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CHAPTER 1: Abstract

The kinetics of drying and film formation of different polymeric latices were studied.
Various theoretical models predict a strong dependency of the film formation
characteristics on the particle size and morphology. This could be confirmed by
experimental studies.
The influence of particle size and morphology of differently structured latices on the
film formation process was investigated by Atomic Force Microscopy (AFM) and
Ultrasonic shear wave reflection. These two methods allow a comprehensive
characterization of the drying and film formation process of emulsions. The studies
confirmed the theoretical model, that the film formation behavior is influenced by the
particle size and particle morphology.
Furthermore the influence of different additives, such as coalescent solvents and
rheology modifiers on the film formation behavior was investigated.

As a second part of the studies, a novel technique was developed to measure
thermal transitions of polymers with the AFM in the non-contact mode, using it as a
Dynamic Mechanical Analyzer (DMA) on a local scale. The resonance frequency of
the AFM cantilever was measured as a function of the temperature and thermal
transitions of a polymer were clearly visible as changes in the resonance frequency /
temperature response curve. Using the AFM in this mode allows the determination of
the thermal properties of a material at a specific position on a sample, thereof on a
macromolecular scale. A simple model was developed to explain the response of the
cantilever caused by the transitions in the polymer and the related form of the
frequency/temperature curves.
This new technique adds a new dimension to standard thermal analysis techniques.
It is now possible to resolve the individual thermal transitions of different polymer
phases, for example in structured multiphase polymers.

Opsomming

Die kinetika van droging en filmvorming van verskeie polimeriese lateksverbindingse
is ondersoek. Verskeie teoretiese modelle voorspel 'n sterk afhanklikheid tussen die
filmvormingseienskappe, partikelgrootte en morfologie. Hierdie afhanklikhede is
eksperimenteel bevestig. Die invloed van partikelgrootte en morfologie van
verskillende lateksstrukture op die filmvormingsproses is deur
atoominteraksiemikroskopie (Eng: Atomic Force Microscopy, AFM) sowel as
ultrasoniese skuifweerstandgolfrefleksie ondersoek. Hierdie twee metodes bied 'n
deurslaggewende karakterisering van die droging en filmvormingsproses van
emulsies. Resultate bevestig die teoretiese model, nl. dat filmvorming deur
partikelgrootte en morfologie beïnvloed word.
Die invloed van verskillende bymiddels, insluitend reologie-modifiseerders op
filmvorming, is ook ondersoek.

Vervolgens is 'n nuwe tegniek ondersoek om die termiese oorgange van polimere
met behulp van die AFM in nie-kontak modus (deur dit as 'n dinamiese meganiese
analiseerder (DMA) te gebruik) te bestudeer. Die resonansie-frekwensie van die
AFM-hefboom is bepaal as 'n funksie van temperatuur. Termiese oorgange van 'n
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polimeer is duidelik waarneembaar as veranderinge in die resonans-
frekwensie/temperatuur responskurwe. Deur gebruik te maak van die AFM in hierdie
modus kan die termiese eienskappe van 'n materiaal by 'n spesifieke posisie op die
monster op molekulêre skaal bepaal word. 'n Eenvoudige model is ontwikkel om die
oorgange in die polimeer, en gevolglik die vorm van die frekwensie/temperatuur
kurwes, dmv. die respons van die hefboom, te verduidelik
Hierdie nuwe tegniek gee 'n nuwe dimensie tot die standaard tegnieke van termiese
analise tegnieke. Dit is nou moontlik om individuele termiese oorgange van verskeie
polimeerfases, byvoorbeeld in gestruktureerde multifase polimere, te ondersoek en
op te los
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Introduction 1

CHAPTER 1: Introduction

One of the most important characteristics of a latex is the ability to form a solid, non-
porous, elastic film after drying. This valuable property is used to manufacture
adhesives, paints and other composites, because it happens at ambient conditions
and is an irreversible process. The coalescence of the particles is too strong to resist
disruptive forces, therefore addition of water does not redisperse the latex.

Many theories have been developed to understand the process of drying and film
formation in a latex, to explain why the particles form a smooth flat film and do not
dry as a powder or a porous gel [1-3]. These studies indicate that the process
consists of three steps:

1) water evaporation from the latex [4-8]
2) particle deformation and interstitial water diffusion [9-11]
3) particle coalescence and formation of a film [12-17]

The Atomic Force Microscope (AFM), due to its resolution of a few nanometers and
the non-destructive operation mode, is a versatile and powerful tool with which it is
possible to monitor all three of the above mentioned steps and visualize the process
of particle deformation and coalescence.

For a latex emulsion to form a smooth, continuous film at ambient conditions, the
latex particles must be soft enough to deform and possibly interdiffuse. The glass
transition temperature (Tg) is the temperature at which chain segments can start to
move and the particles can interdiffuse. Thus the Tg is a particularly useful parameter
to describe a polymer's ability to form a film.
A common way to manipulate the Tg of a latex is by the addition of coalescent aids or
plasticizers, which lower the Tg of the latex in its wet state and allows film formation
at a lower temperature. After the film has dried, the solvents evaporate and leave a
high Tg film which is fairly stable.

A possible way to avoid the evaporation of these volatile plasticizers, while combining
the properties of a low Tg, easily film-forming latex with a stabilizing high Tg
component, is to use polymer blends, or structured latices, such as core-shell
particles. Core-shell particles can, for example, consist of a more hydrophobic core
polymer with a high Tg polymer, surrounded by a more hydrophilic shell polymer with
a low Tg polymer.

The thermal parameters of a polymer, such as the Tg, can be determined by a variety
of experimental methods. The most common are the Differential Scanning
Calorimetry (DSC) and the Dynamic Mechanical Analysis (DMA). The disadvantage
of both methods is that they determine an average Tg of the entire sample. The Tg
cannot be measured locally on molecular scale.
If polymer blends or structured polymers are used in a latex, however, then it will be
most interesting and useful to be able to determine the thermal parameters of all
polymer phases locally, to ensure that the particles do in fact have the desired
structure.
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2 Introduction

A new measurement method was developed to determine such thermal transitions of
a polymer locally. It entails the use of the AFM in a probing mode. With this new
technique it is now possible to determine, for example, the T9S of the core and the
shell individually for core-shell polymers.

1.1 Objectives

The overall aim of this research was twofold. On the one side was the
comprehensive characterisation of different polymers with the AFM. The emphasis
lay on latices with different polymer structures, different particle sizes and different
core-shell ratios, but different polyolefins and ultra-thin polystyrene films were also
investigated.

The film-formation behavior of latices with different polymer structure, particle size
and different additives were investigated by AFM and the acquired image sequences
compared. The results provided information on which polymer properties are most
suitable for film formation at ambient conditions, as specifically required by the
coatings industry.

The second aim of the research was the development of a new experimental method
to determine thermal transition temperatures of polymers by AFM using it in a
stationary probing mode. The results obtained by this mode of the AFM were
compared to OSC and OMA results and the AFM evaluated for its abilities and
accuracy as a technique to determine thermal transitions. The limits of the AFM as a
tool to determine thermal transitions were evaluated with nano-morphologies, ultra-
thin films and structured latices.

Layout of the thesis:

The first part of the thesis describes the mechanical properties of polymers and
introduces different theories on the film-formation process.

The second part gives a short overview over different variants of Scanning Probe
Microscopes (SPM), with special emphasis to the AFM, followed by the synthesis of
the investigated polymers and the experimental setup used for the measurements

The results are presented in different sections. The first describes the film-formation
behavior of different latices. Here the AFM was used to image polymer surfaces and
give information about kinetic processes that happen while a film is formed.
The second section shows a few results obtained by Scanning Thermal Microscopy
and the third section describes the determination of thermal parameters of polymers
using the AFM in a stationary mode. Like the OMA it is used to excite the underlying
molecules and measures their response, only here the response is measured locally
on a molecular scale.
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4 Theoretical Background

CHAPTER 2: Theoretical Background

This chapter will give a background on the properties of polymers and introduce
characteristic terms and quantities to describe the behavior of polymers.

2.1 Mechanical and Thermal Properties of Polymers

2.1.1 Mechanical Properties of Polymers

The mechanical properties of a polymer can be deduced from the response to a
mechanical force, for example deformation. The mechanical properties of materials
are usually divided into two groups. Solids, like metal or glass, are elastic for small
deformations and the strain is proportional to the elongation, according to the
Hookean law. Liquids, however, are viscous and the strain is proportional to the
change of the elongation, according to Newton's law. The properties of polymers are
a combination of both states - polymers are viscoelastic.

Linear, purely elastic behavior under deformation stress is described by the Hookean
law:

(2.1 )

where (jij is the stress tensor, Ekl is the deformation tensor, and the elastic moduli are
described by Cijkl.

If the material shows certain symmetries, the number of linearly independent
components of Cijkl is reduced. In the case of the isotropic elastic solid only two linear
independent moduli exist. The Hookean law can then be written as:

(2.2)

with the Lamé moduli "A.and IJ and the Kronecker tensor Bij. The more commonly used
moduli E (elastic modulus), C (compressibility modulus), G (shear modulus) and L
(bulk modulus) can be calculated from the Lamé moduli using the following
relationships [1]:

E = (3"A.+21J)/("A./(1J+1))
C = "A.+21J/3
G = (L-"A.)/2
L = "A.+21J

(2.3)
(2.4)
(2.5)
(2.6)

Most polymers are neither purely elastic nor purely viscous. Due to the chain
structure and possible side chains, the polymers show characteristics of both cases -
this is called viscoelastic behavior.
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Theoretical Background 5

The response of a polymer to a mechanical excitation is not immediate, but happens
with a certain time delay. Relaxation, creeping processes and viscous flow of the
polymer chains determine the viscoelastic properties of a polymer.
Taking these processes into consideration, the constant elastic moduli from the
Hookean law can be replaced by time dependent moduli. For example shear
deformation can be written as:

I d
a(t) = fG(t-t')~t'

dt'-00

(2.7)

with the shear modulus G(t-t').
If the polymer is deformed periodically, as for example by torsion or elongation, then
the observed mechanical stress will show a phase shift 8. With a sinusoidal excitation
E= eosinrot,the mechanical response is o = crosin(rot+8).Using the addition theorem
this can be written as:

er = EoG'sinrot+ EOG"COSrot (2.8)

with G' = cro/eocosê and G" = crO/EOsinê,

The periodical stress can be divided into a part in phase with the deformation and a
part that is shifted 90°. Therefore the shear modulus can be written in a complex form
as:

G* = G' + iG" (2.9)

The real part G' is a measure of the stored energy and is referred to as the storage
modulus. The imaginary part G" is related to the dissipated energy:

(2.10)

and is referred to as the loss modulus. Both components depend on the frequency of
the excitation [2]. The ratio of the loss modulus to the storage modulus is the loss
factor

G"tan é' =-
G'

which is a measure of the damping, or the internal friction of the polymer.

(2.11 )

2.1.2 Polymer Dynamics

If a solid is elongated, the atoms or molecules move and settle to a new equilibrium
position. A macroscopic deformation of a polymer leads to complex rearrangements
of molecules. The length scale of these rearrangements ranges from lengths in the
order of 1A, if a single bond is involved, to the nanometer range for the entire
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molecule. The time scale of these processes varies from 10-11S to macroscopic times
of several seconds [3].
The most common models to describe the movement of polymer chains are briefly
introduced:

2.1.2.1 Rouse-Zimm Model

In this simple molecular model, the polymer chain is regarded as a chain of hard
spheres connected by springs. The springs represent the entropie forces acting
between the individual segments and show no interaction with the surrounding
element. The Brownian motion of the chain segments without interaction forces can
be calculated. The forces acting on the spheres, according to the Rouse model [4],
are inertia forces, entropie spring forces, friction, and stochastic forces due to thermal
movement and collisions.
The Brownian molecular movement excites cooperative relaxation motions (Rouse
modes) in the polymer chain with the relaxation time 'tp = 'tR/p2 ('tR is a characteristic
time, p = 0,1,2,...).
All modes show the same temperature dependence, which is a theoretical
justification for the time-temperature superposition principle mentioned later in
section 2.1.4 (equation 2.16) on which the Williams-Landel-Ferry (WLF) equation is
based. The Rouse model becomes invalid for high molecular weight polymers, where
entanglements start to influence the chain movement.

The Zimm model [5] is an extension of the Rouse model and takes hydrodynamic
interaction forces into consideration as well. A moving chain segment of a polymer in
solution causes a flow, which leads to the movement of other chain segments. The
expression for the relaxation time under these circumstances changes to:

/
3/2

'tp = 'tR P .

2.1.2.2 Reptation Model
The reptation model was developed by de Gennes [6] and takes molecular
interactions between the chain segments into consideration. The chains are hindered
in their movement by other polymer chains. Eventually they move along the chain
axis, as if locked into a pipe. The movement can be visualized as a twisting along the
axis, like a snake - this is why it is called reptation. The relaxation time depends on
the diameter of the pipe d: re = ;dI2·JI !g/kTa2
S is a measure for the friction of the chain, T is the temperature and a is the length of
one chain segment.

2.1.3 Crystallization and Melting of Polymers

The crystallization of polymers is a rather complicated process. Entanglements and
side groups of the polymer chains hinder the formation of ordered structures.
Furthermore, a large number of configuration possibilities lead to a higher formation
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entropy for polymers than, for example, for lower molecular substances. This leads to
a high entropy difference between the amorphous and the crystalline phase, which is
the reason, why polymers crystallize only partly.
One condition for the ability to crystallize is the regularity in chemical structure of the
polymer chains over a long distance. An example of a well crystallizing polymer is
polyethylene (PE), which consists of a simple, saturated carbon chain backbone
without any pendant side groups. Statistical copolymers or atactic polymers usually
do not crystallize, since order on a sufficient length scale is not present.

Polymer crystals are highly anisotropic because of the different bonding forces. The
covalent bonds along the chain are about 10 to 50 times stronger than the secondary
bonds (van der Waals bonds) between neighboring molecules within the crystal.
The crystals are also never perfect. Apart from defects typical to low molecular mass
crystals, such as vacancies, impurity atoms and dislocations, polymer crystals have
defects due to chain ends folding or conformational defects. The number of defects
influences the melting point of a polymer crystal; it is lowered proportionally to the
number of defects in the crystal. Beyond a critical number of defects the long-range
order disappears entirely.

According to the Ehrenfest theory, [7] the crystallization- and melting-processes of
polymers are regarded as a first order transition, but the transition region is usually
wider than for low molecular crystals. In the case of PE the transition happens over a
range of about 30 - 50°C. This effect is due to polymer chains of different lengths and
more importantly to a certain distribution of the thickness of the crystal lamellae (see
Figure 2.1).

The starting point for crystallization is the formation of nuclei from the amorphous
melt. These are formed from bundles of parallel polymer chain segments. According
to Hoffman [8] the maximum rate of crystal nucleation takes place between the glass
transition temperature (Tg) and the melting temperature (Tm) of the polymer.
The growth of the crystals is dominated by secondary nucleation. The secondary
nuclei are deposited in layers in the lateral direction on the primary nucleus, forming
a lamellar crystal structure, separated by amorphous areas. Figure 2.1 illustrates the
lamellar growth of a polymer crystal. The polymer chain folds into a lamellar structure
but it also connects different lamellae and forms entanglements, which prevent the
formation of a perfect polymer crystal.

Due to the branching of lamellae, two- or three-dimensional superstructures, which
are commonly round or spherical, are formed. These crystal structures are called
spherulites.
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Figure 2.1: Crystal growth of a polymer crystal. The chains crystallise into lamellae, separated
by amorphous areas.

The ratio of the lamellar thickness to its width is always considerably smaller than the
theoretical value calculated from the surface energy. This means that the polymer
crystals are not in a thermodynamic equilibrium and the crystal growth is not
controlled by equilibrium thermodynamics. There is evidence that the crystals
growing with greater velocity are favored in the crystallization process. This would
confirm that the folding of polymer chains is a kinetic process. The kinetic
crystallization theory of Hoffman and Lauritzen [9] expresses the thickness of a
crystal as:

(2.12)

Where &m is the melting enthalpy, (JD is the surface energy of the folded area and PK
the density. 8L takes into consideration that the average lamellae thickness LK is
usually greater than the minimum possible thickness LK*. This is the reason why the
melting point of a polymer crystal is higher than its crystallization point.
The melting temperature Tm is a function of the lamellar thickness and is described
by the Thompson-Gibbs equation:

(2.13)

where Tm0 is the melting temperature of a crystal of infinite size. Real polymer
crystals with a thickness of about 10nm have according to equation 2.12, a lowering
of their melting point of about 10 to 30K. The amount of the lowering depends on (JD.
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2.1.4 Glass Transition of Polymers

Besides thermodynamic transitions polymers show different relaxation processes,
denoted by the greek letters, a, p, y, etc., beginning at higher temperatures. The
reason for the relaxation processes is molecular rearrangement and diffusion. The
most important relaxation process is the a-relaxation, also called the glass transition
of a polymer. In simple terms, the glass transition is the transition from a hard, glassy
state, in which the macromolecules are frozen in an amorphous or semi-crystalline
state, into a soft, rubbery state, in which the molecules can move and interdiffuse. All
polymers have a glass transition.

The mechanical behavior of a polymer can be described as passing through four
distinct regions, as illustrated in Figure 2.2 [12]. Figure 2.2 displays the complex
shear modulus as a function of the temperature for higher molecular weight
polymers.

* ... Go
eo..9 .._._._-- -_. _

pT F

-----""--

\
\
\
\

(J.- -,

relaxation' -,
'''-.

\ melting
\ point
\

......__ __ __ ........•.........._- __ .•.••...........•.•_-_._- _-_. ._..,.
Temperature

Figure 2.2: The complex shear modulus of a polymer as a function of the temperature.

In the hard, glassy state (G) the shear modulus reaches values of about one GPa.
The molecular chains without order are in an amorphous state, and cannot move.
In the transition phase (T) the modulus decreases drastically and the polymer shows
viscoelastic behavior, it becomes rubbery. The applied thermal energy may activate
movement of chain segments, but most molecules remain in their initial position. The
width of the transition phase depends on the molecular weight and structure of the
polymer. The plateau phase (P) exists for higher molecular weight polymers (> 104

gimol) and lies between the transition phase and the flow phase. In this region the
polymer shows rubber-elastic behavior. The large molecule chains can move and
interdiffuse but chain entanglements prevent irreversible flow. In the flow phase (F)
the molecular chains are irreversibly shifted as entanglements slip more easily.

To activate the movement of chain segments, thermal or mechanical energy is
required to overcome the potential barrier ~E. The probability for overcoming this

UNlVERSliElT STEL LEN130SCH
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energy barrier, given by the Soltzman factor kBT, is increasing with increasing
temperature and the relaxation time 't decreases, according to an Arrhenius-type law:

-~ k Tr - r.e r :'- 0 (2.14)

The frequency of the conformation changes in the polymer chains can then be
expressed accordingly:

-MI
v - veiksT- 0 (2.15)

The ability of the chain segments to move is thus decreasing with decreasing
temperature, while the relaxation time r, and with it the viscosity Tl = 'tG, increase
drastically.
Using equation 2.15 in relation for two different temperatures, leads to:

(2.16)

The factor aT is called shift factor. This means, that the temperature dependency of
viscoelastic materials can be converted into a frequency dependency. Spectra
measured at different temperatures can be superposed by shifting them along the
logarithmic time-/frequency axis and added to a "master-curve".

For most polymers, however the Arrhenius law becomes invalid in the region of the
glass transition and beyond (Tg +1OOK) and the relaxation time 't or the viscosity 11are
better described by the Vogel-Fulcher law [10,11]:

;4T-T.'l = 'loe VF (2.17)

with the Vogel-Fulcher temperature T VF, which for most polymers is about SOK below
the glass transition temperature Tg. At high temperatures the Vogel-Fulcher law
approaches the Arrhenius law, as displayed in Figure 2.3.

While the temperature dependency of the glass transition can be described by the
Vogel-Fulcher law, the secondary transitions (p,y ...) are better described by an
Arrhenius law. The relaxation times of the different relaxation processes are related
to the frequency at which the maximum of the loss modulus appears, according to
fmax=1/(21t't). Figure 2.3 shows a typical Arrhenius plot for the a- and J3-transitions, in
which the frequency fmax is plotted as a function of the inverse temperature. At high
temperatures the two relaxation processes merge into an Arrhenius curve.
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lrr
Figure 2.3: Arrhenius plot of the frequency maxima for the a-and f3-relaxations.

Around the Vogel-Fulcher temperature TVF, the glass transition (a-relaxation)
temperature shows a greater frequency dependency than the secondary transitions.
Depending on the polymer structure the Tg is raised about 7 to 10K every 10Hz.
In other words, the measured glass transition temperature depends strongly on the
measurement method and the frequency used to deform the polymer.

In the region of the glass transition not only the mechanical properties are changed.
The heat capacity, the compressibility and the thermal expansion coefficient also
change rapidly at Tg, in accordance to a second order phase transition. The glass
transition is, however not a second order phase transition, since the glassy state is
not an equilibrium in the thermodynamic sense. The system is not at the absolute
minimum of the Gibbs potential, but only at a local minimum. Depending on the
cooling rate to the glassy state, there are numerous different local energy minima in
which the polymer can exist. Thus, the thermal history of the polymer influences the
characteristic of the glass transition.

Despite intensive research and different theoretical models [13], there is as yet no
satisfactory microscopic theory to describe the glass transition correctly. The existing
theories can be divided into three categories: the free volume theory [14,15], kinetic
theories [16] and thermodynamic theories [17]. Mostly used and sufficient to explain
the glass transition is the free volume theory:

2.1.4.1 FreeVolumeTheory

When the polymer chains are "packed" there will be free volume between them, due
to the complex structure, and the resulting inability to fill available volume. This free
volume is needed to enable the chain segments to move. The molecular mobility
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and, with it, the viscosity depend on the free volume. The main premise of the free
volume theory is that at the glass transition the movement of the chain segments
freezes below a critical value of the free volume. In the glassy state the free volume
is not temperature-dependent, but remains at a constant value reached at Tg. The
overall volume Vg of the polymer in the glassy state is the sum of the occupied glass
volume at OK Vo, the free volume Vr and the temperature dependent volume for high
frequency oscillations:

(2.18)

Above Tg, the oscillating volume and the free volume increases with increasing
temperature. In this rubbery state the volume of the polymer is described by:

(2.19)

According to Simha and Boyer [15], the relative free volume fraction fg can be
determined by the difference in the expansion coefficient above (ar) and below (~)
the glass transition:

(2.20)

The free volume Vr depends strongly on the structure of the polymer and is typically
in the range of a few percent of the overall volume.

From the free volume theory the empirical WLF-equation (Wiliams-Landel-Ferry) can
be derived [18]. It describes the temperature dependence of relaxation times in
polymers above their Tg.

The basis of the WLF equation is the Doolittle-equation for the viscosity:

(2.21 )

A and B are empirical constants with values in the order of unity and fg is the relative
fraction of the free volume.
The ratio of a mechanical or dielectric relaxation time, 'tm or 'td, at a temperature T, to
its value at an arbitrary reference temperature To can be represented by a simple
empirical, but nearly universal function. The ratio aT is:

(2.22)

Substituting equation 2.21 in equation 2.22, the ratio can be expressed as:
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(2.23)

Selecting Tg as the reference temperature To and replacing f by fg+ at{T-Tg), with the
expansion coefficient af of the free volume, and taking the logarithm leads to:

loge, = (2.24)

Comparing this to the empirical WLF-equation:

(2.25)

leads to the following values for the coefficients:

Cl=-B/2.303fg:::ó-17.4 and C2=fg/af:::ó51.6K

A significant conclusion of the WLF analysis is that the free volume fraction at Tg is
nearly a constant value of fg = 0.025.
If the free volume fraction is constant at Tg, it follows that the glass transition
temperature for a polymer can be changed by altering its free volume fraction at a
fixed temperature. One way to achieve this is to mix the polymer with another
molecular unit, which has a larger free volume fraction at the same temperature.
Chain ends have larger free volumes since they are only attached by one bond to the
rest of the macromolecule. If the extra free volume of a chain end is 8, then the extra
free volume per ern", due to chain ends in a sample with the bulk density p and the
molecular weight Mis:

(2.26)

with the Avogadro number NA. To compensate for the extra free volume by cooling
due to thermal contraction a polymer of finite molecular weight Mn must be cooled
below the Tg of an infinite molecular weight polymer with Tgoo

•

(2.27)

with al the expansion coefficient of the melt. From this the Flory-Fox equation [19]
can be derived:

(2.28)

Random copolymers and compatible polymer blends show also a single Tg, usually
between the Tgs of the corresponding pure homopolymers. A number of empirical
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relationships have been proposed to relate the glass transition temperature of
random copolymers and polymer blends to their composition, for example the
Gordon-Taylor equation [20]:

(2.29)

or the Fox equation [21]:
(2.30)

where WA and Wa are the weight fractions of the polymer components. The Fox
equation was used to calculate the theoretical Tg of all copolymers used for the
experiments.

2.1.4.2 Glass Transition Temperature of Surfaces and Interfaces

The glass transition temperature is affected by many factors, for example, the
molecular structure. It was found that a single chain influences Tg through its stiffness
and tacticity. Interactions between chains such as cohesive or dipole attraction, and
H-bonding also modify Tg. Other structural effects, which alter Tg are molecular
symmetry, copolymerization, molecular weight, branching and cross-linking.
The polymer structure from the bulk is not necessarily the same near the surface;
here the segmental distribution of polymer chains might differ strongly. Reflectivity
studies by Wu et al. [22] suggest that the crystallinity of some polymers is enhanced
at the surface. These results are significant with respect to the difference in
properties between the crystalline and amorphous phases of semicrystalline
polymers.
In the case of purely amorphous polymers, Monte Carlo simulations [23-25] predict
an excess of chain ends close to the free surface. These would have a marked
influence on the thermal properties of the surface, for example a significant
depression of the glass transition temperature.

Using simple scaling analysis, Mayes et al [26] calculated the theoretical depression
of the surface Tg.
Considering a monodisperse system of polymer chains, each having N statistical
segments of the length a, the characteristic diameter of the molecule is roughly
equivalent to the root-mean-square end-to-end distance Ro = Nl/2a. De Gennes [27]
argued that the extent of chain-end segregation is controlled by the difference
between the surface tension of an infinite polymer chain and that of the end groups: 8
= Yoo - Yeo If 8a2lkT is of the order of unity, all chain ends within a distance Ro from the
surface will be localized at the surface. Calculating the concentration of chain ends
and a new effective degree of polymerization N, which gives the molecular weight
equivalent for the same fraction of chain ends in bulk, leads to the following
expression for the variation in Tg with molecular weight:

Tgcr = Tgoo - CIN (2.31 )
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with the material constant c. The lIN dependence arises according to the free
volume model from the enhanced contribution of chain ends to the total free volume
of the system.
The magnitude of the depression of Tg, for example for a system of polystyrene
chains of 1x105 molecular weight, or N = 960, Tgoo = 373K and C = 1.1x103 is 36K.
The surface glass transition temperature is then Tgcr = 337K.
For lower molecular weight materials the effect is even more pronounced. For a
2x104 molecular weight polystyrene the surface Tg is lowered by about 79K, to T go =
294K.

Kajiyama et al. [28,29] measured the glass transition of the surface of low molecular
weight polystyrene films with a lateral force microscope. They found a significant
lowering of the Tg at the surface. The glass transition started already at 293K, due to
an enrichment of chain ends at the surface.

The theoretical model is also in agreement with recent experimental results obtained
by Zhao et al. [30]. They observed an enhanced segregation of chain ends to the
surface by neutron reflection experiments.
Forrest et al [31] performed measurements using Brillouin light scattering and
ellipsometry and observed not only a depression of the surface Tg, but also an
increase in Tg at the substrate interface. An attractive interaction between the
polymer chains and the hard wall (the substrate surface) will increase the number of
contacts between the chains and the wall. Thus the chain mobility and the segmental
motion of the polymers is decreasing, which leads to an increase the glass transition
temperature.

2.1.4.3 The Minimum Film Formation Temperature

The minimum film formation temperature (MFT) is not a thermal transition such as Tg
or Tm. It is the temperature at which a water-borne synthetic latex or emulsion will
coalesce when cast on a substrate as a flat film. When this occurs, a clear
transparent film is formed. At temperatures lower than the MFT a white, powdery,
cracked film will result after the water has evaporated.
The MFT is usually closely related to the Tg, but not synonymous with it. While Tg can
be determined by calculations, MFT can best be determined experimentally by using
a MFT bar. This is a metal bar with a linear temperature gradient on which the latex
is cast. The temperature at which the film becomes transparent is the MFT.
Depending on the polymer type and structure, the MFT is a few degrees below or
above Tg.
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2.2 Film Formation of Latex

The film formation behavior of latices is an important property affecting many
applications, for example, in coatings. A better understanding of the fundamental
mechanism of film formation is important for the design of optimal coating systems.

Latices with different glass transition temperatures are used for different applications.
High Tg latices are used when a hard film is required, whereas low Tg latices are used
in order to achieve coalescence at ambient temperature. Core-shell polymers allow
the combination of the desirable properties of a stabilizing high Tg polymer with an
ambient film-forming low Tg polymer.
The film formation of latices has been extensively studied. Dobler and Holl [32],
Winnik [33] and Keddie [34] have reviewed the literature on latex film formation. The
following description of the film formation process is a short summary of their
findings.

The film formation process for a system of monodisperse latex particles is commonly
described in three stages:

1) Evaporation of water (drying) and particle ordering: change from a colloidal
dispersion into a hexagonal packed array.

2) Particle deformation - the particles are deformed into hexagons, interstitial voids
disappear.

3) Interdiffusion of polymers across particle boundaries causing a change into a
continuous material.

2.2.1 Water Evaporation and Drying

The process of drying generally refers to the evaporation of water from a latex
system. Several models and mathematical descriptions consider the transport of
water in the direction normal to the film surface. This directionality creates water
concentration gradients with the lower concentration near the latex/air interface.

Sheetz [35] proposed that water evaporates first rapidly from the surface and forms a
dry polymer membrane at the surface. It was suggested that this surface layer
becomes sufficiently dense to enable transport of water only by diffusion through the
polymer at the surface. The interstitial water subsequently evaporates more slowly by
diffusion through this membrane [35-38] and the drying front moves from the edges
of the film inwards [39].
The wet film has a convex shape because of its meniscus. This meniscus drives the
ordering of the latex particles, as represented in Figure 2.4.
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Evaporation

1 1

Figure 2.4: Schematic diagram of particle assembly and ordering driven by water flow to
regions of faster evaporation [40].

In the first stage, the height of the water drops below the size of a particle. Capillary
forces, caused by water evaporation, create a nucleus of a hexagonally ordered, two-
dimensional cluster [41]. Evaporation from the ordered areas of the nucleus leads to
convective particle flux to the edges of the growing nucleus. Water is drawn from the
surrounding regions to maintain the water level and to compensate for evaporative
water loss in the region of the nucleus. This incoming flux carries with it particles that
subsequently become part of the ordered array of the colloidal crystal, until finally the
entire latex forms an ordered array. This process is called convective self-assembly.
The resulting colloidal crystal forms an FCC crystal [42,43].

Figure 2.5: SEM image of polystyrene particles forming a colloidal crystal. The particles are
hexagonally ordered with some vacancies and dislocations.

The evaporation rate affects the packing of the latex particles, and the faster the
evaporation, the less the crystalline order [44]. It was also shown that freeze-drying
produces colloidal crystals with a low packing order, since it increases the rate of
evaporation.
Joanicot et al. [45] did not observe the formation of a long-range order under three
circumstances:
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1) When the latex volume fraction was less than 20%
2) when salt was present in the aqueous solvent
3) when the particles were polydisperse.

2.2.2 Particle Deformation and Coalescence

The latex surface flattens with further evaporation of the interstitial water. The
particles move closer to each other and are deformed into hexagons. The interfacial
tension between the polymer and water/air are sufficient to cause gradual
coalescence and the observable particle boundaries are deformed and start to
disappear [46].
Several hypotheses have been proposed to account for the origin of the deforming
forces. Some of the hypotheses are based on the Frenkel model:
Frenkel's Model of Film Formation [47]:
Two spherical of equal diameter latex particles move closer to each other and
coalesce. The contact surface between them increases until the pores between the
particles become disconnected and are eventually closed. The process is illustrated
as coalescence of two liquid drops, which are initially in contact at a single point only.
After a time t the contact area will increase to a circle with the radius aït). For
simplicity it is assumed that the remaining parts of the drops keep a spherical shape.
The contact radius is then given as: a = r sinS, where r is the radius of the spherical
portion of the drops. This is given by: 1/3nr2(2+ 3cosS-cos3S) = 47t13ro3. This equation
expresses the constancy of the volume of each drop.

Figure 2.6: Schematic illustration
of the cross section of two coalesced
latex particles and forming a "neck".

/
/

I

The decrease in the surface of the drops is:

So - S = 8nr02_ 4nr2 (1+coss) (2.32)

The time-dependent work of the surface tension forces can then be described as:

dS 2 so
-(J"- = 4nr. (J"-

dl 0 dt
(2.33)

with the surface tension cr. From this equation follows a time dependency for the
contact angle S:
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2 3 ae =-!r-(
2 r1J

(2.34)

and the contact area:
3Rana = -( (2.35)
21J

Dillon et al. [48] postulated that the main driving force for particle coalescence is
provided by the polymer surface tension following the evaporation of water.
Subsequently, the particles undergo dry sintering (coalescence driven by the polymer
air interfacial tension) accompanied by viscous flow and subsequent particle
deformation. They proposed that the relationship developed by Frenkel for the
coalescence of spheres due to purely viscous flow governs the process of film
formation:

(2.36)

where a is the contact radius of two coalesced spheres, 0" is the polymer surface
tension, R is the particle radius, t is the elapsed time and 11is the polymer viscosity.

Brown [41] later proposed that at least four forces tend to be involved in the
coalescence of polymer particles:

1) the force produced by the curvature of the polymer surface Fs
2) the capillary force resulting from the curvature of the water surface present in the

interstitial capillary system during the period of water loss Fe
3) the Van der Waals forces between the spheres, Fy, and
4) gravitational forces which lead to settling in a dispersion Fg.

The forces that tend to resist coalescence are the resistance of spheres to
deformation FR and the coulombic repulsion Fe.
For coalescence to happen, the following inequality must be fulfilled:

Fs + Fe + Fv + Fg > Fe + FR (2.37)

The capillary force is substantially larger than the other forces particularly when the
latex contains emulsifier. The coulombic repulsion is considered negligible compared
to the resistive force FR. The inequality can therefore be reduced to:

Fe > FR or 12.90"AlR > O.37G(t)A (2.38)

with 0"the surface tension of water, G(t) the time dependent elastic shear modulus of
the polymer and A the area over which the forces act. The condition for film formation
to occur is then:

G(t) < 350"/R (2.39)

Mason [49] corrected this formula to:
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G(t) < 266cr/R (2.40)

because the areas over which the capillary pressure has an effect and the pressure
due to particle contact are not equivalent. The capillary pressure is also not constant.

Both models utilize an elastic model to describe the deformation of polymer spheres.
This implies that when the stress is removed, the spheres will rebound to their
spherical shape. Since the polymer is in fact viscoelastic, the validity of both models
is questionable.

The capillary forces alone are not sufficient for particle deformation. The second part
of the driving force is surface forces provided by the interfacial tension between
polymer and water (wet sintering [35],[50)) or polymer and air (dry sintering [48,51)).
Capillary forces account for the viscoelastic deformation, followed by viscous flow
driven by interfacial tension [48],[51-53].

2.2.2.1 Dry Sintering

Dry sintering means that the coalescence of the particles is driven by the polymer/air
interfacial tension. Sperry et al. [51] modeled interparticle void space as air bubbles
that shrink by viscous flow under the action of surface tension. The role of the water
in particle deformation is dependent on the temperature of the system. The MFT,
which corresponds to the minimum void size for optical clarity, was related to the time
and the particle size. Figure 2.7 shows the rate limiting steps in film formation:

111mformed

film nol formed

...........................................................................................

Time for event

Figure 2.7: Dependence of the MFT on time and temperature

2.2.2.2 Wet Sintering
In the case of wet sintering the coalescence of the particles is driven by the interfacial
tension between the polymer and water/air. Vanderhoff et al. [50,53] developed a
model in which the interfacial tension between water and air first forces the latex
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particles into contact with each other. When this force is sufficiently large, the
stabilizing outer layer of particles is ruptured. This stabilizing layer is described as
consisting of an electric double layer and emulsifiers. Polymer-polymer contact is
obtained by the rupture of this layer, and the polymer/water interfacial tension
becomes operative and induces a pressure on the polymer particles.
The results of this theory show that the pressure inducing fusion is essentially
independent of the size of the latex particles. This implies that the minimum film
formation temperature (MFT) should also be independent of the particle size.

Sheetz [35] proposed that interfacial tension and capillarity create a "skin", or
membrane at the air/latex interface. Water can still evaporate from the underlying wet
latex by diffusion through the membrane. This evaporation thereby generates a
compressive force normal to the film, which leads to the particle deformation.
Eckersley and Rudin [54] proposed that capillary forces account for viscoelastic
particle deformation. This is followed by viscous flow driven by interfacial tension.
The contact radius a was expressed as a function of the complex shear modulus G*
and the particle radius R. Deformation resulting from capillary forces leads to a
contact radius proportional to (R2/G*)1/3, whereas interfacial tension should lead to a
contact radius that varies as (RlG*)1I2. The experimental values were found to be
between the two curves. This supports the theory that both, interfacial tension and
capillarity account for the particle deformation.

Kendall and Padget [55] propose that adhesive forces are the origin of the
deformation. Both Brown's and Kendall/Padget's theories predict that the deforming
force is inversely proportional to the size of the latex particle.
Eckersley/Rudin and Jensen/Morgan [52] and Kan [56] found that the minimum film
formation temperature is a function of the particle size, and increases with the
particle diameter.

2.2.2.3 Flattening of the Particles
The particles are not only deformed into hexagons. AFM studies [57-59] show that
the surface becomes smooth, which means the particles are flattened.
Lin et al. [57] found that smoothing of a corrugated surface takes about ten times
longer under dry conditions than with condensed water on the surface. This leads to
the conclusion that capillary pressure is typically the dominant driving force for film
formation. Furthermore, it was found that the distance between particle centers does
not change as the surface flattens during annealing. Therefore it was argued that the
application of Frenkel-type sintering models is invalid for film formation, because an
increase in the contact radius a ~ tl/2 is predicted. Accordingly, the magnitude of
decrease in height z should vary as tll2.

Goh et al. [58] noted that the average peak-to-valley height z decreases with time
faster than an exponential decay; a log Z2 ~ log t behavior was observed. A possible
explanation is that the polymer chains next to the polymer surface diffuse faster than
those within the film due to less hindrance to motion and an additional driving force
from the surface energy. This is consistent with the results of theoretical models and

Stellenbosch University http://scholar.sun.ac.za



22 Theoretical Background

Monte Carlo simulations, which predict that the polymer mobility is higher next to the
surface [60,61].

Goudy et al. [59] found that the peak to valley height decreases at a greater rate for
smaller particles (~ 250nm) than for larger particles (~ 350nm). This could be due to a
greater driving force from capillary forces in the smaller particles.

All these studies show that the Frenkel model is only valid for describing the initial
particle necking. It is more appropriate to describe the decrease in z as the decay of
the amplitude of a sinusoidal surface under action of surface tension. Mullins [62]
predicted that z would vary as r2. This time dependence is expected at later times,
when the Frenkel equation no longer applies.
According to Mayes et al. [26], the segregation of chain ends at the particle surface
might have a relevant influence on the particle deformation. The reason is that the
molecular weight of emulsion polymers near the surface of latex particles is lower
than in the bulk of the particle [60]. As a consequence, the Tg and the viscosity are
both expected to be lower at the latex surface than in the bulk [58]. According to
Evers et al. [61] the surface mobility is enhanced because chain ends and shorter
chains are preferentially located at the surface of the particles.

The model developed by Dillon, Matheson and Bradford postulates that surface
forces, such as surface tension, drive the polymer particles to coalesce. They applied
Frenkel's model to describe the coalescence of spheres by viscous flow. As
coalescence proceeds, the contact angle 9 increases with increasing surface tension
y and time t, and decreases with increasing particle size r and viscosity Yl.

(}2=~ (2.41)
2w1]

Since y and t do not vary from particle to particle in an emulsion, one can expect
particle size to have an effect on the film formation behavior of a latex.

Brown's theory suggests capillary forces as main driving forces for particle
coalescence. Although different in the mechanisms, both proposed models - Brown's
and Dillon's - suggest that small particles should coalesce more easily than large
ones.

2.2.3 Particle Interdiffusion

Physical contact between latex particles is insufficient to produce a strong continuous
film. To obtain a stable film it is necessary that segments of polymer chains diffuse
from one latex particle to another [63] to provide a sufficient level of entanglement
between chains in neighboring latex particles, thus. imparting mechanical strength.
Increasing molecular weight and increasing incompatibility of polymers lower the
interdiffusion rate, whereas dense crosslin king of the matrix accelerates interdiffusion
[64].
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The diffusion coefficient D is found to decrease with time. According to the reptation
model, diffusion in polymers above their entanglement molecular weight is expected
to vary inversely with the square of the molecular weight [65]. If shorter chains are at
the particle surface, therefore, the diffusion rate is faster. Experimentally, D in a
series of PBMA samples has been found by Wang et al. [66] to decrease with
molecular weight according to a -2.3 power law.
An increase in the gyration radius Rg has been observed by Linne et al. [67] when the
polymers are heated above their Tg. They concluded that a coherent, tough film was
obtained when there was an increase in Rg of about 5 to 6 nm. In a subsequent
publication, Yoo et al. [68] concluded that the two important parameters determining
the diffusion rate in a latex are the location of chain ends and the ratio of the gyration
radius Rg of the polymer to the particle radius f.

Diffusion coefficients D, determined by applying a spherical diffusion model, are
dependent on time and temperature. A decrease over time is attributed to the effect
of low molecular weight chains near the particle surface dominating at early times.
For lower molecular weight, the volume fraction of mixing fm of the polymer particles
can be described by the Fickian diffusion law in which f~ t1l2.
For higher molecular weight polymers (6x105), the volume fraction of mixing fm
becomes proportional to f~tl/4. The diffusion law or the reptation model cannot
explain this dependence [69,66].
The temperature dependence is consistent with the WLF equation; D increases with
increasing temperature and decreases with an increase in the molecular weight of
polymers.
Acrylic acid-rich phases at the particle surface can create a continuous network, or -
interphase, upon film formation of the latex. They form an interphase between the
bulk particles, which can further prevent particle interdiffusion [70].

Kim and Winnik [71] have outlined a general scenario for interdiffusion in core-shell
systems. In systems where the thin shell membranes are poorly miscible with the
core polymer, interdiffusion is prevented. It can only take place when the membrane
ruptures. If core and shell polymers are miscible, interdiffusion is not always
suppressed. In some cases the core polymers can diffuse across the membranes,
depending on their molecular weight [72].

Organic solvents, or coalescing aids, lead to enhanced rates of polymer interdiffusion
[73,74]. The interdiffusion rate is also faster in the presence of co-surfactants (cetyl
and stearyl alcohols) at times longer than the reptation time r [75].

2.2.4 Effect of Emulsifiers and Surfactants

Surfactants are nearly always present in a polymer latex. They are known to affect
several aspects of film formation, such as the colloidal stability, particle ordering,
evaporative drying mechanisms, the extent of particle deformation and the rate of
polymer interdiffusion.
Surfactants affect the mechanisms of drying as well as the rate of evaporation -
addition of surfactant usually leads to a slower evaporation rate [76]. They can also
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lead to the opposite effect - an acceleration of the evaporation rate of water in the
late stages of drying. This effect is attributed to the influence of the surfactant on
flocculation and gelation. Surfactants create a hydrophilic membrane that assists
water transport in the film [39].
Particle flocculation at an early stage of drying prevents close packing. Post-added
stabilizer postpones flocculation and allows closer particle packing [77].
AFM investigations of Juhue et al. [78] on the dependence of the peak-to-valley
height z on surfactant concentration, revealed that full coverage of the latex particles
leads to the highest degree of ordering and the densest packing at the film surface.
In a non-polar, hydrophobic latex the MFT becomes higher with addition of SOS and
a nonyl phenol ethylene oxide, than with SDS alone. In contrast the MFT is higher in
a hydrophilic latex with the addition of SOS than with the surfactant combination [79].

2.2.5 Effect of Pigments
Experiments indicate that the required time for film formation is roughly independent
of the pigment volume concentration and extender size [80]. However, non film-
forming particles will undoubtedly influence the morphology of films.
The importance of van der Waals forces originating from the pigments over capillary
forces has been confirmed by AFM studies [81]. The viscoelastic properties of latex
particles were shown to affect transport along inorganic surfaces. Whereas hard
particles show lateral transport presumably induced by capillarity, soft particles
deform and adsorb on inorganic surfaces and therefore cannot undergo aggregation
and ordering.

2.2.6 Latex Blends and Composite Latex Particles

Blends of latices with different Tg'S are interesting for industrial use. The latex with
the lower Tg will film-form to create a continuous phase to which the higher Tg latex
will impart desirable mechanical or optical properties. Such blends would not require
volatile solvent plasticizers and therefore should be less damaging to the
environment.
The storage modulus increases with increasing concentration of high Tg particles and
the sintering process becomes slower [82]. In environmental scanning electron
microscope (ESEM) and AFM studies the softer particles formed a continuous film
around the harder particles. The harder particles were always found to be at the latex
surface [82,83].

The use of core-shell latices can offer the same advantage as homogeneous
particles post-added with film forming (coalescent) aid and avoid the disadvantage of
solvent emission during the film formation process. The low Tg shells can lead to film
formation while hard cores improve mechanical properties and stabilize the film. MFT
measurements indicate that the shell, rather then the core, has greater impact on film
formation [84]. With increasing thickness of a hard shell around a soft core, the MFT
increases. However, when the thickness of a soft shell increases, the MFT drops.
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AFM studies by Sommer et al. [85] supported a shell formation mechanism via an
aggregation mechanism of nucleating microdomains of PMMA growing in size and
then coagulating.
Juhue [86] studied interdiffusion during the film formation of core-shell latex particles.
Particles with a high Tg core and a low Tg shell exhibit interparticle chain diffusion that
is comparable to what is found in the high Tg latex with an added film-forming solvent.

2.2.7 Thin Films

The properties of latex films change dramatically when the film thickness becomes
comparable to the length scale of the polymer, for example the gyration radius fa.
The conformation of the polymer molecules will be disturbed and the confinement
restrictions affect the mechanical properties of the sample. One of these properties is
the glass transition temperature Tg. Keddie et al. [87] measured the Tg of thin films by
ellipsometry and found a reduction of Tg with the film thickness h according to:

(2.42)

with the fit parameters a and b. They suggested that the reduction in Tg is caused by
the interaction between the substrate and the polymer. Experimental results obtained
by Zheng et al. [88] demonstrated that the chain mobility is strongly influenced by
substrate effects. A strong attractive interaction between the substrate and the
polymer might even increase the Tg. They expected higher chain mobility at the free
surface, which is in agreement with theoretical models by Mayes [26] (see also
chapter 2.1.4), De Gennes [6] and Baschnagel [89]. Simulations by Baschnagel et al.
showed that the chain mobility in the surface layer is highly anisotropic with an
enhancement / reduction parallel/perpendicular to the interface. Since the surface-
area to volume ratio of ultra thin films is extremely large these effects become
predominant.
Forrest et al. [90] described the lowering of Tg by the empirical relation:

{

Tblllk[l_(hO -hJ] h < h
Tg(h)= gc;' 0

Tbll1k h > hg , - 0

(2.43)

with the slope parameter s. For the threshold value ho below which the Tg decreases
linearly they found ho ~ 690 A. Above ho Tg has the bulk value. This empirical relation
was later confirmed by experimental measurements [31].
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CHAPTER 3: Scanning Probe Microscopy (SPM)

This chapter will give a brief introduction into Scanning Probe Microscopy and
explain the basic principles of SPM. Special emphasis will be placed on the Atomic
Force Microscope (AFM).

Scanning Probe Microscopes include all microscopes where a sharp probe is
scanned across a sample surface and the interactions between the probe and the
sample surface are detected at each point. The resulting data matrix can be
presented as a three-dimensional image, representing either the topography or any
other interaction force that was measured. The probe is mounted on a silicon
cantilever with a fairly low force constant. A change in the interaction force will bend
the cantilever and change its position. This change is detected and mapped.
The scanning motion across the surface is in most SPMs realized by using piezo
crystals that move the probe in x- and y-direction. A piezo in z-direction controls the
distance between the probe and the sample.

The Scanning Tunneling Microscope (STM), invented by Binning and Rohrer [1], was
the first Scanning Probe Microscope. It was introduced in 1982 for studying
conductive metal surfaces. The STM detects a tunneling current between the metal
tip and the conductive sample surface.
The Atomic Force Microscope (AFM) was a further step in the development of the
SPM by Binning, Quate and Gerber in 1986 [2]. It detects the atomic forces acting
between the probe and the sample surface, thus allowing the surface topography of
non-metals and non-conductive materials to be studied as well. Hence it provides an
obvious advantage for materials like polymers.

Other interaction forces that can be detected are the electrostatic force (EFM), using
a silicon tip that is affected by the presence of surface charges on the sample [3], the
magnetostatic force (MFM), using a magnetic tip that is affected by the magnetic
moments on the sample surface [4]. The Scanning Nearfield Optical Microscope
(SNOM) detects the reflection or transmission of light on the sample surface. It uses
a glass fiber instead of the tip, through which a light beam is focused on the sample
surface [5]. The Scanning Thermal Microscope (SThM) detects the temperature or
the heat capacity of the sample [6,7], by measuring the change of resistance through
a small wire that is scanned over the surface.

3.1 Signal Detection

The SPM probe is mounted on a silicon cantilever that will bend according to the
repulsive or attractive forces that the probe experiences. In most SPMs the
movement of the cantilever is detected by the distortion of a laser beam, which is
reflected from the cantilever, as displayed in Figure 3.1. If the interaction between the
probe tip and the sample surface, or the force acting on the tip, changes, the
cantilever is bent and the deflected laser beam shifts. The intensity of the laser is
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detected by a photodiode with four segments. The change of light intensity in the four
quadrants is used to calculate the force acting on the tip.

/

Figure 3.1: Schematic representation of an SPM
probe, mounted on a cantilever, scanning over a
surface and detecting the interaction force at each
point.

....._.,\
\
\......

In the constant force mode the interaction force between the probe and the sample is
kept constant while the probe is scanned across the surface. This can be
accomplished by using a feedback loop that keeps a constant cantilever deflection by
compensating the z-position with the z-piezo crystal. Figure 3.2 displays a schematic
feedback circuit to keep the force acting on the probe constant, so that the tip
"follows" variations in the surface topology.

Z""p[ezo
Integrator

Figure 3.2: Schematic feedback circuit of the Atomic Force Microscope.

The acquired three-dimensional topographic image displays for each point (x,y) on
the surface a gray value z(x,y) between 0 and 255. This value represents the
required voltage to keep the probe tip at a certain distance from the surface by
adjusting the z-piezo. The resulting three-dimensional image represents the
topography of the scanned sample area.

Stellenbosch University http://scholar.sun.ac.za



Scanning Probe Microscopy 31

3.2 The Atomic Force Microscope (AFM)

As a topographic imaging technique, the AFM may be regarded as a stylus
profilometer. Atomic resolution is obtained by reducing the contact force of a
commercial profilometer (- 10-4N) to below 10-9N. This is less than most interatomic
forces and limits the tip-induced surface deformation. The resolution of the AFM
depends strongly on the diameter of the tip scanned across the surface. The AFM tip
is a non-conducting silicon tip and the detected forces are repulsive contact forces,
and attractive and repulsive non-contact forces, such as van der Waals interactions.

In case of the AFM, where the interaction forces are the atomic forces between the
probe and the tip, the resulting image represents in fact a picture of the total charge
density of the surface atoms. The corrugation of the surface can be modeled from
this data by regarding the atoms as hard spheres in contact with each other.

3.2.1 Force Distance Relationship

As the AFM tip is brought closer to the sample, it experiences an attracting force. A
variety of long-range attractive forces, such as van der Waals forces, electrostatic or
magnetostatic forces are at work. When the probe gets very close to the surface, the
electron orbitals of the surface atoms start to repel each other. As the gap decreases, .
the repulsive forces neutralize the attractive forces and become dominant. Figure 3.3
displays the forces acting between the tip and the sample, as a function of the
distance between the tip and the sample.

(I)
CJ....o

LJ..

attractive force

repulsive force

intermittent
contact non-contact ---;.

Distance
r:::o
CJ

Figure 3.3: The forces acting between the AFM tip and the sample surface and the regions of the
different scanning modes [8].
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Depending on the distance between tip and sample the operation modes of the AFM
are called contact or non-contact mode.

3.2.2 Contact Mode

In the contact mode the tip is close to the surface, so that the atomic forces acting
between tip and sample are repulsive.
The contact forces used for imaging surfaces should be small enough to ensure that
the sample is not disturbed. The bonding of atoms at surfaces may involve either
strong ionic forces, medium-strength covalent bonding forces, or weak van der Waals
forces. The magnitude of these forces can be estimated by considering a typical
potential energy function of an interatomic bond. The ionic bonding energy can be
estimated as Vion:$ lOeV and the van der Waals bonding energy as VvdW:$ lOmeV [9].
Considering the repulsive contact forces acting through a distance of ~x ~ O.2Á, the
interatomic force, F = -~V/~x, would be :$ 10-7N for ionic bonds and :$ 10-11N for van
der Waals bonds. These forces are also consistent with typical vibrational
frequencies of a typical molecule:

(3.1 )

where kbond is the interatomic force constant and rna is the atomic mass.

These estimates define the requirements for the force imparted by the tip, i.e. the
force constant of the cantilever. With a force constant of 0.1NIm, even a 10nm
loading deflection creates a force of <10-9N. The first AFM cantilever, constructed by
Binning et al., used a diamond chip attached to a 0.8mm x 0.25mm x 25~m gold foil.
The spring constant was -0.01 NIm.
A softer cantilever imparts less force for a given deflection on the sample. However,
to maintain a high resonance frequency, a reduction in the force constant must be
coupled with a reduction in mass to preserve the kim ratio.
Silicon device technology has introduced micro fabrication techniques to produce
silicon, silicon oxide, or silicon nitride micro cantilevers of extremely small dimensions
on a urn scale. Recent cantilevers have, for example, dimensions of 220 x 40 x 8 urn
with a force constant of 30-70 NIm and a resonance frequency of 150 to 200 kHz
[10].

Considering the discussed forces, measuring a very small cantilever deflection is
crucial for a high-sensitivity force measurement.
In contact mode, the measurement of the cantilever deflection is performed directly
as the tip is scanned over the sample surface. The AFM can also image and
measure long-range interactions such as van der Waals, electrostatic [11] and
magnetostatie [4] forces, with the tip scanning at relatively large distances from the
sample surface by non-contact imaging [12].
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3.2.3 Non - Contact Mode

In this mode the lateral resolution is substantially decreased compared to the contact
mode, but the damage to the sample surface is considerably smaller.
The detected forces are rather small. At typical tip-sample separations of 10-100 nm
the forces are smaller than 10-10N; this is much smaller than the repulsive contact
force.
Measuring these forces and their deviations requires instrumental sensitivities as
high as 10-13N and even higher. Such performance can only be obtained with
resonance enhancement techniques.

The cantilever is driven at (or near) its resonance frequency by piezoelectric
elements. Immersion in a force field results in a deviation of the resonance
frequency. This deviation can be detected by measuring the changes in an
observable parameter of the mechanical system, i.e. the shift of the resonance
frequency, the change in amplitude at a fixed frequency, or a phase shift. The
resonance frequency of an oscillating cantilever is given by:

(3.2)

In order to illustrate the non-contact technique, a cantilever with the force constant k
is considered. This cantilever is oscillating at its resonance frequency roo = (k/meff)l/2,
by a piezoelectric transducer. The effective mass meff depends on the mass
distribution and geometry of the tip/cantilever assembly. If the tip is placed in a force
field f, the force constant k changes to:

k'= k- af
az (3.3)

where af/az is the force gradient in z direction and z is the vertical separation between
the tip and the sample surface. The negative sign signifies an attractive force. The
effective force constant is lower than for the free cantilever, thereby reducing the
resonance frequency to:

(3.4)

The typical equation of motion for a driven oscillator, with an external driving force f
is:

a2z az
m-+r-+k(z-u) = f(z-g)at2 at (3.5)
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In this expression y is the damping term, with y = ffieoo/Q, and Q is the quality factor of
the cantilever. u is the position of the undeflected cantilever, g is the sample position
and z is the position of the deflected cantilever.

The most common method for measuring the force gradient and the forces of a
particular tip-sample separation over one spot on the sample, is to drive the
cantilever at its resonance frequency roo and to monitor the reduction in the vibration
amplitude A(eoo,z) due to the shift in the resonance frequency of the system. Far away
from the surface (beyond the interaction distance), the function A(m,z) can be
described by a Lorentzian function:

(3.6)

When the tip interacts with the surface, the amplitude of the cantilever can be written
as:

(3.7)

This measured amplitude can be used to calculate the new resonance frequency 00'0.

This in turn is directly related to the force gradient at the particular location above the
sample by equation 3.8:

dj ~ (2 ,2)- = mejj' aJo -aJ 0
dz

(3.8)

The force can be deduced by measuring the amplitude, calculating the new
resonance frequency and the force gradient as a function of z and then integrating
df/dz.

Sources of noise emanate from optical and thermal contributions. Optical noise is
induced by the photons of the laser, inducing a pressure on the cantilever, which is
negligible. The noise force due to a 1mW beam is of the order of 10-19N.
The thermal noise presents a more serious limitation. The thermal energy excites the
cantilever to a vibration of the amplitude AT = (2kBT/k)1I2 and a vibration noise
N = (4kBTQB/kco.n)I/2 , at a frequency romand in a bandwidth B [4],[13]. The smallest
detectable force gradient fm is found by setting M=N and with the approximation
eoo=(()m:

(3.9)
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Thus, several parameters can be optimized in order to maximize the sensitivity of the
AFM:

• Decreasing the cantilever stiffness k. The lower value is limited by the maximum
tolerable thermal noise vibration AT, which varies as kB-I12•

• Increasing the quality factor Q. Q depends strongly on the quality of the
mechanical connection between the cantilever and the piezoelectric transducer.

• Increasing the vibration amplitude Aa and the natural resonance frequency rooof
the cantilever.

Besides contact and non-contact imaging, the AFM can be used as a nanoscale
surface force apparatus to measure adhesion between materials and the indentation
Ideformation properties of surfaces under extremely small loads [14]. The atomic
scale basis of friction - nanotribology - can also be studied with a modified AFM by
sliding a lightly loaded tip along the surface and measuring the lateral resistance to
the motion [15].

3.2.4 Resolution and Artifacts

The resolution of the SPM in each of the three dimensions is limited by different
factors.

The resolution in the z direction is limited by the level of vibrations between the probe
and the surface and the sensitivity of the control electronics. It is possible to get an
Angstrom resolution in the z-direction.

The maximum achievable resolution in the x-/y- plane is established by the geometry
of the probe. When imaging extremely flat surfaces, the resolution is only limited
by the diameter of the atom(s) at the probe's tip. When scanning rougher surfaces,
the resolution is limited by the aspect ratio a = LlW of the tip (L: length of tip, W:
average diameter of the tip). Figure 3.4 illustrates the artifacts due to the probe
geometry. At the step the probe and the sample interact before the tip of the probe
reaches the step. In the resulting image the step appears wider than it really is and
the edges are rounded.
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Figure 3.4: Imaging artifacts for tips with different aspect ratio. Due to the probe geometry, the
edges appear rounded and image the tip as well as the sample topography.

Higher aspect ratios will result in images that more closely represent the shape of the
surface. The probes manufactured by Nanosensors have a pyramidal shape with tip
radii of about 10 nm, a mean width of typically 40 urn and a length of about 220 urn,
which leads to a fairly high aspect ratio of 5-6. Figure 3.5 displays a SEM image of a
silicon Pointprobe manufactured by Nanosensors.

Figure 3.5: SEM image of a
Pointprobe silicon cantilever
with silicon tip.

The resolution is also influenced by the sample surface itself. Under ambient
conditions it will have a thin contamination layer, composed of water and other
ambient contaminants. As the probe moves towards the sample surface, it will be
pulled towards the surface due to attractive capillary forces.
The shape of the tip is also important for the resolution of the image, since the image
is the result of the sample surface and the probe shape. A dull, large radius, low
aspect ratio tip will have a large area interacting with the contamination layer of the
sample, resulting in strong attractive forces. A sharp, small radius, high aspect ratio
probe will have a much smaller area that interacts with the contamination layer. The
wetted area of the tip is smaller therefore it can be moved in and out of this layer
more easily.

3.3 The Scanning Thermal Microscope (SThM)

In the SThM, the tip is replaced by a thermal probe. This can be a thermocouple [16-
18] or a resistive element [19,20]. The resistive thermo-probe is a bent Wollaston
wire, that is etched back to its platinum core at the tip. This platinum core forms a
resistive element that is scanned over the sample surface in the conventional AFM
contact mode. Using this sensor, it is possible to obtain simultaneous images of the
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topography and the heat conductivity or the temperature of the sample. Figure 3.6
illustrates a Thermal Probe .

Figure 3.6: Schematic illustration
of a thermal probe. .....
The dimensions of the wire loop at the tip are about 5J.lm in diameter, but the
effective contact area on a flat surface is about 30 to 300nm. This still leads to a fairly
good lateral resolution.

The probe can be used to map the surface temperature of the sample or to measure
the heat conductivity. If the temperature is monitored, the tip is scanned in the
contact mode across the surface to maximize the heat transfer between the sample
and the tip. The constant current through the platinum wire is small to prevent self-
heating.
As the probe is scanned across a surface with temperature variations, the
temperature dependent resistance of the platinum wire will change according to:

R = Ra(T-Ta)a+1 (3.10)

where T is the temperature of the sample surface, and Ra the resistance of the wire
at the reference temperature To. The temperature coefficient a of platinum is 3.9x10-3

1/K.

If the current through the wire is large enough to heat the tip, the heat capacity of the
sample can be measured. Depending on the temperature of the sample, a heat flow
occurs from the probe into the sample surface and leads to a change in the
temperature and with it the resistance of the platinum wire, depending on the thermal
conductivity of the sample.
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To measure the resistance through the platinum wire, the probe is used as one of the
legs of a Wheatstone bridge, as displayed in Figure 3.7.

Figure 3.7: Measurement principle
of the SThM. The change in resistance is
measured with a Wheatstone bridge.

i
/_j_",
i !
" 1=0/ v

'" cI

i,

The supply voltage is adjusted so that the bridge remains balanced. If the thermal
probe is cooled and the resistance changes, the supply voltage will be increased to
compensate this and to equalize the bridge again. If the contact area between the tip
and the sample, and the temperature difference between tip and sample are
constant, the change of the supply voltage of the Wheatstone bridge will be directly
proportional to the local heat capacity of the sample.

In order to increase the sensitivity of the system, the signal is modulated with
alternating voltage. This creates an alternating output signal, which is fed into a Lock-
In amplifier. Due to its phase sensitive amplification, the Lock-In amplifier measures
any deviation from the bridge balance with increased sensitivity. From this the
resistance of the probe can be calculated. In this mode the bridge is not equalized;
the output signal is the deviation from the bridge balance.

3.3.1 Micro Thermal Analysis (JlTA)

The J.lTA[21] uses an SPM with a thermal tip. The probe can be placed at different
points on the surface and perform localised thermal analysis at these points.

The temperature of the tip is ramped linearly at rates of some KIs. Heat is transferred
from the tip into the sample and the sample is heated in this way. At the same time
the laser deflection of the cantilever is measured during heating, thus recording the
expansion or contraction of the sample.
Information on surface expansion, film thickness, glass transition temperatures,
hardness changes, softening and melting processes can be determined from these
plots.
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Figure 3.8: JlTA curve of a polymer recorded during heating.

While the sample softens and expands three-dimensionally as the temperature is
increased, the tip follows the "upwards" movement and the cantilever is bent. Close
to the melting point the polymer becomes softer and the tip indents the sample.

The disadvantage of this method is that the thermal probe is always in contact with
the sample surface and is therefore destroying, or at least disturbing, the surface.
The tip may also be contaminated with polymer, thus affecting the heat conductivity
and the heat transfer from the tip to the sample.

3.4 Thermal Analysis of Polymers by AFM

To measure thermal parameters of a polymer such as Tg or Tm in an entirely non-
destructive way, and to prevent any contamination of the tip, a new method has been
developed in this thesis to use the AFM as a "NanoDMA". The idea is to use the AFM
in the same way as a OMA, but on a much smaller scale, to excite molecules
mechanically and measure their response. In this way it should be possible to
determine thermal transitions of polymers on a molecular scale and thus determine
the thermal parameters of different polymer phases in close proximity to the tip.
Unlike the JJ.TA, a normal non-contact tip can be used instead of a thermal probe.
Another difference is that the entire sample is heated, not only a part of it.

The instrument is used in the non-contact mode with a non-contact tip. In this mode
the tip is not used to scan the sample surface, but rather to probe at one point of the
surface and measure the properties at that specific point. In order to prevent any
contamination, the tip is kept at a fairly large distance of about 20 JJ.mfrom the
surface. The cantilever oscillates above the polymer surface and thus excites the
underlying molecules. Depending on their degree of freedom, the molecules can
respond to this excitation and cause a change in the characteristic behavior of the
cantilever.
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A simple hydrodynamic model was derived from Cichacki et al. [22] to describe the
amplitude, resonance frequency and damping of the oscillating cantilever as a
function of the tip/sample distance far away from the sample surface.
In this model, which is a great simplification but sufficient for estimations, the
cantilever is regarded as an oscillating sphere with the radius r in a liquid with the
viscosity Tl at a distance d from the sample surface. The eigenfrequency of the
oscillating sphere is COo,the frequency of the driving force F is 0).

The equation of motion of the system can be expressed as:

dz
y-=F(t)
dt

(3.11 )

where y is the damping factor, given as

67rlJry=---'---
X1+X2r/d

(3.12)

and the external driving force F(t) = -Aosin(ro-COo)t with the drive amplitude Ao. X), X2
are fit factors, containing all other constant values.

The differential equation of motion can be solved by inserting eq. 3.11 into the
equation for a driven oscillator, with the external driving force A(t):

(3.13)

with the solution:

(3.14)

The amplitude in expression (3.14) has a maximum when cos(O)t-8)= 1:

From this the resonance frequency can be derived as: (3.15)

and the maximum amplitude is given by: (3.16)

The experimentally determined values of the resonance frequency O)r and the
amplitude of the cantilever Amax measured isothermally at different distances between
the tip and a metal surface could be fitted well with equations (3.15) and (3.16), as
displayed in Figure 3.9.
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Figure 3.9: Change of the resonance frequency and the amplitude of the oscillating cantilever as
a function of the cantilever/sample distance. The measured values fitted the theoretical model
well.

The diameter of the sphere r was assumed to be the width of the cantilever (~20Ilm)
and the distance h was changed within the limits of the piezo crystal moving the
cantilever in z-direction. The z-piezo of the 100llm scanner has a z-range of 7.5 urn
by applying a voltage between 0 and 100 V. The eigenfrequency rooof the cantilever
is given by [10]:

and is about roo~ 190.4 kHz.

(3.17)

For distances greater than 10 urn, the change in resonance frequency and amplitude
become very small and hardly recognizable. This means a slight variation in the
distance does not cause a great change in the resonance frequency or the amplitude
of the oscillating cantilever.
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3.4.1 The Interaction Mode

The interaction between a polymeric sample and the cantilever is influenced by two
factors:

1) the distance between the sample and the tip
2) the viscoelastic properties of the polymer, particularly the storage and the loss

modulus.

A decrease in distance between the sample and the tip results in a decrease of the
resonance frequency, as explained in the previous section. The resonance frequency
of the cantilever was measured as a function of the temperature. As the temperature
increases, all materials with the original length L and the material constant a. are
expanding linearly, according to L = a.*T.
The length of the cantilever will thus increase, resulting in a decrease of the
resonance frequency COr of the cantilever, hence an increase in temperature results in
a shift of the resonance frequency towards lower values according to

(3.18)

Where E is the elastic modulus, p the density, D the diameter and L the length of the
cantilever as given by the manufacturer [10]. D and L are increasing linearly with
temperature, so the ratio D/L2 results in a linear decrease of the resonance
frequency.

Simultaneously, the thermal expansion of the heating stage leads to a decrease in
the distance between the tip and the sample surface, and therefore to a slight
decrease in the resonance frequency. Due to the large distance between cantilever
and sample this effect can be neglected (see Figure 3.9), unless the distance
decreases rapidly, like at the melting point.
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Figure 3.10: Resonance frequency of the AFM cantilever as a function of temperature (this
study).

The frequency plot of the cantilever as a function of the temperature is a linearly
decreasing function, as shown in Figure 3.10. The gradient depends only on the
material characteristics of the cantilever and the expansion coefficient of the heating
stage. The characteristic form of the frequency curve changes if the AFM probe is
placed above a polymer, which is heated from the below.

3.4.2 The Melting Point

At the melting point, the volume of the polymer increases drastically since the
polymer chains are now able to move freely. The increase in volume leads to a
decrease in the distance between the AFM tip and the surface and therefore to a
sharp decrease in the resonance frequency of the cantilever.

The melting point of a polymer appears as a sharp kink in the resonance plot, as
displayed in Figure 3.11 :
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3.4.3 The Glass Transition

The free volume expansion of second order transitions is several orders of
magnitude smaller than at the melting point, and is in fact a change in the expansion
coefficient and not a distinct volume expansion. The glass transition is not even a
real second order transition - it is characterized by a change of the viscoelastic
properties rather than a change in volume. The change in free volume is just enough
to allow the movement of the polymer chains.
The clearly visible transition in the frequency plot can therefore not be explained by a
change in the free volume of a polymer. The glass transition appears as a plateau
(region 2) in the frequency plot, as shown in Figure 3.12. The curve represented by
the black squares represent the measured frequency shift, with a plateau around the
glass transition temperature of the polymer.
If the decreasing linear function (region 1 and 3) given by the cantilever
characteristics and thermal expansion, is used as a baseline and subtracted from the
entire curve, the frequency shift results in the curve represented by the hollow circles.
It then becomes visible that the glass transition is in fact represented by an increase
in the resonance frequency.

Figure 3.12: Glass transition of a random copolymer with a Tg of about 21°C (this study).

A model has been developed to describe this behavior of the cantilever by taking the
viscoelastic properties of the polymer into account.
The oscillating cantilever generates a pressure wave or a sonic wave, transporting
energy through the air molecules. Air is needed as a transport medium between the
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cantilever and the polymer, as can be seen in Figure 3.13. The plateau, indicating the
glass transition of the polymer, becomes smaller and eventually disappears with
decreasing pressure. The slope of the resonance curve is also decreasing.
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Figure 3.13: Resonance frequency as a function of the temperature at different pressures (this
study).

The pressure wave generated by the oscillating cantilever is partly reflected at the
air/polymer interface and partly absorbed by the polymer. Since the cantilever and
the sample are most likely not perfectly aligned, the pressure wave will also have a
transverse component. If a shear wave with the oscillation direction parallel to the
interface is reflected at the air/polymer interface at normal incidence, the complex
reflection coefficient r* is expressed by [23]:

(3.19)

where Zp * and Za * are the imaginary acoustic impedance of the air and the polymer
respectively and Z*2 = p2G*2 [24]. The impedance of air is much smaller than that of
the polymer, so Za> can be replaced by the real part Za with Za = (p*G)I/2 = (P*ll \0)1/2 :::::
1944 kg'(s-rrr') .
The absorption coefficient a* is given by:

(3.20)

At the glass transition a* and r* change significantly, as displayed in Figure 3.14.

Stellenbosch University http://scholar.sun.ac.za



46 Scanning Probe Microscopy

The reflection and absorption curves have been calculated from the complex shear
modulus G* of polymethylmethacrylat acid (PMMA) determined by OMA
measurements. In this example the onset of the decrease in the shear modulus was
regarded as Tg.

--r*

1.2

- 1.0c
Q)

o
~ 0.8Q)
0o
c 0.60
:;::;
0......
0 0.4IJ)
.0«..._
c 0.2
0-o
Q) 0.0;;::
Q)

0:::

-0.2
40

T
9

----------a *

.:
,

r

r
t·····....

: ";,'
----- - - ------ --- ----- ----------- _- ---- ------_ ... :

60 80 100 120 140 160

Temperature / oe
Figure 3.14: Reflection and absorption coefficient of PMMA at the air/polymer interface (this
study). .

The absorption coefficient increases at the glass transition, because the polymer
chains are now able to absorb energy, due to the free volume that is created at Tg,
and convert it into kinetic energy. This can also be seen in the loss modulus G",
which reaches a maximum after Tg and is a measure for the damping of the polymer.
In the glassy state the surface is obviously harder and the pressure waves are
reflected to a greater extent.
The reflected wave, or rather the moving air molecules, hinders the oscillating
cantilever and thus leads to a further decrease of the resonance frequency. This
effect must be added to the effect of thermal expansion. At the glass transition the
reflected energy decreases because more energy is now absorbed by the polymer
due to the increase in free volume and the ability of the molecule chains to move.
The cantilever is now less hindered by the air molecules and can oscillate more
freely closer to its eigenfrequency COo ~190 kHz. This is represented by the increase
of the resonance frequency (or the plateau) around Tg. After further increase of a few
degrees in temperature this effect slows down, because the absorption coefficient
reaches its maximum value at the specific frequency of the cantilever. Other effects,

Stellenbosch University http://scholar.sun.ac.za



Scanning Probe Microscopy 47

like the thermal expansion of the cantilever, start to dominate again. This leads to a
further linear decrease in the resonance frequency like in region 1 before Tg.

The width of the plateau around Tg (region 2) seems to depend on the film thickness,
which implies that this method shows a certain depth sensitivity. Obviously a thicker
film contains more polymer layers. Thus more absorbed energy can be converted
into kinetic energy for chain movement at temperatures above the glass transition.
Since the glass transition is lowered at the surface as described in chapter 1.1.4.2,
the absorption coefficient should start to increase when the surface chains are able
to move, thus allowing the cantilever to oscillate more freely. At the same time the
resonance frequency stops decreasing. The absorption coefficient would then
increase further at higher temperatures once the bulk chains can start moving as
well. This continues until the saturation value is reached and the amount of reflected
energy stays constant. From this temperature onwards the resonance frequency
starts decreasing again, because the effect of increased energy absorption by the
polymer is superposed by the thermal expansion of the cantilever and the sample.

Experimental results in chapter 6 show, that the resonance frequency method of the
AFM is not only surface sensitive in determining thermal parameters, but also slightly
depth sensitive to some underlying polymer layers.
The AFM resonance frequency method shows the glass transition over a
temperature range of a few degrees, starting at the lowered value for the surface Tg
followed by the higher bulk value of Tg. This results in a plateau over a certain
temperature range T which width depends on the film thickness.
These findings agree well with the theory of a lowered glass transition at the surface,
as described in chapter 1.1.4.2.
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CHAPTER 4: Experimental
In this chapter the experimental methods to characterize and synthesize the
investigated polymers are described. The AFM was used as an imaging tool to
monitor the kinetic drying and film formation processes of the polymers and as a
probing tool to determine their thermal transitions.

4.1 Characterization Methods

The characterization of the investigated polymers was performed by various
methods. The most important information of the latices required for this work were
the glass transition temperature of the polymer and the particle size of the latex
particles. The latter is presumed to affect the film formation behavior of an emulsion
[1-5]. T9S were obtained by Differential Scanning Calorimetry and Dynamic
Mechanical Analysis. The particle size was determined by Photon Correlation
Spectroscopy.

4.1.1 Differential Scanning Calorimetry (DSC)

The DSC [6,7] is constructed like a balance. It consists of two cells, one containing
the sample and one acting as a reference cell, as can be seen Figure 4.1.

Figure 4.1: Schematic illustration of a DSC.

The difference in energy required to keep both chambers at the same temperature is
measured. The energy absorbed or evolved by the sample is compensated by
adding or subtracting an equivalent amount of energy to or from the reference cell.
Both cells are heated at a fixed rate from a starting temperature to a higher
temperature. During heating any molecular changes, such as glass transition, melting
or crystallization can be detected by a change in the enthalpy of the sample. Such
changes can be exothermic (heat is given off) or endothermic (heat is absorbed),
leading to an increase or a decrease in the temperature of the sample cell compared
to the reference cell. The DSC will compensate for this temperature difference. This
change of energy is detected by thermocouples and recorded as an energy
difference on the thermogram. The resulting diagram shows the heat flow in mWor
the derivative of the heat flow, the heat capacity in J/(g·K), as a function of the
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temperature. If the heat flow is plotted against the temperature, a glass transition
point appears as an inflection point and a melting point as a peak. If the heat capacity
of the polymer is plotted as a function of the temperature, the glass transition
appears as a peak and the melting point as a peak followed by a drop, as
displayed in Figure 4.2.
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Figure 4.2: Resulting heat flow and heat capacity thermogram of a DSC experiment on a
polymer sample.

The OSC measurements were carried out on a Perkin-Elmer OSC Pyris 1 at heating/
cooling rates of 10K/min. The curves of the first heating cycle were used for the
analysis. Acquired data was processed with the Pyris software version 3.81.

4.1.2 Dynamic Mechanic Analysis (OMA)

The OMA [8] applies a periodical mechanical stress, for example elongation or
torsion, to a sample and detects the mechanical response of the sample as a
function of temperature or frequency (Figure 4.3). The resulting response curves give
information about the viscosity of the sample. Measured are the storage modulus of
the sample G' in Pa and the phase shift b in response to the periodical excitation.
The viscosity is Tl= G' /00.
Since the elastic properties change significantly at the glass transition and the
melting point, the OMA is a useful tool to determine these thermal parameters.
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Figure 4.3: DMA measuring the storage modulus and the
phase shift of a sample.

In the storage modulus the glass transition appears as an inflection point, sometimes
preceded by a small hump. This hump corresponds to rearrangements of the
molecules to relieve stresses frozen in below the Tg and depends on the processing
method. The melting point appears as a sharp decrease of the storage modulus. In
the phase plot Tg is indicated as the onset of the dampening peak and Tm as a sharp
upward kink.
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Figure 4.4: Typical response curves of a DMA for a polymer sample.

DMA measurements were performed on a Perkin-Elmer DMA 7e with heating and
cooling rates of 5K1min. The acquired data was processed with the Pyris software
version 3.81.
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The disadvantage of both the OSC and the OMA is that it is not possible to measure
thermal parameters locally. Both methods yield only an average value for the entire
sample. It is thus not in general possible to measure thermal parameters of single
polymer phases in, for example, blends or structured polymers.

4.1.3 Photon Correlation Spectroscopy (PCS)

The particle size of the latex particles was determined by PCS. PCS relates the
Brownian motion of the dispersed particles at a known temperature to their particle
size and delivers a particle size distribution with a standard deviation. The deviation
shows how monodisperse or polydisperse the particles are.

Laser light is scattered by the particles. If the particle size becomes roughly
equivalent to the wavelength of the light, the light then is not scattered isotropically,
but becomes a complex distribution with maxima and minima at different angles. The
PCS measures the scattered light intensity at one angle (for example at 90°) from
which the particle size is calculated by the software.
The Photon Correlation Spectroscope used for the experiments was a Malvern
Zetasizer 4.

4.1.4 Minimum Film Formation Temperature (MFT)

The MFT is described as the minimum temperature at which a water-borne synthetic
latex or emulsion will coalesce when cast as a thin film. The MFT is closely related to
Tg but not synonymous with it, in most cases it is a few degrees blow Tg. Above the
MFT the latex will form a clear, transparent film. Below the MFT a white powdery
cracked film is formed.
The minimum film formation temperature is measured with a MFT bar. This bar
consists of a metal plate, which is electronically heated/cooled with a temperature
gradient in a known temperature range (e.g. from -5°C to 13°C), so that the one end
is cooler than the other end. Air or nitrogen is caused to flow constantly over the
surface, from the cool end to the warm end to dry the thin film. The MFT is the
temperature where the film changes from a white cracked film into a transparent film.
For low Tg polymers with a Tg close to OOCit is hardly possible to determine MFT,
because the latex is freezing instead of filmforming in the temperature range of
interest. In this case the MFT is indicated with "NR" for no reading.

4.2 Polymer Synthesis and Properties

4.2.1 Emulsions

The investigated polymer dispersions were provided by Plascon research or
synthesized with under guidanceof the Plascon research group. All latices were

Stellenbosch University http://scholar.sun.ac.za



Experimental 53

prepared by emulsion polymerization. The latices consist of random copolymers
containing two or more monomers.
The theoretical value of the glass transition temperature of the copolymer was
calculated by using the Fox equation [9]:

1 W) Wi---=-+ ...+-
Tg(copo/ymer) Tg) Tgi

(4.1 )

In this equation Tgi is the glass transition of the constituent monomer's homopolymer
and Wi is the weight fraction of that particular monomer in the copolymer composition.
The Tgs of the monomers used were about 1000e for styrene (S), -S4°e for butyl
acrylate (BA), 228°e for methacrylic acid (MM), about 10Soe for methyl
methacrylate (MMA) and 300e for vinyl acid (VA).
The solid content of all emulsions was about SO%.

4.2.1.1 Unstructured Polymers

The investigated unstructured latices (UL) were:

Polymer Name Monomers Particle Diameter Ta MFT
UL1 4.82% S, 19.25% MMA, 18.97% 80nm 23°e 19°e

BA, 1.28%MAA
UL2 56.85% S, 40.27% BA, 2.89% 102nm 19°e 200e

MAA
UL3 15% BA, 85% VA Not meas. 12°e 100e

Table 6: Unstructured latices

4.2.1.2 Core-Shell Polymers

The synthesis of the core-shell (eS) latices was conducted under flooded conditions
using reflux to exclude oxygen during the polymerization process. Typically the
reactor, containing water (distilled and de-ionized), surfactant and ammonium
carbonate as buffer was heated to ss-e in a water bath equipped with a thermostat.
The monomer, constituting the core phase, was then added over a period of two
hours. The shell-phase monomers were added subsequently, also over a period of
two hours.
After monomer addition the reactor was kept at es-c for a further 30 minutes before
lowering the temperature. Tert-butyl hydroperoxide was added at a temperature of
700e to react with any remaining monomer in the system. The reactor was then kept
at 700e for 10 minutes before cooling to room temperature.

The theoretical values of the glass transition temperature of core and shell were
calculated by using the Fox equation (eq. 4.1).
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Polymer Monomers (core I shell) Particle Size Tg (core) Tg (shell) 2.2.1.1.
FT

CS1 65.09% S, 23.07% BA, 85.7 nm 65.5 oe 2.2°C NR
3.88% MAA, 4.6% EGDMA

49.07% S, 49.07% BA,
1.64% MAA

CS2 68.23% S, 24.18% BA, 88.1 nm 49.95 oe 2.8 oe NR
4.07% MAA

49.07% S, 49.07% BA,
1.64% MAA

CS3 40.38% S, 13.91% BA, 80 nm 89.93 oe 6.16 oe NR
36.93% MMA, 2.99% MAA,
5.8% EGDMA

49.66% BA, 47.41% MMA,
2.94% MAA

Table 7: Core-shell latices

In order to obtain different particle sizes, CS3 particles with a crosslinked core and a
core-shell ratio of 2/5 were produced using different surfactants (anionic surfactants
from Stepan Company Northfield, Illinois, USA). The theoretical Tg of the core was for
all latices 89.93°C, and the theoretical Tg of the shell was 6.16°C.
The following surfactants were used to obtain different particles sizes, based on their
different CMC values:

• Polystep 825: a sodium salt of a sulfated alkyl alcohol.
• Polystep 827: a sodium salt of nonylphenoxypolyethyleneoxyethanol sulfate
• Polystep 829: a sodium salt of sulfated alkyl alcohol.

8y employing these surfactants the following particle diameters were obtained:

15% B27 + 85% B29

68.5 nm
Surfactant Av. Particle Size
B25

25%B27 + 75% B29 104.7 nm
110 nm

B29 322 nm

Table 8: Different Surfactants and achieved particle size.

It was not possible to determine any MFTs for the latices with different particle size,
since they are variations of the core-shell latex CS3 with a low Tg shell and a MFT
too close to OoC.
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In order to compare different core-shell ratios, CS3 polymers with a crosslinked core
and a particle size of about 110 nm were produced with the following core/shell ratios
(by mass):

Core/shell ratio Amount in % Core radius
2/3 40% core, 60% shell rcore= 0.74 rshell
2/4 33% core, 66% shell rcore= 0.69 rshell
2/5 28.6% core, 71.4% shell rcore= 0.66 rshell
2/6 25% core, 75% shell rcore= 0.63 rshell
2/7 22% core, 78% shell rcore= 0.60 rshell
2/8 20% core, 80% shell rcore= 0.59 rshell

Table 9: Core-shell polymers with different core/shell ratio.

Again, it was not possible to determine MFTs of the latices with different core/shell
ratios for the same reason of the Tg being to close to OoC.

4.2.1.3 Gradient Polymer

The preparation of the reactor was the same as for the core-shell synthesis.
Synthesis of the gradient latex was achieved by separating the monomers that
constitute the "hard" part of the latex, such as MMA and styrene, from the monomers
that constitute the "soft" part of the latex, such as BA. The reaction was started by
adding the solution of "hard" monomers over a period of 15 minutes into the reactor
to "seed" the emulsion polymerization reaction before starting the second addition of
the mixture of "soft" monomer, not to the reactor, but to the vessel containing the
"hard" monomers.

In this way the composition of the monomers in the vessel metered into the reactor
was gradually changed. Simultaneously the glass transition temperature of the
resulting polymer was gradually changed. The result of this synthesis is a latex with a
structure that changes gradually from a hard polymer phase to a soft phase.
This core-shell polymer has a crosslinked core and a shell consisting of a copolymer,
which contents are gradually changing from the inner side to the outside. Around the
core the copolymer consists of 100% PS, gradually decreasing towards the outside.
The experimental setup to achieve a gradient latex is displayed in Figure 4.5 and the
properties of the resulting latex are described in table 5.
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i
Monomer Tank I
(Soft phase)

Experimental

Metering Pump Metering Pump

i
Monomer Tank 2
(Hard phase)

Figure
experimental setup used to prepare a gradient polymer latex.

Polymer Monomers core I shell
GRAD1 68.23% S, 24.18% BA,

4.07% MM

49.07% S, 49.07% BA,
1.64% MM

85.7 nm
Particle Size

Reactor

4.5: The

TQ (core) TQ (shell) MFT

Table 10: Gradient polymer.

4.2.2 Polyolefins

49.95°C

Polyolefins used in this study were oligomers rather than polymers, consisting of only
a few monomers. Their structure is based on ethylene units. If the polymer has side
chains, two carbon atoms are incorporated into the backbone and the side chain is
shortened by two carbon atoms compared to the original monomer. For example,
poly-tetradecene would have side chains with 12 carbon atoms attached to a
polyethylene backbone.
Higher a-olefins, like pentene, hexene etc. up to octadecene, were polymerized at
room temperature using (CH3)2Si(2-methylbenz[e]indenyl)2ZrCI2 and the cocatalyst
methylaluminiumoxide (MAO) [10]. The resulting polymers had a molar mass of
about 160,000 g/mol.
Due to the side chains, the a-olefins can form two crystalline structures, depending if
the main- or the side chains are crystallizing. The two melting points are generally
attributed to the melting of crystals formed by the long side chains and the helical
main chain [11].
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4.2.3 Thin Films

Thin polystyrene (PS) films of different molecular weight and well-defined film
thickness were prepared by J. Howse, University of Sheffield.
The PS was spin-coated on (100) silicon wafers, that were previously cleaned in an
oxygen plasma. The PS solution was made in HPLC grade toluene and filtered prior
to the spin coating. The duration of spin coating in all cases was 30 seconds. After
spin coating, the samples were annealed in vacuum at 115°C for 24 hours and
subsequently cooled at a rate of 1°C per minute. The film thickness was measured by
ellipsometry.
The prepared films had a molecular weight of 868800 g/mol, 142500 g/mol and
22000 g/mol. The film thickness ranged from 130 A to 1100 A.

4.3 Sample Preparation

Generally polymer films were prepared by spreading a thin layer of the polymer
emulsion onto a silicon surface, and then flattening it with a microscope slide. The
thickness of these films could not be determined accurately but was estimated to be
between 20IJm and 50lJm. The polymer films were dried for at least 3 hours under
ambient conditions.

For DSC and DMA analyses a drop of polymer was applied to a substrate and the
samples were dried under ambient conditions for 12 hours.

In order to cast a film of the polyolefins, a piece of the polymer was put on a silicon
substrate, which was heated above the higher of the two melting points. The sample
melted and formed a smooth film on the silicon substrate. Subsequently the film was
cooled to room temperature and kept in a desiccator for at least 5 days to allow the
polymer to re-crystallize.
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4.4 Experimental Methods Used for Polymer Studies

4.4.1 Ultrasonic Shear Wave Reflection

Ultrasonic (US) shear wave reflection was used to determine the storage (G') and
loss modulus (G") of different dispersions. The moduli are measured as a function of
time, as displayed in Figure 4.6.
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Figure 4.6: Typical curves of storage (G') and loss (G") modulus acquired with ultrasonic shear
wave reflection.

This method yields information about the kinetics of the film formation process during
the drying of the emulsion. The slope of the curve represents the water evaporation
and shows how the emulsion dries and forms a film. The steep increase at the
beginning represents the first stage of drying, i.e. the rapid water loss by evaporation
from the surface. The part of the curve before the plateau value of the modulus is
reached, represents the second stage of drying, or film formation where the
interstitial water diffuses through capillaries and the dry membrane formed at the
polymer/air interface. The final value of the plateau gives indication about the
hardness of the dried film.

The experiments were performed using the instruments of the physics group of the
Deutsehes Kunststoff Institut (OKI) in Darmstadt, Germany. A comprehensive
explanation of the method can be found in [12-16].
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Figure 4.7: Schematic drawing of the shear wave reflection method. The polymer film is cast on
the quartz glass and the US wave is reflected at the interface.

Ultrasonic shear wave reflection measures the mechanical impedance of viscoelastic
materials, which is related to the complex shear modulus G*. If a shear wave (with
frequencies around 5MHz) is reflected at the solid/liquid interface, as displayed in
Figure 4.7, at normal incidence, with the oscillation direction parallel to the interface,
the complex reflection coefficient r* is expressed by:

• -i(tr-") Z; - z;r = r . e "I' = ----'::--..::_z; +z; (4.2)

where Z;* and Zl* are the complex dynamic shear impedance of the solid and the
viscoelastic (liquid) sample. In the case of the solid, here fused quartz glass, Z; only
has a real component, whereas the shear impedance of the polymer is complex:
Zl* = R + iX. The shear impedance is defined as the ratio of the shear stress to the
rate of change of displacement transverse to the direction of wave propagation.
The complex dynamic shear impedance of the sample Z* is related to the complex
dynamic shear modulus G* = G'+iG" as follows:

Z2= (R+iX)2 = p (G'+iG") (4.3)

where p is the density of the polymer.
The storage and the loss component of G* are given by:

R2 _X2

G'=---
P

G"=2RX
P

(4.4)

The storage and loss modulus are calculated from the measured reflection and
absorption coefficient of the polymer and the phase shift between the transmitted and
the received ultrasonic wave.

Another measurement cell, the "longitudinal" cell, is displayed in Figure 4.8. It uses a
vertical incidence of the US waves.

Stellenbosch University http://scholar.sun.ac.za



60 Experimental

Figure 4.8: US measurement cell with vertical wave incidence.

The advantage of this method lies in the fact that neither for longitudinal, nor for
transversal waves, a mode transition occurs. Additional and analogous to the shear
modulus, the acoustic impedance for longitudinal waves yields the longitudinal
modulus of the polymer.

In the experimental setup at the DKI 10 longitudinal cells can be used simultaneously
in an environmental chamber that has humidity and temperature control. This makes
it possible to compare the measured shear moduli for different latices.

Films of about 200 J.1mthickness were cast on each cell. The film thickness was
controlled by using a mask of 200 J.1mheight and using a sharp metal blade to flatten
the dispersion.

4.4.2 The Atomic Force Microscope

The AFM used for all experiments was a Topometrix Explorer. It was always
operated in the low-amplitude non-contact mode, which means the driving amplitude
of the oscillating cantilever was below 1V. Typically, the driving amplitude in the
performed measurements was between 0.2 and 0.5 V.
The used cantilevers were non-contact silicon cantilevers from Nanosensors
GmbH/Germany with a nominal resonance frequency of about 170 kHz and a force
constant of about 50 N/m. The dimensions of these cantilevers are about 225 J.1mx
28 J.1mx 7 J.1m.The tip has a pyramidal shape with a height of 10 to 15 J.1mand typical
tip radii smaller than 10nm.

Most measurements were performed under ambient conditions. The samples were
mounted on a heating / cooling stage consisting of two Peltier elements. The
temperature range of both elements used seriell ranged from about -20°C to 120°C.

On top of the Peltier elements was a copper block with a PT 100 resistive
temperature sensor to measure the temperature of the system. This arrangement led
to slight deviations between the measured temperature and the real surface
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temperature of the polymer. Thus, the acquired temperature values are not correct in
their absolute values but the relative temperature change is correct.
When the experiment required controlled environmental conditions, the sample and
the AFM were put in an environmental chamber, as sketched in Figure 4.9. In this
chamber the pressure and the temperature could be controlled.

The heating / cooling stage in the vacuum chamber was a Joule-Thompson element
(MMR Technologies Inc.), which allows temperature variations between -70°C and
200°C. The temperature of the system was measured by a silicon diode mounted
below the polymer sample, which, again, led to slight deviations in the absolute
values of the measured transitions temperatures.
A rotation pump and a turbo pump were connected to the chamber and allowed the
pressure to be decreased as far as 10-5mbar.
The sample was mounted onto a x-/y-translator, which could be controlled
electronically from the outside by a motor. Different positions on the sample could
therefore be investigated without disturbing the vacuum.

To isolate the system against vibrations the AFM and the environmental chamber
were placed on an air-table.

Figure 4.9: Experimental setup of the AFM
in the environmental chamber
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4.5 Data Acquisition and Processing

4.5.1 Film Formation Studies

Polymer films were typically cast below their glass transition temperature to slow
down coalescence of the particles. A sequence of AFM images was then acquired to
monitor the ordering of the polymer particles and the subsequent deformation. After
the film was entirely dry, the temperature was increased above the Tg of the polymer
to show the interdiffusion and film formation of the particles.
For polymers with a Tg close to room temperature the coalescence and interdiffusion
was visible in a sequence of AFM images as a function of time, without the need to
heat the sample further.

AFM images of the polymer film were acquired at constant time intervals after casting
the film. A typical sequence of AFM images is displayed in Figure 4.10.

+---+
200nm

T > Tg, increasing temperature & time

a) b)

d)

Figure 4.10: Sequence of AFM images showing PS particles losing shape and growing with
increasing time or temperature until they interdiffuse and form a smooth film,
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The film was dried below the Tg of the latex and the particles formed an ordered
array. Subsequently the temperature was increased above the Tg. The particles lost
their spherical shape, interdiffused and finally form a smooth film.

The AFM images acquired in this way were processed and analyzed in the
Topometrix imaging program. Each AFM image yielded an average particle diameter
with a standard deviation calculated from all recognizable particles in the image. The
average particle diameter was determined by drawing line scans at different positions
through the image and measuring the valley-to-valley distances, as displayed in
Figure 4.11.

I

Distance: Height

88.33 nm 1.83 nA
91.86 nm HOnA

3 91.86 nm •. 00 nA
""'~
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2 70.56 nm U7nA
1 7ï.73 nm 3.99 nA

Figure 4.11: Images of polymeric particles. The average particle diameter is determined with the
Topometrix analysis software by measuring valley-to-valley distances along the lines through the
image.

In the case of core-shell particles, the core diameter was measured, as soon as the
cores became visible at the surface. In the particle size I time plot this resulted in a
particle diameter smaller than the original particle size.

Another analysis method used, was to process the entire image as a 400x400 matrix
with gray values between 0 and 255 and to calculate a correlation function [17]. A
program, written in C++, calculates the average gray value of all points around a
point x,y with the same distance to this point. This is done for all image points and
results in the two-dimensional correlation function g(x,y). A circular averaging yields
the one-dimensional radial correlation function g(r). The program is attached in the
appendix.

The first maximum represents the average nearest neighbor distance, and the first
zero crossing represents the average peak-to-valley distance, or in other words, the
average particle radius. The correlation function of a conventional, unstructured
polymer is displayed in Figure 4.12.
As the particles grow and change their shape the long-range order in the correlation
function disappears and consequently the higher maxima disappear.
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If the average particle diameter was to be calculated using a correlation function, the
sample needed to be very well prepared. The film should be flat on a molecular scale
and the polymer spheres ordered hexagonally.
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Figure 4.12: The radial correlation function of a conventional polymer to determine the average
nearest neighbor distance.

If the film was rough and the particles not ordered, the. averaging in the correlation
function led to incorrect average particle diameter values. The particle diameter could
then only be determined "manually" using the Topometrix imaging software.
The average particle diameter, acquired either by the correlation function or
averaging all diameters measured in the imaging program, was then plotted as a
function of time or temperature, as shown in Figure 4.13.
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Figure 4.13: The increase of the average particle diameter as a function of (a) time, or (b)
temperature.
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\

As time or temperature increases, the average particle diameter increases since the
polymer spheres lose shape and start to coalesce. The resulting curves provide thus
information about the film formation kinetics of the latices and display the deformation
behavior of the particles.
Since the coalescence of the particles and their agglomeration or diffusion does not
necessarily happen at a constant rate, the particles size distribution becomes more
polydisperse with increasing time or temperature. This can be seen in the increasing
error bars of the average particle size.
In order to be able to compare the acquired particle diameter values for the different
latices and the behavior of the film formation kinetics, for example, the slope of the
particle diameter versus time, the average diameter of the first AFM image of each
sequence was set to 100%. The particle diameters of the following images were
calculated according to this value. Thus the changes in the particle size with time or
temperature could be visualized and compared.
Image sequences as a function of time were acquired under ambient conditions at
room temperature (ca. 20°C).
When the average particle diameter was acquired as a function of temperature, the
heating rate was for all emulsions about 1°C/min. Even with time passing during the
temperature change the curves could thus be compared.

4.5.2 Resonance Frequency Measurements

In order to avoid contact between the AFM tip and the polymer surface, or wetting of
the tip by the polymer, the distance between the surface and tip was kept fairly large.
Automatic tip approach was carried out and the cantilever was then retracted with the
z-motor, so that the feedback software did not control the distance between the tip
and the sample surface. The cantilever remained at a fixed position of several
micrometers above the specific surface-spot chosen for analysis. It was not possible
to determine the exact distance between the tip and the sample surface with the
current setup. Estimations using the video camera of the Topometrix system
(magnification x1000) yield a distance of about 20 urn between the tip and the
sample.

The oscillation frequency of the cantilever was then swept from 0 to 400kHz to
determine the resonance frequency of the cantilever. The resonance frequency was
determined using the internal oscilloscope in the Topometrix software, which displays
the magnitude of the oscillation as a function of the frequency. The resonance
frequency is the value at which the magnitude has a maximum. The low resonance
frequency cantilevers used had a typical resonance frequency of ±170 kHz.
The resonance frequency was subsequently measured while increasing the
temperature in steps of one or two degree Celsius. The frequency range of the
frequency sweep was decreased to about 10kHz around the resonance frequency.
This saved measurement time and simplified the determination of the peak
maximum.

Stellenbosch University http://scholar.sun.ac.za



66 Experimental

The temperature of the system was increased at a constant rate of one or two
degrees per minute, starting from a value below the transition point of the polymer to
be investigated to a value above it; for example from 5°C to 30°C for the copolymer
with a Tg of 19°C.
The temperature was adjusted manually by increasing the current through the Peltier
elements slowly. The temperature was measured by connecting the PT100
temperature sensor to the K20 control unit of the Joule-Thompson cooling stage.
This control unit was connected to a PC and the temperature displayed on the
screen. Using this program it was possible to achieve, even by adjusting the current
manually, a constant heating rate of about 1.5 °C per minute.
The accuracy of the PT 100 temperature sensor is in the order of 1°C.
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CHAPTER 5: Imaging of Polymer Surfaces

5.1 Film Formation Studies

The deformation and film formation behavior of latex particles was investigated by
AFM. To achieve a comprehensive picture of the film formation behavior, latices with
different structures, different core-shell ratios and different particle sizes were
studied. The influence of different additives, such as coalescent solvents or rheology
modifiers, on the emulsion was investigated as well.

5.1.1 Drying

The drying process of an emulsion was monitored by applying the latex onto the
substrate at a temperature below its Tg and then freeze-drying it to conserve the
particle "order", or rather disorder, in the water.

a)

c)

b)

... ...
200nm

Figure 5.1: AFM images of a PS emulsion. Ordering of the spherical particles during the drying
process of PS as time passes can clearly be seen.

When the pressure in the environmental chamber was lowered from ambient
conditions to about 2 mbar, sublimation of the ice began. This process is comparable
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to the evaporation of the excess water from the emulsion. The particles became
more distinct at the surface, moved closer together and finally formed an hexagonally
ordered array [1],[2], as described in chapter 2.2. The spherical particles were
deformed into hexagons.
The process of drying and the particle ordering is displayed in Figure 5.1. In
dispersion the particles are not ordered and covered by water / ice (a). As the water
evaporates (the ice sublimes) the particles are drawn together due to capillary forces
(b) and form an ordered array. Eventually the spheres are packed in a closest-
packed order and deformed into hexagons (c).

5.1.2 Film Formation

A typical sequence of AFM images acquired as a function of time is presented in
chapter 4.5 or in Figure 5.2. From a sequence like this, the average particle diameter
could be determined for each image. The average particle diameter as a function of
time (or temperature) gives information about the film formation kinetics of the latex.

The average particle diameter was mostly determined using the Topometrix imaging
software and measuring the valley-to-valley distance in line scans through the image,
as described in chapter 4. If the prepared film was smooth on a molecular scale and
the particles formed an ordered array, the average particle diameter was also
determined by calculating a radial correlation function from the matrix of gray values
representing the topography image. The results obtained by this method agreed well
with the particle diameters determined manually.
Figure 5.2 shows a series of AFM images of the unstructured latex UL2 and the
correlation functions calculated from the images. It is clearly visible how the particles
grow and finally interdiffuse.
The first maximum of the correlation function represents the average next neighbor
distance. This value increases with increasing temperature. The long-range order
disappears entirely with increasing temperature, as can be seen from the vanishing
peaks in the correlation function.
The first maximum shifts from 98nm to 106nm and disappears at about 50°C.
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Figure 5.2: Images of the unstructured latex UL2 with increasing temperature (from top to
bottom) and the corresponding radial correlation functions.
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Results and Discussion

Besides providing information about the film formation behavior, AFM images
obtained as a function of temperature could prove that the proposed core-shell
particles really did have a core shell-structure, as displayed in Figure 5.3.

a)

c)

........
200nm

d)

Figure 5.3: AFM images ofthe core-shell latex CSt with crosslinked core at increasing
temperatures. a) re b) 25°C c) 40°C d) 80De

The investigated core-shell latices were assumed to consist of hard cores, with a Tg
of about 70°C, surrounded by a soft shell, with a Tg of about 2°C. The polymer film
was cast below the shell Tg, at around DoC and the temperature then slowly
increased at a heating rate of 1.5°C/min. AFM images were acquired at different
temperatures during the heating. Figure 5.3 b) shows how the shell polymers start to
deform, flow and interdiffuse above their Tg, until they finally form a matrix around the
harder core polymers (c), which retain their spherical shape and appear at the
surface. This is to be expected, since the cores are more hydrophilic than the shell
polymer, see chapter 4.2. If the cores are crosslinked, any further temperature
increase has no influence on their shape, they remain in a spherical shape, as
displayed in Figure 5.3 d).

If the cores are not crosslinked, they begin to deform and interdiffuse above their Tg
like the shell polymer, and finally form an entirely smooth film. Figure 5.4 shows how
the shell polymer of the core-shell latex CL2 deform (a,b). At temperatures well
above the shell Tg but still below the core Tg, the cores become visible at the surface
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(c). With further increasing temperature the core polymers start to interdiffuse as well
and finally a smooth film is formed.

a) b)

..........
200nm

c) d

Figure 5.4: AFM images of the core-shell latex eS2 at increasing temperatures. a) 2°C b) 30°C c)
4re d) 80°C .

The acquired values of the average particle diameter as a function of time can
generally be fitted with a hyperbolic curve of the form y = Ax/(B+x), with two fitting
coefficients A and B. The coefficient A seems to depend strongly on the particle size,
whereas B changes with size and structure of the latex particle.
The curves representing the particle diameter as a function of temperature can
generally be fitted with a parabolic curve of the form y = A' + x'", with the coefficients
A' and B'. B' usually has values between 0.9 and 1.2, which means the curves are
nearly linear functions. The values for A' differ greatly, with no obvious correlation
between A' and the particle size or structure. A physical meaning of the fit
parameters A,B,A' and B' could not be found.
The experimental results allow the comparison of the film formation behavior of
different latices and to distinguish which latex filmforms faster and which particle
deform to a greater extent, but the findings remain empirical.
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5.1.3 Comparison of Different Polymer Structures

A conventional unstructured polymer, a core-shell polymer, a core-shell polymer with
a crosslinked core and a gradient core-shell polymer were investigated and their film
formation behavior compared. All polymers contained the same monomers (S, BA,
MMA and MM) and had roughly the same particle diameter of 90 to 100 nm. The
solid content for all the emulsions was about 50%. The experimental details of the
latices are given in chapter 4.2.
Figure 5.5 displays the increase in the average particle diameter as a function of
temperature for different types of polymer structure.
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Figure 5.5: Increase in particle diameter of different polymer structures as a function of
temperature.

The deformation behavior of the two core-shell polymers (hollow up-triangle,black
circle) follows the same trend. Their particle diameters increase faster than that of the
conventional and the gradient polymers.
In the case of the uncrosslinked core, the core diameter increases as well, once the
cores become visible. The core diameter of the crosslinked cores, however remains
constant with increasing temperature.
The conventional, unstructured latex (black square) deforms less than the core-shell
polymers. The particle diameter only increases to a value of about 300% of the start
value in a temperature range of 60°C, which means that the particles can still be
recognized as individual particles and that the surface is not entirely flat.
The diameter of the gradient polymer (hollow down-triangle) decreases slightly
because the pure BA at the outer part of the shell starts to flow above 5°C, leaving
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only the core surrounded by a shell with a higher styrene content towards the center.
This structure prevents further interdiffusion of the particles and thus no further
increase in the particle diameter can be observed.

The particle diameter as a function of time at room temperature (about 20°C) shows
similar deformation behavior. Figure 5.6 shows an increase in the particle diameter of
the different polymer structures as a function of time.
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Figure 5.6: Increase in particle diameter of different polymer structures as a function of time.

Again, the two core-shell polymers (hollow up-triangle, black circle) follow the same
trend. Their particle diameters increase faster than the particle diameter of the
conventional, or the gradient, polymer. This means that the particles coalesce earlier
and the film formation starts earlier. The soft shells have a Tg below room
temperature and can therefore start flowing and coalescing at room temperature.
The Tg of the conventional polymer (black square) is only slightly below room
temperature, which means that the polymers do not flow as easily as the shell
polymers of the core-shell polymer, and the film formation process takes place over a
longer period of time. Again, the increase in particle diameter is not as great as for
the core-shell particles.
The diameter of the gradient polymer (hollow down-triangle) particles remains almost
constant after a slight initial decrease. The soft BA in the shell could start flowing
around the cores at room temperature and revealed the cores surrounded by the
harder PS. The Tg of S is at 1000e substantially higher than room temperature so the
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remaining shell of the polymer cannot flow, and the particle diameter stays constant
with time.

A core-shell polymer with a hard core and a soft shell that film-forms easily at room
temperature is obviously the favored polymer structure if film formation under
ambient conditions is desired.

The ultrasonic shear wave measurements in Figure 5.7 confirm the findings of the
AFM measurements.
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Figure 5.7: The real part of the shear modulus for the different polymer structures. Symbols
mark every 20th measurement point to be able to differentiate between the curves.

Both core-shell polymers show an equally fast initial water evaporation, which starts
after about 10 minutes. The second stage of film formation - the water diffusion
through capillaries and the dry membrane, represented by the skew region before the
plateau - is very pronounced for both core-shell polymers. It starts for both core-shell
polymers about 1 hour after applying the film. Both core-shell latices reach the same
end-value of the shear modulus of about 1000 MPa, which means the dry films have
the same hardness and are harder than the films formed by the conventional and the
gradient latex.

The conventional polymer dries initially slower than the core-shell polymers but the
shear modulus reaches its end-value already after about 90 minutes. The second
stage of film formation is hardly recognizable. This corresponds well with the AFM
measurements, where the diameter of the conventional polymer increases at a
slower rate than the diameter of the core-shell polymers.
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The gradient polymer initially behaves in the same way as the conventional polymer.
The second stage of film formation starts after about 1 hour and is much more
pronounced than for all other latices. The final value of the shear modulus is the
lowest of all latices compared, thus the film formed by the gradient latex is the softest
of all compared samples.

5.1.4 Comparison of Different Core/Shell Ratios

To observe the influence of the core/shell ratio on the film formation process the
core-shell latices CS3 with a crosslinked core and different core/shell ratios were
prepared. The compositions of all compared polymers were similar. The diameter of
the entire particle was around 11Onm, the solid content about 50% and the core/shell
ratio was altered from 2/3, 2/4 etc. to 2/8.

Morgan [3] studied the film formation behavior of different core-shell polymers with a
soft shell surrounding a hard, but uncrosslinked core, for different core/shell ratios.
They found that with increasing thickness of the soft shell the MFT decreases since
the film-forming abilities increased.
In was not possible to determine MFTs for the here investigated polymers, since they
were core-shell polymers with a low Tg shell. The reading for the MFT values was
below DoC, which means not determinable .
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Figure 5.8: Particle diameter of core-shell polymers CS3 with different core-shell ratios, as a
function of time.

Stellenbosch University http://scholar.sun.ac.za



76 Results and Discussion

The AFM measurements could not confirm these findings. All polymer samples
behave similarly in the way they are deformed. All curves follow the same trend, as
displayed in Figure 5.8, indicating that there is no difference in the film formation
behavior.
The soft shell starts to deform and flow at room temperature and causes the increase
in particle diameter, which is comparable for all latices. Even with a different amount
of shell polymer, the characteristic film formation behavior is the same for all
compared latices.

The latices with the core/shell ratio of 2/3 and 2/4 respectively have the largest
percentage of cores, covered only with a thin shell. After about two hours the cores
are revealed on the surface surrounded by shell polymers that form a film around the
cores. The particle size of the cores does not increase with time because of the
crosslinking. For the polymers with thicker shells (core/shell ratio 2/5 and smaller)
only, the shells only deform with time and start to coalesce but the cores do not
become visible at the surface. The deformation behavior follows the same trend for
all core/shell ratios.

Figure 5.9 displays the increase in particle diameter as a function of temperature.
Again all particles show more or less the same deformation behavior. The only
difference is the temperature at which the cores become visible at the surface .
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Figure 5.9: Particle diameter of core-shell polymers CS3 with different core/shell ratio, as a
function of temperature.

The different core sizes, ranging from about 80% (core/shell ratio 2/3) to about 59%
(core/shell ratio 2/8) of the of the original particle diameter, are clearly visible in the
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plot. The values agree well with the calculated values for the core diameter ranging
from 59% to 75% of the particle diameter of the entire core-shell particle.

If a smooth surface is desired then the core/shell ratio should obviously be rather
small. For the polymer composition used here, a core/shell ratio of 2/5 or smaller was
found to be sufficient.

Unlike the AFM measurements, the ultrasonic shear wave measurements show a
different film formation behavior for different core/shell ratios, as displayed in Figure
5.10. Latices with a core/shell ratio of 2/3, 2/5 and 2/8 were investigated by ultrasonic
shear wave reflection. The curves were mathematically corrected for the different
solid contents in the emulsion and the density of the polymer.
The results show that the particles with the thicker shell (core/shell ratio of 2/8) start
to film-form first, followed by particles with the thinner shells with a core/shell ratio of
2/5 and finally of 2/3. The hardness of the dried film increases with the core/shell
ratio. Particles with a core/shell ratio of 2/3 form a harder film than particles with
core/shell ratios of 2/5 or 2/8 do.
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Figure 5.10: The real part of the shear modulus for core-shell polymers CS3 with different
core/shell ratios. Symbols mark every ze" measurement point to be able to differentiate between
the curves.
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5.1.5 Comparison of Different Particle Sizes

Core-shell polymers with crosslinked core and particle diameters ranging from 69 nm
to 320 nm were prepared to investigate the influence of the particle size on the film
formation.

Figure 5.11 displays the particle diameter as a function of temperature. For all
polymers the diameter starts to increase at about 8-10°C, which corresponds well to
the predicted shell Tg of 6.2°C. The diameter of the cores does not change since they
are crosslinked.
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Figure 5.11: Particle diameter of core-shell polymers CS3 produced with different surfactants
(resulting in different particle sizes) as a function of temperature.

The increase of particle diameter with temperature shows no correlation with particle
size but it can be seen that the particles made with a particle diameter of 80nm film-
form better than the other particles. This may be due to the different types of
surfactants used to achieve the different particle sizes. The latex with a particle
diameter of 80nm was produced with 827 (hollow circle). The particles start to
coalesce and film-form already at 20°C and the cores appear at the surface at 25°C.
The particles produced with the blended surfactants (827+829) (hollow down-
triangle, diamond) also deform very fast and form a smooth film. The cores of the
110nm particles appear at 25°C at the surface and the cores of the 105nm particles
at 65°C. The particles manufactured with the surfactant 825 that have a diameter of
68nm (black square) grow slower with increasing temperature. The cores become
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visible at about 110°C. The particles made with the surfactant B29 (black up-triangle)
show the slowest increase in particle diameter with temperature. The cores of these
particles only become visible at about 100°C.

The surface corrugation - or peak to valley height of the polymer particles -
decreases with increasing temperature, see Figure 5.12.
A clear dependence of the surface roughness on the particle size can be seen. The
surface of the film with the smaller particles flattens faster compared to the surface of
the film with larger particles. The emulsions with smaller particles form also a much
smoother film with less surface corrugation.
The smaller particles seem to coalesce more easily than the larger ones, which is in
good agreement with the theoretical predictions of, for example, [4] and [5].
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Figure 5.12: Surface corrugation of core-shell latices CS3 with different particle size as a
function of temperature for the different particle sizes.

The time-dependent growth behavior of the polymer particles shows a clear relation
to the particle size, as shown in Figure 5.13.
It is clearly evident that the smaller particles deform sooner, and to a larger extent,
and flow with greater ease than the larger particles.

According to the theories of Dillon [4] and Brown [5], our experimental results show
that the smaller particles coalesced more easily than the larger ones and that they
are deformed to a larger extent. This confirms the theory of Kendall and Padget [6],
that the deforming force is inversely proportional to the particle radius. It also
confirms the findings of Jensen et al. [7], namely that the MFT increases with the
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particle diameter. Since the MFT marks the temperature at which film formation
starts, these results can be related to the findings of the AFM measurements, which
show that latices with smaller particles start to filmfom at lower temperatures than
latices with larger particles. In other words, the ability to form a film decreases with
increasing particle size. This corresponds well with the theory of Kan [8], Goh [9], and
Goudy [10].
Experimental results show that the smaller particles are more easily deformed and
flow more readily than the larger particles do.
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Figure 5.13: Increase in particle diameter of core-shell polymers CS3 with different particle size,
as a function of time.

These findings were confirmed by ultrasonic shear wave measurements, as
displayed in Figure 5.14.
The smaller particles film-form faster than the larger particles. The water evaporates
quickly from the samples with larger latex particles (105nm and 320nm) and the final
value of the shear modulus is soon reached. The second stage of film formation, the
water diffusion through capillaries, is hardly recognizable. The second stage of water
evaporation, before the final value of the shear modulus is reached, is more
pronounced for the dispersions with smaller particles (68nm, 80nm).
The hardness of the film seems to depend on the particle size as well as the film
formation kinetics. The shear modulus of the dried film is greater for dispersions with
larger particles. This is to be expected, since the core/shell ratio of all compared
latices particles is constant. This means that the relative amount of hard core
polymer per particle is increasing similarly to the particle diameter.
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Figure 5.14: Shear modulus curves for core-shell polymers CS3 with different particle sizes.
Symbols mark every 20th measurement point to be able to differentiate between the curves.

The deformation and film formation behavior of polymer particles was investigated by
AFM and ultrasonic shear wave reflection. The theoretical model of particle
coalescence by Kendall and Padget [6] was experimentally confirmed.

Comparison of different polymer structures containing the same monomers shows
that core-shell polymers with a soft shell around a hard core filmform faster than, for
example, a conventional unstructured latex. This is due to the fact that the soft core
polymer with a low Tg of about 2°C starts interdiffusing earlier and flows more easily
than the polymer in a conventional polymer with a higher Tg.

The effect of the shell thickness in a core-shell polymer found by Morgan et al. [3]
could not be confirmed by AFM measurements. Polymers with different core-shell
ratios were found to behave in a very similar manner, following the same trends for
particle deformation.
Unlike the AFM results, the ultrasonic shear wave measurements show a difference
in the film formation behavior, depending on the core/shell ratio. Latices with a
smaller core/shell ratio, and therefore a thicker shell, filmform faster than latices with
a higher core/shell ratio. Latices with a higher core/shell ratio (that means a thinner
shell) reach a higher end-value for the shear modulus than particles with a smaller
core/shell ratio. This is due to the fact that the particles with a greater core/shell ratio,
e.g. 2/3, contain comparably more of the high Tg polymer, which seems to reinforce
the film.
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The film formation behavior was found to depend strongly on the particle size - the
smaller particles coalesce faster than the larger ones. This corresponds well with the
theory of [5] and [6] and the experimental results from [7-10]. The surface corrugation
also shows a dependence on the particle size. The surface corrugation of smaller
particles decreases faster and the resulting film is flatter than that of larger particles.
The US measurements confirmed these findings. The smaller particles film-formed
faster than the larger particles. The results also show that films formed by larger
particles were harder than films formed by smaller particles.
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5.1.6 The Influence of Coalescent Solvents

The influence of three different coalescence solvents on the film formation behavior
of the unstructured latex UL1 was investigated. A coalescent solvent is expected to
improve the film formation behavior of the latex, and thus a difference in the particle
deformation is expected.
The coalescent solvents compared were:

• Fluiden, a mineral turpentine from Aktol,
• UCAR, an ester-alcohol from Union Carbide
• Ethyleneglycol monobutylether 2 butoxyethanol (EGMBEBE) purchased from

Sigma Aldrich.

The coalescent solvents were added in amounts of 1%, 2% and 4% of the solid
content of the latex.

5.1.6.1 1% Coalescent Solvent

1% coalescent solvent relative to the solid content of the unstructured latex UL1 was
added to the dispersion.
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Figure 5.15: Influence of 1% coalescent solvent added to ULl on particle deformation. The
insets display AFM images of the surface of the pure latex ULl and the latex with added
EGMBEBE after 24 hours.
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Figure 5.15 shows that the dispersion with EGMBEBE filmforms faster than the
dispersions with the two other coalescent solvents. There is very little difference in
the influence on film formation between Fluiden and UCAR. However, all three
coalescent solvents enhance the film formation kinetics compared to the blank latex
UL1 (hollow diamond).The latices with added coalescent solvent deform and
interdiffuse to a greater extent, which results in a smoother surface. This can be seen
in the AFM images in Figure 5.15 and in the larger final particle diameter of the latex
with added coalescent solvent.

5.1.6.2 2% Coalescent Solvent

2% coalescent solvent relative to the solid content of the unstructured latex UL1 was
added to the dispersion.
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Figure 5.16: Influence of2% coalescent solvent added to ULI on particle deformation.

The three different coalescent solvents enhance the film formation behavior of the
unstructured latex UL1. The particles are deformed to a greater extent than in the
pure latex (hollow diamond). Figure 5.16 shows that the dispersion with EGMBEBE
filmforms faster than the dispersions with the two other coalescent solvents. There is
again very little difference in the influence on film formation between Fluiden and
UCAR.
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5.1.6.3 4% Coalescent Solvent

4% coalescent solvent relative to the solid content of the unstructured latex UL1 was
added to the dispersion. Figure 5.17 shows that, again the coalescent solvents
enhance the film forming properties clearly. The dispersion with EGMBEBE filmforms
better than the dispersions with the two other coalescent solvents. There is a small
difference in the influence on film formation between Fluiden and UCAR; the
dispersion with Fluiden added filmforms slightly better than the dispersion with
UCAR. The particles of the pure latex UL1 deform less than the particles of the
latices with added coalescent solvent.
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Figure 5.17: Influence of 4% coalescent solvent added to ULI on particle deformation.

Surprisingly, the amount of the coalescent solvent at these levels has hardly any
influence on the film formation, as displayed in Figure 5.18 - 5.20. For all three
solvents the particle deformation is clearly enhanced by the addition of coalescent
solvent compared to the pure latex. But it seems that the film formation kinetics and
the particle deformation are not greatly affected by the amount of added coalescent
solvent. Higher amounts than 4% of coalescent solvent are expected to yield more
conclusive results.
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Figure 5.18: Particle deformation of UL1 with 1%, 2% and 4% EGMBEBE added.
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Figure 5.19: Particle deformation of UL1 with 1%,2% and 4% Fluiden added.
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Figure 5.20: Particle deformation of ULI with 1%,2% and 4% UeAR added.

The AFM measurements show consistently that the surfactant EGMBEBE leads to a
larger particle deformation and a better film formation than the other tested
coalescent solvents. The amount of coalescent solvent, at least below 4%, in the
latex seems to have little influence on the particle coalescence.

Results of the ultrasonic shear wave measurements also show a difference in the film
formation behavior between the three added coalescent solvents. Films of the latex
UL1 with 2% coalescent solvent were investigated. Unfortunately no results for the
pure latex were obtained.
The film formation kinetics for all three samples is comparable. This is in agreement
with the AFM results, which showed an equal particle deformation function with time.
All three curves reach the second stage of water evaporation at the same time, after
about 2 hours. The maximum value of the shear modulus is only reached after about
13 hours.
The hardness of the films, characterized by the maximum value of the shear modulus
is quite different. Figure 5.21 displays the shear modulus during drying for
dispersions with 2% added coalescent solvent.
"The curves are very noisy, but the general trend is recognizable. The dispersion with
added EGMBEBE forms the hardest film once it has dried. The film of the dispersion
with UCAR reaches nearly the same hardness but the film formed by the dispersion
with Fluiden is much softer, which means that the film containing Fluiden probably
contains this coalescent solvent for a longer period.
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Figure 5.21: Shear modulus of dispersions of ULI with 2% added coalescent solvent. Symbols
mark every 20th measurement point to be able to differentiate between the curves.

It seems that the main influence of the coalescent solvent is to elongate the second
stage of water evaporation, represented by the slowly ascending curve before the
plateau is reached. The water evaporation through the dry membrane formed at the
film surface lasts about 10 hours. This effect cannot be seen by AFM studies, since it
does not influence the particle diameter or the interdiffusion of latex particles at the
surface.
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5.1.7 Influence of Rheology Modifiers

Rheology modifiers were added, to change the flow properties of the latex. These
modifiers are HASE (hydrophobically modified alkali-soluble emulsion) thickeners
that form a three-dimensional network with the latex particles and modify the
rheological properties of the latex.

For the systems investigated, two rheology modifiers were used:

(1) a conventional thickener, consisting only of MMA and MAA in the polymer
backbone;

(2) a hydrophobically-modified thickener, with the same backbone as (1) and
incorporated macromonomers, which contains ethylene oxide spacer units with
terminal hydrophobic end-groups. These side chains interact with the latex
particles and help to form the three dimensional network.

1.6% of these modifiers were added to the unstructured latex UL1 and the core-shell
latex CS3. The influence of each additive on the film formation is distinctly different.

The conventional thickener (1) consists only of a backbone and does not attach to
the latex particles. It is apparent in the AFM images in Figure 5.22 that a phase
separation takes place, as suggested by Shay [11]. The thickener coagulates and
forms large patches separate from the latex particles during film formation. According
to Shay et al. the water-soluble thickener is repelled from the polymer particles due to
osmotic pressure and aggregates in thickener rich domains. This might explain the
problem of increased water sensitivity after application of the thickener in paint.

a) b)

++
200nm

Figure 5.22: Latex particles with added conventional thickener: a) ULI and b) CS3. The latex
and the thickener do not mix.

The HASE thickener (2), which contains the associative macromonomers, shows no
visible phase separation in the AFM images (see Figure 5.23). This is due to the
three-dimensional network that is formed between the latex particles and the HASE
thickener.
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Figure 5.23: Latex particles with added HASE thickener (2). a) ULI and b) CS3.

b)

Results and Discussion
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The deformation behavior of the latex particles is not influenced to a great extent by
the thickener. In the unstructured latex UL1 all particles deform at the same rate, as
displayed in Figure 5.24.
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Figure 5.24: Deformation behaviour of ULI with the different added thickeners (1) and (2).

Changing the flow properties of a latex, characterized by the viscosity, as a function
of shear stress does not necessarily mean that the deformation and film formation
behavior of the latex particles will be changed. The amount of the added rheology
modifier was with 1.6% also very small, larger amounts might influence the particle
deformation behavior.
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For the latex CS3 however the film formation behavior is affected by the addition of
the thickener, as displayed in Figure 5.25:
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Figure 5.25: Deformation behaviour of CS3 with the different added thickeners (1) and (2).

The latex containing the conventional thickener (1) deforms much faster than the
pure latex or the latex containing the HASE thickener (2). This is due to the phase
separation of the conventional thickener, the few visible latex particles at the surface
are surrounded by the added modifier, which segregates to the surface, coagulates
there and finally covers the latex particles.
After about 24 hours the cores become visible between the shell-polymer phase and
the patches of conventional thickener, so two particles sizes could be determined. No
cores become visible in the latex with the HASE thickener (2).
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5.2 Scanning Thermal Microscopy (SThM)

In the course of the studies it was attempted to use SThM for the thermal
characterization of polymers, especially latices with different polymer phases, like
core-shell polymers. The SThM [12] allows to map the surface temperature, or the
heat capacity of the surface simultaneously with the topography, as described in
chapter 3.3. Different polymer phases of a core-shell latex with, for example, a hard
core and a soft shell could be detected due to their different heat capacity. An image
sequence acquired with increasing temperature would allow to "follow" the different
polymer phases, as they start flowing with increasing temperature.
The biggest problem in the experiments was the size, and with that the lateral
resolution of the thermal tip. The thermal probes used for the experiments consist of
a bent Wollaston wire, as described in chapter 3. The dimensions of the wire loop at
the tip are about êurn in diameter, with an effective contact area on a flat surface of
about 30 to 300nm. This is still far too big to detect polymer particles with a diameter
in the range of 50nm. The core-shell particles of interest typically had a diameter of
70nm to 110nm with a core diameter between 40nm and 80nm. Only the largest
particles with a shell diameter of 320nm and a predicted core diameter of 210nm
could be determined with SThM, as displayed in Figure 5.25.

2_5~m

5~m

i
0.00 nm

Figure 5.25: Topography (a) and heat capacity (b) of a core-shell latex CS3 with a particle
diameter of 320nm at a temperature above the shell Tg (about 30°C).

It can be seen that the topography image (a) shows little indication if the visible
polymer is part of the shell or the core of the latex particles. The thermal image (b),
however, indicates the difference of the two polymer phases very well. The high Tg
cores have a lower heat capacity than the low Tg shells; thus they appear in the
thermal image as darker spots. The diameter determined from the thermal image
corresponds well to the predicted diameter of 210nm.
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CHAPTER 6: Thermal Transitions of Polymers Measured
byAFM

To test the accuracy of the AFM measuring thermal transitions and compare it with
common methods to determine thermal transitions, polymers with known transition
temperatures were investigated. In all cases the expected transition temperature of
the sample was first calculated by the Fox equation (eq. 2.30). The glass transition
temperature was then experimentally determined by OSC, in some cases also by
OMA. These results were compared to the results obtained by the AFM resonance
frequency method and confirm the accuracy of the new method. '

6.1 Single Transitions

Single glass transition temperatures and melting temperatures of several polymers
are determined.
The melting point of octadecane (C18H38),which is at about 30°C, appears in the
resonance frequency measurement (RFM) as a sharp kink at 31.7°C, as displayed in
Figure 6.1. This result is in good agreement with the theoretical predictions and the
OSC result. The slightly higher transition temperature is due to the misplacement of
the temperature sensor, which is mounted below the polymer film.
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Figure 6.1: Melting temperature of octadecane determined with RFM.

The glass transition temperature of the unstructured latices UL1, UL2 and UL3
determined by AFM are displayed in Figure 6.2.
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(c) determined by RFM.
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The theoretically predicted glass transition temperatures are 23°C for UL1, 19oC for
UL2 and 12°C for UL3.
The AFM measurements yield Tg values between 23°C and 26°C for UL1 (Figure
6.2a), 17°C to 190C for UL2 (Figure 6.2b) and goC to 11°C for UL3 (Figure 6.2c).
These values agree well with the predicted transition temperatures.

6.2 Multiple Transitions and Blends

Octacosane (C2sHss) was used to compare the ability of resolving multiple transitions.
It exists at room temperature in an orthorhombic structure and changes at 57.5°C
into a rhombohedral structure with a melting point at 60.8°C [1]. DSC and RFM
analyses resolve both transitions. The two peaks in the DSC curve are very close
(Figure 6.3a), at 60.4°C and 62.goC, and must be accurately measured to avoid
seeing only one broad peak. The RFM curve shows two distinct kinks, at 61°C and
66°C (Figure 6.3b), which are clearly separated. The slight deviation between the
transition temperatures obtained by RFM and DSC is, again due to the difference in
relative proximities of the temperature sensors.
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Octadecane and octacosane were then blended in different ratios in order to
compare the sensitivities of the two different analytical methods.

For the 1:1 blend both DSC and RFM analyses show the melting points of
octadecane and octacosane. Both melting temperatures are observed at
temperatures lower than those of the pure compounds. The DSC curve shows the
transition of octacosane at 51.2°C and the more prominent octadecane peak at
28.3°C (Figure 6.4a). The RFM curve shows the octadecane transition at 29°C and
the more distinct octacosane transition at 50.6°C (Figure 6.4b).
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Figure 6.4: Thermal transitions of octadecane and octacosane in a 1:1 blend, measured by DSC
(a) and RFM (b).
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For the blend containing 5% octadecane and 95% octacosane, the DSC curve clearly
shows two peaks at the expected temperatures: the melting point of octadecane is at
26.6°C, and that of octacosane is at 61.4°C (Figure 6.5a).
In the resonance frequency curve of the AFM, the melting point of octacosane at
5rC dominates (Figure 6.5b) and the octadecane transition can just be resolved.
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For hetero-blends of different crystalline materials, which are more or less evenly
distributed over the whole sample, analysis by DSC is clearly more advantageous
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than analysis by the AFM resonance frequency technique. In this case the OSC
benefits from the integral measuring method.

6.3 Structured Latices

The ability of the AFM to distinguish between different polymers or polymer phases
by measuring their thermal transitions on a smaller scale was investigated using
structured polymers, in this case core-shell polymers.
AFM images, as shown in chapter 5.1 confirm that the polymers really do have a
core-shell structure. The soft shell polymer starts flowing around the hard cores with
increasing temperature. The cores become visible at the polymer surface at
temperatures still below the core Tg so that the AFM tip can detect them. This
explains, why the RFM method can "see" the transitions of both polymer phases,
even if it is a surface sensitive method.

The first investigated sample, the core-shell latex CS2, has a soft shell, with a
predicted Tg of about 3°C, and a hard core, with a predicted Tg of about 50°C.
Analysis by OSC could not resolve individual TgS. It only shows one transition at
about 20°C (Figure 6.6a), in a temperature range where no thermal transition is
expected at all.
The OMA results show a shell Tg of about 19°C (onset of the first peak), which is
higher than the expected shell Tg. In the OMA curve a higher temperature peak is
recognizable, indicating the core polymer-phase. It is hardly possible to determine a
core Tg, which is represented by the onset of the second peak, because the peaks
are superposed. Extrapolation is not justified because it is not possible to determine
the exact onset of the peak.
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Analysis by AFM shows two plateaus, which correspond well to the predicted glass
transitions of the core and of the shell. The glass transition of the shell appeared
between 1°C and 3°C and the glass transition of the core between 45°C and 48°C
(Figure 6.6c). The two temperature ranges are displayed in separate graphs to
emphasize the plateau regions.

To confirm these results, another core-shell polymer (eS1) with a crosslinked core
and the same shell composition as before was investigated. The Tg of the shell was
predicted to be about 2°C and the Tg of the core about 68°C.
The DSe shows a single transition at 20.2°e (Figure 6.7a), again in a temperature
range where no transition is expected.
The transition temperatures obtained by DMA (Figure 6.7b) are not well defined. Two
peaks are visible but they are, again, superposed. The onset of the lower peak is at
about 1DoC,which is higher than the expected shell Tg. The onset of the second peak
is not visible, it cannot be extrapolated, because the second peak is hardly
recognizable.
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Figure 6.7: Glass transitions of the crosslinked core-shell latex CS12 with a high Tg core and a
low Tg shell, measured by DSC (a), DMA (b) and RFM (c).

The frequency curve obtained by AFM shows a plateau between 3.2°C and 5.5°C
and one between 6rC and 70°C (Figure 6.7b). Again the temperature ranges are in
separate graphs to emphasize the plateau region. Both observed Tg values
corresponding well to the predicted glass transition temperatures of the core and
shell phases of the polymer as calculated with the Fox equation from synthesis data.

Furthermore, the thermal transitions of a gradient polymer were measured. This core-
shell polymer has a crosslinked core and a shell consisting of a copolymer, which
contents are gradually changing from the inner side to the outside. Around the core
the copolymer consists of 100% PS, gradually decreasing towards the outside. At the
outside the polymer consists of 100% BA gradually decreasing towards the inside.
For the exact composition see Chapter 4.2.
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Figure 6.8: Glass transitions of a gradient latex with a crosslinked core and a gradient shell,
measured by DSC (a), DMA (b) and RFM (c).
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BA has a Tg of -55°e, Styrene has a Tg of about 100oe. The pure BA at the outer
side of the particle can already flow and filmform at room temperature. The phase
consisting of BA and PS has a higher Tg, increasing with the amount of PS.

The DSC curve shows no thermal transition at all (Figure 6.8a). The DMA curve
(Figure 6.8b) shows one glass transition temperature at about 30oe. This result is not
reasonable, since due to the gradient structure, no single glass transition
temperature exists for the investigated latex.
The RFM curve (Figure 6.8c) however, shows plenty of little steps, or plateaus,
indicating the "different", or rather gradually changing, Tgs of the shell polymer.

6.4 Polyolefins

These results show that the AFM is not only sensitive to different polymer phases
close to each other, but also to the polymer structure, which influences the glass
transition temperature.
The ability to measure thermal parameters like the glass transition temperature
locally is a valuable and useful method to determine, for example, if the polymer
particles have the desired structure. If two different TgS are determined for a core-
shell polymer and their value is consistent with the theoretically predicted Tg this is a
strong indication that the polymer has in fact a core-shell structure and exists not as
a blended unstructured polymer.

Other investigated polymer systems were polyolefins, which have several thermal
transition temperatures, according to their structure. The investigation was focused
on polyolefins with different side chain lengths. Polyolefins with long alkyl chains
possess two melting points that are generally attributed to the melting of crystals
formed by the side chains and the helical main chain [2]. According to Wunderlich [3]
the long main chains form helices with the side chains twisting from the helical
backbone. The side chains are packed in a paraffin-like manner.
According to Overberger et al. [4] and Jordan et al. [5], side chain crystallinity
appears in such polymers usually when the side chains exceed a minimum of 10 to
12 carbon atoms, which would be polymers of dodecene and longer monomers.

However, two melting points are observed for poly-1- pentene in the first DSe run
(Figure 6.9a) During the second heating cycle the sample shows no melting points at
all, which indicates that the initial crystalline structure was destroyed during the first
heating cycle.
Resonance frequency measurements with the AFM show also two transitions for
poly-1-pentene, as displayed in Figure 6.9b. Henschke et al. [2] attribute the two
melting points of poly-1-pentene to different crystal modifications.
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Figure 6.9: Two melting points of poly-pentene at about 53°C and 95°C, measured by DSC (a)
and RFM (b).

In the case of poly-1-tetradecene with side chains of 12 carbon atoms two thermal
transitions can be observed by DSC and AFM. The DSC curve (Figure 6.1Oa) shows
a sharp peak at about 14°C and a wider peak at about 54°C. The second peak
consists actually of three superpositioned peaks, with smaller humps at about 42°C
and 57°C.

Like the DSC, the AFM resonance frequency curve (Figure 6.1Ob) shows two major
transitions at about 12°C and 50°C, of which the transition at 12°C is the more
pronounced. Smaller kinks are observed at about 40°C and 55°C.
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Figure 6.10: Thermal transitions ofpoly-tetradecene measured by DSC (a) and AFM (b).

Unlike in the DSC curve, melting points in the RFM method are represented by kinks,
which makes it easier to differentiate between transitions in a close temperature
range. The peaks in the DSC curve can be easily superposed and thus be regarded
as only one peak.

The thermal transitions of poly-1-tetradecene can now be attributed to the main- and
side-chain crystallization.
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Henschke et al. assigned the less pronounced melting point to the main-chain
crystallinity and claimed that the side-chain crystallinity is more dominant. Wunderlich
[3] also attributes the higher crystallinity to the side chains, which are packed in a
paraffin-like manner.
From the DSC curve in Figure 6.1Da it is difficult to obtain information, which peak
could should be assigned to which transition, especially since the peaks are nearly of
the same height.
The AFM measurements, however, give an indication, which transition is related to
the main-chain crystallization and which to the side-chain crystallization. Since the
cantilever measures the molecular response to excitation locally, it should be more
sensitive to the side-chain transition than the melting of the main-chain.
Thus it can be assumed that the transition represented by the sharper kink correlates
to the side-chain melting. In this case the side-chain melting can be assigned to the
low temperature transition at about 12°C, in good agreement to Henschke's findings.

4S

Poly-1-octadecene has 16 carbon atoms in the side chain side-chains with the length
of 16 carbon atoms. Again main- and side-chains form two different crystalline
structures with different melting points. Figure 6.11 displays the DSC (a) and AFM (b)
results.
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The DSC curve shows a peak at about 16°C and a higher temperature peak at 38°C.
According to Henschke the more prominent peak should be assigned to the side-
chain melting, which would be the high temperature peak at 38°C.This can be
confirmed by the RFM result, which shows a transition at about 16°C and a more
distinct kink at 38°C.
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6.5 Glass Transition of Thin Polystyrene Films

To investigate the sensitivity of the new technique towards molecular weight and film
thickness of the sample, polystyrene films of different thickness and molecular weight
were investigated.
The films consisted of polystyrene with a molecular weight of 22000 g/mol, 142500
g/mol and 868800 g/mol and the film thickness ranged from 120A to 1500A

6.5.1 Different Film Thickness

The width of the plateau in the resonance frequency plot representing the glass
transition of a polymer seems to vary with the film thickness of the polymer film.

From the experimental results obtained by AFM can be seen that the plateau width
increases with increasing film thickness, as displayed in Figure 6.12. Furthermore the
temperature at which the plateau starts increases with increasing film thickness.
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Figure 6.12: Glass transition temperatures obtained by RFM for polystyrene mms of different
thickness.

The investigated samples had a molecular weight of 142500 g/mol and a film
thickness of 134A (hollow square), 449A (black circle), 670A (hollow up-triangle),
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1049A (hollow circle) and 1359A (black square). The curves were arbitrarily shifted
on the y-scale to enable better comparison.

Figure 6.13 shows the plateau width plotted as a function of the film thickness. It
becomes visible that the plateau width is increasing with increasing film thickness
until it reaches a maximum value at which it levels out. In this case the maximum
value is about one micrometer.

A possible explanation for the increasing plateau width is that the AFM resonance
frequency method shows a certain depth sensitivity. The oscillating cantilever creates
a pressure wave that is reflected at the surface and thus influences the cantilever, as
described in chapter 3. At the glass transition the reflection coefficient starts to
decrease and the absorption coefficient is increasing. This means the polymer is now
able to absorb energy from the pressure wave and convert it into kinetic energy for
chain motion. Obviously the energy will be absorbed first from the surface layer of the
polymer, and chain segments can start to move.
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Figure 6.13: The plateau width of the RFM method as a function of the film thickness of the
polystyrene film. The different symbols represent different measurements.

With increasing temperature the pressure wave "reaches" underlying layers of the
polymer, which can now absorb energy as well, which leads to a further increase of
the absorption coefficient and results in the resonance frequency plateau
representing the glass transition of a polymer. The maximum penetration depth of the
pressure wave generated by the oscillating cantilever is given by the value at which
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the plateau width reaches its maximum value and levels into a constant plateau.
Here the maximum penetration depth is about one micrometer.

Figure 6.14 shows that the temperature at which the glass transition starts is also a
function of the film thickness of the polymer. The glass transition temperature is
increasing with increasing film thickness.

The glass transition temperature, or rather the onset of the glass transition, is a
linearly increasing function of the film thickness of the polymer. It can be assumed
that, at a certain film thickness, larger than the investigated samples, the glass
transition temperature reaches the bulk value of polystyrene of about 1000e and
doesn't increase further, according to the theoretical model described by Forrest et
al. [6]. Unlike the results obtained by Forrest et al. the threshold value ho of the film-
thickness at which the bulk Tg is reached is at a film thickness larger than 1200 A.
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Figure 6.14: Glass transition temperature of polystyrene films with different thickness as a
function of the temperature. Different symbols represent different measurements.

The fact that the values of the two different measurements are not exactly the same
shows that the absolute temperature measurement of the experimental setup is not
perfectly accurate. The temperature change during a measurement (for example
heating to a temperature 2 degree higher than the start temperature) can be believed
to be exact but the absolute temperature can only be determined within the range of
a few degree.
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6.5.2 Different Molecular Weights

The molecular weight is known to influence the glass transition temperature as well.
Tg is decreasing with decreasing molecular weight, according to: Tg = Tg(bUlk)-k/Mw
With the material constant k. For polystyrene is k=2x105 and Tg(bUlk)~ 100°C. The
expected reduction of the bulk Tg as a function of the molecular weight is displayed in
Figure 6.15:

Reduction in bulk Tg as a function of MW
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Figure 6.15: Reduction of the bulk Tg as a function of molecular weight.

The Tg of the investigated polystyrene films is reduced due to two effects: a
decreasing molecular weight and the fact that they are applied as ultra-thin films with
a thickness of only 450A. As mentioned before (Figure 6.14) the film thickness
influences the glass transition temperature drastically.

Three polystyrene films with a film thickness of 450A and a molecular weight of
22000 gImol, 142500 g/mol and 868800 g/mol have been investigated. Due to the
ultra-thin film the Tg is represented by a kink rather than a plateau, as displayed in
Figure 6.16:
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Figure 6.16: Tg reduction ofthin PS film with molecular weight.

The glass transition temperature plotted as a function of molecular weight for
polystyrene films of different film thickness is displayed in Figure 6.17. The Tg is
lowered to about half of the bulk value, which is a considerable temperature
reduction. This decrease in Tg is mostly due to the film thickness, but a general trend
of changing Tgwith molecular weight can be observed as well.
An interesting finding is, that the Tg value reaches a plateau towards lower molecular
weight, which is not expected according to the theoretical model shown in Figure
6.15. This "minimum" glass transition temperature for the sample with a film thickness
of 450 A is about 50°C. The results were reproducible. For the PS film with a
thickness of 190A this minimum temperature is about 42°C and for the thickest film of
1000A the glass transition temperature seems to reach a limit between 50°C and
60°C.
This effect can be addressed to the influence of the film thickness on Tg. As
displayed in Figure 6.14, the Tg of a film with the thickness of 450A is about 50oG.
Towards higher temperatures the Tg is expected to level out to the bulk value of Tg of
polystyrene, which is about 100oG, so the measurement points would follow a
Boltzmann curve with a "s" shape.
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Figure 6.17: Reduction of Tg with molecular weight for polystyrene films of different film
thickness measured by RFM.

6.6 Layered Systems

The depth sensitivity of the resonance frequency method has been confirmed by the
investigation of layered polymer systems. Two thin polymer films were cast onto each
other and the glass transition temperature(s) determined by AFM. The film thickness
could unfortunately not be determined exactly. The sample was prepared in such a
way, that the second film, or the upper layer, was as thin as possible.
The lower layer is the unstructured polymer UL1 with a Tg of about 24°C. The upper
layer is a thin film of the polymer UL2 with a Tg of about 15°C.
The resonance frequency measurement does in fact determine both glass transition
temperatures, as displayed in Figure 6.18. Different symbols represent different
measurements.
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Figure 6.18: Glass transition temperatures of a layered system with the two polymers ULI and
UL2.

To confirm these measurements the polymer phases were switched around, with a
lower layer of the polymer UL2 and a thin film of UL1 on top. Again the RFM
determines both glass transition temperatures, as displayed in Figure 6.19 and the
results are reproducible.
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Figure 6.19: Glass transition temperatures of a layered system with the two polymers ULI and
UL2.

Stellenbosch University http://scholar.sun.ac.za



116 Results and Discussion

6.7 Lateral Resolution

With the current experimental setup it was not possible to move the tip a few
nanometer and record another frequency spectrum. The sample holder and the
heating stage had to be moved manually to measure at a different point on the
sample. This restricted the minimum distance between two data points to several J.1m.

Figure 6.20 shows different frequency curves acquired at different positions on the
sample surface. The sample consists of two different polymer films cast next to each
other. The latices were UL3 with a theoretical Tg of 12°C and UL1 with a theoretical
Tg of 23°C. Resonance frequency curves were measured at different positions
around the polymer interface. This was done in order to compare the results of
different positions on the surface and to determine the influence of the neighboring
polymer. As mentioned before, the lateral resolution for this measurement is not very
good, because the translation of the sample was performed manually.
To determine the position on the sample at which a frequency curve was acquired,
an AFM image was scanned with a scan range of 60J.1m.The start and the end points
of the tip movement as seen on the video screen of the Topometrix system
determined the origin (OJ.1m)and the 60J.1mposition. A frequency curve was recorded
at OJ.1mand then, by manually shifting as little as possible, roughly every 20J.1m(a
third of the scan range, determined on the video screen).
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Figure 6.20: Resonance frequency curves at different positions close to the interface of the latices
UL3 and ULl. The AFM image shows the different polymers and the measurement positions.
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The AFM image in Figure 6.20 shows the polymer interface and the different
positions at which data was acquired. The latex UL3 is on the left side and UL1 on
the right side.
The two curves at 0 urn (black square) and 20 urn (black circle) show plateaus at
around 10°C, which corresponds well with the Tg of UL3. The curves show at 40 urn
(hollow circle) and 55 urn (black triangle) have plateaus at around 23°C, which
corresponds well to the Tg of UL1. The curve at 40 urn is about ëum away from the
polymer interface and the Tg of UL3 cannot be seen in the curve. Hence the lateral
resolution of this technique is definitely in the urn range.

Further developments in the control electronics will allow the implementation of the
frequency measurement in the scanning process and the acquisition of datapoints
only a few nm apart. This will enable us to determine the real lateral resolution of this
technique.
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CHAPTER 7: Conclusions

Results of the investigations proved the AFM to be a powerful and versatile tool for
the characterization of polymers close to the surface and a few layers below.

In the imaging mode the AFM was used to monitor the drying and film-formation
process of different latices. Different polymer structures, core-shell polymers with
different core/shell ratios and latices with different particle size were investigated.
The results, although empirical, yielded information on which polymer structure was
the most suitable for a certain required film-formation behavior. Core-shell particles
with a hard, high Tg core, surrounded by a soft, low Tg shell, had the best film-forming
properties at ambient conditions. The optimum core/shell ratio was found to be 2/5 or
smaller, and the particle size of the latex particles should be as small as possible,
since the film formation behavior improved with decreasing particle diameter.

Furthermore, studies on the influence of different coalescent solvents and rheology
modifiers on the film-formation behavior revealed that these solvents influenced the
characteristic evaporation of interstitial water and the hardness of the film rather than
on the polymer flow and particle deformation. The rheology modifiers changed the
flow properties of the latex system and the topology of the polymer. A conventional
thickener, for example, was found to coagulate into separate phases around the latex
particles, instead of forming a three-dimensional network with the latex particles.

Additional information on the film-formation kinetics was acquired by ultrasonic shear
wave (USSW) measurements and these confirmed the findings of the AFM
measurements. The USSW measurements yielded information about the water
evaporation from the emulsion and the hardness of the dry film, and thus completed
a comprehensive description of kinetic processes taking place during film formation.

Thermal properties of the polymer surface, for example the heat conductivity of
different polymer phases, were determined by SThM images. Due to the large tip
diameter of the thermal tip and the low lateral resolution, only large particles with a
diameter of about 320nm could be imaged.

To detect thermal parameters of a polymer locally, the AFM was used in a probing
mode. The cantilever oscillated above the surface and its resonance frequency was
determined as a function of increasing temperature. Thermal transitions of the
polymer caused a change in the characteristic resonance frequency curve. This
could be attributed to the melting points and glass transitions of the investigated
polymers. Due to the local measurement, the AFM was able to determine thermal
transitions of different polymer phases close by. Since the determination of the
mechanical response of a polymer functions similarly to the OMA it was called
"NanoDMA".
The NanoDMA could determine glass transition temperatures of core-shell polymers,
for example, for the core and the shell phase individually.
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The influence of the film thickness and molecular weight of the polymer samples on
the glass transition temperature was also investigated.
The glass transition temperatures of thin polystyrene films with different molecular
weight and film thicknesses, in the Angstrom region, were compared. The resonance
frequency measurements showed a clear dependency of Tg on molecular weight and
film thickness.

It was observed that the new measurement method developed in this research has a
certain depth sensitivity and can determine thermal transitions of underlying layers as
well as the surface Tg.
The measurements gave strong evidence that the Tg at the surface of a polymeric
film is lower than its bulk Tg.

Recommendations

The film-formation studies could be continued with different polymer structures and
polymers containing different additives, as used in the paint industry to enhance the
film-formation properties of a latex.

The SThM work should be continued with newly developed thermal tips that are
shaped like normal AFM tips but have a tip diameter of only a few nanometers.
These tips are currently being developed in Wuppertal, Germany and in
Loughborough, England. With these new tips it should be possible to determine the
heat capacity of different polymer phases close by and image them simultaneously
with the topography.

In order to use the AFM as a "NanoDMA" new, separate control electronics and
software was developed by P. Lepidis, University of Wuppertal. The controller
includes a frequency generator to oscillate the cantilever, a very precise Lock-In
amplifier to detect the resonance frequency and the phase shift, and a temperature
control. The resonance frequency and phase shift at any measured temperature are
stored in a file and the frequency/phase plot is displayed graphically on the computer
monitor.

First measurements were already carried out, to adjust experimental settings and
parameters. With this new instrument it will be possible to automate the process to
determine the resonance frequency and additionally the phase shift of the cantilever
as a function of temperature, and directly feed it in a software program that displays
the recorded data curves. The electronic devices are also faster and more sensitive
than the components in the Topometrix setup used for experiments to date, thus the
results should be more reliable than the results obtained by the present setup
presented in this thesis.
The implementation of a scanning mechanism will allow for the determination of
thermal transitions of different polymer phases in a two dimensional matrix across the
sample surface. Experiments with this new technique could give information about
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polymer blends or structured polymers by measuring their thermal transition
temperatures locally.
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CHAPTER 8: Appendix

The C++ program to calculate the correlation function was written by Frank Eurich,
Fakultaet fuer Physik Universitaet Konstanz, Lehrstuhl Dieterich (Statistische Physik)

#include <stdlib.h>
#include <stdio.h>
#include <math.h>
#include <fftw.h>

double *Sb;
double *gb;
double *Sri
double *gr·;

II Strukturfaktor S(kx,ky)
II Korrelationsfunktion g(x,y)
II zirkulaer gemittelter Strukturfaktor S(kr)
II zirkulaer gemittelte Korrelationsfunktion g(r)

double *kx;
double *ky;
double *kr;

const int Nx = 400;
const int Ny = 400;
const int N = Nx*Ny;

const double Lx
const double Ly

1. 0;
1.0;

const double dx
const double dy

Lx/double(Nx);
Lyldouble (Ny);

void Sg_new ()
{

Sb new double[N];
gb new double [N];
Sr new double[(Nx/2)+1];
gr new double[(Nx/2)+1];

kx new double[Nx];
ky new double [Ny];
kr new double[Nx]; II

void delete_Sg ()
{

delete [] Sb;
delete [] gb;
delete [] Sr;
delete [] gr;

delete [] kx;
delete [] ky;
delete [] kr;

void init_k ()

const double Pi 3.141592654;
for (int i = 0; i < Nx; i++)

kx[i]
kr[i]

(2.0*Pi*double(i))/Lx;
kx[i] ;

for (int j = 0; j < Ny; j++)
{

ky[j] = (2.0*Pi*double(j))/Ly;

in1ine int idx( int x, int y ) {

return y*Nx + x;

void gbulk_varN(double *g, double *S, fftwnd_plan plan){
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int i,j;

FFTW COMPLEX fef[Nx] [Ny];

for (i = 0; i < Nx; i++){
for (j = 0; j < Ny;

e_re(fef[i] [jl)
e im(fef[i] [j])

j++) (
8[idx(i,j)];

= 0.0;

fftwnd(plan, 1, (FFTW_COMPLEX *) fef, 1, 1, (FFTW_COMPLEX *) fef, 1, 1);

for (i = 0; i < Nx; i++) {
for (j = 0; j < Ny; j++) (

g[idx(i,j)] = (fef[i] [j]).re/(double) (Nx*Ny);

void 8bulk_varN(double *spin, double *8, fftwnd_plan plan) {
int i,j;
double sigmaquer;

FFTW_COMPLEX fef[Nx] [Ny];

sigmaquer = 0;
for (i = 0; i < Nx; i++) {

for (j = 0; j < Ny; j++){
sigmaquer = sigmaquer + spin[idx(i,j)];

sigmaquer sigmaquerl (double) (Nx*Ny);

for (i = 0; i < Nx; i++) {
for (j = 0; j < Ny;

e_re(fef[i] [jl)
e im(fef[i] [j])

j++) (
spin[idx(i,j)] - sigmaquer;

= 0;

II fuehre die FFT dureh
fftwnd(plan, 1, (FFTW_COMPLEX *) fef, 1, 1, (FFTW_COMPLEX *) fef, 1, 1);

II Bereehne den 8trukturfaktor
II 8(kx,ky) = Ifef(kx,ky) IA2
for (i = 0; i < Nx; i++) {

for (j = 0; j < Ny; j++) {
8 [idx (i,j)]

(e_re (fef [i] [j])*e_re (fef [i] [j])+e_im( fef [i] [j])*e_im( fef [i] [j]))I (double) (Nx*Ny) ;
}

void zirk(double *8, double *Szirk )
{

int i, j, n;
int isehale, jsehale;
int norm[(Nx/2)+1]; II zaehlt die Zahl der Gitterpunkte in einer Sehale

for (i = 0; i < (Nx/2) +1; i++) {
8zirk[i] = 0.0;

for (i = 0; i < (Nx/2) +1; i++) {
norm[i] 0;

for (i = 0; i < Nx; i++)
{

for (j = 0; j < Ny; j++)
{

II Bereehnung in welcher "Schale" der Gitterpunkt liegt
if (i < (Nx/2)+1)

{isehale
else

{isehale

i; }

i-Nx; }
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if (j < (Ny/2)+1)
{jschale j;}

else
{jschale j-Ny;}

n = (int)ceil(sqrt((double) (ischale*ischale+jschale*jschale))-0.5);

if (n < ((Nx/2)+1)) 1* Beachte, dass Nx <= Ny sein sollte! *1
{

norm[n) = norm[n)+1;
Szirk[n) = Szirk[n) + S[idx(i,j));

for (i = 0; i < (Nx/2)+1; i++)
{

Szirk[i) = Szirk[i)/(double)norm[i);

void eingabe(double hoehe[), char dateiname[200)) {

double dhoehe;
FILE *datei;
char dstring[255);
char dateiname ext[300);

sprintf(dateiname ext, "%s.txt", dateiname);
datei = fopen(dateiname_ext, "r");

for (int i = 1; i<19; i++) {
fgets(dstring, sizeof(dstring), datei);

for (int i = 0; i < Ny; i++) {
for (int j = 0; j < Nx-1; j++) {
II je nach Format TAB oder SPC auslesen
fscanf(datei, "Ilf\t", &dhoehe);
II fscanf(datei, "Ilf ", &dhoehe);
hoehe[idx(i,j)) = dhoehe;

fscanf(datei,"%lf", &dhoehe);
hoehe[idx(i,Nx-1)) = dhoehe;
fscanf(datei, "\n");

fclose(datei);

II eingabe

void Sr_ausgabe(double *Sr, double *kr, char dateiname[200))

FILE *datei;
char dateiname_ext[300);

sprintf(dateiname_ext, "%s.Sr", dateiname);
datei = fopen(dateiname_ext, "w");

for (int i = 0; i < (Nx/2)+1; i++) {
fprintf(datei, ''%If %If \n",kr[i) ,Sr[i));

fclose(datei);

void gr ausgabe(double *gr, char dateiname[200))
{

FILE *datei;
char dateiname_ext[300);

sprintf(dateiname ext, "%s.gr", dateiname);
datei = fopen(dateiname_ext, "w");

for (int i = 0; i < (Nx/2)+1; i++) {
fprintf(datei, "Ilf %If \n", dx*double(i), gr[i));
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fclose(datei);

void Sb_ausgabe(double *Sb, double *kx, double *ky, char dateiname[200))
{

FILE *datei;
char dateiname_ext[300);

sprintf(dateiname_ext, "ls.Sb", dateinarne);
datei = fopen(dateiname_ext, "w");

for (int i = 0; i < Nx; i++) {
for (int j = 0; j < Ny; j++) {

fprintf(datei, "Ilf Ilf %If \n", kx l i l , ky[jJ, Sb[idx(i,j)));

fprintf(datei, "\n");

fclose(datei);

void gb_ausgabe(double *gb, char dateiname[200))
{

FILE *datei;
char dateiname_ext[300);

sprintf(dateiname ext, "%s.gb", dateinarne);
datei = fopen(dateiname_ext, "w");

for (int i = 0; i < Nx; i++) {
for (int j = 0; j < Ny; j++) {

fprintf(datei, ''%If %If Ilf \n", dx*double(i), dy*double(j), gb[idx(i,j)));

fprintf(datei, "\n");

fclose(datei);

void hoehen_ausgabe(double *hoehe, char dateiname[200))
{

FILE *datei;
char dateiname ext[300);

sprintf(dateiname ext, "Is.gnu", dateinarne);

datei = fopen(dateiname_ext, "w");

for (int i = 0; i < Nx; i++) {
for (int j = 0; j < Ny; j++){

fprintf(datei, "Ilf Ilf %If \n", dx*double(i), dy*double(j), hoehe[idx(i,j)));

fprintf(datei, "\n");

fclose(datei);
}

int main(int argc, char* argv[))
{
char dateiname[200);

fftwnd_plan plan_trafo, plan_ruecktrafo;

double *hoehe;

hoehe = new double[N);

if (argc != 2) {
printf("Syntax: auswertung <daten-file> \n");
exit (1);

sprintf(dateiname, "./%s", argv[l));

Sg_new() ;

init k ();
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plan trafo = fftw2d create plan(Nx, Ny, FFTW FORWARD, FFTW MEASURE I FFTW IN PLACE);
plan_ruecktrafo = fft;2d_create_plan(Nx, Ny, FFTW_BACKWARD, FFTW MEASURE I FFTW_IN_PLACE);

eingabe(hoehe, dateinarne);

Sbulk_varN(hoehe, Sb, plan_trafo);

gbulk_varN(gb, Sb, plan_ruecktrafo);

zirk(Sb, Sr);
zirk(gb, gr);

Sr_ausgabe(Sr, kr, dateinarne);
gr_ausgabe(gr, dateinarne);
Sb_ausgabe(Sb, kx, ky, dateinarne);
gb_ausgabe(gb, dateinarne);

delete_Sg();

delete [J hoehe;

fftwnd_destroy_plan(plan_trafo);
fftwnd_destroy_plan(plan_ruecktrafo);
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