is able to crystallize.
+
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Figure 3.52: DSC melting curves of PEO/Na+-MMT hybrid materials at a heating rate of
10oC/min. The curves have been shifted vertically for clarity.

While, the structures of adsorbed polymer layers on planar surfaces has been
examined10,12,48, the effect of curvature on the adsorbed layer is not yet fully understood. 21
The study of the crystalline behavior of PEO when confined between flat sheets in a space of
1nm showed that the polymer cannot crystallize under these conditions. 1nm is an
extremely confining environment for the chains to fold in order to be able to crystallize. The
important question is what would happen to PEO when confined in an environment of
varying confinement, which cannot be answered by the polymer/layered silicates system
since the height of the galleries is defined by the specific polymer / surface interactions. The
advantage of the polymer / nanoparticles hybrid system is that the confining length could be
controlled by changing either the size and / or the concentration of the nanoparticles within
the polymer matrix.
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The polymer-nanoparticles system is a complex one, since there are many parameters
that play an important role in the polymer’s behavior:


The Φ of the polymer



the inorganic surface area that interacts with the chains in the sample



the distance between two neighboring surfaces



the curvature of those surfaces

By keeping constant one parameter at the time we will try to elucidate the effect that silica
nanoparticles have on PEO chains.
3.4.1.1 C O MP A R I SO N

Α Τ T H E S A ME

Φ

DSC measurements were the most enlightening of all the measurements performed with
the different techniques used since further than the calculation of the polymer crystallinity,
they showed a different crystalline behavior when using the three different sizes of
nanoparticles as fillers for the PEO. Figure 3.53 shows all the melting endotherms, as
measured by DSC, for the three series of nanohybrids in all compositions, in order to be able
to examine more closely their similarities and differences.
By examining the DSC measurements of all the series of nanoparticles and by finding the
differences between them a lot of information can be obtained. The first parameter
analyzed was the melting temperature. Just by looking at the curves it can be deduced that
for all three types of nanohybrids and for low silica loadings there is a new peak appearing
at higher temperatures than the Tm of the bulk, while for high silica loadings a new peak is
clear in lower temperatures than the Tm of the bulk. Figure 3.54 shows these melting
temperatures for the three series of nanohybrids, acquired after the deconvolution of the
double melting curves.
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Figure 3.53: DSC melting endotherms for all series of nanoparticles in all concentrations.

Pure polymer has a Tm~67oC. A small addition of nanoparticles with r=7nm (LS) leads to
the formation of a second melting peak, seen as a shoulder of the main peak, around 75 oC.
This peak is present, and roughly constant at 75oC until Φpeo~90% vol and then it vanishes
leaving only the ‘bulk’ melting peak at 67oC. When we add larger nanoparticles (r~18.5nm),
the effect is more intense; the second melting peak is present with Tm decreasing with
nanoparticle content until Φpeo~80% vol where it disappears. The effect is more dramatic in
the case of nanohybrids with ZL nanoparticles of r~67nm, where the peak can be seen
separately from the ‘bulk’ melting peak. The melting temperature is maximum for the
nanohybrid with 98%PEO and then decreases, until Φpeo~65% vol, where it disappears.
Earlier in this chapter we attributed this second population that crystallizes and melts
separately than the bulk, to the insertion of surfaces in the matrix24,38,39,49, since no
confinement effects can be realized in such low silica loadings. The silica surfaces inserted in
the matrix act as nucleating agents enhancing the crystallization process, leading to more
‘perfect’ crystals with larger lamellae (because they melt in higher temperatures). It is
interesting however, to answer why the addition of small amounts of silica, affects the
lamellae creation and therefore the whole crystallization process and why the effect is more
severe when we add large nanoparticles. The three different types of nanoparticles used
have neither the same surface area nor the same curvature, therefore comparison of the
nanohybrids under a common measure of the surface area should be insightful.
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The behavior of the ‘bulk’ melting (seen in Figure 3.54 with square symbols) remains
roughly the same with Tm~ 67oC, until Φpeo~65%. Below this composition the melting peak
starts to gradually shift towards lower temperatures, with the shift being larger in
nanohybrids with smaller nanoparticles. At the same time a second melting peak in lower
temperatures appears, with the peak getting larger and more shifted towards lower Τm, as
we add more and more nanoparticles. This effect is not present in the ZL nanohybrids and
while it appears in the AS40 nanohybrids it is more prominent in the LS nanohybrids, with
the area under the melting peak becoming larger and larger until it completely substitutes
the original melting peak for very high silica loadings. This behavior can be attributed to
polymer chains crystallizing under confinement. However at the same composition the
different nanoparticles create different confining lengths and therefore the comparison of
the three series of nanohybrids in the same confining length is necessary.
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Figure 3.54: Melting temperatures acquired after deconvolution of the DSC curves as a
function of PEO content

Another important parameter that can be extracted from the DSC measurements is the
degree of crystallinity. Figure 3.55 shows the degree of crystallinity of all the samples for the
three different series of nanohybrids along with the crystallinities found in the PEO-Na+MMT
system for comparison.
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Figure 3.55: Total crystallinity calculated by DSC measurements as a function of PEO content
for the three series of hybrids containing nanoparticles. The results on PEO / Na +-MMT
nanohybrids are included for comparison

Comparing the crystallinity of all four systems as a function of PEO content, reveals
different behaviors between the nanoparticle and the clay nanohybrids. The clay
nanohybrids have a nearly constant degree of crystallinity, which abruptly drops to zero at
around 85%vol PEO content. Nanohybrids that contain nanoparticles exhibit a different
behavior, where a gradual drop in crystallinity occurs after a certain point. The smaller the
nanoparticles the earlier this drop begins (in higher PEO contents) and the steeper the slope
is. For example for nanoparticles with radius comparable or smaller than the PEO coil (AS40
and LS respectively), the drop starts when we reach ~60% PEO content, while for the
nanoparticles with radius larger than the PEO coil (ZL) the drop starts at lower polymer
contents (~50%). Additionally the drop of crystallinity is more abrupt for the small
nanoparticle nanohybrids. This range of compositions that crystallinity decreases is the
same with the range that the second melting peak, attributed to confinement, appears.
Therefore confinement is believed to be the defining factor for the loss of crystallinity in all
systems, including the clay system. Confinement is severe for the polymer that resides in the
clay galleries and the chains cannot crystallize, therefore crystallinity drops to zero in the
composition that all chains reside within the galleries, or are adsorbed in the outside
surfaces of the clay particles. From the three different nanoparticle additives, the smaller
nanoparticles create a more severe confinement at the same PEO content and therefore the
drop in crystallinity is more abrupt than the other two nanohybrid cases.
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The results acquired so far indicate the need to:
 Investigate the overall new behavior that arises from the confinement of the chains.
More specifically the chain conformations and the dynamic response of the polymer
under confinement will be examined through IR and Raman Spectroscopy and
Dielectric Relaxation Spectroscopy respectively.
 Find a way to confine the polymer even more using nanoparticles in order to fill in the
gap between the behavior of nanohybrids with nanoparticles and clay respectively.
This will be done using mixtures of small and large nanoparticles as fillers for the
polymeric matrix.
3.4.1.2 C O MP A R I SO N

A T T H E S A M E CO N FI N I N G L EN GT H

Since this work’s aim is to understand the behavior of polymers under confinement the
best way to directly compare the three different series of nanohybrids is if we compare
them at the same degree of confinement. In literature50,51 the key parameter for the
confining behavior is id/2Rg, where id is the interparticle distance and Rg is the radius of
gyration of the polymer, which shows roughly if one polymer chain in its coil can fit between
two neighboring nanoparticles. Thus, comparing Tm and crystallinity in nanocomposites as a
function of the reduced variable id/2Rg should be insightful.
In our work the Rg value of the polymer was calculated through the hydrodynamic radius
(Rh). The Rh of the polymer was measured through Dynamic Light Scattering and was found
to be Rh~12nm which corresponds to an Rg~15.2nm using Rg=1.27Rh. In our case, since the
same polymer has been utilized for all the different samples, dividing the interparticle
distance with Rg is not of particular importance.
The calculation of the interparticle distance was performed using the FCC lattice
approximation, which has 𝜑𝑚𝑎𝑥 = 0.74 maximum volume coverage, assuming that there is
no aggregation52:
1

𝜑𝑚𝑎𝑥 3
𝑖𝑑 = 𝑑 ((
) − 1)(3.4)
𝜑𝑛𝑝
where id is the interparticle distance, d is the diameter of the nanoparticle and 𝜑𝑛𝑝 is the
volume fraction of the nanoparticles. Figure 3.56 shows the results of the calculations for
the three different sizes of nanoparticles used.
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Figure 3.56: Interparticle distance as a function of nanoparticle loading, for the three
different sizes of nanoparticles used.

After the calculation of the interparticle distance the crystallinity values of all three series
of nanohybrids can be seen in Figure 3.57 as a function of the interparticle distance. While
crystallinity seemed to drop faster for the small nanoparticles, as a function of PEO content,
when we compare the crystallinity as a function of the interparticle distance, crystallinity
drops faster for the large nanoparticles. Therefore, at the same interparticle distance the
nanohybrids with the small nanoparticles exhibit higher crystallinity than the ones with the
larger nanoparticles. This suggests that the nanoparticle’s curvature plays an important role
in the behavior of the polymer chains. Theoretical models, analyzed earlier in this chapter,20
suggested that nanoparticles with a radius much larger than the PEO coil (Rg), have nearly all
the polymer chains in the self-similar region, adsorbed on the surface unable to crystallize,
while nanoparticles with radius smaller than the coil of the chains tend to adsorb a small
portion of the chain with the rest being flexible in the mushroom area, able to crystallize.
Our results support this model, since PEO chains appear to be more amorphous when they
are adsorbed to large nanoparticles with small curvature rather than in small nanoparticles
with large curvature, when they are compared at the same confining length.
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Figure 3.57: Crystallinity as a function of id/2Rg distance for the three series of nanohybrids

3.4.1.3 C O MP A R I SO N

A T T H E S A M E SU R FA C E AR E A

Besides the confining length another important parameter that can affect crystallization
is the surface area of inorganic walls that interact with the polymer within the nanohybrids.
We suggested earlier (Chapter 3.3.1) that the second melting appearing in higher
temperatures when adding a small amount of nanoparticles, is due to interfacial effects.
Moreover the amount of the adsorbed polymer on the inorganic surfaces plays an
important role in the loss of crystallinity, since it remains amorphous. Therefore it is crucial
to find a common measure of the “amount” of interfaces so that all the nanohydrids can be
compared accordingly.
The surface area, E, of silica in the matrix was calculated by simple geometric
considerations using the surface area of each sphere and the silica content in each sample.
By dividing the surface area of the inorganic walls with the sample’s volume we get the
inorganic surfaces in each sample. Another interesting view is when E is divided by the
volume of the polymer, which can be understood as something that can be inversely
proportional to roughly how much polymer is around a particle. Figure 3.58 shows,
indicatively, the calculation of E/VPEO as a function of PEO content. As it was expected the
smaller the nanoparticle the larger the E/V. In order to compare the three series of
nanohybrids in the same E/V we need to compare samples of completely different Φ.
Figures 3.59 and 3.60 show the crystallinity of all the nanohybrids as a function of E/Vall and
E/Vpeo.
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Figure 3.58: Silica surface area divided by PEO volume (E/Vpeo) as a function of PEO content
for the three different additives
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Figure 3.59: Degree of crystallinity of all samples as a function of E/V all
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Figure 3.60: Degree of crystallinity of all samples as a function of E/V PEO

From the above figures it can be deduced that crystallinity is not affected by the addition
of inorganic surfaces up to a certain point. Depending on the additive the threshold under
which crystallinity starts to decrease, changes. First, crystallinity starts dropping for the clay
system, then for the large nanoparticles (ZL) system, followed by the AS40 system and
crystallinity starts dropping last at the system containing the smaller nanoparticles (LS).
Therefore at the same E/V the LS nanohybrids have larger crystallinity than all the other
hybrids. The reason of the different behavior of the three nanohybrid series when
compared at the same surface area of silica, which has the same interactions with PEO, can
be the curvature of the surface. Once again our data reveal the intense effect that the
curvature of the surface has on the way the polymer chains act. At small curvatures (large
nanoparticles), a polymer chain can get fully adsorbed on the surface unable to crystallize,
while at large curvatures (small nanoparticles) a chain can get only partially adsorbed which
means that it remains more mobile and thus it is able to crystallize.
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Figure 3.61: Melting temperatures acquired after deconvolution of the DSC curves as a
function of E/V PEO

Figure 3.61 shows the melting temperatures as a function of E/VPEO. With the addition of
small amounts of silica there is another Tm towards higher temperatures. This behavior was
seen in a larger range of compositions for the PEO-ZL series compared to the other two
series of nanohybrids. In Figure 3.61, it can be clearly seen that the reason behind this is the
different surface area that the different sizes of nanoparticles provide. For the smaller
nanoparticles even 1% vol SiO2 addition, leads to a huge amount of inserted surfaces
compared to the large nanoparticles which need roughly 10 times more nanoparticles to
reach the same surface area. The Tm seems to decrease weakly with the addition of more
nanoparticles in all cases and disappears roughly around the same E/VPEO (5x107-7x107m-1).
Comparing all three series of nanohybrids in the same E/VPEO it can be said there is no
significant effect of curvature on the melting temperature since all three melting curves (the
interfacial, the bulk and the confined) fall on top of each other regardless of the size of the
additive. The amount of inorganic surface area in the sample seems to be the main reason
for all the changes of Tm.
Summarizing it can be said that:


The physics behind the phenomena dictates that it is not only the inorganic
surface area and the degree of confinement that affect the crystallinity but also
the curvature of the nanoparticle. Indeed, the addition of large nanoparticles in
the polymer matrix has a larger effect on the crystallinity, which was revealed
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when comparing the crystallinity of the nanohybrids at the same interparticle
distance and at the same E/V.


The melting temperatures of the interfacial, bulk and confined chains seem to
remain unaffected by the size of the additive. It seems that the defining factor in
the melting temperature is the amount of inorganic surface areas present in the
nanocomposite.

The above conclusions led our research to exploit the large confining ability of the small
nanoparticles along with the small curvature of the large nanoparticles by developing
nanohybrids with two different kinds of nanoparticles. In Chapter 5 we will present our
work on three component hybrids that consist of PEO, ZL (R=67nm) nanoparticles and LS
(R=7nm) nanoparticles with varying contents.

Page | 122

Chapter 3: PEO confined between SiO2 nanoparticles

3.5 S TUDY

ON THE CHAIN CONFORMATI ON

IN PEO/S I O 2 N ANO HYBRIDS

Although XRD and DSC are widely used to give a quantitative measure of the polymer
crystallinity, their capability lies in distinguishing the crystalline from the amorphous phase.
Vibrational spectroscopy, like Raman and Infrared, has been utilized to probe the
conformational state of polymer chains. In the following, Raman and IR are utilized to
investigate the chain conformation of the polymer confined between the silica nanoparticles
in comparison to that of the pure polymer. Since the PEO-LS series of nanoparticles
exhibited the most interesting behavior it was used for this conformational investigation in
cases where either there was a low content of nanoparticles within the polymer matrix or
when there was a high nanoparticle concentration and the polymer chains were severely
confined between the 7 nm radius nanoparticles.
The conformational states of pure PEO in the crystalline as well as in the
amorphous phase have been well investigated in the past. Table 3.7 shows
the assignment of the IR and Raman peaks to specific bonds and
conformations for PEO homopolymer in the melt state. The repeat unit of
poly(ethylene oxide) consists of three linkages along the backbone : O-C, CC, and C-O bonds. Previous studies have shown, for crystalline PEO, a transgauche-trans (tgt) conformation around the successive O-C-C-O bonds.47,53–
55

For PEO in the molten amorphous state most of the O-C-C-O bonds are

found in the trans-gauche-trans conformation (with different angles and at
different wavenumbers due to loss of helicity of the crystalline state)
although bands due to the trans-trans-trans conformation are also
observed.43,44

Figure 3.62:

PEO chain conformation when crystallized in a 7 2 helical model
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Table 3.7. Assignment of the IR and Raman bands for PEO in the melt
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Figure 3.63: Raman spectra of pure PEO and of two nanocomposites at 90 oC in the CH2
rocking vibration region

Figure 3.63 shows the Raman spectra of pure PEO and of two nanocomposites at 90 oC,
above the Tm of the polymer, in the CH2 rocking vibration region (750-950 cm-1). It is clear
that the Raman spectra of pure polymer and of the nanocomposites in the melt state don’t
exhibit significant differences. The measurements are further analyzed using Gaussian
functions to fit the peaks (Figure 3.64). The four peaks in this region, 800, 835, 885 and 919
cm-1 are assigned to the ttt, tgt, tgg and ggg conformations of the O-C-C-O bonds
respectively.42–46
o
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Figure 3.64: Deconvolution of the Raman spectra of pure PEO at 90 oC. The solid lines denote
the individual Gaussian peaks as well as the total fit.
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Following the deconvolution of the peaks in this region (Figure 3.64), the ratio of the
Igauche / Itotal for the carbon-carbon bond was calculated, where Igauche is the area under the
835, 885 and 919 cm-1 bands and Itotal is the area under the 800, 835, 885 and 919 cm-1
bands. The results of the Igauche/Itotal are shown in Figure 3.65. The analysis confirms what
was demonstrated in the raw data; that there are no significant changes in the chain
conformations of the pure PEO compared to the conformations of the nanocomposites. All
samples have a ratio of Igauche/Itotal ~0.6 regardless of the polymer content or the
temperature.
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Figure 3.65: Temperature dependence of the intensity ratios (I tgt+Itgg+Iggg)/
(Ittt+Itgt+I tgg+Iggg) (gauche/total)

An ATR-FTIR investigation, complementary to the Raman one, was conducted and the
chain conformations of the pure polymer as compared to those of the nanocomposites
were probed by IR spectroscopy at different temperatures. Figure 3.66a shows the ATR
spectra of pure PEO and of hybrids with different polymer volume fraction (Figure 3.66b,c,d
indicatively) measured at temperatures above the Tm of the polymer, in the spectral region
where CH2 bending, wagging, and twisting modes appear. All assignments attribute the
bands at 1285 and 1325 cm-1 generally to trans conformations of the C-O and C-C bonds,
respectively, while the bands at 1300 and 1350 cm-1 are assigned basically to the respective
gauche conformations.42–46 Pure polymer and the sample with 86%vol PEO exhibit similar
behavior, which was expected since they exhibited similar behavior with all the other
techniques examined. This is not the case when we compare the spectra of pure polymer
with hybrids that showed confinement effects.

Page | 126

Chapter 3: PEO confined between SiO2 nanoparticles

(a)

100% PEO

Intensity (a.u.)

C-C
C-C
trans gauche
86% PEO (vol)

(b)

43.5% PEO (vol)

(c)

31% PEO (Vol)

(d)

T=120 oC
T=110 oC
T=100 oC
T=90 oC
T=80 oC
T=70 oC

1200 1220 1240 1260 1280 1300 1320 1340 1360 1380

-1
Wavenumber (cm )
Figure 3.66: ATR-FTIR spectra of pure PEO (a) and hybrids with 86, 43.5 and 31 vol%PEO (b, c,
d) at various temperatures above the PEO melting transition
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Even based on the raw data, the spectra of the hybrids with 43.5%vol PEO and 31%vol
PEO (Figure 3.66c,d) show important differences compared to those of neat PEO especially
in the 1315-1375 cm-1 spectral region: PEO chains residing between silica nanoparticles
seem to preferably adopt gauche conformations since the peak at 1325cm -1 decreases in
intensity. In these nanocomposites the region of the C-O bond absorption between 12701310cm-1, is strongly affected by the SiO2 absorption and that is why, no analysis will be
performed for it. The region of the C-C bond, however, does not overlap with any SiO2
bands and thus the conformations of the PEO chains in the nanocomposites were derived
from this region.
Fittings of the infrared spectra of pure PEO and the nanohybrids were performed utilizing
a number of Gaussian functions and the ratio of the integrated intensities of the peaks
attributed to trans and gauche conformations was calculated. Figure 3.67 shows the result
of the fitting for PEO at 90 oC. Six to seven main bands have been utilized to successfully
represent the data whereas bands to fit the ends of the curves have been used when
necessary. It is noted that in all cases a baseline subtraction as well as an ATR correction
have been applied before the fitting procedure. From the analysis, the ratio of the
Igauche/Itotal, for the C-C bond, can be calculated to provide information about the effect of
the silica surfaces on the conformations of the PEO chains.

o

PEO 100%
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Figure 3.67: Deconvolution of the ATR-FTIR spectra of pure polymer at 90 oC. The lines denote
the individual Gaussian peaks as well as the total fit.

Figure 3.68 shows the ratios of the integrated intensities of I1350/(I1325 + I1350) i.e., the
ratio of Igauche/Itotal, for the C-C bond of pure PEO, 98.5%vol PEO, 94%vol PEO, 86%vol PEO,
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69%vol PEO, 43.5%vol PEO and 31%vol PEO. Pure polymer shows a slight favor for the
gauche conformation of the C-C bond. The hybrids with high polymer content (98.5%vol
PEO, 94%vol PEO and 86% PEO) show no effect of the silica surfaces on the PEO chain
conformation, with the Igauche/Itotal being ~0.55, the same as for pure polymer. For the hybrid
with 69%vol PEO however, an increase in the gauche conformation is observed
(Igauche/Itotal~0.65). This hybrid is of the first samples that exhibit confinement effects. Upon
further addition of nanoparticles and further confinement of the chains, (43.5% and 31%
polymer hybrids) the increase of the gauche population observed is much larger, with the
Igauche/Itotal being ~0.75 and ~0.8 respectively. In a previous work,12 that PEO was confined
between the layers of hydrophilic Na+-MMT, the chains were found to exhibit an even
stronger increase ( Igauche/Itotal being ~0.9) of the gauche conformations. The energy of the
gauche state is much lower than that of the trans state, leading nearly all C-C bonds to be in
the gauche state. However in our system the confinement is not so severe, as in the clay
nanocomposites, and thus a smaller increase of the gauche state is observed. It must be
noted that there is no temperature effect in the chain conformations in the temperature
region that was studied.
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Figure 3.68: Temperature dependence of the intensity ratios (I 1350)/ (I1325+I1350) (gauche/total)
derived by the analysis of the ATR-FTIR measurements

Using the Arrhenius equation the energy difference between the gauche and the trans
states, ΔG=Ggauche-Gtrans can be derived by ploting the ln(Igauche/Itrans) as a function of 1/T. The
calculation shows that for the C-C bond the energy of the gauche state in the pure polymer
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as well as in the nanocomposite with 86% vol PEO, is about 0.1 kcal/mol lower than the
respective of the trans state. The low energy difference justifies the similar number in the
population of the two conformations. When the energy difference increases, in
nanocomposites with 43.5% and 31%vol PEO where the difference is around 0.8 and 1.1
kcal/mol respectively, the gauche population is favored as a C-C bond conformation. The
energy difference between the gauche and the trans states found in the clay system was
larger than the one observed in the nanoparticles system (~2 kcal/mol lower for the gauche
conformation). This explains the finding that almost all C-C bonds were in the gauche state
in the clay nanocomposites, where the polymer chains were severely confined. Thus, the
higher the energy difference of the two states, the larger the population of the gauche
population of the C-C bond.
simulation
simulation - OH
experiment

wgauche/wgauche,bulk

1.6

1.4

1.2

1.0
10-2

10-1

100

101

id/Rg
Figure 3.69: Normalized percentage of gauche OCCO angles as a function of the degree of
confinement, quantified through the ratio id/Rg for the different systems studied here
by both experiments and simulations.

Molecular dynamics were also employed, along with the experimental results discussed
above, in a combined approach to investigate the effect of confinement on polymer chain
conformations.56 Simulations provided information for nanocomposites with oligomers up
to medium molecular weight of PEO chains under a rather broad range of degrees of
confinement. Molecular dynamics exhibited qualitatively similar behavior with the one seen
from experiments since in both cases an increase of gauche population for the OCCO angle
is attained, in comparison to the respective of the bulk. The increase becomes larger as the
degree of confinement becomes higher.
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In order to bring all the nanohybrids systems, comprised of polymers of different
molecular weight as well as of nanoparticles of different sizes together, a critical parameter
expressing the confining length of all systems should be defined. Ηere, we have used the
average nearest inter-particle distance divided with the (unperturbed) chain radius of
gyration, id/Rg.50,57

Figure 3.69 shows a comparative plot with the results of the

calculations, measurements and analysis expressed as the ratio of the fraction of the gauche
population with respect to the corresponding bulk as a function of the ratio id/R g, for all
systems studied through experiments and simulations at 400K. For completeness, and in
order to check the effect of different end groups of PEO chains, simulations from a model
system, where PEO chains are terminated with –OH groups are included as well.
Figure 3.69 demonstrates that indeed confinement is a crucial parameter for the
conformational behavior of polymer chains close to the nanoparticle and the stronger the
confinement the larger the change in the conformations. Moreover, a confinement more
severe than the chain dimensions is necessary in order to clearly observe this change.
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3.6 P OLYMER D YNAMICS : E FFECT

OF

C ONFIN EMENT

The investigation of polymer dynamics is a continuous and intriguing scientific problem
through the years since it influences the structure-property relationship due to the
complexity it exhibits over many length- and time-scales.58 Polymer dynamics includes
vibrational motions, rotations of side groups, the segmental α-process as well as the overall
chain dynamics thus covering a very broad temporal regime of more than ten decades from
the pico-second (ps) to the second (s) regime. This necessitates the use of different
experimental techniques with complementary spatial and temporal capabilities, like for
example light and neutron scattering and /or dielectric relaxation spectroscopy. Quasielastic
neutron scattering has been utilized to investigate methyl group rotation in various linear
polymers59,60 whereas dielectric spectroscopy has probed the hydroxyl group motion usually
noted as γ-relaxation61 and the reorientation of the ester groups mentioned as β-relaxation,
below the polymer glass transition temperature62. All of these processes, hold an Arrhenius
temperature dependence 𝜏 = 𝜏0 exp[𝐸 ⁄𝑅𝑇] (3.5). Above the polymer glass transition
temperature, Tg, the macromolecules exhibit the segmental dynamics or alpha (α-)
relaxation process, due to the motion of the amorphous portions (a few tens-hundreds
segments) of the chains. Characteristic features of this process are the non-exponentiality
of the respective relaxation function and the non-Arrhenius temperature dependence of its
relaxation rate when approaching the Tg which is empirically described by the VogelFulcher-Tamman expression: 𝜏 ∝ exp[𝐴⁄(𝑇 − 𝑇0 )](3.6). 58
Further than the investigation of the dynamics of polymers in the bulk, a subject of great
interest during the last years is the study of their static and dynamic behavior close to
interfaces and/or in very thin films since significant differences can appear when the
molecules are confined in distances comparable to their sizes.63 The equivalence in the
behavior between polymer nanocomposites and thin polymer films has been quantitatively
verified for silica/polystyrene nanocomposites64 and studies of the effect of confinement on
the glass transition temperature and polymer dynamics have been extended to polymer
nanocomposites27,65–69.
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3.6.1 S T U DY

O N P L AN AR G E O M E T RY W I T H SE V E R E CO N F I N E M EN T :

PEO/L A YE R ED

SI LI C AT E S N A N O CO M P O S I T ES

The effect of severe confinement on the dynamics of PEO was investigated in the past by
our group in a system of poly(ethylene oxide)/montmorillonite (PEO/MMT) intercalates
through Dielectric Relaxation Spectroscopy.70–72 In that work, confinement resulted in a new
accelerated PEO segmental process that displayed Arrhenius temperature dependence with
very low activation energy, whereas the local β-process remains unaffected. The polymer
confined within the galleries exhibited a different behavior than the bulk. The main finding
on the effect of confinement on polymer mobility was the appearance of a dielectric process,
intermediate between the α- and β-processes, which exhibits Arrhenius temperature
dependence. For low PEO content, the PEO chains are intercalated within the galleries and
the single α'-process reflects the accelerated segmental dynamics. For high PEO content
(above 50wt%), a fraction of the PEO chains are intercalated and exhibit the new segmental
’ mode whereas the remaining chains reside outside the filled galleries and move
according to the bulk PEO  process. The coexisting α- and α'-processes originate from the
unconfined and confined amorphous PEO segments, respectively (PEO segments lying in the
vicinity of the outer clay surface may also contribute to the α'-process).
The necessity for controlling the confining length in order to study the full effect of
confinement in PEO’s chains led the investigation to the system of PEO/SiO 2 nanoparticles,
where by controlling the size and content of the nanoparticles in the polymer matrix the
confining length can be controlled.
3.6.2 S T U DY

ON

SP H ER I C AL

GE O M E T R Y

WITH

A LT E RN A T I N G

C O N FI N E M EN T :

PEO/S I O 2 N AN O P AR T I C L ES N AN O CO MP O SI T E S
PEO when mixed with SiO2 nanoparticles showed a very interesting crystalline behavior,
different than that of the bulk. The growing confinement forces the chains to crystallize in a
different way than the bulk due to lack of space; chains are however able to crystallize since
the confining length is not as high as in the PEO/Na +MMT nanocomposites where there was
not enough space for the polymer chains to crystallize. This change in the crystalline
behavior, as well as the subsequent change in the chain conformations, makes us wonder
whether the dynamics (local or segmental) are affected by confinement. In the polymernanoparticles system the dynamic response of the chains was investigated in the PEO-LS
series of nanohybrids since this series showed the most interesting confinement effects.
Pure PEO and pure silica nanoparticles (dried) were the first samples that were measured.
Then the hybrid with 86vol% PEO-14%LS was examined to study a nanocomposite which
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usually shows a similar behavior as the bulk. Finally, the hybrids with PEO content 47vol%,
43vol%, 31vol% were examined in order to study nanocomposites with confined polymer
chains. It needs to be stated that the polymer crystallinity is a hindering factor in this
investigation since the polymer chains that have crystallized do not contribute to the
dynamic response, since they do not move, and add interfaces in the polymer matrix.
3.6.2.1 DRS M E A SU R E ME N T S

O F I N I T I AL

C O MP O N EN T S

Dielectric spectroscopy measures the dielectric properties of a medium as a function of
frequency. It is based on the interaction of an external field with the electric dipole moment
of the sample and the determined quantity is the complex dielectric permittivity:
ε* (ω) = ε΄ (ω) – iε΄΄ (ω) (3.7)
where ε΄ represents the real part and ε΄΄ the imaginary part or the energy loss part, ω = 2πν
and ν the measured frequencies.
Dynamics in PEO were probed by Dielectric Relaxation Spectroscopy in a wide range of
frequencies and temperatures, both above and below the glass transition temperature. It is
known that bulk PEO chains undergo two basic relaxation processes: segmental (α-)
relaxation and secondary (β-) relaxation. An ambiguous intermediate process is also found
in literature and is usually attributed either to the presence of water or to the segmental
motion of amorphous chains perturbed by being tethered to crystallites. 73–76
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Figure 3.70 shows the imaginary and the real part of the complex permittivity in the low
temperature range, for the bulk polymer, the frequency dependence of which, for the
investigated temperature range, reveals one relaxation process. A very broad peak, covering
almost six-seven orders of magnitude in frequency, is observed which shifts at higher
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frequencies as temperature increases. This sub-Tg relaxation process, can be attributed to
the motion of hydroxyl groups the so called β-process according to the literature.
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Figure 3.71 shows the imaginary and real part of the dielectric permittivity as a function
of frequency for different temperatures in the intermediate temperature range. In this
range we can see the β- process moving out of the frequency window in the right side, and
the α- relaxation process appearing at temperatures around the glass transition (-67oC), in
the left side of the low frequency regime; a weak third process (a’) exists at intermediate
frequencies, as well. The α- and β-relaxations are very broad processes, with the βexhibiting higher relaxation strength. The intermediate process is weaker, with narrower
distribution and weaker relaxation strength. The origin of the intermediate process has
troubled both researchers in the literature and our group in this investigation. An attempt to
eliminate this process was made by quenching the polymer prior to the dynamic
measurement and will be shown below. In the higher temperature range (Figure 3.72), the
α- process is observed along with the Maxwell-Wagner relaxation process, which is a
process caused by the spatial inhomogeneity of dc conductivity profile, for example in the
interfaces between the polymer and the silica.
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In order to elucidate the origin of the intermediate process a quenched PEO sample was
made and directly measured with DRS. The results of dielectric measurements are shown in
Figures 3.73 and 3.74 for the different temperature ranges. Figure 3.73a shows the
imaginary part of the dielectric relaxation of the quenched PEO in the low temperature
range. This region is dominated by the peak of the β-process, with the peak of the αprocess entering the window as we approach Tg. No evidence of intermediate process can
be found in this range of temperatures and in fact, in any other range; Figure 3.73b shows
the intermediate temperature range, in which the presence of the α’-process was clear in
the unquenched sample, but not in the quenched one. In the high temperature range the
α’-process is not visible in both samples. The imaginary part of the dielectric relaxation of
the quenched PEO in the high temperature range can be seen in Figure 3.74.
o

T=-70 C

o

o

T=-38 C

o

T=-41 C

T=-80 C

o

T=-90 C

o

T=-44 C

o

T=-100 C

o

0.04

o

T=-110 C

T=-47 C
o

o

T=-50 C

o

T=-53 C

T=-120 C

o

T=-130 C

o

T=-56 C
o

''

T=-60 C
o

''

T=-64 C

0.01

o

T=-70 C

0.02

(b)

(a)
-2

10

-1

10

0

1

10

10

2

10

3

10

Frequency (Hz)

Figure 3.73:

4

10

5

10

6

10

-2

10

-1

10

0

10

1

10

2

10

3

4

10

10

5

10

Frequency (Hz)

Imaginary part of the dielectric relaxation of quenched PEO as a function

of frequency, for the low (a) and intermediate (b) temperature range

Page | 136

6

10

Chapter 3: PEO confined between SiO2 nanoparticles

o

T=-2 C
o

T=-6 C

10

o

T=-10 C
o

T=-14 C
o

T=-18 C
o

T=-22 C

1

o

T=-26 C
o

T=-30 C
o

''

T=-34 C

0.1

0.01
-2

10

-1

10

0

10

1

10

2

10

3

10

4

10

5

10

6

10

Frequency (Hz)

Figure 3.74: Imaginary part of the dielectric relaxation of quenched PEO as a function
of frequency, for the high temperature range

The study of the polymer in the unquenched and quenched state has not lead to a
conclusion on whether the intermediate α’-process is due to the present of water or the
amorphous chains tethered to crystallites. The presence of the process in the unquenched
sample could be due to either the presence of water, which in the quenched sample was
eliminated, or to the higher degree of crystallinity that the unquenched sample exhibits.
Nevertheless, analysis of all the measurements show that the relaxation times for the  and
for the  relaxation processes are exactly the same in the quenched and the unquenched
sample and are independent of the presence or absence of the intermediate process. For
this reason and since this process is not present in the nanocomposites, we are not going to
discuss it any further.
For the quantitative comparison of the relaxation processes and their decay times
between the polymer in the bulk and under confinement in the nanohybrids, we performed
analysis of the measurements utilizing a linear superposition of the empirical Havriliak–
Negami (HN) function each one for every relaxation process. An additional ionic conductivity
contribution is added to the fitting formula at low-frequencies and high temperatures
accounted for by an ω-1 dependence. Equation 3.9 illustrates the form of a Havriliak Negami
function, described by an:
ε*(ω) = ε∞ + Δε/ [1+(iωτHN)α]β (3.8)
where τHN is the characteristic relaxation time, Δε = ε΄0 – ε΄ is the relaxation strength of
the process and α, β (0 < α, αβ ≤ 1) describe the symmetric and asymmetric broadening of
the distribution of relaxation times.
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Figure 3.75: Imaginary part of the dielectric permittivity, ε", for pure polymer after
quenching at T=-100oC below the T g (a), around T g T=-68oC (b), above (T=-47oC) and
well above (T=-26oC) the T g in (c) and (d) respectively. The processes needed for the
deconvolution of the spectra are shown with dashed lines, whereas the solid lines are
the summations of the processes (together with the conductivity at high temperatures).

Figure 3.75 demonstrates the representative analysis of the spectra for four
temperatures, below, at, slightly higher and much above the glass transition temperature, Tg,
for the quenched PEO. It is clear that in all cases, multiple relaxation processes are
necessary to obtain a good fit to the data. From the spectra at low temperatures the shape
and relaxation strength parameters are determined for the fast process. In the bulk, for the
β- process the β parameter is fixed at 0.55 whereas the α (0.35-0.6) and Δε (0.3-0.6)
parameters increase with increasing temperature. At higher temperatures, above Tg, the αprocess appears and its β parameter is fixed at 1.0, while α is determined around 0.2-0.45
and Δε is constantly decreasing from 0.2 to 0.05. At low frequencies and high temperatures
the addition of a contribution due to ionic conductivity is necessary as a line with a slope of
~1.
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Figure 3.76: Arrhenius relaxation map for the pure unquenched PEO (red) and the quenched
one (green). With the black line values represents the literature.13,70

Figure 3.76 shows the results of the analysis concerning the relaxation times in an
Arrhenius representation for both the quenched and unquenched sample. The β- process
follows an Arrhenius temperature dependence (Eq.3.5) and is in close agreement with the
values reported for PEO in literature (showed with a black line). Around the Tg of the
polymer, the segmental process appears, as a result of the relaxation of cooperatively
rearranging regions of some tens repeat units. The α- process appears to have very similar
relaxation times in the quenched and unquenched PEO and is also in very good agreement
with the values found in literature. The temperature dependence of this process appears to
conform to the VFT equation (Eq.3.6). For the unquenched sample the intermediate (α’)
process appears in times between those of the respective α- and β- processes.
The measurement of the dielectric permittivity of pure silica showed one process which
covers about four orders of magnitude and shifts at higher frequencies as temperature
increases. This process is attributed to water molecules in the outer shell of the nanoparticle.77
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3.6.2.2 PEO-S I O 2 ( L S ) NANOCOMPOSITES
DRS measurements were performed for four nanocomposites comprised of 86%PEO14%LS, 47%PEO-53%LS, 43%PEO-57%LS and 31%PEO-69%LS in volume fractions. The
nanocomposite with 86%PEO-14%LS was examined because it exhibited similar behavior as
the pure polymer, while the other three nanocomposites were investigated due to the high
degree of confinement that they impose to the polymer chains. Figure 3.78 shows the
imaginary part of the hybrids with 86%PEO-14%LS and 47%PEO-53%LS, as well as the
imaginary parts of the hybrids with 43%PEO-57%LS and 31%PEO-69%LS in the low and
intermediate temperature range respectively. In the low temperature range the β- process
dominates the spectrum for all hybrids, moving to higher frequencies as the temperature
rises. In all cases, around -70oC, which is close to the glass transition temperature of the bulk
polymer, the α-process enters the frequency window. In the 31%PEO-69%LS the peak of the
α-process is mingled with that of Maxwell Wagner, whose contribution is growing as more
nanoparticles are added in the matrix, making it hard to discern.
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Figure 3.78: Imaginary part of the dielectric relaxation of the nanohybrid with 86%PEO (vol)
in the low (a) and intermediate (b) temperature range, of the nanohybrid with 47%PEO
(vol) in the low (c) and intermediate (d) temperature range, of the nanohybrid with
43%PEO in the low (e) and intermediate (f) temperature range and of the nanohybrid
with 31%PEO in the low (g) and intermediate (h) temperature range respectively.
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Figure 3.79 demonstrates the representative analysis of the spectra for three
temperatures, below, at and above the glass transition temperature, Tg, for the hybrid with
86%vol PEO and for the one with 43.5%vol PEO. It is clear that in all cases, multiple
relaxation processes are necessary to obtain a good fit to the data. From the spectra at low
temperatures the shape and relaxation strength parameters are determined for the fast
processes of both the bulk polymer and the nanocomposite. At higher temperatures, above
Tg, the α- process appears and for this process, the β parameter is fixed at 1.0. All
parameters of the Havriliak-Negami fit for all the processes of all the hybrids as well as
those of pure PEO can be seen in Table 3.8. The relaxation times for the β-process of the
pure PEO follow an Arrhenius dependence (eq 3.5) with a single activation energy E=35
kJ/mol and a τ0 =9*10-15 s characteristic of a local process, which agrees with the numbers
calculated in a previous study of PEO.13 The nanocomposites show a very similar behavior
having activation energies, E86%PEO=36.5 kJ/mol, E47%PEO=34 kJ/mol, E43,5%PEO=35 kJ/mol and
E31%PEO=35.4 kJ/mol respectively.
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Figure 3.79: Imaginary part of the dielectric permittivity, ε", for the hybrid with 86%vol PEO
(left) and for the nanocomposite with 43.5vol% polymer (right) for T=-100oC (a, d), T=68oC (b, e) and T=-47oC (c, f) respectively. The processes needed for the deconvolution
of the spectra are shown with dashed lines, whereas the solid lines are the summations
of the processes (together with the conductivity at high temperatures).
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Sample
PEO
86%PEO
47%PEO
43.5%PEO
31%PEO

Process

α

β

Δε

α-

0.2-0.45

1

0.2-0.05

β-

0.3-0.6

0.55

0.3-0.6

α-

0.23-0.25

1

0.5-0.4

β-

0.4-0.5

0.55

0.4-0.9

α-

0.18-0.2

1

0.5-0.2

β-

0.3-0.6

0.55

0.3-0.25

α-

0.17-0.3

1

0.6-0.45

β-

0.35-0.5

0.55

0.4-0.7

α-

0.15-0.48

1

0.23-0.16

β-

0.37-0.45

0.55

0.23-0.5

Table 3.8. Havriliak-Negami parameters for all the processes fitted

The nanocomposites do not exhibit a dramatically different dynamic behavior from that
of the bulk polymer for both the sub-Tg and the segmental dynamics. Figure 3.80 shows the
relaxation times of the different modes present for all nanohybrids. It is noted, that
according to our previous study on PEO confined within the galleries of layered silicate, the
sub-Tg (β- process) was not affected by the confinement, while the segmental relaxation (αprocess) disappeared for hybrids containing only polymer under confinement with a new
process (α’-process attributed to confined chains) appearing in these compositions. In our
case the α-process is always present in the nanohybrids and no new process appears. The α
–process of the nanohybrid with 86% PEO is identical to that of the pure polymer while the
segmental relaxation of the other nanocomposites examined, indicates a tendency towards
an Arrhenius dependence, thus being stronger glasses, especially for the hybrids with high
silica loadings. However the differences of the nanocomposites compared to the pure
polymer are very weak, indicating, again, that the confinement in this system is not as
severe as in the case of the PEO-Na+MMT system. The polymer chains do not get confined
enough, in order for their dynamic response to get affected and exhibit a new (α’-process)
type of behavior, or to lose the segmental process as in the case of their extreme
confinement in clay nanocomposites.
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3.7 C ONCLUSIONS
In this chapter the effect of the addition of silica nanoparticles on Poly (ethylene oxide)’s
crystallinity, chain conformation and dynamics was explored. Series of PEO / SiO2
nanocomposites were prepared through water mixing in compositions that covered the
whole regime from pure polymer up to the highest possible content in nanoparticles.
Nanoparticles of three different sizes, i.e., smaller, comparable and much larger than the
polymer coil was utilized to investigate the effect of composition, total surface area and
confinement.
XRD and DSC were utilized to investigate the crystallization behavior of the polymer. The
inorganic surfaces are found to act as nucleating agents promoting the crystallization
process, at low silica loadings, while at higher contents the huge increase in the inorganic
surfaces and confinement they impose lead to a restricting environment that does not allow
polymeric chains to crystallize as they do in the bulk. Three critical parameters determine
the behavior: the confining length, the amount of inorganic surfaces as well as the curvature
of the nanoparticle surface. All three factors were found to affect the degree of crystallinity,
while the curvature plays no role in the shift of the melting curve. The large nanoparticles
have better adsorbing ability, creating an interfacial layer with chains in close proximity to
the surface not being able to crystallize, while this is not the case for the nanoparticles
whose radius is smaller than that of the PEO coil. At the same time though, small
nanoparticles hinder crystallization due to the higher amount of inorganic surfaces that they
provide to the system and due to the more severe confinement they impose. Moreover,
polymer crystallization seems to happen at lower temperatures, in the close proximity to
the inorganic surfaces than far away from them.
A study on the chain conformations of the polymeric chains in the melt, through Infrared
Spectroscopy, revealed that there is an increase in the gauche population of the C-C bond
along the polymer backbone, which increases with the increase of the nanoparticle
concentration, indicating that the system becomes more disordered and liquid-like. The
critical parameter was the confining length, expressed as the ratio of the interparticle
distance over the chain radius of gyration, d/Rg and a d/Rg<0.1-0.5 was found necessary to
observe the effect.
The dynamic response of the chains, measured by Dielectric Relaxation Spectroscopy,
showed that the nanocomposites do not exhibit a dramatically different dynamic behavior
from that of the bulk polymer for both the sub-Tg and the segmental dynamics. Moreover
the activation energy calculated for the β-relaxation process was found to be very similar
with that of the pure polymer.
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C HAPTER 4: PEO C ONFINED BETWEEN MIXTURES OF SILICA
NANOPARTICLES OF DIFFERENT SIZES .

T UNING THE C RYSTALLINITY
In Chapter 3, the work performed on the static and dynamic behavior of PEO in
nanohybrids with SiO2 nanoparticles of different sizes was described in detail. A comparison
of the three different series of nanocomposites containing silica nanoparticles and
nanocomposites containing layered silicates, as a function of polymer content, revealed
different behavior between the systems of the different additives. The clay nanohybrids
have a nearly constant degree of crystallinity for high polymer content hybrids, which
abruptly drops to zero1 while nanohybrids that contain nanoparticles exhibit a different
behavior, where a gradual drop in crystallinity occurs after a certain point. Confinement is
severe for the polymer that resides in the clay galleries and the chains cannot crystallize,
therefore crystallinity drops to zero in the composition that all chains reside within the
galleries, or are adsorbed in the outside surfaces of the clay particles. From the three
different nanoparticle additives, the smaller nanoparticles confine the chains more than the
other two, at the same PEO content and therefore the drop in crystallinity is more abrupt
than the other two nanohybrid series.
A more detailed investigation of these systems, under a common denominator of
confinement (expressed through the interparticle distance and / or the amount of inorganic
surface areas) revealed that the crystalline behavior of the polymer is affected significantly,
also, by the nanoparticles’ curvature. A theoretical model2, analyzed in chapter 3, suggested
that nanoparticles with a radius much larger than the PEO coil (Rg), have nearly all the
polymer chains in a self-similar region, adsorbed on the surface unable to crystallize, while
nanoparticles with radius smaller than the coil of the chains are able to adsorb only a small
amount of chains with the rest being flexible in the mushroom area, able to crystallize.
There are other reports of this behavior through experimental data3 and our results support
this model, since PEO chains appear to be more amorphous when adsorbed in large
nanoparticles with small curvature rather than in small nanoparticles with large curvature,
when they are compared at the same confining length or at the same SiO2 surface area per
volume. In any case there is a gap between the crystallinity values between the flat and
spherical geometry of the additives.
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A way to fill this gap and further suppress the crystallinity of the polymer, using spherical
geometry, is to use mixture of nanoparticles in a three-component system in order to make
use of both the effects of confinement and of curvature. Small nanoparticles have the
advantage of high surface area which leads to large confinement even in small silica loadings,
but have the disadvantage of large curvature, which leaves a lot of chains flexible and able
to crystallize in the ‘mushroom’ area. On the other hand the large nanoparticles have the
ability to adsorb the polymer chains on the surface, unable to crystallize, however they have
a very small surface area and any changes in crystallinity need extreme silica loadings to be
observed. By using both nanoparticles in a single hybrid, the large confinement that the
small nanoparticles provide can be combined with the small curvature of the large
nanoparticles that can affect the crystallinity of the polymer chains.
In this aspect, the Snowtex ZL with a radius~67nm and the Ludox LS with r~7nm
nanoparticles were chosen to mix with poly(ethylene oxide) in an attempt to further
suppress polymer crystallinity. By using this combination of nanoparticles hybrids with lower
polymer content can be achieved that were previously forbidden by geometry.
Nanoparticles are spheres and therefore the maximum volume coverage they can have is if
they are in an FCC lattice which covers ~74% of the volume. Therefore using identical
spheres limits the confinement that we can achieve. Addition of two different sizes of
nanoparticles allows a larger percent of the volume to be filled by silica and therefore the
polymer can ”feel” more severely confined between the spheres (Figure 4.1).
To accomplish this, initially, nanohybrids were developed so that 50% of their volume
consisted of large nanoparticles (ZL); the rest of the volume was covered by different ratios
of PEO and small nanoparticles (LS) from PEO-LS 50:0 to PEO-LS 0:50. Further than this,
additional nanohybrids series were developed having constant polymer volume fraction and
changing the ratio of small / large nanoparticles, in a way to attempt tuning of the
crystallinity of the polymer.
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Figure 4.1. Graphic representation of the relative sizes of the nanoparticles used for the
three-component nanohybrids. The polymer chains of the hybrids are not shown

The dispersion of the nanoparticles and the homogeneity of these three-component
nanocomposites was verified through Scanning Electron Microscopy and compared with the
two-component nanocomposites that were investigated in the previous chapters. Figure 4.2
shows two SEM images of two-component nanocomposites where nanoparticles seem to be
well dispersed in the polymer matrix with the polymer around the nanoparticles.

a.

b.
Figure 4.2. SEM images of two-component nanocomposites: (a) 86%PEO-14%LS (vol) and
(b)47%PEO-53%LS (vol)
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a.

b.
Figure 4.3. SEM images of three-component nanocomposites: (a) 25%PEO-63%ZL-12%LS(vol)
and (b) 5%PEO-52%ZL-43%LS(vol)

Figure 4.3 shows the SEM images of two three-component nanocomposites. The
dispersion of the large nanoparticles is very good even for high silica loadings with the
polymer around and between the nanoparticles. The small nanoparticles can be seen as
decorations around the large nanoparticles and have very good dispersion. Note that the
scale bar is different in the two-component systems than in the three-component systems,
so in Figure 4.2 the small nanoparticles are visible, while in Figure 4.3 the large
nanoparticles are seen clearly with the small ones observed as decorations around them.

4.1 T OWARDS L ARGER C ONFINEMENT :

THREE - COMPONENT SYS TEMS WI TH

CONSTANT CONTENT OF LARGE NANOPARTICL ES

As it was described above, initially, nanohybrids were developed that 50% of their
volume consisted of large nanoparticles (ZL) with the rest of the volume covered by
different ratios of PEO and small nanoparticles (LS). The nanocomposites were prepared in
the same way as their two-component counterparts: PEO was diluted in water and left to
stir for 24h. Then the appropriate amount of small nanoparticles that were already in a
water dispersion was simply added and left to stir for another 24h. Finally the dispersion of
the large nanoparticles was added. The samples were left to stir for 24h and then were
placed into Petri dishes and dried under vacuum. Before each measurement the samples
were left at 100 oC for 15 min, in order to erase any history, and then cooled to room
temperature at a constant rate of 10oC/min, in order to ensure the same crystallizing
conditions. Table 4.1 shows the designed composition of the nanocomposites of this series.
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PEO content (wt%)

PEO Content (vol%)

PEO-ZL-LS

PEO-ZL-LS

25-63-12

40-50-10

22-62-16

37-50-13

20-60-20

33-50-17

17-60-23

30-50-20

14-57-29

25-50-25

12-56-32

22-50-28

10-56-34

20-50-30

11-54-35

19-50-31

8-54-38

15-50-35

5-53-42

10-50-40

Table 4.1. Designed compositions of the PEO-50%ZL-LS nanohybrid series.

The structure of the nanocomposite materials was investigated initially with X-Ray
Diffraction. As discussed earlier in the text, pure polymer exhibits two main peaks at 19.0o
and 23.2o corresponding to the interchain distance (4.67 Å) and chain fold distance (3.83 Å)
respectively. Moreover an amorphous ‘halo’ (a very broad and of low intensity peak) can be
seen below the crystalline peaks from 15o-30o and can be attributed to the amorphous part
of the polymer and the amorphous silica. Figure 4.4 shows the X-Ray diffraction patterns of
PEO and PEO-50%ZL-LS nanocomposites with varying polymer/LS ratio. The two main peaks
seem to decrease in intensity as more small nanoparticles (LS) are added in the system in
expense of the polymer. For PEO/LS ratios smaller than 1.5 the hybrids seem to be
completely amorphous, leading to the conclusion that the polymer gets indeed more
confined than in the three-component system.
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PEO-50%ZL-LS

PEO-ZL-LS
vol%
100-0-0

Intensity (a.u.)

50-50-0
40-50-10
37-50-13
33-50-17
30-50-20
25-50-25
22-50-28
20-50-30
19-50-31
15-50-35
10-50-40

5

10

15

20

25

o

2 ( )
Figure 4.4. X-ray diffractograms of pure PEO (top) and PEO/ZL/LS nanocomposites with
varying polymer content. The curves have been shifted vertically for clarity.

The investigation of the nanocomposites with XRD is accompanied by an investigation
through DSC where more information about the crystallization process can be obtained.
Figure 4.5 shows the DSC curves for all the nanocomposites of this series. The temperature
range covered was between -100 oC and 100 oC with a heating/cooling rate of 10oC/min,
whereas two heating/cooling cycles were performed in all cases. The melting, Tm, and
crystallization, Tc, temperatures were obtained from the second cycle to ensure the
elimination of the effects of thermal history. In all cases the measured heat flow is shown
normalized with the polymer mass of the nanocomposite and the heating rate so that the
integral under the melting curve will directly provide the heat of fusion, ΔH exp. It is noted
that, in the nanocomposites, it is only the polymer that undergoes the melting transition;
thus, the contribution of the inorganic material to the C p is a constant factor that does not
influence the enthalpy calculation.
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PEO-50%ZL-LS
PEO-ZL-LS
vol%
10-50-40
15-50-35

19-50-31
20-50-30

Cp (cal g

-1 o -1

C )

22-50-28
25-50-25
30-50-20
33-50-17
37-50-13
40-50-10
50-50-0
100-0-0

-80

-60

-40

-20

0

20

40

60

80

o

Temperature ( C)
Figure 4.5. DSC curves of pure PEO (bottom) and PEO/ZL/LS nanocomposites with varying
polymer content. The curves have been shifted vertically for clarity.

The first thing that is evident by looking at the DSC curves is that with the threecomponent system we were able to develop nanohybrids that are completely amorphous.
Hybrids with 15%PEO-50%ZL-35%LS and 10%PEO-50%ZL-40%LS have no trace of crystals.
This confirms that in the three-component system, where the geometry allows reaching
polymer contents that were previously forbidden, the combination of the small curvature of
the ZL nanoparticles and the large surface area of the LS nanoparticles provide a restricting
environment so that the polymer is not able to crystallize.
In addition, the different crystalline behavior seen in the PEO-LS nanohybrids is also
observed here and more intense. In nanohybrids with LS content higher than 20% the
melting peak is found shifted towards lower melting temperatures; moreover, this shift is
much greater than the one seen in the two-component system. Moreover, In the PEO-LS
nanocomposites the shifted peak is accompanied by the ‘bulk’ peak for most compositions
while in the case of the three-component system the shifted peak is mostly found by itself,
having completely substituted the original ‘bulk’ peak even when similar compositions are
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compared. Figure 4.6 shows the crystallinity results as obtained from DSC analysis, for the
PEO-LS, PEO-ZL and PEO-ZL-LS nanocomposites. The crystallinity values clearly depict what
was already seen through the raw XRD and DSC raw data; that in the three component
system, where new volume fractions can be reached, polymer gets severely confined and
crystallinity drops to zero.

100

peo-ls
peo-zl
peo-50% zl-ls

Crystallinity %

80

60

40

20

0
0

10

20

30

40

50

60

70

80

90

100

PEO (vol%)
Figure 4.6. Crystallinity values obtained from DSC measurements of the nanocomposites of
the PEO-LS, PEO-ZL and PEO-ZL-LS series.

The absorption spectra of all the nanocomposites were measured with ATR-FTIR and the
results can be seen in Figure 4.7. The spectra of all hybrids contain absorption bands
characteristic of PEO superimposed with those of silica. Moreover, the peaks that are
attributed to the crystal ordering of PEO appear to decrease in intensity with the addition of
nanoparticles in the matrix and for very high silica loadings they disappear. This is in
agreement with the XRD and DSC measurements of this series of nanohybrids.
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PEO - 50%ZL - LS

PEO-ZL-LS

Absorbance (a.u.)

vol%
100-0-0
50-50-0
40-50-10
37-50-13
33-50-17
30-50-20
25-50-25
22-50-28
20-50-30
19-50-31
15-50-35
10-50-40
0-100-0

1300

1400

1500

3000

-1
Wavenumber (cm )

Figure 4.7. ATR-FTIR spectra of pure PEO (bottom) and PEO/ZL/LS nanocomposites with
varying polymer content. The curves have been shifted vertically for clarity.
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4.2 T UNING

THE

CONSTANT

PEO

C RYS TALLINITY :

THREE - COMPONENT

SYSTEMS

WI TH

CON TENT

Following the development of completely amorphous hybrids using three-component
systems, the question is raised as to what effect would the ratio of small vs large
nanoparticles, in constant polymer content, have on polymer crystallinity. To answer this
question, series of nanocomposites with 60%, 50%, 40% and 30% constant polymer volume
fraction were developed with the rest being filled up with varying ratio of the nanoparticles
with the two different sizes. Figures 4.8-4.15 show the XRD and DSC measurements from all
the hybrids of all the series of three component nanohybrids along with the crystallinity
results obtained from the DSC measurements in Tables 4.2-4.5.

60%PEO-ZL-LS

60%PEO-ZL-LS
62-0-38
60-5-35

PEO-ZL-LS
60-10-30

100-0-0

C )

60-20-20

-1 o -1

67-33-0

60-30-10
67-33-0

Cp (cal g

Intensity (a.u.)

vol.%

60-30-10
60-20-20
60-10-30

100-0-0
Content vol.%

PEO-ZL-LS

60-5-35
62-0-38

5
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20

25

30

o

2 ( )
Figure 4.8. X-Ray diffractograms of pure

-100

-50

0

50

o

100

Temperature ( C)
Figure 4.9. DSC curves of pure polymer,

PEO, two-component and three-

two-component and three-component

component nanohybrids with 60% polymer

nanohybrids with 60% polymer volume

volume fraction

fraction
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PEO content (vol%)

Crystallinity %

PEO-ZL-LS
100-0-0

78

67-33-0

75.3

60-30-10

57.2

60-20-20

49.7

60-10-30

47.5

60-5-35

43.9

62-0-38

64.3

Table 4.2. Crystallinity values for pure polymer, the two-component and three-component
nanohybrids with 60% polymer volume fraction

50%PEO-ZL-LS

50%PEO-ZL-LS
50-0-50

50-10-40

C )

-1 o -1

100-0-0

50-50-0

Cp (cal g

Intensity (a.u.)

50-25-25

PEO-ZL-LS
vol.%

50-50-0
50-25-25

100-0-0
Content vol.%

PEO-ZL-LS
50-10-40
50-0-50

5
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o

20

2 ( )

25
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Figure 4.10. X-Ray diffractograms of pure PEO

-100

-50

0

50

100

o
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Figure 4.11. DSC curves of pure polymer

(top) and the two-component and three-
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component nanohybrids with 50% polymer

component nanohybrids with 50% volume
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PEO content (vol%)

Crystallinity %

PEO-ZL-LS
100-0-0

78

50-50-0

65.4

50-25-25

48.7

50-10-40

33.1

50-0-50

50.7

Table 4.3. Crystallinity values for pure polymer and the two-component and threecomponent nanohybrids with 50% polymer volume fraction

40% PEO -ZL - LS

40% PEO -ZL - LS
43-0-57

o

33 C
40-10-50
40-20-40
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40-40-20
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Intensity (a.u.)

40-30-30

Content vol%
PEO-ZL-LS

100-00-0
40-60-0
40-50-10
40-40-20
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100-0-0

vol%
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PEO-ZL-LS
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o

67 C
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Figure 4.12. X-Ray diffractograms of pure

Figure 4.13. DSC curves of pure polymer

PEO (top) and the two-component and

(bottom) and the two-component and

three-component nanohybrids with 40%

three-component nanohybrids with 40%

polymer volume fraction

polymer volume fraction

o
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PEO content (vol%)
PEO-ZL-LS

Crystallinity %

100-0-0

78

45-55-0

54.3

40-50-10

42

40-40-20

40

40-30-30

39.1

40-20-40

31.5

40-10-50

19.2

43-0-57

43.4

Table 4.4. Crystallinity values for pure polymer and the two-component and threecomponent nanohybrids with 40% polymer volume fraction

30% PEO -ZL - LS

30% PEO -ZL - LS
30-0-70

o

24 C

30-30-40

C )

30-60-10
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vol%
PEO-ZL-LS

Intensity (a.u.)

30-50-20

Cp (cal g

30-40-30

100-0-0
30-70-0

34-66-0

30-60-10

100-0-0

30-50-20

vol%

30-40-30

PEO-ZL-LS

30-30-40
30-0-70

o

67 C

5

10

15

20

25

o

-50

0

50

100

o

 ( )

Temperature ( C)

Figure 4.14. X-Ray diffractograms of pure

Figure 4.15. DSC curves of pure polymer
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component nanohybrids with 30% polymer
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PEO content (vol%)
PEO-ZL-LS

Crystallinity %

100-0-0

78

34-66-0

56.3

30-60-10

46.5

30-50-20

39

30-40-30

28.5

30-30-40

20

30-0-70

24.3

Table 4.5. Crystallinity values for pure polymer and the two-component and threecomponent nanohybrids with 40% polymer volume fraction

The X-Ray diffractograms of the series with 60%, 50%, 40% and 30% constant polymer
volume fraction can be seen in Figures 4.8, 4.10, 4.12 and 4.14 respectively. The sharp
peaks seen in the diffractograms are attributed to crystalline polymer with the main two
peaks corresponding to the interchain distance (4.67 Å) and chain fold distance (3.83 Å)
respectively. These two main crystalline peaks show decreased intensity in all the
nanocomposites. What is interesting is that in three-component nanocomposites the
intensity of those peaks, if they appear at all, is lower than the two-component systems in
the same polymer content. For example in Figure 4.14 the diffractograms of all the
nanohybrids with 30%vol PEO content can be seen and it is clear that in the two-component
nanocomposites the two main crystalline peaks of PEO are present while in the their threecomponent counterparts this is not true; only the nanocomposite with 30-60-10 PEO-ZL-LS
exhibits the crystalline peaks of PEO while the other nanocomposites do not.
The DSC curves of the same nanohybrids are more revealing as seen in Figures 4.9, 4.11,
4.13 and 4.15 for the nanocomposites with 60%, 50%, 40% and 30% constant polymer
volume fraction. In the 60% and 50% PEO nanohybrids the addition of only large
nanoparticles (two-component system) leads to a shift in the melting temperatures towards
higher T, as seen earlier, while in the 40% and 30% PEO nanohybrids the melting
temperature is not affected. The substitution of a small amount of ZL nanoparticles with LS,
leads to decrease of the melting temperature, with any further substitution leading to a
larger shift. However, it is not the three-component hybrids that exhibit the lowest melting
temperature, but the two-component nanohybrid with only small nanoparticles (LS) as
additives. Tables 4.2 to 4.5 show the quantitative result on the degree of crystallinity
calculated from the integration of the melting curve of each nanohybrid where it is clear
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that the three component systems have smaller crystallinity values than both twocomponent systems with similar polymer content, in most cases.
4.2.1 C O MP A R I SO N

AT THE SAME

Φ

The behavior of the polymer chains examined in the two-component and threecomponent nanocomposites, exhibited remarkable differences from their behavior in the
bulk. To be able to understand the reasons behind this different behavior we will summarize
the melting and crystalline behavior of all the series of nanohybrids.

70

o

Tm ( C)

65

60
LS Tm bulk
ZL Tm bulk

55

60% PEO-ZL-LS Tm bulk
50% PEO-ZL-LS Tm bulk
40% PEO-ZL-LS Tm bulk

increase LS content
50

0.2

0.4

30% PEO-ZL-LS Tm bulk

0.6

0.8

1.0

PEO (vol)
Figure 4.16. Melting temperatures obtained from DSC measurements of the nanocomposites
of the PEO-LS, PEO-ZL and PEO-ZL-LS series as a function of Φ PEO

Figure 4.16 shows the melting temperatures of the ‘bulk’ peak, wherever it exists, for all
three-component systems (symbols), along with a guide of the trend of the ‘bulk’ melting
temperatures of the PEO-LS and PEO-ZL series of nanohybrids (lines). PEO-ZL nanohybrids
exhibit the smallest shift in the melting temperature. We believe that is due to the small
amount of inorganic surfaces that the large nanoparticles offer as additives, or to the small
degree of confinement that they provide, or to a combination of the two. PEO-LS
nanohybrids on the other hand exhibit the largest shift in Tm, for the opposite reasons: they
provide the largest amount of inorganic surface area and the largest confinement. The
melting temperatures of all three-component nanohybrids lie between the Tm of their twocomponent counterparts, with the smaller Tm corresponding to the nanohybrid with the
smallest ZL amount, probably because their inorganic surface area and confining length is
less, in every case, than those of the PEO-LS system.
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Crystallinity, however, does not seem to follow the same trend. Figure 4.17 shows the
crystallinity values for all the series of nanohybrids, where in most cases the threecomponent nanocomposites exhibit less crystallinity than their

two-component

counterparts at the same Φ. Although the three-component systems have less inorganic
surfaces and smaller degree of confinement than the PEO-LS nanohybrid in any given Φ,
they exhibit less crystallinity. For example for 40% constant polymer Φ,

PEO/ZL

nanocomposite has a crystallinity of 54.3% and the PEO/LS nanocomposite is 43.4%
crystalline. Starting by the PEO-LS system, then by substituting only 10% of the LS volume
fraction with ZL leads to a drop in crystallinity from 43.4% to 19.2%. Any further substitution
of LS with ZL increases the crystallinity. If one considers the three component system as
adding small nanoparticles between the large then the drop of crystallinity results from the
increase of the induced confinement and the increase of the inorganic surface area. The
more we increase the LS content in expense of the ZL, the more the crystallinity drops. At
the same time, if one considers the system as adding large nanoparticles between the small,
then the surface area and degree of confinement are smaller, yet the crystallinity of all the
three-component nanocomposites is smaller than that of the two-component systems with
only small nanoparticles. This shows that is not the degree of confinement or the surface
area alone that defines the crystalline behavior, but the curvature of the nanoparticles as
well. We believe that the combination of the small curvature of the ZL nanoparticles that
appears as ‘flat’ to the PEO chains, leading them to stay adsorbed and unable to crystallize
on the nanoparticle’s surface, along with large surface area and confining ability of the LS
nanoparticles leads to a system whose environment is more restricting for the PEO chains
and as a consequence has smaller crystallinity at the same PEO loading. Therefore an
addition of small amounts of large nanoparticles in a polymer-small nanoparticle matrix,
leads to the greatest reduction of polymer crystallinity. By playing with the ratio of small vs
large nanoparticles in the polymer matrix we can essentially tune the crystallinity of the
polymer. This is a very important achievement, since crystallinity controls most of the
polymer’s properties.
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Figure 4.17. Degree of crystallinity obtained from DSC measurements for the nanocomposites
of the PEO-LS, PEO-ZL and PEO-ZL-LS series.

4.2.2 C O MP A R I SO N

AT THE SAME

E/V

In an attempt to understand the effect that the addition of two different sizes of silica
nanoparticles has on polymer crystallinity we have compared the melting temperatures as
well as the crystallinity values as a function of the interfacial area density (E/V). The
comparison of the nanohybrids at the same interparticle distance was not possible in the
three-component hybrids, due to complex geometry that does not allow the calculation of
the interparticle distance.
The surface area, E, of silica in the matrix was calculated through geometric
considerations using the surface area of each sphere and the silica content in each sample.
By dividing the surface area of the inorganic walls with the sample’s volume we get the
inorganic surfaces in each sample. In the cases of three-component systems, the surface
area of each population of nanoparticles was calculated and added separately. Another
interesting view is when we divide E with the volume of the polymer, where we can see
roughly how much polymer is around a particle something we can call interfacial area
density. Figure 4.18 shows the calculation of E/Vall and E/VPEO as a function of PEO content.
As it was expected the smaller the nanoparticle, the larger the E/V. The three-component
nanocomposites exhibit an E/V between their two two-component counterparts with the
ones having larger amount of LS nanoparticles exhibiting higher E/V.
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Figure 4.18. Calculations of E/V ALL and E/VPEO as a function of polymer content

Figure 4.19 shows the ‘bulk’ melting temperatures of all the two- and three-component
nanocomposites. We see here that nearly all the nanocomposites fall on the same curve. Tm
remains more or less constant until a certain point, where the interfacial density and the
confinement becomes very large, after which Tm decreases almost at the same rate for all
nanocomposites. The only exceptions appear to be the nanocomposites with 30% constant
PEO Φ, which exhibit lower melting temperatures.
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Figure 4.19. Melting temperatures obtained from DSC measurements of the nanocomposites
of the PEO-LS, PEO-ZL and PEO-ZL-LS series as a function of E/V PEO

In chapter 3 we compared the crystallinity values of all the two-component series of
nanohybrids, reaching the conclusion that crystallinity depends on the interfacial area
density (E/V) and the confining length (id), but when compared at the same E/V or id it was
revealed that the curvature of the nanoparticles plays a significant role. Figure 4.20 shows
these crystallinity values, along with the values of all the three-component nanocomposites
as a function of E/VPEO. The crystallinity values of the three-component hybrids are smaller
than those of the PEO-LS hybrids, which confirms that curvature of the additives play a
significant role in polymer crystallinity. By using three-component systems we can lower
polymer crystallinity by taking advantage of both the large interfacial surface area that small
nanoparticles offer and the small curvature that leads to increased adsorption of the
polymer chains.
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Figure 4.20. Degree of crystallinity obtained from DSC measurements of the nanocomposites
of the PEO-LS, PEO-ZL and PEO-ZL-LS series as a function of E/V PEO.
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C ONCLUSIONS
In this chapter the effect that two different sizes of SiO2 nanoparticles, added as additives
in PEO matrix, have on polymer crystallization process is explored. The nanocomposites
were prepared through solution intercalation. SEM images of the nanohybrids show very
good dispersion of both types of nanoparticles in the samples. The techniques used for the
examination of the crystalline behavior were X-Ray Diffraction and Differential Scanning
Calorimetry. The use of two different sizes of nanoparticles in a three-component system
allowed us to reach low polymer volume fractions, that were forbidden in two-component
systems due to geometry, and obtain lower polymer crystallinity at the same PEO volume
fraction.
The most important result was the decrease of polymer crystallinity at a constant
polymer fraction, by varying the ratio of small/large nanoparticles in the matrix, which
allows us to ‘tune’ crystallinity. The physics behind this behavior was examined by
comparing the melting temperatures and crystallinity values of all the nanohybrids
quantitatively as a function of Φ and interfacial area density (E/V) and qualitatively as a
function of the confinement. These comparisons revealed that the melting temperature is
not affected by the curvature of the additive but rather by the inorganic surface area
density and the interparticle distance, i.e., essentially by the space left for the chains to fold
in order to crystallize. On the other hand crystallinity seems to be affected by the curvature
of the nanoparticle, apart from the inorganic surface area and the interparticle distance.
Utilizing the combined effect of all these parameters, we were able to tune PEO’s
crystallinity by varying the ratio of small/large nanoparticles in the polymer matrix. This is a
very important achievement, since crystallinity controls most of the polymer’s properties.
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C HAPTER 5: K INETICS OF CRYSTALLIZATION IN PEOS I O 2 NANOCOMPOSITES
When a metastable liquid of small molecules undergoes a phase transition into a crystal,
the mechanism of this ordering process is recognized to be nucleation and growth.1 As
sketched in Figure 5.1a, nuclei of crystalline phase are formed by thermal fluctuations that
then offer surfaces for further growth into full-fledged crystalline phase. A question arises
on what happens to the nucleation and growth process if the small molecules are tethered
together to form polymer chains, as sketched in Figure 5.1b? The morphology of polymer
crystals is different from that of crystals consisting of simple molecules, mainly due to the
difference imposed by the chain connectivity in polymers. This not only affects the
equilibrium crystal structures but also the kinetics of crystal growth.

Figure 5.1: Effect of chain connectivity on nucleation

Crystallization of polymers requires disentanglement and alignment of the chains, and
therefore requires a long enough time so that at any practical rate of cooling from the melt
there will be observable supercooling before crystals form. This supercooling is
characteristic of polymer crystallization and is essential to all crystallization theories.
Supercooling can be calculated by the equation:
∆𝑇 = 𝑇𝑚0 − 𝑇𝑐 (5.1)
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where Tc is the crystallization temperature at which the polymer crystallizes and Tm0 is the
equilibrium melting temperature, which is defined by Hoffman and Weeks as the
thermodynamic condition where Tm=Tc, i.e. the crystal is perfect, with infinite thickness and
in thermodynamic equilibrium with the melt.2
Polymer nucleation can occur via spontaneous chain aggregation to form homogeneous
nuclei. This homogeneous nucleation process requires the creation of new surfaces and,
therefore, is energetically costly and occurs at typically large supercoolings. The nucleation
on pre-existing surfaces is energetically favored and therefore most polymers in the bulk
tend to nucleate on heterogeneities (catalyst debris, impurities and other types of
heterogeneities). This process is known as heterogeneous nucleation. Since homogeneous
nucleation would require the total absence of impurities and very large supercoolings, it is a
rarely occurring phenomenon in bulk polymers. Kinetic analysis of polymer crystallization in
isothermal conditions can provide information about the mechanism of nucleation and
crystal growth. The overall isothermal crystallization kinetics of polymers can be described
by the Avrami equation (eq. 2.8) where the Avrami index (n) provides information about the
nucleation mode and crystal geometry and half crystallization time (τ1/2) provides info about
the crystallization rate.
When polymers crystallize in the presence of purposely placed heterogeneities (such as
substrates in thin films, inorganic surfaces in nanocomposites or another polymer in block
copolymers) their nucleation and crystal growth is completely changed. On the one hand
the included surfaces provide nucleation sites facilitating the nucleation process, which can
be seen by examining the crystallization rate. A convenient parameter to represent the
crystallization rate is 1/τ1/2, where τ1/2 is the experimentally determined half-crystallization
time, i.e., the time at which the crystallization degree is half of the total relative
crystallization. Half crystallization time is always chosen in Avrami analysis as the time that
primary crystallization, which includes nucleation, occurs.3–5 It has been found, for example,
that the addition of layered silicates in different polymeric matrices has resulted in faster
crystallization rates, thus smaller τ1/2, than the neat polymer, indicating that inorganic
surfaces facilitate polymer nucleation and thus crystallization.6–8
On the other hand the heterogeneities cause spatial restrictions to the polymeric chains.
While most bulk polymers exhibit an Avrami index n~3-4, which corresponds to threedimensional crystal growth, experiments have shown that polymers under confinement
exhibit a two- or sometimes one-dimensional crystal growth.6,9–12 For example isothermal
DSC experiments of polyethylene (PE) confined between clay nanosheets, showed that the
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crystal growth of PE in the intercalated sample is two dimensional, while it is threedimensional in the exfoliated sample.13 All the above concluded that as the degree of
confinement increases the Avrami index decreases. Zhu et al.14 attributed the low n values
(n~1) to a hard confinement that restricts the crystal growth of PEO-b-PS diblocks to one
dimension assuming that the nucleation is athermal. Therefore polymers are forced to
crystallize in a different way than in the bulk due to spatial restrictions. A number of papers
studying polymers under confinement, report decreased chain mobility, using changes in
diffusion properties or crystallizability. This retardation in chain dynamics has been
explained primarily through increased interfacial effects.15–21
Polarized Optical Microscopy experiments were able to examine the growth rate of
polymeric spherulites that are formed during the whole crystallization process. Turturro et
al.22 found that less than 1 wt% silica nanoparticles causes a remarkable increase in the
crystallization rate of poly(ethylene terephthalate) while silica at higher loadings causes the
overall crystallization rate to decrease to values even lower than that of pure PET. The
retardation in rate in spite of an increase in density of spherulites is attributed to an
increase in melt viscosity due to strong adsorption of polymer segment onto the surface of
the silica particles. The same is found in in situ polymerized nanocomposites, where addition
of less than 3 wt% SiO2 could increase non-isothermal Tc and Tm of PET while both Tc and Tm
are reduced at 4 wt% SiO2.23 Zheng and Wu24 argued that, during PET non-isothermal
crystallization, nanosilica may not behave as a nucleating agent but rather retards the
appearance of the microcrystalline phase. Therefore it can be said that the addition of
heterogeneities in a polymer matrix has two opposing effects in the polymeric chains:
increased nucleation sites that facilitate the nucleation process but on the other hand
induces spatial restriction and an interfacial layer with decreased mobility that cause
retardation in the propagation of the crystalline phase.
In this chapter, isothermal crystallization, investigated through Differential Scanning
Calorimetry and Polarized Optical Microscopy, was exploited in order to examine the
crystallization kinetics of PEO / SiO2 nanocomposites. Isothermal cycles in DSC and POM
were performed in pure PEO as well as in nanocomposites with LS (R=7nm) nanoparticles
and nanocomposites with ZL (R=67nm) nanoparticles.
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5.1.

E XPERIMENTAL T ECHNIQUES

5.1.1.

D I F F E R E N T I AL S C AN N I N G C A LO RI M ET RY (DSC)

The crystallization kinetics of the nanocomposites as well as of pure PEO were measured
with a PL-DSC (Polymer Laboratories) differential scanning calorimeter. Samples were
originally heated for 0.5 hour at 100oC in order to erase any thermal history and then, a nonisothermal round was performed from 100oC to -100oC and back to 100oC with 10oC/min.
From this point isothermal rounds were performed by decreasing the temperature at a fast
rate (30oC/min) to a specific Tc, under which the crystallization of the polymer occurred
isothermally; the crystallization process was monitored as a function of time. After the
crystallization process was over the sample was heated to 100 oC with 10 oC/min to monitor
the melting process as well. The above process was repeated in cycles at different
crystallization temperatures. All measurements were performed under N2 flow to prevent
deterioration of the samples.
5.1.2.

P O L AR I Z E D O P T I CA L M I CRO S CO P Y (POM)

A complementary (to the DSC) investigation of the kinetics of crystallization on the
spherulite length scale was performed utilizing Polarized Optical Microscopy. The samples
were heated and cooled in a Linkam heating stage (THMS600) under nitrogen flow.
Temperature was controlled with an accuracy of 0.1oC. The crystallization process was
monitored using a simple polarizing microscope Zeiss AXIO Lab.A1 equipped with a
JENOPTIC ProgRes CT5 camera. A drop of the material when still in dispersion, was simply
cast onto a microscope slide and left to dry. The slide was positioned into the heating stage
under N2 flow and left at 100oC for 3 min to erase the thermal history. The isothermal
rounds were performed under the exact same conditions as the DSC: cooling with 30 oC/min,
monitoring of the crystallization process and heating with 10 oC/min to monitor the melting
process at each crystallization temperature. The images of the spherulites acquired through
POM were analyzed using the ImageJ software.
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5.2.

K INETICS

OF CRYSTALLIZATION INVESTIGATED VIA

DSC

Differential Scanning Calorimetry is a technique widely used in polymer characterization
due to its sensitivity in detecting thermal transitions. The different crystalline behavior
exhibited by our nanocomposites, described in detail in chapter 3, necessitates a deeper
investigation of the crystallization process and more specifically of the crystallization
mechanism through the study of the crystallization kinetics. This was initially performed
through, isothermal DSC measurements of the pure PEO as well as of the nanocomposites
At first the appropriate range of crystallization temperatures that were going to be used
for the isothermal cycles had to be determined. The first temperature that was tested was
close to the maximum temperature of the crystallization peak in the non-isothermal
measurement and higher temperatures followed. This was done to ensure that all
measurements will be purely isothermal and to exclude the formation of any crystals that
had crystallized non-isothermally. In order to be sure of which crystallization temperatures
had pure isothermally crystallized crystals and which didn’t, test measurements were
performed in each temperature. The test measurements started as usual isothermal
measurements, i.e., the temperature was decreasing from 100oC to the desirable Tc with
cooling rate 30oC/min. Once the crystallization temperature was reached, the heating round
started immediately, to allow no time to the polymer to crystallize in this temperature. If a
melting peak is detected due to a part of the polymer that has been able to crystallize in this
short time or during the cooling, then this crystallization temperature is discarded as it
contains non-isothermally crystallized polymer chains and a higher one is tested on a similar
way. Figure 5.2 shows three test measurements for the pure polymer. We see that for
crystallization temperatures Tc=45oC and Tc=46oC part of the polymer was able to crystallize,
since a melting peak is observed. On the other hand the measurement at T c=47oC exhibits
no melting peak, therefore it is the lowest crystallization temperature that can be used for
the isothermal measurements of the pure polymer. The upper limit of the crystallization
temperatures used was determined from the duration of the crystallization process, i.e. was
the one that needed a reasonable and measurable amount of time to complete.
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Figure 5.2: DSC scans performed for finding the lowest temperature, suitable for the
isothermal measurements of the pure polymer.

The range of temperatures used for the isothermal rounds, appears to be higher than the
temperature of the non-isothermal crystallization peak of the polymer (Figure 5.3). This can
be explained thermodynamically. Polymers fail to achieve complete crystallinity and
therefore crystallize at Tm0, because chains cannot completely disentangle and align
properly during a finite period of cooling. Hence, we lower the temperature and
crystallization begins after there has been significant supercooling (ΔΤ), with initially small
crystallization rate, which increases as the temperature decreases. Thermodynamically,
supercooling exists due to the temperature gradient of the liquid phase being larger than
that of the solid phase:

(5.2)
This means that at T=Tm0, if a solid state occurs in the liquid-solid interface, the heat
transfer rate is larger in the liquid than in the solid and thus the solid phase melts. With
supercooling this is reversed, the heat flow rate is larger in the solid than in the liquid, due
to the temperature difference, and so the development of the solid phase is allowed. The
growth rate of the interface is determined by the difference of the two temperature
gradients. When the growth rate is high enough compared to the cooling rate of the sample,
then the crystallization peak starts forming. When the temperature that the peak starts
forming is reached, then the rate of the interface is high and a portion of the chains has
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already start to crystallize in higher temperatures, which is not acceptable in isothermal
measurements.
PEO 100%
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Figure 5.3: Crystallization curve of pure PEO, as measured by DSC. Τhe arrows indicate the
temperature range of the isothermal measurements

The kinetics of crystallization was examined in two series of nanohybrids: PEO-LS and
PEO-ZL. The nanocomposites were developed in the same way that was described in
Chapter 3, through solution intercalation. The concentrations of the prepared nanohybrids
were verified through TGA and can be seen in Tables 5.1 and 5.2, respectively. The first step
in the characterization of the nanocomposites was the determination of their exact
concentration. TGA measurements were performed in all samples to determine the PEO
content. Table 5.1 shows the results of the TGA measurements of the samples of the PEO-LS
series of nanohybrids chosen for the investigation, along with the conversion from weight to
volume fractions. Table 5.2 shows the respective results for the PEO-ZL series of
nanohybrids.
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Measured PEO content
(wt%)

PEO Content

97

98.5

89

94

81

89

79

88

69

82

52

69

31

48

(vol%)

Table 5.1: PEO content in PEO-LS nanohybrids: weight percent as measured by TGA (first
column) and volume fraction based on the measured weight percent (second column)

Measured PEO content
(wt%)

PEO Content
(vol%)

97

98.5

94

97

78

88

58

74

Table 5.2: PEO content in PEO-ZL nanohybrids: weight percent as measured by TGA (first
column) and volume fraction based on the measured weight percent (second column)

DSC measurements of pure PEO and indicatively of some nanocomposites, with LS and
with ZL nanoparticles at similar compositions can be seen in Figures 5.4-5.8.
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Figure 5.4: Isothermal crystallization curves for pure PEO
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Figure 5.5: Isothermal crystallization curves for the nanohybrid with 98.5%PEO-1.5%LS(vol)
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Figure 5.6: Isothermal crystallization curves for the nanohybrid with 88%PEO-12%LS(vol)
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Figure 5.7: Isothermal crystallization curves for the nanohybrid with 98.5%PEO-1.5%ZL(vol)
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Figure 5.8: Isothermal crystallization curves for the nanohybrid with 74%PEO-26%ZL(vol)

Supercooling is an extremely important parameter when examining crystallization.
Especially when comparing bulk polymers with their nanocomposites, then the
crystallization temperature may not be the best parameter that someone can compare
them by, but rather the supercooling. i.e., the distance from the ideal melting temperature,
Tm0. The determination of supercooling for each of the samples needs measurements of the
melting temperature for each isothermal crystallization temperature. A linear fit in a Tm-Tc
plot (Hoffman-Weeks representation) provides the ideal melting temperature as the
temperature that the line intersects the Tm=Tc diagonal. However in our case, due to the
complexity of the samples and of their thermal transitions, the determination of the
supercooling was not possible. Most of the samples appear to have a double melting peak
(chap. 3) which makes it impossible to calculate the equilibrium melting temperature and
consequently the supercooling. Figures 5.9 and 5.10 demonstrate the above mentioned
difficulty, showing the melting endotherms acquired after isothermal crystallization at
various temperatures of two nanohybrids of the PEO-LS and PEO-ZL series respectively,
where in both cases double melting transitions can be seen.
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Figure 5.9: Melting endotherms acquired after the isothermal crystallization of the sample
with 94%PEO-6%LS (vol) in different crystallization temperatures
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Figure 5.10: Melting endotherms acquired after the isothermal crystallization of the sample
with 97%PEO-3%ZL (vol) in different crystallization temperatures

One of the quantities that can be calculated from the isothermal measurements is the
relative crystallinity at each temperature which can be further analyzed. In the cases where
the crystallinity curves presented the typical sigmoidal shape, as shown in Figure 5.12, the
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data for the initial stages of crystallization (i.e., for relative degrees of crystallinity between
5 and 50%) was fitted to the Avrami equation. The Avrami equation is used to study how a
material crosses from one phase to the other. In the case of the crystallization process the
equation provides information on the type of nucleation and the growth rate of the crystal.
The Avrami equation, in its simplest form is:
𝑛

1 − 𝑉𝑐 = 𝑒 −𝑘𝑡 (5.3)
Where Vc is the relative volumetric transformed fraction (from the molten to the
crystalline state),
k is a constant that is related to the crystallization rate, which depends on the shape of
crystals as well as on the rate and type of nucleation and
n the Avrami constant which depends on the type of nucleation and the geometry of the
crystal.
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Figure 5.11: Example of the area calculation for 3 different stages in the crystallization
process

In order to fit the data with the Avrami equation, the area under the isothermal
measurements was calculated in different stages of the crystallization process to determine
the relative crystallinity Vc (example shown in Figure 5.11). Following the integration at
different times, Vc is ploted as a function of time (Figure 5.12), from which half
crystallization time t1/2 can be extracted. Furthermore ln(-ln(1-Vc)) can be plotted as a
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function of lnt (Figure 5.13) to determine the parameters n and k. The crystallinity data are
always fitted in the range of primary crystallization (considered to be approximately below
50% of relative crystallinity).3–5
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Figure 5.12: Relative crystallinity as a function of time for pure PEO at T c=49°C. From such a
plot the half crystallization time can be extracted
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Figure 5.13: Linear representation of the Avrami equation for pure PEO at T c=49°C.
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PEO-LS S ER I E S
Figures 5.14-5.16 depict the results of the Avrami parameters that were calculated
through the analysis for the PEO-LS nanocomposites. Figure 5.14 shows the Avrami index n
as a function of the crystallization temperature. Previous studies on PEO crystallization have
shown that PEO exhibits lower Avrami index (n~2-3) values than other homopolymers.14 In
this study the values of n for pure PEO range between 1.8 and 2.5. Previous studies have
shown as well, that the addition of inorganic surfaces in the polymeric matrix results in
reduced Avrami exponent, due to confinement.6,9–13 Our results agree with this statement
since all our nanohybrids exhibit n values lower than those of the pure polymer at any given
temperature.
2.4

2.2

100% PEO
98.5% PEO - 1.5% LS
94% PEO - 6% LS
88% PEO - 12% LS
82% PEO - 18% LS
52% PEO - 69% LS

n

2.0

1.8

1.6

1.4
46

48

50

o

52

54

56

Tc( C)
Figure 5.14: Dependence of Avrami parameter n on the crystallization temperature for the
PEO-LS nanohybrids
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Figure 5.15: Dependence of t 1/2 on the crystallization temperature for the PEO-LS nanohybrids

Half-crystallization time (Figure 5.15) seems to increase with crystallization temperature,
something that is thermodynamically expected; moreover it decreases with the addition of
nanoparticles in the matrix (Figure 5.16). This result agrees with previous studies that have
shown a reduced τ1/2 for polymeric matrices that include inorganic surfaces.6–8,25 Inorganic
surfaces act as nucleating agents promoting the crystallization process.
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Figure 5.16: Dependence of t 1/2 on PEO content for two different temperatures
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The half crystallization time is connected to the activation energy of the crystallization
process through the equation:

𝜏1/2 = 𝑡0 𝑒 𝐸/𝑅𝑇 (5.4)
ln(𝜏1/2 ) = ln(𝑡0 ) + 𝐸/𝑅𝑇 (5.5)
where R is the gas constant and E is the activation energy. Figure 5.17 shows the
activation energy as a function of PEO content. The PEO values are close to the ones found
in literature (~100-110 kcal/mol).26,27 As we can see the activation energy decreases with
increasing silica content. This is expected because we have favorable interactions between
the silica surface and the polymer which leads to a decrease in the interfacial energy that
allows the crystallization to occur easier. The observed decrease in activation energy is in
agreement with results in different polymer nanocomposites. 25,28–32
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Figure 5.17: Activation energy as a function of PEO content

PEO-ZL S ER I E S
Similar analysis was performed for the isothermal DSC measurements of the PEO-ZL
series of nanohybrids. Figures 5.18-5.20 depict the results from the analysis using the
Avrami equation. Figure 5.18 depicts the dependence of the Avrami index as a function of
the crystallization temperature. The values of n, range between 1.8 and 2.5 for pure PEO,
which agrees with the literature. All nanocomposites exhibit lower n value than the pure
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polymer, with decreasing n value as the silica content increases. This can be attributed to
the confining environment that the silica nanoparticles provide, as discussed earlier.
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Figure 5.18: Dependence of Avrami parameter n on the crystallization temperature of the
PEO-ZL nanocomposites
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Figure 5.19: Dependence of t 1/2 on the crystallization temperature for the PEO-ZL
nanocomposites
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The half crystallization time (τ1/2) seems to be smaller in all cases for the
nanocomposites compared to the pure polymer (Figure 5.19). This indicates that silica acts
as a nucleating agent which helps crystallization occur faster. Again, like in the PEO-LS
nanocomposites, if we plot lnτ1/2 as a function of 1/T then the slope corresponds to the
activation energy. The activation energy decreases with increasing silica content (ZL) (Figure
5.20), exactly like in the PEO-LS nanocomposites’ case. The favorable interactions between
the silica surface and the polymer are believed to decrease the interfacial energy and
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Figure 5.20: Activation energy as a function of PEO content for the PEO-ZL nanocomposites

5.2.1.

CRYSTALLIZATION

KINETICS:

EFFECT

OF

SIZE

OF

NANOPARTICLES
The analysis of the crystallization kinetics for the PEO-LS and PEO-ZL series of
nanocomposites led to a series of conclusions about the half crystallization time and the
crystallization activation energy. In this paragraph the differences in the kinetic behavior of
the polymer upon addition of nanoparticles will be addressed and the effect of the particle
size on the crystallization process will be discussed.
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Figure 5.21: Half crystallization times for the two different series of nanohybrids as a
function of PEO content for two different crystallization temperatures.

The half crystallization time (t1/2) plotted against the Φ of the polymer, seen in Figure
5.21, suggests that the crystallization process becomes faster as we add more and more
nanoparticles in the matrix. At the same silica loading the t 1/2 seems to be slightly decreased
if we add large nanoparticles rather than small. This suggests that the crystallization process
is faster when the nanocomposite contains nanoparticles much larger than the PEO coil.
Therefore it can be said that at the same silica loading, the addition of large nanoparticles
accelerates the crystallization process more than the addition of small nanoparticles. But is
this an effect of the inorganic surface area or of the particles’ curvature? To answer this
question, the t1/2 is plotted against the surface area (E/Vpeo), as in the previous chapter.
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Figure 5.22: Half crystallization times for the two different series of nanohybrids as a
function of E/VPEO, for two different crystallization temperatures.

Comparing the behavior of two series of nanohybrids with different size of additive,
under the same surface area per volume gives us an insight on how the curvature of the
surface plays a role, since smaller nanoparticles provide larger surface area in the same
silica loading. The surface area E of silica in the matrix was calculated through geometry
using the surface area of each sphere and the silica content in each sample. By dividing the
surface area of the inorganic walls with the sample’s volume we get the inorganic surfaces
in each sample. Another interesting view is when we divide E with the volume of the
polymer, where we can see roughly how much polymer is around a particle. Figure 5.22
shows half-crystallization times for two different temperatures at the same E/VPEO. At the
same E/VPEO the addition of large nanoparticles (ZL), causes slightly faster crystallization
than the addition of small (LS). This suggests that the curvature of the nanoparticles plays a
role in the kinetics of crystallization and the smaller the curvature the faster the
crystallization.
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The activation energy was calculated for each nanocomposite of the two series. Figure
5.23 shows the comparison of the two series of nanohybrids, as a function of PEO content
(vol). The activation energy of the nanocomposites is smaller than that of the pure polymer,
in any case, and decreases as the silica content increases while it doesn’t seem to be
affected by the size of the additive.
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Figure 5.23: Comparison of the activation energies of the two series of nanohybrids as a
function of PEO content (vol)

However, as we said earlier, at the same silica loading the inorganic surface area is not
the same and therefore the comparison at the same surface area would provide insight on
the effect of the curvature of the additive. Figure 5.24 shows the comparison of the
activation energy of the two series of nanoparticles as a function of E/VPEO. At the same
surface area per volume, the nanocomposites with the large nanoparticles have lower
activation energy. Therefore the small curvature of the nanoparticle has better adsorption
with the polymer (lower interfacial energy) which consequently lowers the activation energy.
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Figure 5.24: Comparison of the activation energies of the two series of nanohybrids as a
function of E/VPEO
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5.3.

K INETICS

OF CRYSTALLIZATION I NVESTIGATED WITH

POM

Polymers, upon crystallization, form structures that have an hierarchy in their sizes, the
larger of which are called spherulites and are birefringent. This means that they can be
observed and investigated under polarized microscope. Utilizing this property, we
performed Polarized Optical Microscopy (POM) measurements, complementary to the ones
performed with DSC, to monitor the crystallization of PEO and its silica nanohybrids.
A Linkam TP93 heating stage was used for the temperature control of the samples along
with a Zeiss AXIO Lab.A1 microscope for the observation of the crystallization process,
which was analyzed using the ImageJ program. Samples were taken from the
solution/dispersion state prior the water evaporation. At first, a drop of the sample was put
on a glass slide, which in turn was placed on the heating element of the stage. The chamber
of the stage was then sealed and flooded with N 2 gas to prevent oxygenation of the sample.
Then the sample was heated at 105oC for 20-25 min in order for water to evaporate and any
remaining moisture to be removed. Then, with the use of liquid N2, the sample was cooled
with 30oC/min to the desired crystallization temperature where it was left to isothermally
crystallize. The first measurement was not recorded but rather used as a test to focus the
microscope and find a good area (flat with no foreign objects, not on the edge of the drop)
to monitor.
Before the measurements, the best experimental protocol, i.e., the ideal temperature
and waiting time at which the sample’s thermal history would be erased, had to be defined.
It resulted that this was 100oC which was used as a waiting temperature, similar to the one
that was used for the DSC measurements. For the determination of the waiting time the
following procedure was performed: the sample was heated with 10 oC/min to 100oC where
it stayed for 2 minutes and then the sample was cooled with 30 oC/min to 52oC, where it was
left to crystallize. The same procedure was followed with the difference that the waiting
time at 100oC was 5 and 10 min respectively before starting the cooling. No significant
differences were found from the analysis of the crystallization in each of the above cases so
that 2 minutes at 100oC was concluded to be enough time to erase thermal history from the
samples.
In POM measurements we consider that the isothermal crystallization starts after the
moment that the desired crystallization temperature is reached and thus recording of the
procedure starts from that moment forth. If at 0 sec the crystallization has begun, then the
measurement is discarded because it contains crystals that have crystallized nonPage | 198
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isothermally and the next higher temperature (with a step of 1 oC) is examined. In Figure
5.25 a series of photos taken from the isothermal crystallization of the sample with
98.5%(vol)PEO-1.5%ZL at 52oC can be seen. At 0 sec no nuclei can be seen, while 15 sec later
9 nuclei growing into spherulites can be clearly seen. In Figure 5.25c the spherulites have
further advanced while in Figure 5.25d, at 230 seconds after the sample temperature had
initially reached 52oC, the spherulites can grow no longer and we assume that crystallization
ends.

Figure 5.25: Nucleation and growth of spherulites in the sample with 98.5%PEO-1.5%ZL (vol)
at Tc=52oC

5.3.1. D E T ER MI N AT I O N

OF

S U P E R CO O LI N G

Τhe first step after the determination of the range of the appropriate crystallization
temperatures, is as discussed before, the evaluation of the equilibrium melting temperature
in order to calculate the supercooling. Following the end of the crystallization process for
each crystallization temperature, the sample was heated with 10oC/min to 100oC to monitor
the melting temperature; this is considered as the one where no light comes through the
microscope. The melting temperatures as a function of the different crystallization
temperatures for both series of nanohybrids can be seen in Figures 5.26 and 5.27.
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Figure 5.26: Melting temperature as a function of crystallization temperature for the hybrids
of the PEO-LS series measured by POM
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Figure 5.27: Melting temperature as a function of the different crystallization temperature
for the hybrids of the PEO-ZL series measured by POM

The expected rise of the melting temperature in higher crystallization temperatures is
observed for all hybrids. For the LS series of nanohybrids only the hybrid with 88%PEO12%LS(vol) exhibits slightly lower melting temperatures than bulk PEO, while all the other
hybrids exhibit slightly larger or similar Tm. In the case of the ZL series of nanohybrids, the
98.5%PEO-1.5%ZL(vol) which has the lowest silica loading has the highest melting
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temperatures, with their values decreasing as more and more nanoparticles are added in
the system. Nevertheless, it can be said that there aren’t any great differences in the
melting temperatures of the nanohybrids compared to those of the pure polymer.
80

100%PEO
75

o

Tm0=75 C

65

o

Tm( C)

70

60

55

50

45
45

50

55

60

o

65

70

75

80

Tc( C)
Figure 5.28: Hoffman-Weeks plot of pure polymer for the determination of the equilibrium
melting temperature

Supercooling was calculated through a Hoffman-Weeks plot, from which the equilibrium
melting temperature can be extracted.2 As described before, the Hoffman-Weeks method
involves the extrapolation of a linear regression of experimentally observed melting
temperatures, Tm, for various crystallization temperatures, Tc, to the equilibrium line Tm=Tc.
This method is based on the assumption that the difference between crystallization and
observed melting temperatures is solely due to the thickening of lamellae formed at the
crystallization temperature. In Figure 5.28 a Hoffman-Weeks plot for the pure polymer is
seen. Hoffman-Weeks plots were utilized for the determination of the equilibrium melting
temperatures (and subsequently the supercoolings) of all the hybrids in the PEO-LS and
PEO-ZL series of nanocomposites but are not shown here for brevity. The results from the
Hoffman Weeks analysis can be seen in Figure 5.29 where it was found that the equilibrium
melting temperatures in both series of nanohybrids is within the error constant with a
maximum variation of 2oC difference. It is noted, that the error in this kind of extrapolation
is usually large since the extrapolated value Tm=Tc is far from the measured temperatures.
Therefore it can be said that, through POM, there is no strong dependence of the
equilibrium melting temperatures of all the hybrids on the silica loading. Hence under the
assumption of a constant Tm0, all further discussion will be performed as a function of the
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crystallization temperature Tc, which is equivalent. Moreover, this finding assures of the
validity of the analysis performed for the DSC measurements where the determination of
the ideal melting temperatures was impossible and all crystallization characteristics were
evaluated as a function of the crystallization temperatures.
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Figure 5.29: Equilibrium melting temperatures as a function of PEO content

5.3.2

SIZE

AN D

N U M BE R

OF

S P H ER U LI T E S

After the acquirement of the series of photos of spherulites’ development, the number of
spherulites was counted and their average size was measured following the end of the
crystallization process. In Figures 5.30 and 5.31 we can see POM images for different
crystallization temperatures of different PEO-LS and PEO-ZL nanohybrids respectively.
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Figure 5.30: POM images of different PEO-LS nanocomposites for different crystallization
temperatures
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Figure 5.31: POM images of different PEO-ZL nanocomposites for different crystallization
temperatures
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From the analysis of the photos the number of spherulites as well as their average size
can be extracted. The number of spherulites per mm2, for the PEO-LS series of nanohybrids,
as a function of crystallization temperature can be seen in Figure 5.32. At the same Tc (and
the same supercooling) the number of spherulites decreases for very low silica loadings and
then increases in numbers higher than those of the bulk PEO for silica loadings above
10%vol. The same trend can be found in PEO-ZL series of nanocomposites, which can be
seen in Figure 5.33. The number of spherulites drops for the nanohybrids with 1.5 and 3%
silica loading, which exhibited a larger melting temperature than the bulk. Upon further
addition of nanoparticles the number of spherulites (as well as the melting temperature)
remains roughly the same with that of the homopolymer.

70

100% PEO
98.5% PEO-1.5% LS
94% PEO-6% LS
89% PEO-11% LS
88% PEO-12% LS

Spherulite Number / mm

2

65
60
55
50
45
40
35
30
25
20
15
10
5
0

50

51

52

53

54

55

o

Tc ( C)
Figure 5.32: Number density of spherulites for the PEO-LS nanocomposites as a function of
the crystallization temperature
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Figure 5.33: Number density of spherulites for the PEO-ZL nanocomposites as a function of
the crystallization temperature

When the number of spherulites increases the radius of the spherulites’ naturally decreases
and vice versa, which is exactly what can be seen in Figures 5.34 and 5.35 in accordance to
Figures 5.32 and 5.33 respectively.
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Figure 5.34: PEO spherulite size as a function of the crystallization temperature in PEO-LS
nanocomposites
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Figure 5.35: PEO spherulite size as a function of the crystallization temperature in PEO-ZL
nanocomposites

5.3.3. C R Y ST A L LI ZA T I O N T I M E
Crystallization time plays an important role and affects the final properties of the
material. Through POM we can measure the time that the spherulites need to cover the
surface of the observed area and can be seen in Figures 5.36-5.37. For the PEO-LS series,
seen in Figure 5.36, we can see that the addition of nanoparticles doesn’t affect significantly
the crystallization time. The same can be said for nanohybrids with ZL nanoparticles as
additives seen in Figure 5.37.
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Figure 5.36: Crystallization times for the PEO-LS series of nanohybrids as a function of
crystallization temperature

The effect of temperature on crystallization times seems to coincide with that of the
growth rate, where the polymer as well as the nanocomposites, develop slower in higher

Crystallization Time (sec)

temperatures (or lower supercoolings).
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Figure 5.37: Crystallization times for the PEO-ZL series of nanohybrids as a function of
crystallization temperature
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The calculation of the activation energy through POM contains a large error due to the
fact that the Avrami equation can fit data for primary crystallization (below 50% volume
transition into the crystalline phase) and it is impossible to calculate the half crystallization
time through POM. The activation energy of pure polymer calculated from POM was E=125
kcal/mol which, with all its errors, is not far from the one calculated by DSC.
5.3.4. R A DI U S G R O W T H R AT E
One of the most important factors in the crystallization of polymers is the spherulites’
growth rate. In non-isothermal crystallization, spherulites at first, expand slowly so that
growth rates can be easily determined. On further cooling the growth rate increases, then
passes over a maximum and drops again, down to vanishingly small values when the glass
transition is approached. It is a characteristic property of polymer crystallization that growth
rates vary exponentially with temperature. The behavior indicates control of the growth
process by some activation step and therefore the growth rate in isothermal crystallization
remains constant.
When spherulites develop, the boundary between spherulite and melt is sharp and nicely
circular, making it fairly easy to measure the growth rate in time-lapse photographs. In our
samples, the spherulitic development was monitored throughout the isothermal
crystallization and from the photos and videos taken, the average growth rate was derived
for every crystallization temperature - supercooling. Figure 5.38 shows the spherulitic
growth rate for the PEO-LS series of nanohybrids as a function of the crystallization
temperature. While it is clear that the crystallization temperature plays a tremendous role
in the growth rate of the spherulites, changing it in orders of magnitude, the same cannot
be said for the addition of nanoparticles in the system. The addition of small nanoparticles
reduces slightly the growth rate especially for nanocomposites with high silica loading, while
the addition of large nanoparticles in the matrix doesn't change the growth rate, regardless
of their loading.
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Figure 5.38: Growth rate for the PEO-LS series of nanohybrids as a function of T c
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Figure 5.39: Growth rate for the PEO-ZL series of nanohybrids as a function of T c
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5.3.5. E FF E C T

OF THE

SIZE

OF

N AN O P A RT I C LE

ON THE

C RY ST A LLI Z AT I O N K I N ET I C S

The analysis of the isothermal measurements for the crystallization kinetics of the PEOLS and PEO-ZL series of nanocomposites through Polarized Optical Microscopy led to a
series of conclusions about the size and number of spherulites, the growth rate and the
crystallization time. In this paragraph the differences/similarities in the crystallization
kinetics of the polymer upon addition of nanoparticles of different sizes will be addressed.
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Figure 5.40: Number density of spherulites for the two series of nanohybrids at T c=50oC (top)
and at Tc=52oC (bottom)

Figure 5.40 shows the number of spherulites/mm2 for all the nanohybrids of both the
PEO-LS and the PEO-ZL series when crystallizing isothermally at Tc=50oC and Tc=52oC. The
results follow what was seen through the photos; the small nanoparticles affect the number
of spherulites more significantly than the large nanoparticles. The addition of small amount
of particles, regardless of the size, leads to a shift of the Tm towards higher temperatures
which creates larger and fewer spherulites. Upon further addition of nanoparticles their size
diversifies the polymer’s behavior; further addition of large nanoparticles does not affect
the number and size of spherulites while further addition of small nanoparticles in the
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polymer matrix leads to an increase in the number of spherulites which corresponds to a
decrease in their size.
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Figure 5.41: Comparison of the number of spherulites/mm 2 seen in POM images for the PEOLS and PEO-ZL series of nanohybrids as a function of E/V PEO at Tc=52oC

When comparing the two series of nanohybrids as a function of E/VPEO, we eliminate the
surface area factor (since we compare the nanohybrids at the same surface area per
volume) and we can examine the effect of the nanoparticles’ curvature. Figure 5.41 shows,
that at the same inorganic surface area the small nanoparticles affect the number and size
of spherulites more than the large, either in low or in high silica contents. Therefore

the

crystallization behavior of the polymer is affected more when it is in proximity to a
nanoparticle smaller than its coil.
While the number and size of spherulites seems to be affected by both the inorganic
surface area and the curvature of the nanoparticles, this is not the case for the spherulitic
growth rate. Figure 5.42 shows the dependence of growth rate for the two series of
nanocomposites as a function of polymer volume fraction (upper plot) and as a function of
E/VPEO (lower plot). It can be seen that for the same amount of nanoparticles, addition of
small ones slows significantly down the spherulite growth rate whereas comparison at the
Page | 212

Chapter 5: Kinetics of Crystallization

same surface area brings all data on the same master curve that shows that the critical
parameter in the slowing down of the growth rate is the amount of surfaces; the more
surfaces the slower the spherulite growth. This can be understood in the framework of the
favorable interactions between the chains and the surfaces. A reduction in the spherulite
growth rates upon addition of nanoadditives was observed by Waddon et al.33 which
studied a similar system. He proposed that this reduction may result either from spatial
constraints caused by confining the chains in the restricted space between particles or from
their pinning in the inorganic surface.
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Figure 5.42: Comparison of the spherulitic growth rate for the PEO-LS and PEO-ZL series of
nanohybrids as a function of PEO content (top) and of E/V PEO (bottom) at T c=52oC

The crystallization time (in our case the time it needs to cover the surface), seen in
Figure 5.43, seems to remain unaffected by the inorganic surface area, however it seems to
get slightly smaller with the addition of larger nanoparticles. The larger the size of the
additive and the less the surfaces, the smaller the crystallization time gets. Thus, the large
nanoparticles as additives seem to accelerate the polymer’s crystallization process.
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Figure 5.43: Comparison of the crystallization times for the PEO-LS and PEO-ZL series of
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5.4.

C OMPARISON B ETWEEN T HE T WO T ECHNIQUES

The two techniques used for the study of the kinetics of crystallization are completely
different and measure different things. POM measures only what is visible through the
optical properties of the materials, while with DSC we can measure the thermal behavior of
all moieties that can melt. Therefore, in order to come into conclusions about the
crystallization process, the comparison of the results of the two techniques is useful.
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Figure 5.44: Crystallization times for the PEO-LS nanohybrids as a function of PEO content
obtained by DSC and POM (top)

The only parameter that can be directly compared is the crystallization time which can
be seen in Figures 5.44 and 5.45 for PEO-LS and PEO-ZL series of nanohybrids respectively.
Crystallization time seems to be larger, in most cases, when measured by DSC than POM, in
both series of nanohybrids. This suggests that the time needed for the surface to be
covered in POM, is not the time that the whole crystallization process needs in order to
finish. Therefore there are processes that cannot be discerned with optical methods. This
agrees with the theory for primary and secondary crystallization, which suggests that during
primary crystallization the ‘framework’ of the lamellae and spherulites is created and then
the space in between is filled during secondary crystallization.34–36 Also through DSC an
effect of silica loading can be detected while this cannot be seen through POM where all
nanohybrids seem to have more or less the same crystallization time. Moreover this
decrease in the crystallization time with an increase in silica loading, seen through DSC, is
more intense for the small nanoparticles than for the large.
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Figure 5.45: Crystallization times for the PEO-ZL nanohybrids as a function of PEO content
obtained by DSC and POM
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5.5.

C ONCLUSION S

In this Chapter the effects that the addition of silica nanoparticles, of two different
sizes, have on the PEO’s crystallization kinetic behavior are examined through isothermal
Differential Scanning Calorimetry and Polarized Optical Microscopy. On the one hand, the
nanoparticles act as nucleating agents promoting the nucleation process. The whole process
becomes faster with large nanoparticles accelerating crystallization more than the small. On
the other hand, the spherulitic growth rate decreases in high silica contents, indicating that
in higher silica loadings nanoparticles introduce spatial barriers to the chains, hindering
them to align and form crystallites and spherulites.
Through DSC it was found that the crystallization process becomes faster with the
addition of nanoparticles, with the large nanoparticles (ZL with R=67nm) accelerating the
process more than the small ones (LS with R=7nm). The same effect is seen when examining
the activation energy; the large nanoparticles reduce the activation energy more than the
small ones suggesting that the curvature of the nanoparticle that the polymer gets adsorbed
to, plays a significant role in its crystallization process.
Through POM the size and number of spherulites seem to be affected by LS
nanoparticles; a small addition of nanoparticles in the matrix leads to an increase in the size
of spherulites whereas further addition leads to a decrease with the spherulites becoming
smaller than the respective of the pure polymer. On the contrary the addition of ZL
nanoparticles doesn't seem to affect the size and number of spherulites significantly. The
spherulitic growth rate seems to drop in the PEO-LS nanohybrids, while it seems to rise
slightly in the PEO-ZL nanocomposites compared to the growth rate of the pure polymer.
However this difference is not due to the different size of the additives but rather in the
different amount of inorganic surface area inserted in the matrix. Crystallization time
appears to be smaller when adding large nanoparticles rather than small and this is an effect
of silica curvature.

Page | 217

Chapter 5: Kinetics of Crystallization

R EFERENCES
1

Skripov, V. P. Metastable Liquids; Wiley: New York, 1973.

2

Hoffman, J. D.; Weeks, J. J. ; J. Res. Natl. Bur. Stand. 1962, A66 (13).

3

Avrami, M. Kinetics of Phase Change. A General Theory. J. Chem. Phys. 1939, 7 (12),
1103–1112.

4

Avrami, M. Kinetics of Phase Change. II Transformation‐Time Relations for Random
Distribution of Nuclei. J. Chem. Phys. 1940, 8 (2), 212–224.

5

Boschetti-de-Fierro, A.; Lorenzo, A. T.; Müller, A. J.; Schmalz, H.; Abetz, V.
Crystallization Kinetics of PEO and PE in Different Triblock Terpolymers: Effect of
Microdomain Geometry and Confinement. Macromol. Chem. Phys. 2008, 209 (5),
476–487.

6

Wu, J.-Y.; Wu, T.-M.; Chen, W.-Y.; Tsai, S.-J.; Kuo, W.-F.; Chang, G.-Y. Preparation and
Characterization of PP/clay Nanocomposites Based on Modified Polypropylene and
Clay. J. Polym. Sci. Part B Polym. Phys. 2005, 43 (22), 3242–3254.

7

Xu, W. B.; Zhai, H. B.; Guo, H. Y.; Zhou, Z. F.; Whitely, N.; Pan, W.-P. PE/Org-MMT
Nanocomposites. J. Therm. Anal. Calorim. 2004, 78 (1), 101–112.

8

Wang, Y.; Shen, C.; Li, H.; Li, Q.; Chen, J. Nonisothermal Melt Crystallization Kinetics of
Poly(ethylene Terephthalate)/clay Nanocomposites. J. Appl. Polym. Sci. 2004, 91 (1),
308–314.

9

Balsamo, V.; Urdaneta, N.; Pérez, L.; Carrizales, P.; Abetz, V.; Müller, A. . Effect of the
Polyethylene Confinement and Topology on Its Crystallisation within Semicrystalline
ABC Triblock Copolymers. Eur. Polym. J. 2004, 40 (6), 1033–1049.

10

Xu, J.-T.; Yuan, J.-J.; Cheng, S.-Y. SAXS/WAXS/DSC Studies on Crystallization of a
Polystyrene-B-Poly(ethylene Oxide)-B-Polystyrene Triblock Copolymer with Lamellar
Morphology and Low Glass Transition Temperature. Eur. Polym. J. 2003, 39 (11),
2091–2098.

11

Loo, Y.-L.; Register, R. A.; Ryan, A. J.; Dee, G. T. Polymer Crystallization Confined in
One, Two, or Three Dimensions. Macromolecules 2001, 34 (26), 8968–8977.

12

Loo, Y.-L.; Register, R. A.; Ryan, A. J. Modes of Crystallization in Block Copolymer
Microdomains: Breakout, Templated, and Confined. Macromolecules 2002, 35 (6),
2365–2374.

13

Xu, J.-T.; Wang, Q.; Fan, Z.-Q. Non-Isothermal Crystallization Kinetics of Exfoliated and
Intercalated Polyethylene/montmorillonite Nanocomposites Prepared by in Situ
Polymerization. Eur. Polym. J. 2005, 41 (12), 3011–3017.

14

Zhu, L.; Mimnaugh, B. R.; Ge, Q.; Quirk, R. P.; Cheng, S. Z. .; Thomas, E. L.; Lotz, B.;
Hsiao, B. S.; Yeh, F.; Liu, L. Hard and Soft Confinement Effects on Polymer
Crystallization in Microphase Separated Cylinder-Forming PEO-B-PS/PS Blends.
Polymer. 2001, 42 (21), 9121–9131.
Page | 218

Chapter 5: Kinetics of Crystallization

15

Frank, B.; Gast, A. P.; Russell, T. P.; Brown, H. R.; Hawker, C. Polymer Mobility in Thin
Films. Macromolecules 1996, 29 (20), 6531–6534.

16

Frank, C. W.; Rao, V.; Despotopoulou, M. M.; Pease, R. F. W.; Hinsberg, W. D.; Miller,
R. D.; Rabolt, J. F. Structure in Thin and Ultrathin Spin-Cast Polymer Films. Science
(80-. ). 1996, 273 (5277), 912–915.

17

Reiter, G.; Sommer, J. U. Crystallization of Adsorbed Polymer Monolayers. Phys. Rev.
Lett. 1998, 80 (17), 3771–3774.

18

Despotopoulou, M. M.; Frank, C. W.; Miller, R. D.; Rabolt, J. F. Kinetics of Chain
Organization in Ultrathin Poly(di-N-Hexylsilane) Films. Macromolecules 1996, 29 (18),
5797–5804.

19

Zheng, X.; Sauer, B. B.; Van Alsten, J. G.; Schwarz, S. A.; Rafailovich, M. H.; Sokolov, J.;
Rubinstein, M. Reptation Dynamics of a Polymer Melt near an Attractive Solid
Interface. Phys. Rev. Lett. 1995, 74 (3), 407–410.

20

Dalnoki-Veress, K.; Forrest, J. A.; Massa, M. V.; Pratt, A.; Williams, A. Crystal Growth
Rate in Ultrathin Films of Poly(ethylene Oxide). J. Polym. Sci. Part B Polym. Phys.
2001, 39 (21), 2615–2621.

21

Wurm, A.; Ismail, M.; Kretzschmar, B.; Pospiech, D.; Schick, C. Retarded Crystallization
in Polyamide/Layered Silicates Nanocomposites Caused by an Immobilized Interphase.
Macromolecules 2010, 43 (3), 1480–1487.

22

Turturro, G.; Brown, G. R.; St-Pierre, L. E. Effect of Silica Nucleants on the Rates of
Crystallization of Poly(ethylene Terephthalate). Polymer. 1984, 25 (5), 659–663.

23

Antoniadis, G.; Paraskevopoulos, K. M.; Bikiaris, D.; Chrissafis, K. Non-Isothermal
Crystallization Kinetic of Poly(ethylene Terephthalate)/fumed Silica (PET/SiO2)
Prepared by in Situ Polymerization. Thermochim. Acta 2010, 510 (1–2), 103–112.

24

Zheng, H.; Wu, J. Preparation, Crystallization, and Spinnability of Poly(ethylene
Terephthalate)/silica Nanocomposites. J. Appl. Polym. Sci. 2007, 103 (4), 2564–2568.

25

Xu, C.; Qiu, Z. Isothermal Melt Crystallization Kinetics Study of Biodegradable Poly(3hydroxybutyrate)/Multiwalled Carbon Nanotubes Nanocomposites. Polym. J. 2009,
41 (10), 888–892.

26

Activation Energy for Crystallization of Low Molecular Weight Poly(ethylene Oxide)
and Low Molecular Weight Poly(ethylene Oxide)/poly(methyl Methacrylate) Blends
Determined by DSC and Polarized Optical Microscopy. Thermochim. Acta 1995, 267,
259–268.

27

Takahashi M.; Harasawa N.; Yoshida, H. Isothermal Crystallization of Poly (Ethylene
Oxide) in Poly (Ethylene Oxide) / Poly (Methyl Methacrylate) Blend Systems. Kobunshi
Ronbunshu 1990, 47 (5), 455–458.

28

Kim, S. H.; Ahn, S. H.; Hirai, T. Crystallization Kinetics and Nucleation Activity of Silica
Nanoparticle-Filled Poly(ethylene 2,6-Naphthalate). Polymer. 2003, 44 (19), 5625–
5634.
Page | 219

Chapter 5: Kinetics of Crystallization

29

Zhang, Q.; Zhang, Z.; Zhang, H.; Mo, Z. Isothermal and Nonisothermal Crystallization
Kinetics of Nylon-46. J. Polym. Sci. Part B Polym. Phys. 2002, 40 (16), 1784–1793.

30

Corcione, E. C.; Frigione, M. Characterization of Nanocomposites by Thermal Analysis.
Materials 2012, 5, 2960-2980

31

Yang, Z.; Huang, S.; Liu, T. Crystallization Behavior of Polyamide 11/multiwalled
Carbon Nanotube Composites. J. Appl. Polym. Sci. 2011, 122 (1), 551–560.

32

Hsu, S.-F.; Wu, T.-M.; Liao, C.-S. Isothermal Crystallization Kinetics of poly(3Hydroxybutyrate)/layered Double Hydroxide Nanocomposites. J. Polym. Sci. Part B
Polym. Phys. 2006, 44 (23), 3337–3347.

33

Waddon, A. J.; Petrovic, Z. Spherulite Crystallization in Poly(ethylene Oxide)-Silica
Nanocomposites. Retardation of Growth Rates through Reduced Molecular Mobility.
Polym. J. 2002, 34 (12), 876.

34

Koo, H. ; J. Polymer Nanocomposites; 2006.

35

Hackett, E.; Manias, E.; Giannelis, E. P. Computer Simulation Studies of PEO/layer
Silicate Nanocomposites. Chem. Mater. 2000, 12 (8), 2161–2167.

36

Sinha Ray, S.; Okamoto, M. Polymer/layered Silicate Nanocomposites: A Review from
Preparation to Processing. Prog. Polym. Sci. 2003, 28 (11), 1539–1641.

Page | 220

Chapter 6: Conclusions

C HAPTER 6: C ONCLUSIONS
The work presented in this thesis focuses on the study of polymer nanocomposites and
more specifically on the effect that silica nanoparticles of different size have on poly
(ethylene oxide), PEO, structure, crystallization and dynamics. The systems were chosen so
that the size of the nanoparticles to be smaller, comparable and larger that the size of the
polymer coil thus allowing the variation of nanohybrid composition, total amount of
inorganic surface area and confinement. All the results have been analytically described in
the previous chapters and they are summarized here.
At first two-component (PEO and Silica) nanocomposites were developed through
solution mixing for the three different nanoparticles. In all cases, concentrations that
covered the whole regime from pure polymer to the highest possible in nanoparticles were
prepared and the homogeneous dispersion was verified by Transmission Electron
Microscopy. X-ray Diffraction, Differential Scanning Calorimetry and Infrared Spectroscopy
showed that in all concentrations the PEO was able to crystallize; nevertheless the degree of
crystallinity as well as the crystallization characteristics exhibited different behavior
depending on the size of the additive. The degree of crystallinity was found to be constant
for low nanoparticle content whereas it was decreasing among further nanoparticle
addition. The critical parameters that determine the behavior are the confining length, the
amount of inorganic surfaces as well as the curvature of the nanoparticle surface. All three
factors were found to affect the degree of crystallinity, while the curvature plays no role in
the shift of the melting curve. It can be concluded that large particles offer better
adsorption to the polymeric chains that cannot crystallize in close proximity to the surface,
while this is not the case for the nanoparticles whose radius is smaller than that of the PEO
coil. At the same time though, small nanoparticles hinder crystallization due to the higher
amount of inorganic surfaces that they provide to the system and due to the more severe
confinement they impose. Moreover, polymer crystallization in the close proximity to the
inorganic surfaces seems to happen at lower temperatures than far away.
In continuation of that work and in order to combine the large influence that the
curvature of the large nanoparticles, as well as the large inorganic surface area of the small
nanoparticles have on polymer crystallization three-component nanohybrids (PEO, small
and large nanoparticles) were synthesized and investigated. Using two different kind of
nanoparticles led to hybrids that are completely amorphous, proving that the use of two
sizes of nanoparticles creates a more confining environment for the polymer. Moreover, at
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the same polymer content, hybrids with the highest content of small nanoparticles exhibit
much lower crystallinity whereas by playing with the ratio of small vs large nanoparticles
tuning of crystallization can be achieved.
The study of the crystallization kinetics, in the two component systems, confirmed that
nanoparticles act as nucleating agents for low amount of nanoparticles, while upon further
addition they retard the crystallizing chains. Isothermal DSC and POM measurements
showed that the whole crystallization process becomes faster due to the nanoparticles
acting as nucleation sites, with the addition of large nanoparticles accelerating the process
more than the addition of small. The activation energy for the crystallization process was
found to be reduced in the nanocomposites. Moreover, the Avrami constant was smaller in
the nanocomposites than the respective value in pure polymer. For nanohybrids composed
either with small or large nanoparticles, the size and the number of spherulites showed a
non-monotonic dependence on composition for all crystallization temperatures whereas a
weak dependence is observed for the spherulitic growth rate.
The investigation of the chain conformations through Infrared Spectroscopy revealed
that although in the pure polymer there is no significant preference between the gauche
and the trans state of the C-C bond along the backbone, this is not the case for the
nanocomposites where an increase of the gauche conformations is observed with increasing
nanoparticle content. This is attributed to the imposed confinement with the important
parameter being the confining length, expressed as the ratio of the interparticle distance
over the chain radius of gyration, d/Rg. For d/Rg>1 the gauche population resembles the
respective of the bulk polymer whereas for d/Rg<0.1-0.5 a significant increase is observed
for the ratio Igauche/Itotal that reaches ~80-85%. This indicates that under confinement the
system becomes more disorder and liquid-like.
The polymer dynamics under confinement utilizing the same nanocomposites were
investigated with Dielectric Relaxation Spectroscopy at a wide range of temperatures both
below and above the bulk polymer glass transition temperature. Two main relaxations were
identified; the very local β relaxation at low temperatures and the segmental motion above
Tg. Unlike the results on polymer crystallization and chain conformations, the analysis of the
dielectric spectra showed that neither the presence of the inorganic surfaces nor the
confinement that the nanoparticles impose have a significant effect on dynamics. Both α
and β relaxation processes of the nanocomposites, regardless of the nanoparticles content,
are very similar to those of pure PEO. Moreover, further than the similar relaxation times,
the β process for the nanocomposites possess a very similar activation energy with the pure
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polymer whereas the segmental relaxation seem to be weakly more Arrhenius than the
respective process of PEO.
In the future these systems can be studied for their rheological properties that affect the
processability of the final materials. The tuning of crystallinity can be further examined using
different combination of sizes of nanoparticles, or even more than two different kinds of
nanoparticles in order to control the crystallinity in low silica contents. The study of
crystallization kinetics on the level of lamellar thickness using Small Angle X-ray Scattering
(SAXS) should prove useful in the understanding of the whole crystallization process. Recent
advances in aligning the nanoparticles can be used in these systems in order to examine the
effect that ordered nanoparticles would have on polymer crystallization. In this study two
kinds of geometries were used: the layered (1D) and the spherical (0D) leaving room for
investigation using 2D and 3D geometries or a combination of them. Also an effect of
molecular weight would prove very useful in the understanding of how the crystallinity is
tuned in the two-component nanohybrids.
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