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Abstract

Acrylic pressure sensitive adhesive (PSA) films comprising either two or three different

components were prepared on solid support. A structural characterization of the near-

surface region was performed. X-ray reflectivity revealed information about the composi-

tion profile perpendicular to the film surface. In all investigated samples, the near-surface

composition deviated from the bulk. Different sample preparation protocols were applied

in order to elucidate the possibilities of a deliberate tailoring of the near-surface composi-

tion profiles. Furthermore, the obtained results were related to the mechanical behavior of

the PSA films as monitored with probe tack tests or contact angle measurements to deter-

mine the surface tension. The mechanical properties as well as the morphology changed

significantly when the film thicknesses were reduced to a sub-micrometer scale.

Acrylatbasierte drucksensitive Haftklebstofffilme (PSA Filme), bestehend aus entweder

zwei oder drei verschiedenen Komponenten, wurden auf harten Substratmaterialien her-

gestellt und ihre oberflächennahen Bereiche wurden strukturell charakterisiert. Mithilfe

von Röntgenreflektion wurden die Zusammensetzungsprofile senkrecht zur Filmoberfläche

bestimmt. Die oberflächennahe Zusammensetzung wich in allen untersuchten Proben

von der Volumenzusammensetzung ab. Es wurden verschiedene Probenherstellungspro-

tokolle angewendet, um die Möglichkeiten einer bewussten Steuerung der oberflächenna-

hen Zusammensetzungsprofile zu untersuchen. Desweiteren wurden die erhaltenen Ergeb-

nisse mit dem mechanischen Verhalten in Tack-Experimenten und Kontaktwinkelmes-

sungen zur Bestimmung der Oberflächenspannung korreliert. Sowohl die mechanischen

Eigenschaften als auch die Morphologie änderten sich signifikant sobald Filmdicken im

Sub-Mikrometerbereich gewählt wurden.
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Chapter 1

Introduction

Different classes of materials, such as paper, glasses, metals, ceramics and polymers can

be efficiently connected by the use of adhesives [1]. This versatility of utilizing adhesive

bondings is only one of the reasons why meanwhile adhesives can be found in a large

variety of products. Conventional techniques like riveting, welding or the use of bolted

connections are more and more replaced by employing adhesive joints. Prominent exam-

ples can be found in the construction sector or in the aeroplane and car industry.

Depending on the respective application, not always a maximization of the strength of the

adhesive bonding is aspired. Most of such applications making use of moderate adhesion

can be found in every day life as packaging material, self-adhesive tapes or stick-on notes.

These products require a releasable connection between two materials. The necessary

property of the involved adhesive to allow for a releasable bonding is provided by the

so-called class of pressure sensitive adhesives (PSAs).

PSA films stick to adherents upon applying a slight contact pressure [2]. The resulting

bonding forces are typically of van der Waals type. Neither chemical reactions nor any

evaporation of solvent are involved in the bonding process. Once the bond is formed, it

can sustain a certain level of stress until debonding occurs [2]. The debonding is a very

complex process which includes the deformation and mechanical failure of the adhesive.

As a consequence, the performance of a PSA does not only originate from a good stickiness

but also the mechanical properties of the adhesive contribute substantially [3].

The physical processes, which are present during the debonding, are still not well under-

stood. One reason is that the mechanical deformation of the viscoelastic adhesive is in a

highly non-linear regime. Another reason is that, in most cases, the PSA materials are not

homogeneous and comprise numerous ingredients. In commercially available PSAs, many

different components are involved to optimize the complex and often conflicting interplay

between sticky PSA surfaces and internal mechanical stiffness, i. e. cohesion. The exact

influence of each of the components is mostly unknown. Furthermore, it is conceivable
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2 CHAPTER 1. INTRODUCTION

that compositional fluctuations can occur close to the interfaces. Up to now, there are

no works directly quantifying the impact of such an inhomogeneous spatial distribution

of the ingredients.

In general, different types of PSAs are available. In this work, so-called acrylic PSAs

are selected. They typically consist of statistical copolymers comprising the different

monomeric components which are necessary for the desired performance [2]. The compo-

nents are acrylates such as ethylhexylacrylate being soft and sticky and methylmethacry-

late as a hard and stiff material. Optimized PSAs contain many different components,

maybe even different statistical copolymers. The exact formulations of commercially avail-

able PSAs are in most cases not accessible. In industry, the mechanical optimization of

these products is performed empirically and a deeper understanding of the influence of

the involved materials is still missing.

For a basic structural and mechanical investigation it is, however, not advisable to start

with such multi-component PSA systems. It is necessary to study model systems with

a reduced number of components so that the individual contributions to the observed

effects remain distinguishable. At the same time, the basic architecture of the PSA must

be preserved. Thus, in this work most of the studied acrylic PSA model systems consist

of two components, one of which is tacky and the other one is glassy.

In literature, there are already works addressing the adhesive performance of films of

such model systems [4, 5]. The new aspect, which is added by the presented thesis, is

the investigation of the distribution of the involved components near the interface and

the resulting impact on the adhesion. Thereby, the focus is on the interface between

the PSA film and the surrounding air because this region represents the area which is

contacted by possible adherents. A suitable method for such structural characterization

is x-ray reflectivity, with which the near-surface composition is monitored as a function

of distance from the sample surface.

In this work, the film preparation is mostly based on solution casting. For this purpose,

the statistical copolymer based PSAs are dissolved in an organic solvent, the solution is

spread on a solid support and a dry film is obtained after the solvent has evaporated

[6]. The selected film thickness of solution cast films is 50 µm and it is kept constant

throughout this work. The solvent evaporation kinetics during drying is crucial for the

resulting near-surface composition. Therefore, after considering the theoretical aspects

related to the presented work (chapter 2) and describing the different characterization

techniques (chapter 3), the first issue, which is investigated, is the spatial distribution of

the solvent as a function of time during the solution casting (chapter 4).

For the produced PSA films, it is distinguished whether the films are prepared under am-

bient conditions or under certain types of atmospheres. The case of ambient conditions
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is probably the most relevant scenario for standard applications. To understand the ob-

served near-surface compositions for the case of ambient conditions, different influencing

factors are investigated in chapter 5: the type of copolymerized material, the molecu-

lar weight and the sample age. Furthermore, the near-surface composition of solution

cast PSA films is compared to films processed via the almost solvent-free doctor-blading

technique.

Chapter 6 provides a discussion of if an additional fine tuning of the near-surface compo-

sition by performing the film preparation under a controlled atmosphere is achievable. In

this context, different relative humidities and solvent vapor atmospheres are applied. Also

the additional influence of the choice different solvents for the solution casting is elabo-

rated. Most important for applications is the question: Do such controlled environments

alter the mechanical performance of the PSAs?

Once a certain state of the near-surface composition is generated, it is interesting to exam-

ine the stability of the molecular arrangement. Or in other words, is there a rearrangement

of the involved components? And if so, does it depend on the initial near-surface compo-

sition profile and is there an influence of the storage conditions? Besides a discussion of

this so-called aging process, chapter 7 reveals whether there are also structures parallel

to the film surface.

Finally, the preparation method is changed to spin-coating in order to process films with

thicknesses down to the sub-micrometer regime (chapter 8). The resulting film morpholo-

gies are compared to those obtained for thick, solution cast films. Furthermore, for the

first time the macroscopic tackiness of such ultra-thin PSA films is successfully studied.

The influence of the contact force of an adherent as well as the influence of the film

thickness within the ultra-thin regime are investigated.
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Chapter 2

Theoretical aspects

In this work, the impact of interfacial phenomena on the mechanical properties of solu-

tion cast pressure sensitive adhesive (PSA) films consisting of statistical copolymers is

addressed. It is therefore important to understand possible driving forces that influence

the obtained morphologies and the resulting tackinesses. For the morphologies, solubility

effects which are responsible for selective transport during the solution casting process

and surface tensions of the involved components are crucial. In close connection to these

aspects, also the interaction of the sample surface with adherents as well as the mechani-

cal properties of the adhesive itself play a key role for the resulting adhesive performance.

However, it will be shown that due to, for example, non-equilibrium conditions and ma-

terial failure, still, a theoretical description of the physical processes in a so-called probe

tack test remains difficult.

It is important to note that the morphologies do not only depend on external driving

forces. In a theoretical work, Flory and Huggins quantified parameters which are helpful in

the description and prediction of phase separation phenomena. This theory is introduced

for the example of binary polymer blends. Despite the significantly higher complexity of

the case of statistical copolymers, predictions concerning nano-phase separation for this

type of polymer are possible.

The resulting spatial distribution of the individual components in the adhesive is mon-

itored with reciprocal scattering techniques. X-ray reflectivity being highly sensitive to

the electron density is capable of probing the composition profiles perpendicular to the

sample surface. Structures that are arranged parallel to the film-air interface can be mon-

itored with grazing incidence small angle x-ray scattering. Both techniques have a similar

theoretical background which will be presented at the end of this chapter.

5



6 CHAPTER 2. THEORETICAL ASPECTS

2.1 Solution cast pressure sensitive adhesive films

In order to be able to explain many of the observed near-surface morphologies, it is nec-

essary to recall some practical aspects concerning the solubility of a polymer in a solvent.

The resulting near-surface chemical composition after solution casting is essential for the

interaction characteristics (see section 2.1.2) with potential adherents. One important

aspect, that is addressed next, is the wetting behavior which is driven by the surface

tensions of the involved materials. But for a good adhesive bonding, also the mechanical

strength of the PSA is decisive. These are often monitored with rheological measurements

(section 2.1.5). Finally, theoretical approaches towards the description of probe tack tests

are discussed.

2.1.1 Miscibility of solvents and polymers

Due to the enormous prevalence of solution based coating techniques of polymeric prod-

ucts, there are many different approaches how to quantify the respective solubilities.

Among these are the Kaouri-Butanol number, the solubility grade, the aromatic charac-

ter, the analine cloud point, the wax and the heptane number as well as the Hildebrand

solubility parameter [7]. The latter and even more complex derivations like the Hildebrand

number, the hydrogen bonding value, the Hansen parameter or the fractional parameter

are widely used. For this study, in which the polarities of the involved components are

relatively low, especially the Hildebrand parameter turned out to be a powerful tool for

the understanding of the obtained composition profiles.

In general, a polymer will dissolve in a solvent when the dissolution leads to a decrease in

the Gibbs free energy G of the system. We focus on the Gibbs free energy change upon

mixing

∆Gm = ∆Hm − T∆Sm, (2.1)

where T is the temperature, ∆Hm the corresponding change in enthalpy and ∆Sm the

change in entropy [8]. It is obvious that the latter is always positive in dissolution pro-

cesses. Therefore, the sign and magnitude of the enthalpy term is decisive for the misci-

bility.

The polymer and solvent molecules, that are used in this work, are mainly held together

by van der Waals forces. To create a solution, it is therefore necessary that the solvent

molecules are positioned between and around the solute molecules. As a consequence, it

is advantageous when the molecular attraction forces of the polymer chains are similar

to those of the solvent. This is quantified by Hildebrand [9] and Scatchard [10] in the
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equation

∆Hm = Vm

((
∆Ev

1

V1

)1/2

−
(

∆Ev
2

V2

)1/2
)2

Φ1Φ2, (2.2)

in which Vm is the volume of the mixture, ∆Ev
j is the energy change upon isothermal

vaporization at infinite volume, Vj the molar volume and Φj the volume fraction of the

polymer (j = 1) and the solvent (j = 2), respectively. The Hildebrand solubility

parameters of the polymer (D1) and the solvent (D2) are defined as the square roots of

the respective cohesive energy densities [8].

Dj =

(
∆Ev

j

Vj

)1/2

(j = 1, 2) (2.3)

They are a suitable measure for the adhesive strength between the molecules of the ma-

terial. With these parameters, equation (2.2) simplifies to

∆Hm = (D1 −D2)2VmΦ1Φ2 ≥ 0. (2.4)

In order to minimize ∆Hm and, thus ∆Gm, the solubility parameters of the solvent and

the solute must therefore have a similar value. Or, in other words, this is the case when

the attraction forces between the molecules of each of the two materials are similar. More

details can be found in references [7] and [8].

2.1.2 Van der Waals forces

Now we leave the preparation step and assume a solvent free PSA film. In contrast to

many other classes of adhesives, the bonding of a PSA to an adherent takes place in the

solid state. The interface forces which are present in a PSA film are almost exclusively

van der Waals forces [2].

Van der Waals forces are non-covalent, electromagnetic forces between typically uncharged

atoms or molecules which are based on electric dipole interactions [11]. In this work we

focus on the case of (polymer) molecules. The origin of the van der Waals forces is the

electric polarizability which means that molecules may have an inhomogeneous charge

distribution. The latter can be described by the so-called dipole moment

~µ =

∫
%e(~r)~r dV , (2.5)

which is calculated as the integral over the charge densities %e(~r) at all positions ~r in the

molecule. The polarizability α is defined as µ = αEel for a given electric field ~Eel. The

resulting van der Waals forces basically consist of three contributions which are detailed

in the following.
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The directions of the dipole moments ~µ1 and ~µ2 of two molecules, which can freely rotate,

will change when the distance d between the molecules is sufficiently small. Opposite

charges tend to face each other and equal charges will increase their distance from each

other. The consequence is an attractive force between these molecules. The energy which

corresponds to the force between randomly oriented dipoles is referred to as Keesom

energy

Worient = −Corient
d6

= − µ2
1µ

2
2

3(4πε0)2kBTd6
, (2.6)

where kB is the Boltzmann constant and ε0 the dielectric permittivity in vacuum [11].

A similar case is the so-called Debye interaction, where a static dipole interacts with

a non-polar molecule of polarizability α [11]. Under the assumption of a freely rotating

dipole, the corresponding Helmholtz free energy is

Wind = −Cind
d6

= − µ2α

(4πε0)2d6
. (2.7)

Finally, there is a third attractive force which acts between two non-polar molecules with

polarizabilities α1 and α2. It is called the London or dispersion force [11]. Its origin are

temporary dipoles due to quantum mechanical fluctuations of the electron cloud. When

two such oscillators approach and influence each other, attractive configurations have a

higher probability than repulsive ones. The corresponding Helmholtz free energy between

two molecules with ionization energies hν1 and hν2 is

Wdisp = −Cdisp
d6

= − 3α1α2hν1ν2

2(4πε0)2(ν1 + ν2)d6
. (2.8)

In reality, the Keesom, Debye and London interactions are present at the same time.

Their individual contributions sum up to the total van der Waals force. Because all three

corresponding energies are proportional to d−6, the corresponding prefactors can simply

be added and the final potential energy of the interaction between two molecules A and

B can be written as

WAB = −CAB
d6

= −Corient + Cind + Cdisp
d6

. (2.9)

In order to derive the potential energy per surface area w between two objects with

plane and parallel surfaces at a certain distance d, the van der Waals energy between a

homogeneous solid of type A and a single molecule of type B has to be calculated first.

For this purpose, the contributions of all molecules in the solid have to be summed up.

This is done by an integration of the molecular density %A over the volume of the solid.

Wmolecule/solid = −CAB
∫∫∫

%A

d̃6
dV = −π%ACAB

6d3
(2.10)
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w is calculated via a similar integration, where all the contributions of the molecules of

type B are summed up. As a result,

w = − AH
12πd2

(2.11)

is obtained, where the so-called Hamaker constant AH = π2CAB%A%B is used [11]. The

force per unit area f , which is the negative derivative of w, follows as

f = − AH
6πd3

. (2.12)

As an example, the Hamaker constant of a polystyrene film on a SiO2 substrate [12] is

2.2 · 10−20 J. The resulting van der Waals forces at a distance of 100 nm are calculated to

be 1.2 N/m2, which shows that these forces are, compared to a molecular scale, of long

ranged nature. Further aspects of van der Waals forces are elaborated in [11].

It is important to note that the equations for the van der Waals forces do not hold for

arbitrary distances d. At very short distances, the electron orbitals of the molecules

overlap and the interaction becomes repulsive [13]. Whereas the attractive intermolecular

van der Waals forces show a proportionality to d−6, the repulsive forces have the opposite

sign and are assumed to be proportional to d−nrep , where nrep is usually chosen between

9 and 16 [14]. As a consequence, the repulsive forces outweigh the attractive ones for

sufficiently small d. For nrep = 12, the total potential is called Lennard-Jones potential

and, by introducing a weighting factor of the repulsive forces Crep
AB, it can be written as

WAB =
Crep
AB

d12
− CAB

d6
. (2.13)

2.1.3 Adhesion, cohesion and surface tension

Based on the knowledge about the contributions to van der Waals forces, we define the

work of adhesion and cohesion from a thermodynamical point of view [14]. Although these

quantities represent a very important aspect of the (de-)bonding mechanisms of a PSA,

they are not sufficient for a full description. The reason is that, among other phenomena,

the deformation of the adhesive is not taken into account. Therefore, the work of adhesion

is not to be mixed up with the tack energy obtained in a probe tack test.

The reversible work, or in other words the free energy change, that is necessary to separate

unit areas of two materials A and B from contact to infinite distance (see figure 2.1), is

called work of adhesion WAB [14]. For the materials used in this work, it fully originates

from the van der Waals forces attracting the two materials which have to be overcome.

The two materials do not necessarily have to be solids. For the case of a liquid in contact

with a solid, the work of adhesion is often denoted as WSL.
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Figure 2.1: Illustration of the
work of adhesion. Two mate-
rials A and B are separated to
infinite distance.

In contrast to adhesion, the cohesion describes the physical interaction forces between the

same type of molecules [15]. They are for example responsible for the structural integrity

of a polymer film. The definition of the corresponding work of cohesion is equal to that

of the work of adhesion, except that the two materials are the same (A = B) [14]. The

work of cohesion is denoted as WAA.

The surface energy or the surface tension γA is a material property which is closely

related to the work of cohesion. Strictly speaking, the term surface energy is a property

of solids, whereas the surface tension is related to liquids. The reason for the terminology

is the different measurement techniques. But in many cases, and also in this work, these

terms are not distinguished.

The surface energy is defined as the free energy change when the surface area of a material

is increased by unit area. As illustrated in figure 2.1, when an object with a cross section

of unit area is split into two parts, then a surface of two unit areas is created. As a

consequence, in terms of the work of cohesion [14]

γA =
1

2
WAA (2.14)

is obtained. It is common to write γS when the material is a solid, and γL for liquids,

respectively.

The concept of surface tension can be extended towards the case of adhesion. When two

immiscible materials A and B get in contact, their interfacial area will change in order

to minimize the free energy. The so-called interfacial energy or interfacial tension is

the resulting free energy change per unit area. It can be calculated via

γAB =
1

2
WAA +

1

2
WBB −WAB = γA + γB −WAB, (2.15)

which is also called Dupré equation [14]. It can be understood by splitting the process

into two steps. Before the contact is closed, in a first step, the surface areas of the
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two materials have to be changed. This means, that there is work of cohesion for both

materials. In a second step, the materials with the altered interfacial area are brought

in contact and the energy, which corresponds to the work of adhesion, is released. The

Dupré equation is often used for the description of solid-liquid interfaces and thus, can

often be found in the form

γSL = γS + γL −WSL. (2.16)

Finally, we increase the complexity by one more step. In reality, the separation of two

materials, as illustrated in figure 2.1, is not performed in vacuum (although for many

cases this is a good approximation) but in a certain medium C, which can be for example

a gas or a liquid. In analogy to the above derivation [14], the corresponding energy change

is given by

WACB = WAB +WCC −WAC +WBC = γAC + γBC − γAB. (2.17)

2.1.4 Contact angles

The surface and interfacial tensions, which were introduced in the previous section, de-

termine the deformation of liquid droplets on a solid support [14]. The contact angle Θ

between the initially spherical droplet (material B) and the solid support (material A), as

it is illustrated in figure 2.2, is an important parameter. Assuming that the droplet and

the solid support, on which it is placed, are embedded in a medium C, the total surface

energy of the system is

Wtot = γBC(Ac + Af )−WACBAf , (2.18)

where Ac is the curved and Af the flat area of the droplet [14]. The equation can be

understood by imagining again a two-step process in which first, the in medium C isolated

droplet is deformed from the spherical to its final shape on the solid support and, second,

the deformed droplet is placed on material A.

Figure 2.2: Contact angle of
a liquid droplet (material B) on
solid support (material A).

At equilibrium, the total derivative of Wtot is zero and thus
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γBC(dAc + dAf )−WACB · dAf = 0. (2.19)

Using additionally the geometric identity dAc/dAf = cos(Θ) leads to

γBC(1 + cos(Θ)) = WACB
2.17
= γAC + γBC − γAB and (2.20)

γAB + γBC cos(Θ) = γAC . (2.21)

If medium C is replaced by an inert atmosphere, these expressions simplify and the famous

equations of Young and Dupré follow [14].

γB(1 + cos(Θ)) = WAB (Young-Dupré equation) (2.22)

γAB + γB cos(Θ) = γA (Young equation) (2.23)

The Young-Dupré equation relates the work of adhesion between a liquid droplet and a

solid to the corresponding contact angle and the surface tension of the liquid. In contrast

to that, the Young equation does not directly use the work of adhesion. It tells how to

calculate the interfacial tension between a liquid and a solid, when the surface tensions

of the materials are known and the contact angle is measured.

Based on the Young equation, Owens and Wendt [16] developed a method with which

the surface tension of a solid (in our case a polymer film) can be determined. For this

purpose, the contact angles of droplets of different test liquids with respect to the solid

support under investigation are measured. The method requires the knowledge of the

surface tensions of the involved liquids.

This so-called Owens-Wendt method uses theoretical considerations which were pub-

lished by Fowkes [17]. He postulated that the surface tensions of both, the solid and the

liquid can be written as a sum of contributions which are referred to as dispersive and

polar part (superscripts d and p, respectively) of the surface tension. The dispersive

contribution fully originates from the London forces, whereas the polar part encompasses

the Keesom and Debye interactions (see section 2.1.2). Using again S and L for solid and

liquid (instead of A and B), Fowkes’ ansatz can be written as

γL = γdL + γpL and γS = γdS + γpS. (2.24)

In addition to that, he related these components to the solid-liquid interfacial tension via

γSL = γS + γL − 2
√
γdSγ

d
L − 2

√
γpSγ

p
L. (2.25)

In combination with the Young equation, Owens and Wendt derived in a straightforward

calculation [16]

1 + cos(Θ) = 2
√
γdS

√
γdL
γL

+ 2
√
γpS

√
γpL
γL

. (2.26)
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For the sake of convenience, in this work we leave out the subscripts for the liquids,

which have all known surface tensions and write γ = γd + γp. For the polymers under

investigation we write γ(polymer) = γd(polymer) + γp(polymer), accordingly. With this

simplified denotation, a rearrangement of equation 2.26 leads to

(1 + cos(Θ)) γ

2
√
γd

=
√
γd(polymer) +

√
γp(polymer)

√
γ

γd
− 1. (2.27)

This is a linear equation with
√
γd(polymer) as the y-axis intercept and

√
γp(polymer) as

the slope. All other terms are known except for the contact angle Θ, which is measured.

Because this equation holds for any liquid, the measurement of Θ of two different test

liquids would in principle be sufficient do determine
√
γd(polymer) and

√
γp(polymer).

In reality, however, experimental errors have to be taken into account and the resulting

values would not be satisfactorily accurate. That is why in this work six test liquids with

a broad range of polarities are chosen. A linear fit to the data then reveals reliable values

for the components of the surface tensions.

The latter is probably the biggest advantage of the method of Owens and Wendt [16]:

not only the surface tension of a polymer film is determined in a non-destructive way, but

also information about the type of van der Waals interaction in the near-surface region of

the polymer under investigation is obtained.

2.1.5 Rheology

The surface tension of a PSA film is crucial for the wetting behavior on a potential

adherent. The same holds for the viscosity which is also an important issue when the

surfaces, that get in contact for the adhesion, are not perfectly plane and defects have

to be compensated. During debonding, the performance of a PSA is also determined by

the ability to sustain a certain level of stress [18]. As most polymers, PSA films exhibit

viscoelastic behavior, which means that they combine viscous and elastic properties. All

these aspects can be nicely quantified by so-called rheological measurements. In the

following, a brief introduction in rheology will be given and some features which are

characteristic for PSAs will be presented.

Assuming that the applied forces are sufficiently small, the corresponding deformation

of a polymeric sample can be described by linear equations [19]. This regime is called

linear viscoelastic range. The simplest case is the so-called creep experiment, in which

a constant force acts instantaneously perpendicular to the sample surface (z-direction)

and the elongation in z-direction ∆Lz is recorded as a function of time t. It is common

to normalize the elongation with respect to the initial sample thickness Lz so that the so-

called time-dependent longitudinal strain ezz(t) = ∆Lz(t)/Lz is monitored. Furthermore,
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the force is normalized to the area to which it is applied, so that a constant tensile stress

σ0
zz is obtained. We use the standard convention that the first z in the index points in the

direction of the normal vector of the surface upon which the force acts and the second

z indicates the direction of the stress component [19]. The tensile creep compliance is

finally defined as D̃(t) = ezz(t)/σ
0
zz.

In contrast to the creep experiment, one can also instantaneously impose a constant tensile

strain e0
zz, and measure the stress σzz as a function of time. The result of such a so-called

stress relaxation experiment [19] is the tensile modulus Ẽ(t) = σzz(t)/e
0
zz.

Figure 2.3: Periodically vary-
ing stress field in a dynamic-
mechanical measurement (solid
line). The dashed line repre-
sents a typical resulting strain,
which exhibits a different ampli-
tude and a phase lag.

In practice, most information can be gathered with dynamic-mechanical experiments [19],

where for example a periodically varying stress field with amplitude σ0
zz and frequency

ω is applied: σzz(t) = σ0
zz exp[−iωt]. The resulting time-dependent strain also varies

periodically. The amplitude e0
zz of the periodicity of the strain is a function of ω and

exhibits an ω-dependent phase lag Φ̃ (see figure 2.3) so that the strain obeys the equation

ezz(t) = e0
zz exp[iΦ̃] exp[−iωt]. (2.28)

Due to the complex arguments of the exponential functions, the corresponding dynamic

tensile compliance can be written as

D̃(ω) =
ezz(t)

σzz(t)
= D̃′ + iD̃′′, (2.29)

with real numbers D̃′ and D̃′′.

In analogy to the stress relaxation experiment, one can also impose a periodically varying

strain, and monitor the resulting stress [19]. The result is the dynamic tensile modulus

Ẽ(ω) = (D̃(ω))−1 = Ẽ ′ + iẼ ′′.
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Due to practical reasons, for PSA films mostly dynamic shear experiments are performed,

in which the applied force is perpendicular (for example x-direction) to the surface normal.

As a result, the dynamic shear modulus

G(ω) =
σzx(t)

ezx(t)
=

σ0
zx exp[−iωt]

e0
zx exp[iΦ̃] exp[−iωt]

=
σ0
zx

e0
zx

exp[−iΦ̃] = G′(ω) + iG′′(ω) (2.30)

is obtained [19]. In order to gain as much information as possible, the dynamic-mechanical

experiments are carried out over a broad frequency interval. In this context, the variation

of the temperature is an established tool to extend the accessible frequency range. Parts

of the curves of G′ and G′′, that are measured at different temperatures, are merged to a

master curve by applying a shift factor aT to the ω-values [19].

G′ is a measure for the energy exchange in a dynamic-mechanical experiment, whereas

G′′ represents the dissipated power. That is why G′ and G′′ are referred to as storage

and loss modulus, respectively [19].

Figure 2.4: Storage and
loss modulus of polyisobuty-
lene obtained from a dynamic-
mechanical shear experiment.
The image is taken from refer-
ence [20].

Figure 2.4 shows typical ω-dependencies of G′ and G′′ of an uncrosslinked adhesive, which

is polyisobutylene in this case [20]. The data show two points of intersection at approxi-

mately 10−3 s−1 and 103 s−1 which gives rise to identify basically three prominent regions.

The first one is the so-called flow regime for small frequencies, in which the loss modu-

lus dominates (G′ < G′′). Furthermore, the proportionalities G′ ∝ ω2 and G′′ ∝ ω are

obtained. The intermediate region between the intersections is called rubbery regime. It

is characterized by a constant storage modulus, that is significantly higher than the loss

modulus. In the final (dynamically clamped) glass transition zone at high frequencies,

the values of G′ and G′′ are very similar and exhibit power law behavior [20].
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2.1.6 Probe tack test

The previous sections have shown that possible experiments to probe the mechanical

properties of PSA films are on the one hand rheological measurements which focus on the

bulk properties and, on the other hand, contact angle measurements characterizing the

interfacial interactions. Although those parameters are important for adhesive applica-

tions, the most important property of a PSA, the tackiness, is not directly examined. In

order to do so, different techniques have been established. Among these are the Johnson-

Kendall-Roberts method [21], the finger [22], shear adhesion [23], rolling ball [24, 25],

rolling cylinder [26], loop tack [27] or the peel test [28]. When ultra-thin adhesive layers

are concerned, also atomic force microscopy is a meaningful tool [29, 30].

Figure 2.5: Principle of a
probe tack test. Step 1 (left):
cylindrical punch is pressed
onto the adhesive film. Step 2
(right): retraction process and
formation of fibrils.

Most useful, however, is the so-called probe tack test [31, 32, 33]. Its main advantage is

the possibility to monitor the debonding process in detail. The principle of operation is

that a cylindrical punch with radius a applies a nominal stress σN to the adhesive film

of thickness h for a well-defined time interval (see figure 2.5, left). After this, the punch

is retracted at constant speed (figure 2.5, right) and the force F corresponding to the

nominal stress σzz is measured as a function of distance d = h′ − h. The confinement

in the system is defined as a/h [34].

For the sample systems in this work, it is important to note that the connection between

the PSA film and the substrate is assumed to be perfect. This means that the punch can

not simply lift off the complete film. For debonding, either the punch surface has to be

separated from the PSA surface (adhesive failure) or the PSA itself has to be torn apart

(cohesive failure).

The pressure distribution under the cylindrical probe is inhomogeneous [35]. For large

values of a/h, edge effects are negligible and a parabolic pressure distribution

p(r) = −σzz(r) = p0 − 2LσN

(
1− r2

a2

)
(2.31)

is obtained, where r is the radial distance from the cylinder’s center of symmetry, p0 is the

atmospheric pressure and L = h′/h the extension ratio. It is important to note that this
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equation only holds for homogeneous and full contact between probe and adhesive. The

presence of fibrils, which are the result of elongated voids or cavities, makes the situation

more complex.

Following Shull and Creton [36], the average strain underneath the punch is given by

e = (h′ − h)/h and, under the assumption of an incompressible elastic solid with shear

modulus G, the nominal stress is

σN =
8G(h′ − h)

πa
. (2.32)

The performance of a PSA depends very much on the fibrillation process. The underlying

mechanism is the expansion of so-called cavities, which are small defects or voids inside

the PSA or at the PSA-punch interface. The fibrils are then the remaining material

between the elongated voids. The origin of the cavities is, however, not fully clarified.

One proposed explanation is that the PSA and the punch surface have roughnesses (for

definition, see equation 2.79) on different length scales giving rise to interfacial defects

[37]. But besides the roughness, also the polymer chain length determines the size and

number of cavities. Furthermore, the cavities appear at different stages of the debonding

process and exhibit age-dependent growth rates [38].

Figure 2.6: Four-stage model of cavitation in a probe tack test introduced by Creton [39]. The graphs
show the typical shape of the obtained force-distance curves. The insets schematically illustrate the stage
of the cavitation process. The respective stages coincide with the time interval at which the highlighted
(red color) parts of the force-distance curves are measured.

Creton introduced a four-stage model of debonding (see figure 2.6). In detail, he divided

typical force-distance curves in four parts to each of which he attributed a specific phase of

cavity growth [39]. In the beginning of the debonding process (stage I), the PSA material

expands homogeneously and no cavities are present. At the same time, a strong linear

increase of the force is obtained. In the region around the force maximum, first defects

or voids appear in the elongated material (stage II). For thick acrylate based PSA films,

which are used in this work, the locus of the defects is expected to be in a region close

to the punch [40]. In stage III, these voids then expand mostly laterally which causes a

drop in the measured force. By further increasing d (stage IV), the cavities finally grow
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vertically. Although the exact shape of the force-distance curves within stage IV depends

on the chosen material and the experimental parameters, the respective slope is mostly

smaller than in stage I. In this work, strictly negative slopes are obtained in stage IV. In

any case, due to adhesive or cohesive failure the force drops to zero at the end of stage

IV.

To approach the problem of cavity growth theoretically [36], we assume one spherical void

(see stage II of figure 2.6) of initial radius R0
c that is filled with an ideal gas. The void

(or bubble) is embedded in an inelastic, infinite and incompressible material of surface

tension γ. The pressure difference between inside and outside the bubble is the so-called

Laplace-pressure which is −2γ/R for spherical objects of radius R [36]. Outside the

bubble, the pressure is the applied pressure p, whereas inside the void, the deviation from

the initial pressure p0 can be calculated via the ideal gas equation. Consequently, under

the additional assumption that the spherical shape is preserved (which is not completely

in accordance with Creton’s four-stage model), the extension ratio LR of the bubble radius

fulfills the equation [36]

p =
p0

L3
R

− 2γ

LRR0
c

. (2.33)

In the more, but still not sufficiently, realistic case of an elastic medium, in which the

bubble is embedded, this description is oversimplified. Correction terms have to be added

to account for the additional elastic inflation pressure which is necessary to maintain the

elastic deformation of the material. For this purpose, a model has to be assumed to

describe the strain energy density of the deformed material. The so-called neo-Hookean

material is the simplest model describing the elasticity of rubber at finite strains. Applying

this model leads to

p =
p0

L3
R

− 2γ

LRR0
c

− 1

6

(
5− 4

LR
− 1

L4
R

)
EY , (2.34)

where EY is the Young’s modulus [36].

The model as it is presented so far, is a promising ansatz for a theoretical description of

probe tack tests. However, it does not describe the pronounced vertical growth of the

cavities, it assumes complete reversibility of the processes, i. e. no plastic deformation

or flow, it does not account for coalescence of voids and it does not consider failure

mechanisms at large strains. Although further analysis [36] and different approaches

[41, 42] provide additional insights, a full understanding of all the processes has not been

achieved yet.

Finally, it has to be emphasized that also the confinement plays an important role for the

resulting deformation phenomena [43]. Besides the already described cavitation process,

which predominantly takes place in the experiments presented this work, also external
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and and internal cracks can occur [44]. These cracks are interfacial failures originating

from the PSA-punch contact area. For the external crack, the defects are located at the

edge of the punch. In contrast to that, there is no contact between the internal cracks

and the punch boundary. The internal cracks are surrounded by PSA material and can

be treated as initially debonded areas.

Creton and coworkers developed a so-called deformation map, which in principle allows

for a prediction of the deformation behavior of a given PSA [44]. The resulting landscape

encompasses the three described phenomena bulk cavitation, internal crack and external

crack (see figure 2.7). Which of those three types dominates the behavior of the PSA

under investigation depends on the confinement (x-axis) and the value of G0/Ea (y-axis).

Whereas the elastic modulus E is a bulk parameter, the interfacial parameter G0 is a

critical energy release rate which characterizes the adhesion between the punch and the

PSA. In reality, however, predictions are difficult because in most cases G0 is not known

[44].

Figure 2.7: Deformation map
by Creton and coworkers. The
points which are labeled with
the numbers 1, 2 and 3 in-
dicate corresponding measure-
ments which were performed by
the authors. The image is taken
from reference [44].

2.2 Phase separation phenomena

Up to this point, it was sufficient to assume homogeneous materials in order to under-

stand the described phenomena. But most investigated samples in this work consist of at

least two components which are combined in a so-called statistical copolymer. This adds

additional complexity due to phase separation effects. Therefore, a brief introduction

into the categorization of copolymers is given, before the theoretical foundations of phase

separation of different types of polymer systems are presented.
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2.2.1 Categorization of polymers

A polymer is a macromolecule comprising a large number of molecular units, the mo-

nomers, which are connected by covalent bonds. In this work, the architecture of all

investigated polymers is linear which means that the spatial arrangement of the monomers

is chain-like. If there is only one monomer of type A, then the polymer is referred to as

homopolymer PA or P(A). If the polymer molecule consists of more than one type of

monomer, then it is called copolymer [19].

Different types of copolymers can be obtained depending on the type of sequence of the

monomeric units [45]. For example, a copolymer consisting of two blocks, which both

contain only one type of monomer (A or B), is called a diblock copolymer P(A-b-B).

Depending on the number of blocks it can also be a triblock or multiblock copolymer. For

an unspecified number of blocks the general term is block copolymer. If a monomer of

type A is followed by a monomer of type B and also the other way around, an alternating

copolymer P(A-alt-B) is present [19].

Figure 2.8: Schematic view of
different types of (co-)polymers:
a) homopolymer, b) diblock, c)
alternating and d) statistical
copolymer

The most important type of copolymer in this work is the statistical copolymer P(A-

stat-B) (or P(A-stat-B-stat-C) for three components) in which the sequence of the mo-

nomers is statistical. The exact definition of a statistical copolymer is provided by the

International Union of Pure and Applied Chemistry (IUPAC): it is “a copolymer consisting

of macromolecules in which the sequential distribution of the monomeric units obeys

known statistical laws” [46]. The introduced types of (co-)polymers are illustrated in

figure 2.8.

Besides the type of monomer sequence, a very important parameter for a polymer molecule

is the number of monomers N which is also called degree of polymerization [19]. As for

any molecule, the molecular weight M is also an important parameter. In polymeric ma-

terials, however, the chain lengths of the corresponding molecules do not have a constant

value, or in other words, the individual molecular weights follow a certain distribution

function p(M). This distribution function must be normalized [19]:

∞∫
0

p(M) dM = 1. (2.35)
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The number average molar mass is then defined as

Mn =

∞∫
0

p(M)M dM , (2.36)

and the weight average is

Mw =

∞∫
0

p(M)M2 dM

∞∫
0

p(M)M dM

. (2.37)

With these measures, the polydispersity is introduced as [19]

P =
Mw

Mn

≥ 1. (2.38)

It has to be noted that in reality, polymeric materials are never monodisperse (⇔ P 6= 1),

but always exhibit a certain polydispersity (P > 1).

Finally, we quantify the size of a single polymer chain. For this purpose, a polymer with

N monomers is assumed. Each monomer has the mass mj and it can be localized by

its position vector ~rj (1 ≥ j ≥ N). The simplest measure for the chain extension is the

so-called end-to-end distance Re [19]. It is calculated via Re = |~rN − ~r1|.
The disadvantage of Re is that it solely accounts for the positions of the chain ends.

Thus, without having additional knowledge, an estimation of the volume occupied by the

polymer is impossible. An improved measure, which involves the spatial distribution of

all monomers of one molecule, is the radius of gyration

Rg =

√√√√∑N
j=1mj |~rj − ~rc|2∑N

j=1mj

, (2.39)

where ~rc denotes the center of gravity [19].

2.2.2 Homopolymer mixtures

To understand phase separation phenomena, we first start with the simplest case of two

monodisperse homopolymers PA and PB. The theory is based on the work of Flory and

Huggins [47, 48] and is a mean field description. This means, that each polymer chain is

treated independently and it interacts with an average field that is generated by all the

other polymer chains in the system [19].

We assume to have ñA moles of PA occupying a volume VA and, correspondingly, ñB

moles of PB in a volume VB. By removing the boundary between the two phases, the

polymers have the possibility to intermix. Possible volume changes are neglected so that
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the total volume is V = VA + VB. Whether mixing occurs depends on the Gibbs free

energies of the components (GA and GB) and of the mixed state (GAB). The Gibbs free

energy of mixing can be written as [19]

∆Gmix = GAB − (GA +GB) = ∆Gloc − T∆St. (2.40)

A necessary condition for mixing is ∆Gmix < 0. In equation 2.40, ∆Gloc accounts for the

changes of the local interactions and motions of the monomers. It is usually positive and,

thus, opposes mixing because attractive forces between equal monomers are most often

stronger than such between different ones. The translational entropy ∆St is related to the

centers of mass of the molecules. Upon mixing ∆St is strictly positive. The corresponding

values can be calculated via

∆St = −R̃ (ñA ln ΦA + ñB ln ΦB) , (2.41)

with the ideal gas constant R̃ and the volume fractions ΦK = VK/V (K ∈ {A,B}), and

∆Gloc = R̃T
V

ṽc
χΦAΦB, (2.42)

respectively [19]. In the latter equation ṽc is the molar volume of a reference unit common

to both polymers, for example the volume which is occupied by one monomer. The most

important value in equation 2.42 is the so-called Flory-Huggins parameter χ, which

is the local free energy change per reference unit [19]. It has to be noted that ∆Gloc is

not purely enthalpic because locally, the number of possibilities how the polymer chains

can orient themselves is altered. This gives rise to an entropic term [19]:

∆Gloc = ∆Hmix − T∆Sloc. (2.43)

Bringing all equations together and introducing the molar volumes ṽK that fulfill the

equations ñK ṽK = V ΦK (K ∈ {A,B}), the Gibbs free energy change upon mixing is

∆Gmix = R̃TV

(
ΦA

ṽA
ln ΦA +

ΦB

ṽB
ln ΦB +

χ

ṽc
ΦAΦB

)
. (2.44)

With the molar number of reference units ñc = V/ṽc and the degrees of polymerization

relative to the number of structure units NK = ṽK/ṽc (K ∈ {A,B}), this so-called Flory-

Huggins equation [19] can be rearranged to

∆Gmix = R̃T ñc

(
ΦA

NA

ln ΦA +
ΦB

NB

ln ΦB + χΦAΦB

)
. (2.45)

For polymers with very large degrees of polymerization, the first two addends of equation

2.45 are very small so that the sign of χ determines the sign of ∆Gmix. As a consequence,

there is mixing of PA and PB for χ < 0, and they are immiscible for χ > 0.
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The decomposition of ∆Gmix in an entropic and an enthalpic part is obtained as follows

[19]:

∆Smix =
∂∆Gmix

∂T
= R̃V

(
ΦA

ṽA
ln ΦA +

ΦB

ṽB
ln ΦB +

ΦAΦB

ṽc

∂(χT )

∂T

)
, and (2.46)

∆Hmix = ∆Gmix + T∆Smix = R̃T
V

ṽc
ΦAΦB

(
χ− ∂(χT )

∂T

)
. (2.47)

These equations imply that the Flory-Huggins parameter χ is the sum of an enthalpic

(χH) and an entropic (χS) contribution. To be purely enthalpic, ∂(χT )/∂T has to vanish

which is equivalent to χ ∝ T−1. That is the reason for the widely used notation [19]

χ = χS +
χH
T

. (2.48)

The next step is to examine the conditions which enable mixing without going to the

limit of very long chains. We start with a simplified system, in which both polymers have

the same degree of polymerization (N = NA = NB). Using ΦB = 1− ΦA, the Gibbs free

energy has the form

∆Gmix =
R̃T ñc
N

(ΦA ln ΦA + (1− ΦA) ln(1− ΦA) + χNΦA(1− ΦA)) . (2.49)

The value of χN is decisive for the overall shape of the function ∆Gmix. The left panel

of figure 2.9 exemplarily shows plots of ∆Gmix as a function of ΦA for different values

of χN . The shape of the curves changes upon crossing the critical value of (χN)c = 2.

For χN < 2 the curves are strictly negative and convex having a global minimum at

ΦA = 0.5. In this region, the polymers are perfectly miscible. For χN > 2, however,

a local maximum at ΦA = 0.5 appears. In addition to that, there are two minima at

positions Φ′A and Φ′′A, with Φ′A < Φ′′A equidistant to 0.5.

Whether mixing occurs depends on the combination of the values χN and ΦA. From a

two-dimensional plot, the so-called phase diagram, regions of either one or two phases

can be identified. The boundary between the one-phase and the two-phase region is called

binodal [19]. At this boundary ∆Gmix(ΦA) is minimal. Therefore, the corresponding first

derivative has to vanish which is equal to

0
!

=
N

R̃T ñc

∂∆Gmix

∂ΦA

= ln(ΦA)− ln(1− ΦA) + χN(1− 2ΦA). (2.50)

The trajectory of the minima and, thus, the binodal directly follows as

χN =
1

1− 2ΦA

ln
1− ΦA

ΦA

. (2.51)
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For the case of χN > 2 with a maximum of ∆Gmix at ΦA = 0.5, there are two possibilities

for the behavior of the system. When ΦA is close to 0.5, the free energy can be further

reduced by phase separation in two phases with volume ratios Φ′A and Φ′′A, respectively

(see curve for χN = 2.4 in the left panel of figure 2.9).

Close to Φ′A and Φ′′A, there is an energy barrier for the polymers to phase separate resulting

in meta-stable homogeneous system. According to the “Gibbs criterion of stability”, the

system is in the meta-stable situation as long as ∆Gmix(ΦA) is convex which is fulfilled

in two intervals around Φ′A and Φ′′A, respectively [19]. The region around ΦA = 0.5 is

concave.

The boundary between the metastable one-phase and the two-phase region is called spin-

odal [19]. According to the above explanation, it coincides with the trajectory of the

inflection points of ∆Gmix(ΦA). This trajectory is determined via the roots of the second

derivative, which is

0
!

=
N

R̃T ñc

∂2∆Gmix

∂Φ2
A

=
1

ΦA

+
1

1− ΦA

− 2χN . (2.52)

As a consequence, the spinodal is characterized by

χN =
1

2

(
1

ΦA

+
1

1− ΦA

)
. (2.53)

Figure 2.9: Left: Normalized Gibbs free energy of mixing of a blend of two polymers with equal degrees of
polymerization. The dependence of the curve on the variable χN is exemplarily illustrated for χN = 1.6,
2.0, 2.4 and 2.8 as indicated by the labels. Right: Corresponding phase diagram. The binodal (solid line)
separates the homogeneous regime. The spinodal (dashed line) is the boundary between a two-phase and
a metastable one-phase (M) regime.

The positions of the phase boundaries are summarized in the right panel of figure 2.9
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showing the phase diagram of a binary polymer mixture with equal degrees of polymer-

ization.

For different degrees of polymerization (NA 6= NB), the phase diagram is no longer sym-

metric. For this case [19], the critical value of the Flory-Huggins parameter is

χc =
1

2

(
1√
NA

+
1√
NB

)2

, (2.54)

and the minimum of the spinodal is located at ΦA =
√
NB/(

√
NA +

√
NB).

2.2.3 Block copolymers

Similar to polymer blends, which were described in the latter section, also block copoly-

mers can phase separate [19]. Due to the covalent bonds between the different monomer

species, the length scale of the obtained structures is significantly smaller than in poly-

mer blends giving rise to the term micro-phase separation. However, the tendency

to remain in a homogeneous phase is higher. This is indicated by the critical value

(χN)c = 10.495 of a symmetric diblock copolymer [49].

In addition to that, depending on the volume ratios of the involved blocks (ΦA+ΦB=1),

there are different geometric arrangements of the separated phases among which are

spheres, cylinders, gyroids or lamellae. In this section, we focus on the lamellae, which are

also referred to as layered structure, occurring in diblock copolymers. NK (K ∈ {A,B})
denotes the number of monomers in the individual blocks and NAB = NA + NB is the

degree of polymerization.

The change in the Gibbs free energy per molecule upon the transition from the homoge-

neous towards the layered phase can be written as [19]

∆gp = ∆hp − T∆sp,if − T∆sp,conf . (2.55)

The three contributions follow from a change in enthalpy ∆hp and in entropy, whereas

the latter splits up in two contributions. The first one is due to the alignment of the

junction points along the interfaces (∆sp,if ) and the second one results from the altered

chain conformations (∆sp,conf ). Under the assumption of perfect segregation,

∆hp = −kBTχNABΦA(1− ΦA) + ∆hp,if (2.56)

is calculated [19]. The additional term ∆hp,if arises from the fact that within a certain

interfacial area of thickness dt, the different species remain mixed. This leads to an

increase in enthalpy which is proportional to χ. As a result,

∆hp,if ≈ kBTχ
opdt
ṽc

(2.57)
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is obtained, where op is the interfacial area per polymer [19]. For the calculation of ∆sp,if ,

the thicknesses of the A and B lamellae are denoted with dA and dB, respectively, leading

to a periodicity of dAB = dA + dB. From statistical thermodynamics it is known that [19]

∆sp,if ≈ kB ln
dt
dAB

. (2.58)

The sign of the second entropic contribution ∆sp,conf is negative because the layer for-

mation causes a stretching of the polymer chains. The end-to-end distance of the ho-

mogeneous phase Rh
e expands to a higher value Rl

e in the layered phase. The resulting

conformational contribution to the entropy is [19]

∆sp,conf ≈ −kB
(
Rl
e

Rh
e

)2

. (2.59)

The assumption of a linear relation between dAB and Rl
e in addition to the usage of the

obvious relation opdAB = NAB ṽc implies that op is the only independent variable in the

expression for ∆gp. Therefore, d∆gp/dop = 0 is a necessary condition for op to minimize

the Gibbs free energy and, thus, for equilibrium. A straightforward calculation leads to

the result [19]

d3
AB =

N3
AB ṽ

3
c

o3
p

∝ χdtṽ
2/3
c N2

AB, (2.60)

which relates the periodicity of the layered structure to the degree of polymerization and

the Flory-Huggins parameter. For further reading about block copolymers and polymer

blends, please refer to reference [19].

2.2.4 Statistical Copolymers

Compared to polymer blends or diblock copolymers, the theoretical description of phase

separation phenomena in statistical copolymers is much more sophisticated. Further com-

plexity is added by the fact that due to the chemical processing methods there is no perfect

randomness of a certain monomer species at a certain position within a polymer chain. In

this section, the ansatz of the theoretical analysis of phase separation of a two-component,

monodisperse statistical copolymer [50] as well as some results from simulation studies

are presented.

When a polymer chain is synthesized, the monomers subsequently link together. This pro-

cess is also called polymerization. The probabilities of the corresponding bimolecular re-

actions depend on the individual species A and B. For example, the reaction rate between

two A monomers might be different from an A-B reaction. For the finally polymerized
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material, this is strongly correlated with the conditional probability pKL (K,L ∈ {A,B})
of a monomer of type K being followed by a monomer of type L [50].

As a consequence, a full description of the A-B sequences in the statistical copolymer is

provided by the mole fraction f of monomer A in addition to a (2× 2) matrix P having

the entries pKL. The latter fulfill the obvious conditions pAA + pBA = 1, pAB + pBB = 1

and f = fpAA + (1− f)pAB. Therefore, the matrix has only one degree of freedom which

is chosen to be the respective eigenvalue λ∗ = pAA + pBB − 1. The eigenvalue is in the

range λ∗ ∈ [−1; 1] and it is a measure for the type of sequence which is obtained during

polymerization [50]. In the extreme case λ∗ = −1, the copolymer type is alternating

whereas λ∗ = 1 means that a mixture of homopolymers PA and PB has been processed.

An ideal copolymerization with no correlations between the chemical identities of two

successive monomers is present for λ∗ = 0.

To set up a microscopic model, i. e. a Hamiltonian, incompressibility of the copoly-

mer melt and a degree of polymerization N are assumed. In the following, kBT and

the total monomer density are both unity. For the parametrization of the Hamiltonian,{
~Rj(s) | j ∈ {1, 2, . . . , np}, s ∈ {1, 2, . . . , N}

}
is the set of monomer coordinates in which

j indexes the polymer chains (the system comprises np polymer molecules) and s indexes

the monomer position on a chain. In analogy to the coordinates, {Θ∗j(s)} is the set which

attributes the respective species to each monomer. Monomers of type A are represented

by the value 1 and B monomers by −1. With the microscopic density of type-K monomers

%K and the monomer segment length b∗, the Hamiltonian is [50]

H
(
{~R}, {Θ}

)
=

3

2(b∗)2

np∑
j=1

N−1∑
s=1

∣∣∣~Rj(s)− ~Rj(s+ 1)
∣∣∣2+

+

∫
d~r

∫
d~r′%A (~r) %B

(
~r′
)
χ∗
(∣∣∣~r − ~r′∣∣∣).

(2.61)

The interaction term describes the difference between the interactions of dissimilar mo-

nomers (uAB) and such of equal monomers (uAA and uBB):

χ∗ (~r) = uAB (~r)− 1

2
[uAA (~r) + uBB (~r)] . (2.62)

From this model, Fredrickson and Milner [50] derived the existence of three different

phases for the case of |λ∗|N � 1. A perfectly mixed state and a stable two-phase region

are predicted. In addition to that, there is an inhomogeneous mesophase for which λ∗ is

the decisive parameter whether the structures possess long-range order. The model even

allows for an exact determination of the phase boundaries (see figure 2.10). The solid line

between the one phase and the two phase region fulfills the condition
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4f(1− f)χ∗ =
2N(1− λ∗)2

N(1− λ∗)2 + 2λ∗ (N(1− λ∗) + λ∗N − 1)
. (2.63)

With the introduction of two additional dimensionless parameters κ2 and κ4, which are

both associated with the interaction range, the dotted line follows the equation

4f(1− f)χ∗ =
2(1− λ∗)

1 + λ∗
+

2 (λ∗ + 6κ2(1 + λ∗)2)
2

λ∗(1− λ∗)(1 + λ∗) + 72κ4(1 + λ∗)4
, and (2.64)

4f(1− f)χ∗ =
2(1− λ∗)

1 + λ∗
+

12

N

(
λ∗

(1 + λ∗)2
+ 6κ2

)
(2.65)

parametrizes the dashed curve. The point denoted with “Lif” is called isotropic Lifshitz

multicritical point [50]. A different study [51] confirmed that, for λ∗ = 0 and large N ,

within the mesophase layered structures are possible. The latter are obtained experimen-

tally for the first time in this work and described in later chapters.

Figure 2.10: Phase dia-
gram of a two-component sta-
tistical copolymer derived by
Fredrickson and Milner [50].
Three different regions are pre-
dicted: a homogeneous phase, a
mesophase and a two-phase re-
gion (2P). For the calculation
κ2 = 0.25, κ4 = 0.025 and
N = 20 are assumed.

The improved availability of computational power in the last decade enabled large scale

Monte Carlo simulations of statistical copolymer melts. Based on the model, which is

described above, Houdayer and Müller carried out simulations for rather blocky copoly-

mers [52]. In detail, the authors assumed copolymers that are comprised of 5 blocks of 4

monomers (⇒ N = 20) all of which are either type A or B. The sequence of the the blocks

is random. As can be seen from figure 2.11, the cluster size of either pure A or pure B

material increases with increasing incompatibility χ∗. From left to right the corresponding

interaction parameters are χ∗ = 0.267, 0.475, and 0.806.

Under the additional assumption of an interface towards a surrounding medium, also

the interactions with that medium have to be taken into account. These interactions

may favor one of the two components and, thus, lead to an enhanced adsorption of the

corresponding monomer species at the interface. This case is very close to the sample
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Figure 2.11: Snapshots of copolymer melts as described in the main text. The two different components
are represented by either red or yellow color. The side length of the cubic simulation volume corresponds
to nine times the end-to-end distance of the copolymers. The incompability of the components increases
from left to right. The image is taken from reference [52].

systems which are investigated in this work. From an experimental point of view, the

selectivity with respect to one of the components of the statistical copolymer can for

example be tailored via the relative humidity of the surrounding air, or in other words,

with the polarity of the interfacial interactions.

And indeed, in a computational study, Klos et al. [53] found that for a two-component

statistical copolymer P(A-stat-B) the type A monomer density at the surface increases

with the surface selectivity with respect to the type A monomers (see figure 2.12, top).

They simulated the monomer distribution in a box with hard walls. The box is divided

into 256 slabs, which are enumerated from z = 1 (sample surface) to z = 256. The lateral

dimension consists of 128 × 128 lattice points. In total, 2048 chains, each comprising

128 monomers, are introduced into the system. The chains are assumed to be ideally

copolymerized (λ∗ = 0). The overall ratio of type A monomers is set to pA = p = 0.2,

and the ratio of type B monomers is pB = 1 − p = 0.8, correspondingly. The interface

selectivity χ is defined via the energy decrease ∆Ead of a type A monomer which adsorbs

at the surface [53].

χ =
∆Ead
kBT

(2.66)

With increasing χ there is not only an increase in density of type A monomers ρA at

the surface, but also a depletion zone with decreasing ρA follows underneath. For higher

z, the density profile converges monotonically to an equilibrium value. In addition to

that, the panel at the bottom of figure 2.12 shows that the type B monomers behave

accordingly: whereas the respective density ρB at the surface decreases with increasing

χ, the concentration of type B monomers underneath increases. Similar to the type A
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monomers, ρB is constant for sufficiently large z values [53]. It has to be noted that these

findings by Klos et al. are in good agreement with the experimental results obtained in

this work.

Figure 2.12: Densities of type
A (top) and type B (bottom)
monomers as a function of dis-
tance from the surface z for dif-
ferent interface selectivities χ.
The image is adapted from ref-
erence [53].

2.3 Scattering methods

A powerful tool to provide experimental evidence for the phase separation structures,

which are described in the latter section, is x-ray or neutron scattering. This section is

dedicated to the theoretical background of x-ray and neutron reflectivity (XRR and NR)

as well as grazing incidence small angle x-ray scattering (GISAXS) which are the most

important methods within this work. With XRR and NR, composition profiles perpendic-

ular to the sample surface are monitored, whereas GISAXS is capable of detecting lateral

structures, too. All of these methods deal with elastic scattering, i. e. the energy of the

beam and, thus, the wavelength before and after the scattering event is conserved.

2.3.1 Basic principles

The propagation of an electromagnetic plane wave through a medium with a position

dependent refractive index n(~r) can be described by the corresponding electric field vector

~E(~r) = ~E0 exp[i~ki~r]. (2.67)

~E0 encompasses the amplitude and the polarization, k =
∣∣∣~ki∣∣∣ = 2π/λ is the modulus of

the wavevector and λ the wavelength. The electric field fulfills the Helmholtz equation

∆ ~E(~r) + k2n2(~r) ~E(~r) = 0. (2.68)
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The refractive index for x-rays can be written as n(~r) = 1 − δ(~r) + iβ(~r). This complex

notation accounts for the dispersion (real part) and the absorption (imaginary part) of

the x-rays [54]. For polymers, these two contributions are calculated as the sum over all

atoms composing one monomer [55]:

δ(~r) =
λ2

2π
re%(~r)

∑
j

(
f 0
j (λ) + f ′j(λ)

)∑
jMj

and (2.69)

β(~r) =
λ2

2π
re%(~r)

∑
j f
′′
j (λ)∑

jMj

, (2.70)

where re is the classical electron radius, %(~r) is the macroscopic polymer mass density

and the Mj are the atomic weights. f ′j and f ′′j are the real and the imaginary part of the

correction terms to the atomic form factor which is the Fourier transform of the electron

cloud [56]. For the geometries in this study, which all use small incident angles, f 0
j can

be well approximated by the number of electrons in the respective atom.

For x-rays, the real parts of the refractive indices of the investigated materials are smaller

than one as a result of δ ≈ 10−6. Consequently, the media are optically thinner than

vacuum or air. Therefore, under the assumption of zero absorption, when an x-ray beam

impinges onto a surface under a certain incident angle, total external reflection occurs as

long as the angle is smaller than the critical angle of the material.

It has to be noted that for visible light (n > 1), this is not the case which is one of the

reasons for the choice of x-rays in the presented experiments instead of visible light. The

critical angle can be approximated by αc ≈
√

2δ. All angles in this work are measured

with respect to the interface and not with respect to the surface normal. A schematic

view of the reflection geometry, in which the exit angle of the reflected beam αf is equal

to the incident angle αi, is given in figure 2.13. The reflected beam for this geometry is

also referred to as specularly reflected beam.

Figure 2.13: Reflection of x-
rays at an interface. A part of
the intensity is transmitted un-
der an angle αt. The point of
origin coincides with the point
of reflection.

Assuming a beam impinging under an incident angle αi, we focus on the intensities of

the reflected and transmitted beam. The angle between the interface and the transmitted

wave vector is denoted with αt and can be calculated via Snell’s law of refraction. Both
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intensities are directly proportional to the squares of the amplitude ratios with respect to

the incoming beam. These amplitude ratios are also referred to as Fresnel reflection

coefficient rF and Fresnel transmission coefficient tF , respectively [54]. For the case

of x-rays, the impact of the polarity of the incident wave is only minor and the coefficients

are [54]

rF =
sin(αi)−

√
n2 − cos2(αi)

sin(αi) +
√
n2 − cos2(αi)

and tF =
2 sin(αi)

sin(αi) +
√
n2 − cos2(αi)

. (2.71)

The reflectivity is defined as RF =
∣∣rF ∣∣2. It can be explicitly calculated via [54]

RF =
(αi − p+)2 + p2

−

(αi + p+)2 + p2
−

, with (2.72)

p2
± =

1

2

(√
(α2

i − α2
c)

2
+ 4β2 ±

(
α2
i − α2

c

))
. (2.73)

A Taylor expansion of RF (αi) leads to the conclusion, that for αi > 3αc the reflectivity

at a perfectly plane interface to an infinitely thick sample can be estimated as [54]

RF ≈
(
αc
2αi

)4

. (2.74)

Furthermore, a straightforward calculation shows that the intensity of the transmitted

beam is directly proportional to exp[−k |z| p−], where |z| is the distance from the sample

surface. This means that the corresponding amplitude of the electric field decays expo-

nentially. The penetration depth Λ is defined as that |z|, at which the amplitude of

the electric field is 1/e of its value at the interface. As a consequence, Λ can be written

as [54]

Λ =
1

kp−
=

λ√
2π

(√
(α2

i − α2
c)

2
+ 4β2 −

(
α2
i − α2

c

))−1/2

. (2.75)

For scattering experiments, however, it is more common to make use of the so-called

scattering or information depth. This measure also takes the absorption of the already

scattered beam, which exits the medium, into account. It is therefore approximated as

half of the penetration depth [57].

As an example, the penetration depth of x-rays with a wavelength of 0.154 nm which

impinge under an angle of 0.5◦ onto polymethylmethacrylate (PMMA) (αc = 0.163◦)

is approximately 25 µm. The respective scattering depth is therefore only 12.5 µm.

Consequently, for most samples which are investigated in this work having thicknesses in

the range of 50 µm, the x-ray beam does not penetrate the complete sample volume for

low incident angles.
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2.3.2 X-ray reflectivity (XRR)

A sketch of the basic setup of XRR has already been shown in figure 2.13. The reflected

intensity is recorded as a function of the incident angle αi. For data presentation it is,

however, common to plot the z component of the scattering vector, whose x and y

components are zero,

qz = (~kf − ~ki)z =
4π

λ
sin(αi) (2.76)

instead of αi. qz is proportional to the momentum change of the photons upon scattering.

For the calculation and simulation of reflectivity curves, the simple assumption of the

latter section of only one interface is in most cases not sufficient. This is not only because

most polymer films are supported by a substrate but also a certain layering inside the

sample has to be taken into account. In addition to the absorption, the x-rays can be

reflected or refracted at any interface in the system [54].

Using the coordinate system of figure 2.13, the interfaces are assumed to be at positions

zj (j ∈ {1, 2, . . . , N}), where z1 = 0 is the coordinate of the sample surface. Note that

for all j > 1 the zj are negative. Layer 1 represents the vacuum and layer N + 1 is

the substrate. The thickness of each layer is dj = zj−1 − zj and its refractive index is

nj = 1− δj + iβj (2 ≤ j ≤ N). In addition to that, the substrate has a refractive index of

nN+1 = 1− δN+1 + iβN+1 but its thickness is assumed to be infinite so that zN+1 = −∞
[54].

Figure 2.14: Illustration of
the nomenclature used in the
Parratt algorithm: transmitted
and reflected waves at the inter-
faces at positions zj−1 and zj,
respectively.

For the calculation, it is assumed that the wave has an initial amplitude of T1 = 1. Inside

each layer j, ~ki,j is the wavevector and Tj the amplitude of the transmitted wave. ~kf,j and

Rj are the respective values of the wave after the reflection at the interface at position

zj. A schematic view of all involved waves in layer j is given in figure 2.14. With this

denotation, RN+1 = 0 and the aim is the calculation of R1. Using this model, R1 was

successfully calculated for the first time by Abelès using a matrix formalism [58].
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Here, an equivalent but numerically more efficient recursive algorithm developed by Par-

ratt is presented [59]: when the ratio Xj+1 = Rj+1/Tj+1 is known for the layer j + 1, it

can be calculated for layer j via

Xj =
Rj

Tj
= exp[−2ikz,jzj]

rj,j+1 +Xj+1 exp[2ikz,j+1zj]

1 + rj,j+1Xj+1 exp[2ikz,j+1zj]
, (2.77)

where rj,j+1 =
kz,j − kz,j+1

kz,j + kz,j+1

(2.78)

is the Fresnel reflection coefficient of interface j and kz,j = k
(
n2
j − cos2(αi)

)1/2
is the z-

component of the wavevector in layer j. Starting from XN+1 = RN+1 = 0, all Xj can be

calculated iteratively. The total reflected intensity is Int = RF = |X2
1 |

2
= |R2

1|
2
.

Up to this point, the formalism assumes perfectly flat interfaces which is equal to a jump

in the refractive index from one layer to the next. In reality, however, the interfaces are

rough leading to a smooth transition of the refractive indices. To quantify the roughness

of the j-th interface, the distances
∣∣zkj − zj∣∣ of the individual points on the wavy interface

(here: Nτj sampling points) from the nominal interface level zj are averaged. For example,

the average roughness τaj and the root mean square roughness τRMS
j of the j-th

interface are defined as

τaj =
1

Nτj

Nτj∑
k=1

∣∣zkj − zj∣∣ and τRMS
j =

√√√√ 1

Nτj

Nτj∑
k=1

(
zkj − zj

)2
, (2.79)

respectively [60]. The interfacial roughness between the layers j and j+1 is schematically

illustrated in figure 2.15. The sampling points are distributed along the wavy line which

represents the rough interface. Using the coordinate system which is defined in figure

2.3.1, the point of origin for the roughness calculation is situated at (0, 0, zj). It is

important to note that, although the assumption of perfectly flat interfaces is dropped,

the positions of the individual interfaces are still well-defined. Each zj is assigned to that

value to which the corresponding value of τRMS
j is minimal.

Figure 2.15: Schematic view
of the roughness of the interface
between layer j and layer j+ 1.
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For XRR, only the change of the refractive index in z direction influences the data. That

is why the interface structures are averaged over the (x, y)-plane and a one-dimensional

refractive index profile

nj(z) =

∫∫
nj(x, y, z) dxdy (2.80)

is obtained [54]. In principle, also the shape of nj(z) plays a role for the calculation of

the reflectivity curve. For most cases, a symmetric shape of nj(z) is assumed [61]. Névot

and Croce, for example, modeled the transition from layer j to layer j + 1 with an error

function [62]

nj(z) =
nj + nj+1

2
− nj − nj+1

2
erf

(
z − zj√
2τRMS
j

)
, (2.81)

where the error function is defined as erf(z) =
∫ z

0
exp[−t2] dt.

Névot and Croce showed that with this ansatz the roughness can be included in the

described algorithm just by correcting the Fresnel reflection coefficients (see 2.78) by an

additional factor. The corrected coefficients are

r̃j,j+1 = rj,j+1 exp
[
−2kz,jkz,j+1

(
τRMS
j

)2
]

. (2.82)

The exponential function is called Névot-Croce factor. The limits of this correction

are reached when the roughness is large compared to the layer thickness. However, this

problem can be overcome by splitting the corresponding layer in sub-layers [63]. This

procedure is also called slicing. Further details on theoretical aspects of XRR can be

found in [54].

To summarize this section, some calculated XRR data for simple sample systems using

the software Parratt32 [64] are shown. In the left panel of figure 2.16, the reflectivity of

a homogeneous, d2 = 20 nm thick PMMA film which is supported by a SiO2 substrate is

shown for different interfacial roughness values τRMS
2 . The surface roughness τRMS

1 is zero

for all three curves. The prominent equidistant intensity oscillations are called Kiessig-

fringes [65]. The distance of two subsequent local maxima ∆qz and the film thickness are

related via d2 ≈ 2π/∆qz. The amplitude of the fringes decreases with increasing τRMS
2 .

In this work, it will be shown that in case of statistical copolymer based PSA films with

very high interfacial roughnesses (except τRMS
1 ), these fringes vanish completely.

As it was shown in equation 2.75, also the penetration depth of the x-rays is limited. As

a consequence, for such thick PSA films the influence of the substrate can be neglected.

This is illustrated in the right panel of figure 2.16 where the XRR data of a 100 µm thick

PMMA film are compared to such of an unsupported film of the same thickness. Due

to the coincidence of the curves, the refractive index of the substrate, which is silicon or
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Figure 2.16: Left: Comparison of XRR simulations of samples with different interfacial roughnesses.
With decreasing amplitude of the Kiessig fringes, the corresponding values are τRMS

2 = 0 (symbols), 1 nm
(dashed line) and 2 nm (solid line). Right: XRR data of a thick PMMA film supported by a substrate
(symbols) and data of the same film without substrate (solid line). The vertical line in each panel is
positioned at the qz value corresponding to the critical angle of SiO2 (left) and PMMA (right). For all
curves, a constant background of 10−6 is assumed.

glass, is replaced by the refractive index of the PSA in the simulations shown in later

chapters.

Furthermore, the critical angle of reflection is positioned at the value of PMMA, whereas

for thin films it is at the value corresponding to the substrate material (see left panel of

figure 2.16). In other words, for such thick films the position of the so-called critical

edge is only determined by the type of polymer.

2.3.3 Neutron reflectivity (NR)

The electromagnetic field of x-rays interacts with the electron cloud of the involved atoms.

When neutrons are used instead of x-rays while leaving the geometry unchanged (see figure

2.13), the situation is different. The interaction of the uncharged neutrons is entirely with

the atomic nuclei.

Anyhow, the theoretical description of both types of experiments remains very similar.

The reason can be found in the Helmholtz equation 2.68 which is, as shown in the latter

section, one-dimensional for the purposes of XRR. It is of the same type as the one-

dimensional Schrödinger equation which determines the z-component of the wave function

of the neutrons ψN(z). The Schrödinger-equation can be written as
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[
− ~

2mN

∆ + V (z)

]
ψN(z) = EψN(z), (2.83)

where ~ is Planck’s constant and mN the rest mass of the neutron. The potential

V (z) = −~k2
Nn

2
N(z)

2mN

+ E (2.84)

shows the analogy to the Helmholz equation [56], where kN is the wave vector of the plane

wave solution of the Schrödinger equation.

The only difference arises in the calculation of nN , which is called scattering length

density (SLD) for neutrons, and not refractive index. For materials which consist of one

type of molecule, it is calculated via

nN =

∑
k Bk
vmol

, (2.85)

where the Bk are the bound scattering lengths of the atoms in the molecule [66] and vmol

is the molecular volume. For polymers with degree of polymerization N , vmol can be

expressed as

vmol =
N
∑

jMj

%
. (2.86)

The sum is over all atoms (with atomic weight Mj) composing one monomer and % is the

polymer density. Furthermore, in equation 2.85 the sum over all atoms of the polymer can

be simplified to N times the sum over all atoms (summation index j) of the underlying

monomer. As a consequence, the SLD of a polymer can be written as

nN = %

∑
j Bj∑
jMj

. (2.87)

In order to account for the absorption of the neutrons, the Bj are chosen to be complex

and are written as

Bj = B′j + iB′′j . (2.88)

Under the assumption of coherent scattering (see reference [46]), the values of B′j and B′′j
are closely related to the total scattering cross section and the absorption cross section [67].

Nevertheless, it is common to adapt the the terminology of x-ray scattering experiments

and express the SLD as

nN = 1− δN + iβN . (2.89)
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It has to be noted, however, that in literature the imaginary part βN is often neglected

[68] and the δN is referred to as scattering length density [69].

One of the strengths of NR is based on the fact that the Bj exclusively reflect properties

of the respective atomic nuclei and, thus, depend on the isotope of the corresponding ele-

ment. As a consequence, by choosing appropriate isotopes, the neutron contrast between

different components of the sample can be manipulated without changing their chemical

properties. Most common is the exchange of hydrogen with deuterium.

2.3.4 Grazing incidence small angle x-ray scattering (GISAXS)

In addition to specular reflection, the roughness, which was introduced in the last section,

gives rise to diffuse scattering in y-direction. Such scattering is not monitored with XRR.

Furthermore, in many polymer samples, and also in those which are examined in this

study, there are regular, lateral structures as a product of phase separation which exceed

simple interfacial roughness. The contribution of the size, shape and distance of such

objects to the diffuse scattering is presented in this section. We restrict ourselves to

the case of cylindrical objects which are distributed on a substrate [56]. This is to be

understood as a basic model from which only slight variations are necessary to enable an

analysis of realistic lateral structures in a PSA film.

GISAXS as investigation method is ideal to monitor the diffuse scattering [70, 71]. With

a two-dimensional (2D) detector, one recorded image contains the complete diffuse scat-

tering pattern. Due to the need of high intensity, such experiments are usually carried

out at synchrotrons. The GISAXS geometry in combination with a sketch of the assumed

sample is illustrated in figure 2.17.

Figure 2.17: Schematic illus-
tration of the GISAXS geome-
try. The coordinate system is
equal to that of XRR. The sam-
ple is a sketch of the assump-
tions described in the main text
to calculate the diffusely scat-
tered intensity. The corre-
sponding color-code for the in-
tensity distribution is typically
on a logarithmic scale.

In contrast to XRR, the incident angle is kept fixed at a value which is typically on the

order of α ≈ 0.4◦ for polymeric samples. Every spot on the detector can be located using
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the exit angle αf and the so-called out-of-plane angle ψ [72]. The corresponding scattering

vector can be expressed by

~q =
2π

λ

cos(αf ) cos(ψ)− cos(αi)

cos(αf ) sin(ψ)

sin(αf ) + sin(αi)

 . (2.90)

The samples which are investigated in this work exhibit high interfacial roughnesses and

refractive index fluctuations parallel to the sample surface. For the analysis and simulation

of such data, the so-called distorted-wave Born approximation (DWBA) provides a

suitable framework [73, 74]. It is a quantum-mechanical first-order perturbation theory

which treats the scattering from a layered sample with flat interfaces as the unperturbed

case. The interfacial roughnesses are included as the corresponding disturbance [75, 76].

The differential cross section in the DWBA is [77]

dσ

dΩ
=
Aillπ

2

λ4

(
1− n2

)2 ∣∣tFi ∣∣2 ∣∣tFf ∣∣2 Pdiff (~q), (2.91)

where Aill is the illuminated sample area. tFi and tFf are the Fresnel transmission functions

of the incident and the scattered beam (see equation 2.71). Their contribution to the

diffuse scattering is maximized when either αi (which is fixed) or αf is equal to the

critical angle of the material. The Fresnel transmission functions in equation 2.91 are

therefore the reason for an enhanced diffuse scattering when the exit angle matches the

critical angle of one of the involved materials. The corresponding intensity maximum is

also referred to as Yoneda peak [78].

Anyhow, the transmission functions as well as the other prefactors only act as overall

scaling factors [73]. As a consequence, GISAXS directly probes the diffuse scattering

factor Pdiff which is proportional to the scattered intensity.

In the following, the scattered intensity is calculated for the case of cylindrical objects on a

substrate (see figure 2.17). The cylinders exhibit a certain size and distance distribution.

The scattered intensity is the sum of a coherent (Icoh) and an incoherent scattering term

which accounts for the fact that the size distribution of the objects is not monodisperse.

For the coherent contribution, we assume Ncyl identical cylindrical objects. In this case

Icoh can be expressed as [79]

Icoh(~q) ∝ NcylS(~q) |Fcyl(~q)|2 , (2.92)

where S(~q) is the interference function and Fcyl(~q) the form factor, which equals the

Fourier transform of the electron density distribution %e(~r) of the object:

Fcyl(~q) =

∫
V

%e(~r) exp[−i~q~r] dV . (2.93)
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For cylindrical objects with radius R and height H, the form factor follows as

Fcyl(~q, R,H) = 2πR
J1(
√
q2
x + q2

yR)√
q2
x + q2

y

sin

(
1

2
qzH

)
exp

[
1

2
qzH

]
. (2.94)

Here, J1 is the first order Bessel function [80]. For the interference function, the objects in

this work are assumed to be arranged in a one-dimensional paracrystal [81]. In other

words, there is no constant nearest-neighbor distance, but the inter-particle distances D

follow a Gaussian distribution with a central value Dc and a width ωD:

p(D) =
1

ωD
√

2π
exp

[
−(D −Dc)

2

2ω2
D

]
. (2.95)

In this context, the term “one-dimensional” is not to be understood in a way that the

cylinders are aligned along one line. It means that within the plane, in which the objects

are situated, there is no preferential direction. On average, the environment around one

cylinder is independent of the viewing direction. With Φ(q) = exp[πq2ω2
D], Hosemann

[81] derived the interference function

S(~q) =
1− Φ2(q)

1 + Φ2(q)− 2Φ(q) cos(qDc)
. (2.96)

Up to this point, the objects are not distributed in size, i. e. only the coherent contri-

bution is calculated. In order to account for the different object sizes, the so-called local

monodisperse approximation [82] is employed. This is a common approximation for

very broad structural size distributions and it assumes that the object size is monodisperse

within an area corresponding to the coherence length of the x-ray beam [83]. Like this,

coherently scattering domains corresponding to scattering intensities N j
cylS

j(~q)
∣∣F j

cyl(~q)
∣∣2

are obtained and the total intensity is the sum over all domains

I(~q) ∝
∑
j

N j
cylS

j(~q)
∣∣F j

cyl(~q)
∣∣2. (2.97)

For the simulation of the measured data, in this work two types of cylinders with radii R1,

R2 and heights H1, H2 are modeled. The probability of a cylinder to be type 1 does not

necessarily have to be 0.5, but can be treated as a free parameter. All structural lengths

ξ ∈ {R1, R2, H1, H2, D} follow distribution functions in analogy to equation 2.95.

So far, the theory only encompasses scattering events which is not sufficient for a successful

data modeling. It is important to account for the reflections of the x-rays before and after

the scattering event. This becomes possible by applying the DWBA. In this framework,

three more scenarios (see figure 2.18) arise in addition to the single scattering event which

is illustrated as the first scenario. Using the DWBA, they enter the calculation as three

correction terms to the form factor presented in equation 2.94. Each term corresponds to
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Figure 2.18: Schematic view of the four scenarios which enter as four terms into the form factor within
the distorted-wave Born approximation.

one of the scenarios of figure 2.18 so that the corrected form factor [84] can be expressed

as

Fcyl(qx, qy, (~ki)z, (~kf )z) = Fcyl(qx, qy, (~kf − ~ki)z) + rF (αi)Fcyl(qx, qy, (~kf + ~ki)z)+

+rF (αf )Fcyl(qx, qy, (−~kf − ~ki)z)+
+rF (αi)r

F (αf )Fcyl(qx, qy, (−~kf + ~ki)z).

(2.98)

The Fresnel reflection coefficients correspond to the substrate material and are roughness

corrected by the Névot-Croce factor which was presented in section 2.3.2.

For the GISAXS data analysis which is performed in this work, the objects are not

assumed to be situated directly on the substrate but either on top of a supported polymer

thin film or embedded in a polymer matrix [85, 86]. Both cases require slight corrections

of 2.98. For more details, please refer to reference [56].
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Chapter 3

Experiments

In this chapter, all experimental techniques and the corresponding routes towards data

analysis are presented. Motivated by the possibility to tailor PSA morphologies by choos-

ing the conditions for the sample preparation, different protocols are detailed at the end

of this chapter. In the beginning, the polymers that are used in this study are listed.

3.1 Investigated polymers

All examined polymers were statistical copolymers synthesized by BASF SE. They con-

sisted of two or three components, one of which was sticky and the other components

were glassy. Two types of sticky monomers were used: ethylhexylacrylate (EHA) and

n-butylacrylate (nBA). The non-tacky monomers were styrene (S), maleic acid anhydride

(MAA), methylmethacrylate (MMA), methylacrylate (MA), hydroxyethylacrylate (HEA)

and acrylic acid (AA).

Table 3.1 lists all homopolymers related to the investigated monomers. In addition to

that, the corresponding mass density % and the real part of the refractive index δ are

given. In this study, δ is the most important parameter for the identification of the

components in a phase separated statistical copolymer based PSA. It is calculated for a

wavelength of λ = 0.154 nm, as it was provided by the x-ray reflectivity setup.

Comprising these monomers, different statistical copolymers were available (see table 3.2).

In principle, they can be categorized in three different sample series: a comonomer series

with EHA as the majority component and three different glassy copolymers; a molecular

weight series of P(nBA-stat-MA); and a series of statistical copolymers which consisted

of three different components. The molecular weights within the first and the third

series were comparable. Furthermore, when for example the influence of the preparation

conditions was investigated, the copolymer P(EHA-stat-20MMA) was chosen.

All statistical copolymers are listed in table 3.2 together with the respective composi-

43
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polymer %
[

g
cm3

]
δ [·10−6]

PEHA 0.903 3.21

PS 1.05 3.62

PMAA 1.48 4.25

PMMA 1.17 4.06

PnBA 1.08 3.79

PMA 1.22 4.19

PHEA 1.31 4.50

PAA 1.09 3.70

Table 3.1: List of homopolymers which are related to the components of the statistical copolymers used
in this study together with the corresponding mass densities and x-ray refractive indices.

tion ratios, molecular weights, polydispersities and calculated refractive indices δ. The

calculation of δ of the statistical copolymers was performed by weighting the refractive

indices of the homopolymers related to the corresponding component by their compo-

sition ratios. This is possible because of the direct proportionality of δ to the electron

density (see equation 2.69). The nBA based copolymers additionally contained 0.3 % of

a photoinitiator which was not used in this study. For the determination of δ for these

polymers, an nBA content of 80 % was assumed, neglecting the contribution of the small

amount of photoinitiator.

copolymer composition [%] Mw

[
kg

mol

]
δ [·10−6] P

P(EHA-stat-S) 90 / 10 182 3.25

P(EHA-stat-MAA) 90 / 10 187 3.31

P(EHA-stat-MMA) 90 / 10 165 3.29

P(EHA-stat-20MMA) 80 / 20 248 3.38 2.8

P(nBA-stat-MA) 79.7 / 20 54 3.87 3.9

P(nBA-stat-MA) 79.7 / 20 192 3.87 6.4

P(nBA-stat-MA) 79.7 / 20 600 3.87 13.6

P(nBA-stat-MA-stat-HEA) 79.7 / 15 / 5 193 3.89 6.7

P(nBA-stat-MA-stat-MMA) 79.7 / 10 / 10 195 3.86 7.0

P(nBA-stat-MA-stat-AA) 79.7 / 15 / 5 191 3.85 7.1

Table 3.2: List of statistical copolymers used in this study together with the corresponding molecular
weights, refractive indices and the available polydispersities.

The EHA containing copolymers were synthesized via radical solution polymerization [87]
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in a semi-batch procedure in iso-butanol at 100 ◦C with a peroxide starter. The PSAs

which contain nBA were polymerized in methylethylketone or in n-butylacetate at 80 ◦C.

As it is typical for industrial polymers, they showed broad molecular weight distributions.

The available polydispersity values are listed in table 3.2.

In addition to the statistical copolymers which are listed above, probe tack measurements

were performed with the homopolymer PEHA.

3.2 Characterization methods

Different methods were employed to investigate the PSA films. The morphology was

monitored with the reciprocal space techniques x-ray reflectivity, which is the main in-

vestigation method in this work, in-situ neutron reflectivity and grazing incidence small

angle x-ray scattering. The film thickness was determined using white light interferometry

and gravimetry. The mechanical characterization is based on contact angle measurements

and probe tack tests, for which the corresponding punch roughness was determined with

atomic force microscopy. Finally, optical microscopy was used to monitor the material

distribution on the substrate for the case of unstable films.

3.2.1 X-ray reflectivity (XRR)

The XRR (see section 2.3.2 for a theoretical description) experiments were carried out

with a Siemens D5000 Diffraktometer under room temperature conditions. In order to

keep the PSA surface untouched, the sample was fixed by a vacuum chuck. A 12 mm wide

x-ray beam with a wavelength of 0.154 nm, which corresponds to the Cu-Kα line, was

chosen for all measurements. The beam was collimated with a slit system in combination

with a tantalum knife edge. The reflected beam was detected with a scintillation counter

situated behind a graphite monochromator to filter the Cu-Kβ line. To avoid detector

saturation resulting from the high intensities for small incident angles and thus wrong

counting rates, an absorber reducing the intensity by a factor of approximately 100 was

used.

In order to account for a possibly slightly tilted PSA surface originating from dust parti-

cles underneath the glass substrate or a slight misalignment during the film preparation

procedure, a so-called rocking scan was performed before each measurement. In more

detail, the x-ray source was positioned at an angle of 0.2◦ and, on the opposite side, the

detector at an angle of 0.4◦ with respect to a nominal zero angle. The sample was then

moved between 0.15◦ and 0.25◦ with an angular resolution of 0.001◦. Simultaneously, the

detector recorded the resulting intensity as a function of the sample holder angle. The

corresponding intensity distribution had the shape of a single peak. The position of this
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peak was fitted assuming a Gaussian and the extracted value was subsequently set to 0.2◦

guaranteeing specular reflection geometry throughout the experiment.

In the following measurement, the position of the x-ray source was kept fixed, whereas

the sample and the detector moved simultaneously by the angles αi and 2αi, respectively,

and the intensity was recorded as a function of qz. The reflectivity curves covered an

angular range of 0 < αi < 3.5◦ with a maximum resolution of 0.005◦. For the samples

which do not exhibit small features in the XRR data for higher angles, the resolution was

relaxed to 0.015◦ in order keep the exposure to x-rays as short as possible. Moreover,

to account for the lower counting rates at higher incident angles, the angular range was

divided into three overlapping intervals with adjusted measurement times which were

merged according to the selected integration times.

Figure 3.1: Left: XRR data (symbols) and respective model fit (solid line) of a thick P(EHA-
stat-20MMA) film which was solution cast under ambient conditions. Right: Corresponding Fresnel-
normalized representation with background b = 3.3 · 10−7.

For the thick PSA films investigated in this work, the weak features in the XRR data are

most evident when the qz-axis is linear and the intensity Int is replaced by (Int − b)q4
z ,

where b is a constant background. This so-called Fresnel-normalized representation

compensates the decay of the reflected intensity at a single interface (see equation 2.74)

and all appearing features originate from fluctuations in the refractive index. The need

for such an improved plotting is best visible when comparing the classic XRR data pre-

sentation as used in figure 2.16 with the Fresnel-normalized one.

This is demonstrated in figure 3.1 for a freshly prepared, 50 µm thick P(EHA-stat-

20MMA) film, which was cast from a toluene based solution under ambient conditions

(please refer to section 3.3.2 for further details). Whereas in the classical, single-logarith-

mic representation (left) the curve appears almost featureless, there are more pronounced
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modulations in the range 0.3 < qz < 3.4 nm−1 for the Fresnel-normalized data (right). As

a consequence, in this work the Fresnel-normalized representation is chosen for all XRR

data of solution cast PSA films.

The data analysis was performed with the reflectivity simulation and analysis tool Par-

rat32 [64]. With this software, the reflectivity of an assumed refractive index profile can

be calculated via the layer based Parratt algorithm which was described in section 2.3.2.

The calculated reflectivity of an initially assumed model is compared to the measured

data, the assumed refractive index profile is then modified, and again, the reflectivity is

calculated. Iteratively, a fit to the data is achieved and the correct refractive index profile

is obtained.

Using the in section 2.3.2 introduced nomenclature, the layer model for this PSA film is

shown in table 3.3. As explained, for the modeling of thick films the substrate is always

replaced by the bulk material, which is homogeneous and its refractive index equals that

of the underlying statistical copolymer (in this case: P(EHA-stat-20MMA)). Because the

absorption coefficients of the individual components do not differ significantly and because

within this range, there is no prominent influence of β on the calculated reflectivity, a

constant absorption is assumed throughout all layers.

layer d [nm] δ [·10−6] β [·10−9] τRMS [nm]

1 − 0 0 0

2 1.09 3.44 5.72 0.42

3 2.28 3.95 5.72 0.30

4 3.91 3.39 5.72 1.14

5 0.94 3.27 5.72 1.11

6 3.60 3.31 5.72 7.01

7 ∞ 3.38 5.72 4.16

Table 3.3: Layer model of a P(EHA-stat-20MMA) film which fits the measured XRR data shown in
figure 3.1.

Although different layers are entered into the software, the corresponding refractive index

profile (see figure 3.2), which is the distance from the sample surface plotted over the

refractive index δ, does not exhibit well-defined layering. Using the coordinate system of

figure 2.13 this distance is, strictly speaking, 0 − z, where z is negative. It is, however,

common to denote the distance from the surface with z, where z > 0.

The reason for the smeared out profile in figure 3.2 can be found in the high interfacial

roughness values, some of which even exceed the corresponding layer thickness (e. g.

τ6 > d6). As a consequence, the physical meaning of the d, δ and τ parameters is no
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longer valid. These parameters are rather used to model the refractive index profiles. The

deviation can for example be seen from the maximum values of δ: it is δ3 = 3.95 · 10−6 in

the layer parameters, whereas it is only 3.91 ·10−6 in the resulting refractive index profile.

Nevertheless, within the scattering depth of the x-rays, the refractive index profile as it

is shown in figure 3.2 provides the correct value of the refractive index at any distance z

from the sample surface.

This is confirmed by slicing the profiles in 0.1 nm thin slabs until homogeneous bulk ma-

terial is reached and, thereby, introducing several hundred layers. The refractive index

of each slab is assigned according to the refractive index profile and due to the small

thickness of 0.1 nm, the roughness of all slabs can be assumed to be zero. This new

many-layer model now has the same refractive index profile compared to that described

in table 3.3. The advantage is, however, that due to the missing roughness, the Parratt

algorithm works reliably and calculates the reflectivity correctly. From the coincidence of

the calculated XRR data from both layer models (which both fit the data) for all investi-

gated samples, we conclude the justification of the refractive index profiles. Therefore, for

the rest of this work the focus is on the profiles and the layer parameters are sacrificed.

Figure 3.2: Refractive in-
dex profile of a P(EHA-stat-
20MMA) film freshly prepared
under ambient conditions. The
vertical lines mark the values
of the refractive index of the
statistical copolymer and the
related two homopolymers as
shown by the labels.

The described procedure was performed by programming a Microsoft Excel based Visual

Basic code (see appendix A.1) which reads in the refractive index profile of the initial

model. Then, the program creates the new many-layer model in the correct syntax of

Parratt32. With Parratt32, the corresponding XRR data are simulated and can easily be

compared to the initial fit.

For copolymers which consist of two components, the refractive index profile δ(z) can

be transferred into a composition profile. The reason is that, due to the proportionality

of the refractive index to the electron density, the measured refractive index is a linear

combination of the known refractive indices of the components (in this case δ(PEHA) and
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δ(PMMA)). For example, in the presented sample the PMMA concentration (PMMA

volume per unit sample volume) at a given depth z is calculated via

cPMMA(z) =
δ(z)− δ(PEHA)

δ(PMMA)− δ(PEHA)
. (3.1)

For a better illustration, it is often more convenient to show the composition in a grayscale

coded way (see figure 3.3). In this visualization, PEHA is represented by white and PMMA

by black color. Mixed compositions are illustrated by using the RGB code scheme and

assigning the color (255 · cPMMA(z), 255 · cPMMA(z), 255 · cPMMA(z)) to the corresponding

line of the image. Also for this purpose, a Visual Basic program was written whose code

code can be found in the appendix A.2.

As a result, a PMMA enriched zone is identified at the sample surface. This is followed

by an enrichment of PEHA before the composition converges towards homogeneous bulk

material.

Figure 3.3: Left: Direct
conversion of the refractive
index profile into a grayscale-
coded composition profile.
Right: Zoom into the upper 20
nm (top) and corresponding
grayscale code (bottom).

For all investigated samples, there are no prominent features in the composition profiles

for z > 20 nm except the convergence to the bulk composition. That is why in this work,

zoomed-in profiles of the region close to the surface (0 < z < 20 nm) are shown (see right

panel of figure 3.3). This even allows for an enhanced pronunciation of the features close

to the film surface.

3.2.2 In-situ neutron reflectivity (NR)

The most important sample preparation technique in this work is solution casting: the

polymer is dissolved in a solvent, the solution is distributed on the desired substrate and a

dried polymer film is obtained after the solvent has evaporated. The solvent distribution

during drying under ambient conditions is monitored with in-situ NR. The experiments

were performed at the FIGARO instrument of the Institut Laue-Langevin (ILL) in Greno-

ble (France).
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The instrument uses the so-called time-of-flight (TOF) mode [88], where the qz values are

not changed classically by a variation of the incident angle. On the contrary, the incident

angle is fixed and, instead, a polychromatic neutron beam is used. By registering the

different wavelengths λ of the neutrons, different values of qz are obtained (see equation

2.76).

The drying of the cast polymer solutions was followed in-situ with NR during 300 min

with a time resolution of 30 s between successive measurements, so that in total 600

measurements were performed to record the drying. For these kinetic measurements, the

nominal angle at which the neutrons impinged on the sample surface was αi = 0.62◦.

Immediately after each drying experiment, a full neutron reflectivity curve was recorded

using the two different incident angles 0.62◦ and 3.82◦. This final measurement is also

referred to as static measurement. The corresponding integration time was set to 120 min,

which was split up in 30 min for αi = 0.62◦ and 90 min for αi = 3.82◦, respectively. The

two parts of the reflectivity curve composing the static NR data were merged according

to the selected accumulation times.

Owing to the TOF mode, neutrons in a wavelength range between λ = 0.2 and 3 nm were

collected simultaneously by registering their respective times of flight. As a consequence,

no mechanical displacements of any part of the setup had to be done during the kinetic

measurements. For all investigated samples, the resulting range of the scattering vector

0.045 nm−1 < qz < 1.2 nm−1 was sufficiently broad to produce meaningful reflectivity

curves. As a consequence, disturbing vibrations due to motor movements were avoided.

In addition, the sample chamber was mounted on an anti-vibration table to decouple the

system from mechanical noise from the experimental hall.

A further advantage of the TOF mode is that the whole qz-range of the probed reflec-

tivity curve is averaged over the same time interval. This is not possible for classical

single-wavelength NR experiments because different incident angles have to be measured

at different times. Especially for experiments with fast kinetics, this can lead to a mis-

interpretation of the experimental data. The necessary pulsing of the neutron beam was

done by a four-disc system of choppers with two controlling and two inactive (dephased)

choppers. The distance between the middle of the controlling choppers and the sample

was 5331 mm.

The data were recorded with a Bidim26 wire-grid detector, which was positioned at a

distance of dSD = 3054 mm from the sample and which had a pixel size of dpx = 2.017 mm

in the vertical direction. A typical raw-data image, as it is obtained by the Lamp software

during the kinetic measurement, is shown in figure 3.4. It depicts the pixel position of the

reflected neutrons as a function of the wavelength measured in Angstroem. The number

of detected neutrons per pixel is color-coded. The image was taken in the beginning of
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the drying process of a solution cast P(nBA-stat-MA) film with Mw = 54 kg/mol.

Figure 3.4: Raw data as ob-
tained from the Lamp software.
For the intensity, a linear color
code is used.

The neutrons, which exactly impinge on pixel number 30, fulfill the specular condition

with αi = 0.62◦. Thus, the final reflectivity curve for αi = 0.62◦ is equal to a horizontal cut

in the raw data (see figure 3.4) along pixel 30. In order to improve statistics, however, the

data were integrated over a small interval around the specular reflection. To additionally

enhance the signal-to-noise ratio, several 30 s measurements were added, depending on

the time-dependent overall reflected intensity and the solvent evaporation kinetics.

The reflected intensity strongly depends on the amount of deuterated material in the

sample. In this case, the deuterated component was the evaporating solvent toluene. As

a consequence, the registered number of neutrons per time t decreased in the course of the

kinetic measurement. Furthermore, the solvent evaporation became slower towards the

end of the experiment. Therefore, the number of 30 s measurements which were chosen

to comprise one reflectivity curve increased with time.

The intensity evolution during the kinetic experiment is directly seen from figure 3.5.

It is calculated out of all 600 measurements of the kinetic part of the experiment. For

this purpose, each raw data image (as exemplarily shown in figure 3.4), was reduced

to the intensity as a function of the pixel number. In more detail, for each pixel the

intensities which are attributed to all the different wavelengths are summed up. Under

the assumption of perfect alignment and no diffuse scattering, i. e. when all neutrons

would be reflected to pixel 30, the corresponding function would be zero except for pixel

30. In this gedankenexperiment, the intensity at pixel 30 would be the integrated intensity

of the complete reflectivity curve.

Each horizontal line in figure 3.5 represents one raw data image which was reduced as

described above. The intensity is color-coded (see scale bar). In total, the image consists

of 600 horizontal lines, each calculated out of one 30 s measurement. It can be seen that

the reflected intensity was not centered around pixel 30 (dashed line) as it should have

been the case for an incident angle of αi = 0.62◦. The position of the reflection even

changed as a function of time.

The reason can be found in a non-perfect sample alignment which was performed using the

reflection of the neutron beam from the bare silicon substrate. Due to the high substrate
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roughness, the available signal was very weak causing errors in the choice of the correct

tilt of the substrate. Without touching or moving the substrate any further, the solution

was dispersed on the substrate and the measurement was started.

Figure 3.5: Change of the
position of the specular reflec-
tion during drying of a P(nBA-
stat-MA) film with Mw = 54
kg/mol. One pixel in the im-
age is the over all wavelengths
integrated intensity of a single
30 s measurement (for a fixed
pixel in the raw data). A hor-
izontal line in the image repre-
sents the integrated information
of a single 30 s measurement.
From bottom to top, the mea-
surement number increases (left
axis) which is equal to an in-
crease in time (right axis). The
dashed line is positioned at pixel
30. The logarithmic intensity
scale is shown at the bottom.

For small times t, the still liquid film compensated the slight misalignment better than

for large t due to the tendency of the surface to orient perpendicular to the gravity field.

Therefore, in the beginning of the experiment more of the neutrons were reflected in the

vicinity of pixel 30 and, thus, the incident angle was closer to 0.62◦ as compared to larger

t. Due to the viscosity of the polymer, the angle of the drying sample surface deviated
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more and more from the initially liquid surface. This implies that the real incident angle

with respect to the misaligned sample changed as a function of time.

The reflectivity curves were extracted out of the raw data using the Lamp software.

Because the instrument is dedicated to liquid surfaces which are always perpendicular

to the gravity field and because the absolute angle of the impinging neutrons is always

the same, the underlying algorithm assumes αi to be exactly 0.62◦. That is why for

the sample systems used in this work, the calculated values of the scattering vector of

all measurements had to be corrected depending on the deviation of the incident angle.

The correct values of qz can be calculated out of the uncorrected ones (quz ) by using the

equation

qz = quz ·
sin(αi + αoff )

sin(αi)
. (3.2)

αoff is the offset of the incident angle with respect to the nominal αi = 0.62◦. Because

both, the incident and also the exit angle exhibit this offset, it corresponds to half of the

deviation of the specularly reflected beam from pixel 30. In order to determine αoff , the

pixel psp around which the specularly reflected neutrons impinged had to be determined

for all reflectivity curves.

Figure 3.6: Left: Horizontal cut (solid line) through the two-dimensional image depicted in figure 3.5.
Fitting of a Gaussian (dashed line) to the observed peak leads to the value of psp. Right: Position of
the specular reflection during drying of a solution cast P(nBA-stat-MA) film with Mw = 54 kg/mol as a
function of time.

For this purpose, horizontal cuts from the two-dimensional images corresponding to figure

3.5 were extracted. Several cuts were added depending on the number of raw data images

which were combined in one reflectivity curve. The peak position originating from the
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specular reflection was determined by fitting a Gaussian. The left panel of figure 3.6 shows

the cut (solid line) which includes the raw data shown in figure 3.4. In this case, the fit

(dashed line) leads to psp = 31.5. The change of psp as a function of time is depicted

in the right panel of figure 3.6. Finally, for the correction of the reflectivity data with

equation 3.2, geometrical considerations reveal that αoff can be calculated via

αoff =
1

2

(
arctan

[
(psp − 30)dpx + dSD sin(αi)

dSD

]
− αi

)
. (3.3)

3.2.3 Grazing incidence small angle x-ray scattering (GISAXS)

All GISAXS experiments (see section 2.3.4 for a theoretical description) were carried out at

the beamline BW4 at HASYLAB (DESY, Hamburg, Germany) [89, 90]. A monochromatic

x-ray beam with a size of 40 µm × 20 µm and a wavelength of λ = 0.138 nm impinged

under an incident angle αi = 0.36◦ on the sample surface. The incident angle was chosen

to be well above the critical angles of the components of all investigated copolymers.

The diffusely scattered intensity was recorded by a two-dimensional (2D) MarCCD de-

tector (2048× 2048) pixels with a pixel size of 79 µm × 79 µm, which was positioned at

a distance of 2003 mm measured from the probed spot of the sample. The detector was

protected from the specularly reflected intensity by a point-like beamstop.

Two prominent line cuts, which are perpendicular to each other, are usually extracted.

For both cuts, the intensity of five pixels was integrated in order to improve statistics. The

first, vertical cut, which is referred to as detector cut, was taken along αf and coincides

with the symmetry axis at ψ = 0. The second, horizontal cut is called out-of-plane

cut and is taken along ψ at that exit angle αf which is equal to the critical angle of the

material whose spatial distribution in the PSA is investigated. Due to the symmetry of

the 2D GISAXS patterns, only one half of the out-of-plane cut was used. To recall the

geometry, please refer to figure 2.17.

It is common to show the line cuts as a function of the corresponding component of the

scattering vector ~q (see equation 2.90), which is qz for the detector cut and qy for the out-

of-plane cut. The out-of-plane cut mostly contains information about lateral structures

(parallel to the sample surface), whereas the detector cut is mostly determined by the

structuring in z-direction [91].

3.2.4 White light interferometry (WLI)

Another optical investigation technique, which was employed in this work, is WLI. With

this method, the thickness of supported polymer films can be determined over a wide

thickness range [92]. In this work, WLI was used when the thickness of spin-coated (see
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section 3.3.4) films exceeded the range in which a reliable determination with XRR is

possible.

Similar to XRR, the reflectance of the film under investigation was measured. The incident

beam, however, impinged on the sample under a constant angle of 90◦. Instead of the

incident angle, the wavelength of the light beam was varied, so that the reflectance was

measured as a function of the wavelength of the incident beam. The data were analyzed

using the software provided by the device manufacturer. The involved calculations are

similar to those composing the Parratt algorithm (see section 2.3.2).

For the experiments, an Filmmetrics Inc. F20 Thin-Film Measurement System was

mounted on top of a sample chamber (60 mm × 60 mm) equipped with a suitable hole to

irradiate the sample. Like this, possible disturbances of the experiment originating from a

slight wobbling of the interferometer were avoided. The spot size of the light beam could

be varied between 0.5 and 10 mm and the maximal accessible wavelength range with the

used setup was between 340 and 1100 nm.

To make WLI applicable, a strong reflection from the substrate is required. Therefore,

the corresponding samples were prepared on silicon wafers and not on transparent glass

slides.

3.2.5 Gravimetry

For the sample preparation, gravimetry was established as control experiment. In this

work, it served for two purposes: first, to monitor in-situ the weight loss during solvent

evaporation of solution cast films. Such experiments were performed in the context of

the in-situ NR experiments which were introduced in section 3.2.2. The second field of

application is either to cross-check the obtained film thickness or to measure the residual

solvent content of films which were processed following solution casting based protocols

that are presented in section 3.3.3.

The gravimetric measurements for a full monitoring of the drying procedure were carried

out on a Sartorius 1006 precision balance with an accuracy of 1 mg and with a chosen

time resolution of 10 s. The balance was connected to a computer via an RS232 interface.

The mass was registered as a function of time using a TestPoint program developed by

Dr. V. Körstgens. For the evaporation experiments the balance was kept in a similar

environment as compared to the in-situ NR experiments.

For the second type of experiments, a Sartorius BP 210D precision balance with an

accuracy of 0.1 mg was used. In order to measure the average film thickness, it was

necessary to determine the mass of the substrate mS before the coating step. Under the

assumption of a full coverage of the substrate and an ashlar-formed polymer film, the film

thickness of the dried film was calculated via
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h =
m(sample)−mS

AS%(polymer)
, (3.4)

where m(sample) is the mass of the dried sample (including the substrate) and AS the

area of the substrate. The density of the copolymer %(polymer) is calculated by weighting

the densities of the individual components (see table 3.1) by their respective composition

ratio.

3.2.6 Contact angle measurement

Two types of mechanical investigations were performed with the obtained PSA films. One

of them was the determination of the surface tension via contact angle measurements. The

underlying theoretical concept is elaborated in section 2.1.4.

The contact angle measurements were carried out on a dataphysics Contact Angle System

OCA at a temperature of 20 ◦C which was kept constant by air-conditioning. A sessile

droplet with a volume of 2 µL was dispensed by a computer controlled syringe and brought

in contact with the surface of the adhesive film under investigation by a movable sample

stage. Immediately after placing the droplet onto the sample, the stage was moved into

the focus of a pre-aligned camera with high magnification and a movie of the droplet was

recorded for around 70 s with a frame rate of 15 images per second.

Figure 3.7: Representative
image of a movie monitoring
the contact angle of a droplet
on a PSA film. An elliptical
contour was fitted to the droplet
and the corresponding contact
angle was calculated.

The contact angle Θ of the droplet with respect to the sample was extracted with the

dataphysics SCA20 software from each image of the movie by fitting an ellipsoidal contour

to the droplet shape (see figure 3.7). The software determines the left and the right contact

angle independently from each other. In case they are not equal, the corresponding mean

value is registered. In figure 3.7, both angles are equal to Θ = 110.7◦. The influence

of gravity on the droplet shape can be neglected for such small volumes justifying the

assumption of an ellipsoidal shape [93].
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In this work, six different test liquids are used for the droplets. In table 3.4, they are

listed together with their dispersive and polar contribution to the surface tension [94].

The terminology of equation 2.27 is used. From top to bottom the polarity, which is

defined as the ratio between the polar component of the surface tension and the total

surface tension, increases.

liquid γd

[
mN
m

]
γp

[
mN
m

]
polarity

paraffin oil 29.5 0 0

diiodomethane 47.4 2.6 0.0549

ethylene glycol 29.0 19.0 0.655

formamide 23.5 33.4 1.42

glycerol 21.2 41.5 1.96

water 19.9 52.2 2.62

Table 3.4: Dispersive and polar contribution to the surface tension of the test liquids which are used for
the contact angle measurements in this study.

As already mentioned, for the PSA films in this study Θ was determined as a function of

time t. This was necessary because the liquid droplets on PSA surfaces did not equilibrate

immediately. A monotonic decay of the contact angle with time, which slowed down

and approached a limiting value, was observed for all test liquids. Due to the onset of

evaporation [95, 96] and dissolution of the polymer it was not possible to measure until

the equilibrium angle Θf was reached.

This observation had already been made by Kano and Akiyama who described the contact

angle of organic solvents on a copolymer comprising PEHA and PAA as an exponential

decay [97]. Lavi and Marmur introduced one additional parameter when modeling the

spreading behavior of partially wetting liquids [98]. In this work, their function is trans-

lated to the problem of equilibrating contact angles, so that the measured data were fitted

with

Θ(t) = Θf + (180◦ −Θf ) exp [−kΘ (t− t0)mΘ ] . (3.5)

The fitting function is defined for t ≥ t0. At t = t0, the droplet gets in contact with

the substrate. At this point the contact angle is Θ(t0) = 180◦. For large times t, Θ(t)

converges to Θf being the equilibrium contact angle. Θf , kΘ, mΘ and t0 are the fitted

parameters, where kΘ and mΘ account for the interaction kinetics of the droplet with the

adhesive. t0 can be understood as an experimental parameter describing the time delay

between the first contact of the droplet with the sample and the start of the measurement.

The values of kΘ and mΘ are in the interval (0, 1.5), and t0 is on the order of seconds.
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At least seven data sets Θ(t) were recorded for each sample to achieve sufficient statistical

significance. The given values of Θf represent the statistical average and the errors are

calculated as the corresponding standard deviation.

3.2.7 Probe tack test

The second technique applied for a mechanical characterization of the PSAs was the probe

tack test, which was introduced in section 2.1.6. The experiments were performed under

room temperature conditions. A custom-designed apparatus, which is depicted in figure

3.8, was used for all measurements.

Figure 3.8: Left: Photograph of the custom-designed tack tester in operation. Right: Zoom into the
region around the probed spot of the sample.

In the left panel of figure 3.8, the complete tack tester is shown in operation. It was

equipped with a DC-Mike Physik Instrumente M-235.2DD actuator (A) which was used

for the movements of the punch. The necessary alignment of the punch, so that its bottom

is oriented parallel to the sample surface, was realized using three screws (S). Owing to a

micrometer screw (M), different spots on the sample were accessible without the necessity

to remount the sample. Additionally, in order to monitor the cavitation process, the

contact area was filmed with a CCD camera from below through a hole in the sample

stage (not shown in the image). This optical control was used for the alignment of the

punch with respect to the PSA surface, too.
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The right panel of figure 3.8 is a magnification of the area around the probed spot on the

sample. The sample was fixed with clamps in order to avoid movements of the sample

during the measurements. The probe (P), which was fabricated out of stainless steel, is

directly connected to a FGP XF-3030 force sensor (F). In order to record the distance of

the punch with respect to the sample surface, the distance from a fixed point in space (d)

to a three-arm metal device, which is also directly connected to the punch, is measured.

A Kaman KD-2440 distance sensor (d) is employed for this purpose.

The computer-controlled motor movements were enabled with a TestPoint program, which

was also capable to record the resulting force-distance curves. The complete setup was

designed and constructed by Dr. V. Körstgens.

Two prominent parameters were extracted from the measured data: the force maximum

(see figure 2.6) and the tack energy

W =

∞∫
0

F (d̃) dd̃, (3.6)

which is equal to the work of debonding. At least 8 repetitions of the tack test were

performed per sample so that sufficient statistical significance of these parameters was

achieved. The corresponding values which are given in this work are the respective mean

values and the errors represent the standard deviation.

The position on the sample was changed after each measurement to ensure that each

time a fresh spot with an untouched PSA surface was provided. Between two subsequent

measurements the punch was carefully cleaned with a soft tissue soaked with toluene so

that possible PSA residues or dust particles were removed.

For all investigated samples, the punch approached and contacted the sample at a velocity

of 0.1 mm/s. The movement stopped instantaneously after the desired contact force had

been reached. After a waiting time of precisely 10 s, during which no further movements

were performed, the punch was retracted with a speed of again 0.1 mm/s and the force

and the distance were registered simultaneously.

Two types of punches were used: a highly polished one with a radius of a = 1 mm, which

was used in the tack measurements of either PSA films with a tailored composition profile

or of thin, spin-coated PSA films. A surface characterization of this high performance

probe is given in section 3.2.8. The surface of the second punch (a = 0.5 mm) exhibited

a significantly larger surface roughness. It was used for the samples which were processed

under ambient conditions.
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3.2.8 Atomic force microscopy (AFM)

The surface of the highly polished punch was characterized with atomic force microscopy.

For this purpose, an ULTRAObjective (Surface Imaging Systems GmbH ) embedded in an

ellipsometry setup (Nanofilm EP3 ) was employed. The measurement was carried out in

ambient air.

Figure 3.9: AFM topogra-
phy image of a punch which
was employed for the experi-
ments with thin films and tai-
lored PSA surfaces. The corre-
sponding height information is
color-coded (see scale bar).

The AFM was operated in non-contact mode. The frequency range of the silicon tip was

from 146 to 236 kHz. The tip curvature was small compared to the measured structure

size. The monitored area was 20 µm × 20 µm. The recorded image comprised 512 lines,

each of which was scanned in 1 s. From the recorded raw data, a polynomial background

was subtracted using the Gwyddion software.

The described AFM image is shown in figure 3.9. It reveals that the probe surface is

smooth over large areas. In addition to that, there are several small, round shaped areas

which are significantly elevated (see bright spots). Also a scratch which originated from

the polishing process is visible in the lower left corner. Using the shown image, the

roughness of the punch is calculated to be τa = 2.0 nm. But when the three highest

objects are excluded, τa = 1.7 nm is obtained.

3.2.9 Optical Microscopy

A further control experiment to ensure the PSA film quality is optical microscopy. A

Zeiss Axiotech 25H optical microscope with a five-times magnification was used. The

micrographs were recorded with a Hitachi KP-D50 CCD camera. A detailed investigation

of the film morphology with optical microscopy was not possible because all PSA films

used in this work were transparent.
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3.3 PSA film preparation

Using the described characterization techniques, different near-surface morphologies and

different mechanical properties were observed even among samples which consisted of the

same statistical copolymer. The reason can be found in the different preparation protocols

which were applied in this work.

In principle, for the preparation of thick PSA films (h ≈ 50 µm), the (almost) solvent-free

doctor-blading technique and solution casting were used. The latter is performed either

under ambient conditions or under controlled atmosphere. Finally, the selected method

to produce ultra-thin PSA films (h < 1.5 µm) was spin-coating.

The sample preparation was in general performed under a temperature of approximately

20 ◦C which was kept constant by air-conditioning. Except for the spin-coating, before

which a more sophisticated cleaning method was applied, all substrates had been flushed

with compressed, oil-free nitrogen before the coating step in order to remove possible

dust particles. For the thick films, no further substrate treatment steps have been per-

formed. The reason is that, owing to their short-ranged nature [99, 100], the interactions

between the substrate and the near-surface region of the PSAs, which is in the focus of

the investigation, can be neglected.

3.3.1 Doctor-blading

The doctor-blading was performed semi-automatically using a Sheen Automatic Film Ap-

plicator 1137. The polymeric material was distributed manually on a small area on the

substrate directly in front of a cylindrical blade. In the subsequent blading step, the

polymer is distributed so that, finally, a homogeneous film is obtained. A schematic view

of the technique is shown in figure 3.10.

The substrates (Menzel, 90 mm × 70 mm × 1 mm) were placed on a plane which is

carefully aligned perpendicularly to the gravity field. The blade is equipped with 50 µm

deep notches. Although the application speed is adjustable in a range between 50 and

500 mm/s, the best results were achieved with a speed of 200 mm/s.

To rule out edge effects due to the acceleration and deceleration of the blade, three

substrates were placed in a row and coated simultaneously. The corresponding XRR

measurement was performed only with the sample in the middle. An appropriate polymer

viscosity for the blading step was achieved by adding a small amount of isobutanol leading

to a solvent concentration of 5 · 10−4 mL/mg. To achieve sufficiently plane surfaces for

XRR measurements, the samples were subsequently stored for one day in a vacuum oven

at a temperature of 120 ◦C.
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Figure 3.10: Principle of doctor-blading. Left: The polymer which is to be coated is placed in front of a
cylindrical blade. The blade is moved parallel to the substrate (indicated by the arrow). Right: Directly
after the blading, a homogeneous PSA film is obtained.

3.3.2 Solution casting under ambient conditions

In contrast to the solvent-free doctor-blading technique, for the solution casting the PSA

was fully dissolved in an organic solvent. For the case of ambient conditions, toluene and

isobutanol were selected as solvents. The solution was distributed on glass substrates

(Menzel, 76 mm × 26 mm × 1 mm) on a carefully aligned surface.

The corresponding point of time is defined as t = 0, based on which all given sample ages

were calculated. Without touching the samples again, they were covered by an unsealed

cubic box (side length 300 mm) to protect the samples from dust, disturbing air flow or UV

degradation directly after the casting step. The box was not removed until t = 24 h. By

this time, weight measurements proved that the solvent had completely evaporated and,

thus, fully dried films were obtained. The principle of solution casting is schematically

illustrated in figure 3.11.

For all solution cast samples, the initial solution coverage per unit substrate area was

set to sc = 0.506 L/m2. Therefore, the final film thickness h could be controlled via the

concentration of the polymer in the solvent c which fulfills the equation

c =
h%(polymer)

sc
. (3.7)

As an example, to obtain a 50 µm thick P(EHA-stat-20MMA) film, the underlying solution

concentration had to be c = 94.5 g/L. This was confirmed by weight measurements using

equation 3.4. Throughout this work, the nominal thickness of all solution cast films was

kept fixed at h = 50 µm.

The near-surface composition profile of a one day old (which is also referred to as freshly

prepared) P(EHA-stat-20MMA) film, that was cast under ambient conditions, has al-
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Figure 3.11: Principle of solution casting. Left: The polymer solution is distributed on a substrate. The
solvent evaporates (indicated by the dashed arrows) until the film is fully dried. Right: After a waiting
time of one day, a homogeneous PSA film is obtained.

ready been shown in section 3.2.1. In order to get an estimate of the reproducibility of the

experiments, the measurement was repeated with a sample that was prepared using the

same preparation protocol but on a different day. The corresponding data is additionally

shown in figure 3.12.

From a comparison of the refractive index profiles, it can be concluded that the main

features were preserved. There is a pronounced enrichment of PMMA at the sample

surface which is followed by an enrichment of PEHA directly underneath. For z > 100

nm, both samples consist of 80 % EHA and 20 % MMA, which is the overall monomer

composition ratio.

For the preparation under ambient conditions the amplitudes of respective features can

be different. Both, the concentrations of PMMA at the surface and of PEHA underneath

of the sample corresponding to the solid lines are stronger than those for the sample

represented with dashed lines. Also the volumes which are predominantly occupied by

one monomer species are not equal for both measurements.

The reason for these slight discrepancies can be found in the not completely controlled

external conditions. For example, slight instabilities arising from the climatisation can

have an effect regarding the long drying time of the solutions. The main contribution

in this context, however, is due to the relative humidity (see section 6.1.1) that can be

different in case the corresponding samples are prepared on different days (which is the

case for the shown examples). In addition, there might be humidity fluctuations already
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Figure 3.12: Left: Comparison of XRR data (symbols) and respective fits (solid and dashed lines) of
P(EHA-stat-20MMA) films freshly prepared under ambient conditions. The data are shifted along the
intensity axis for clarity. Right: Refractive index profiles corresponding to the fits to the data. The solid
profile corresponds to the fit illustrated with a solid line in the left panel, and the dashed profile corresponds
to the dashed fit. The data presented with dashed lines have already been presented in figure 3.1 and 3.2,
respectively.

during the drying of the cast solution.

Nevertheless, it is important to note that even under ambient conditions the composition

profiles can qualitatively be reproduced. Furthermore, it is important to study the per-

formance of the PSAs when they have been prepared under ambient conditions because

this case is closest to possible applications of these materials.

However, to get a deeper insight in the driving forces of the resulting composition profiles

and to elaborate routes towards a deliberate tailoring, it is necessary to improve the

reproducibility. This is achieved by controlling the atmosphere in which the solvent

evaporation during the solution casting takes place (see chapter 6). In this work, both,

the ambient and the controlled conditions are studied.

3.3.3 Solution casting in controlled atmosphere

A controlled atmosphere during the sample preparation process was achieved by perform-

ing the solution casting inside a desiccator (Schott Duran, with a flange diameter of 118.5

mm). To avoid unnecessary exposure to ambient air, the desiccator was already pre-

aligned before placing the substrate and the lid was closed immediately after the coating

step. By filling the desiccator with silica gel (purchased by Carl Roth GmbH ) a controlled

relative humidity (RH) of < 2 % (also referred to as dry conditions) was established.

A corresponding control experiment was performed with two freshly prepared P(EHA-
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Figure 3.13: Left: XRR data (symbols) and respective fits (solid and dashed lines) of identically prepared
P(EHA-stat-20MMA) films which were solution cast in a desiccator filled with silica gel. The data are
shifted along the intensity axis for clarity. Right: Refractive index profiles corresponding to the fits to the
data. The solid profile corresponds to the fit illustrated with a solid line in the left panel, and the dashed
profile corresponds to the dashed fit.

stat-20MMA) films, which were solution cast in a desiccator under dry conditions. The

improved reproducibility of the composition profiles due to this modified sample prepara-

tion is evident from figure 3.13. The XRR data of the identically prepared samples (left

panel) already look very similar. The refractive index profiles (right panel) obtained from

a fit to the data reveal that the surface PMMA concentrations of the two samples almost

coincide. The corresponding maximum concentrations are 49.7 % (dashed profile) and

50.8 % (solid profile), respectively. Also the sub-surface refractive index profile is very

well reproduced.

The only difference is that the sample represented by the solid lines has a slightly thicker

PMMA enriched zone at the sample surface. This follows from the broader peak of the

refractive index profile depicted as solid line for small z values. The described slight

difference is also reflected in the XRR data: whereas the first modulation for low qz

values (around qz ≈ 0.5 nm−1) is extended up to approximately 0.7 nm−1 for the lower

curve, it is slightly broader for the upper curve.

The described minor differences in the near-surface composition profiles can have two

reasons. First, as already described in section 3.3.2, there might be unavoidable little

fluctuations in the laboratory temperature. And second, the time necessary for the man-

ual solution casting is not always exactly the same implying that for different samples

the closure of the desiccator lid might be performed at slightly different times. This can

result in different amounts of solvent that has already evaporated before closing the desic-
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cator. As a consequence, for different samples there are minor variations in the fraction of

desiccator volume occupied by the evaporated solvent. These little differences in solvent

vapor concentration of the atmosphere surrounding the drying sample are finally mainly

responsible for the observed deviations.

It is important to note that the composition profiles of samples obtained from this altered

preparation significantly deviate from such which correspond to a preparation under am-

bient conditions. This is a first hint that a tailoring of the composition profiles seems

possible. For this purpose, the desiccator was not only filled with silica gel to provide low

humidity but also higher RH atmospheres were generated.

This was enabled by the widely used method to fill the desiccator with saturated salt

solutions [101, 102]. If pure water had been used, the RH directly above the surface

would have been 100 % by definition. In the salt solution, the presence of ions resulting

from the dissolved salt, hinders the water molecules to go into the vapor phase. As a

consequence, the RH above the solution is reduced depending on the amount of salt in

the solution [103]. A common route to achieve a well-defined amount of ions is to choose

the mass of added salt in a way that it exceeds the respective solubility limit. Like this,

a saturated salt solution is obtained. The advantage of this method is, that the resulting

RH is exclusively determined by the type of the selected salt.

salt relative humidity (RH) [%] solubility limit
[

g
L

]
potassium acetate 23.11± 0.25 2560

potassium carbonate 43.16± 0.33 1120

magnesium nitrate 54.38± 0.23 420

sodium chloride 75.47± 0.14 359

potassium chloride 85.11± 0.66 316

Table 3.5: List of salts which were used to install different RHs (second column). In addition to that,
the respective solubility limits are given.

In this work the procedure was as follows. First, the desiccator was cleaned with deionized

water and that solvent which was also used for the involved solution casting. Then,

the desiccator was filled with 60 mL deionized water. In a subsequent step, the salt

corresponding to the desired RH was added. The mass of the added salt exceeded the

respective solubility limit. That is why the unavailability of the errors to the solubility

limits did not play a role. Despite a stirring of the solution, a waiting time of several hours

was necessary to ensure saturation. For all salt solutions which were prepared, a certain

amount of salt remained undissolved. The different salts together with the corresponding

solubility limits and the resulting RHs [104] are listed in table 3.5. All values refer to a
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temperature of 20 ◦C.

Finally, to create a further type of atmosphere the desiccator was filled with 10 mL of

non-polar solvent. For this case, the desiccator volume is dominated by solvent vapor.

Cyclohexane and n-hexane were selected for this purpose.

In total, the solution casting under controlled atmosphere was performed based on several

different solvents for the polymer solutions: n-hexane, cyclohexane, toluene and dichlo-

romethane. Under the chosen conditions, the use of isopropanol and acetone resulted in

dewetted films and the drying time of isobutanol exceeded reasonable limits. In addition

to that, the attempt to dissolve P(EHA-stat-20MMA) in ethanol or methanol failed.

3.3.4 Spin-coating

For the case of ultra-thin PSA films, spin-coating was chosen as preparation technique.

A Süss Microtec Lithography Delta 6 RC TT spin-coater was used for this purpose. The

substrates were fixed with a vacuum chuck on a plate having the ability to rotate at

different velocities. Similar to solution casting, a polymer solution was coated onto the

substrate. Immediately after reaching full coverage of the substrate (the solution volume

is chosen in a way that sc is obtained for all samples), the top cover of the spin-coater

was closed and the rotation initiated.

The spin-coater was operated at a rotational frequency of ω = 2000 min−1 (according to

the information of the manufacturer: 1971 min−1). A slow acceleration towards ω was

chosen. The rotation at constant frequency was maintained for 30 s. After this time, an

ultra-thin and fully dried, homogeneous PSA film was obtained.

The beginning of the rotation and the finally obtained film are schematically illustrated

in figure 3.14. The initial coating step, which is equal to that for solution casting, has

already been shown in the left panel of figure 3.11.

Similar to solution casting, the final film thickness can be determined by the initial solution

concentration. This can be seen from the empirical relationship found by Schubert [105].

h = cApω
−0.5M0.25

w (3.8)

It reveals a proportionality between the film thickness h and the solution concentration

c. Ap is an additional parameter which depends on the external conditions.

In contrast to the solution casting of thick PSA films, for the thin-film case it is important

that the polymer-substrate interactions are well defined. This arises from the fact, that

in the x-ray based experiments the beam fully penetrates the sample (see equation 2.75).

As a consequence, the substrate might influence the complete recorded film morphology.

Such a well-defined nature of the substrate surfaces can be achieved with an acid cleaning

protocol following reference [106]. First, the substrates remained 15 min in a bath consist-
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ing of 70 mL hydrogen peroxide, 165 mL sulfuric acid and 45 mL deionized water which

was heated up to 80 ◦C. To remove possible residues of the bath, the substrates were care-

fully rinsed with deionized water and dried with compressed nitrogen. The spin-coating

was performed subsequently without any unnecessary time delay.

Figure 3.14: Principle of spin-coating. Left: Beginning of the rotation of the sample (indicated by the
arrows). Most of the solution is hurled off the substrate. Right: After 30 s, a thin, homogeneous PSA
film is obtained.

The substrate material was either glass (Menzel, 76 mm × 26 mm × 1 mm) or highly

polished pieces of silicon wafer (20 mm × 20 mm, purchased by Si-Mat) for the WLI ex-

periments. In order to rule out aging of the samples and thus, not comparable conditions,

all samples were stored for approximately 10 days in a closed cabinet under constant

temperature before the individual measurements.



Chapter 4

Near-surface solvent concentration

profiles during solution casting

Most PSA films investigated in this work are prepared via solution casting based tech-

niques (see section 3.3.2). Solution casting, however, is very versatile and not only ap-

plicable to PSA films. Many other polymer systems are processed using solution casting.

Examples are everyday life and high-tech materials such as nylons [107, 108], paints

[109, 110], corrosion protections [111], hydrogel films [112], organic solar cells [113], films

for medical [114, 115] and biological [116] applications, fuel cell membranes [117, 118], ac-

tuators [119, 120] and organic electronic devices [121, 122]. Among the multiple benefits

of solution casting are the flexibility in choosing the shape and the size of the cast area

and the possibility to produce films over a wide thickness range (see equation 3.7).

But there are more properties of solution cast films which can be directly manipulated. As

already indicated in sections 3.3.2 and 3.3.3, the choice of the external conditions during

the solvent evaporation process can result in different near-surface composition profiles.

Moreover, it has been shown that for example the underlying solution evaporation rate

can be used to tune the film morphology [123, 124] or the film roughness [125, 126]. Fur-

thermore, the installed solvency condition can influence the polymer chain conformations

[127]. Controlling these parameters is not only interesting from a scientific point of view,

but also the performance of the final product depends on the conditions during the so-

lution casting. This has been shown for the examples of PSAs [128] and polymer blend

solar cells [129, 130].

The reason for the observed dependencies is the solvent distribution inside the drying

film that is caused by the applied external conditions during the solution casting. In

the context of this work, where the focus is on near-surface phenomena, the solvent

distribution close to the surface and its changes as a function of time are of special

interest. This work presents the first successful attempt to monitor the time-dependent

69
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near-surface solvent concentration profile throughout the complete drying process. In-situ

neutron reflectivity (NR) (see sections 2.3.3 and 3.2.2) is the ideal tool for this purpose.

Some of the results are rather surprising because classical diffusion theory would predict a

solvent loss that is proportional to tα, with 0.5 ≤ α ≤ 1, depending on the relaxation times

of the involved polymers [131, 132]. For the extreme cases, the underlying mechanism

is called case I or Fickian diffusion for α = 0.5 and case II for α = 1. This work

reveals different stages of the drying process, during some of which the solvent loss of the

near-surface region even exceeds case II behavior.

In this context, a molecular dynamics study by Tsige and coworkers showed that by

choosing a proper molecular weight and initial solvent concentration, it is possible to

achieve a non-uniform evaporation velocity [133]. Similar to the results of this work, two

distinct stages were found: an initially slow evaporation regime which is followed by a

phase of accelerated solvent evaporation.

This chapter is organized as follows: first, the static measurements are presented and

discussed. Then, the results of the kinetic experiment are shown and interpreted. Finally,

the observations are compared to the macroscopic weight loss during drying as obtained

with gravimetric measurements.

Results of this chapter have been published in reference [134].

4.1 Residual solvent content in dried films

The solution casting is performed using protonated P(nBA-stat-MA) which is dissolved in

deuterated toluene. As a consequence, a high contrast in (the real part of the) scattering

length density (SLD) between the polymer and the solvent is achieved. The SLD values

of the involved materials are δN(toluene) = 5.22 · 10−4 nm−2 and δN(P(nBA-stat-BA)) =

0.806 · 10−4 nm−2. The contrast is dominated by the deuterated toluene, so that the

components of the statistical copolymer are not distinguished on purpose and the resulting

average SLD is used for the data analysis. P(nBA-stat-MA) with the three different

molecular weights Mw = 54, 192 and 600 kg/mol is investigated in this study.

To have a starting point for the data analysis of the kinetic measurement, first the static

reflectivity curves of the dry copolymer films are analyzed. Figure 4.1 shows from top

to bottom the NR curves of the samples with molecular weights Mw = 54, 192 and 600

kg/mol. Throughout this chapter, a double-logarithmic plot is chosen because the curves

exhibit no modulations which would become visible in the Fresnel-normalized representa-

tion (see figure 3.1). Furthermore, the qz values around the critical edge, which is mainly

discussed in this chapter, are more pronounced as compared to a single-logarithmic plot.

The NR data of all three polymers are very similar. The curves show no prominent feature
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in the whole accessible qz range which is already indicative of homogeneous material.

Consequently, the data can be modeled with two free parameters: the SLD of the bulk

material and the surface roughness. Similar to the x-ray experiments with thick PSA

films, the substrate is not visible in the measured data. From the fits, a surface roughness

of 0.3 nm is deduced for all molecular weights. Moreover, a constant SLD of 0.837 · 10−4

nm−2 leads to the best fit for all the three curves.

Figure 4.1: Measured static
NR data (symbols) with cor-
responding model fits (solid
lines) of dried P(nBA-stat-MA)
films with different molecular
weights. The data are shifted
along the intensity axis for clar-
ity.

The detected SLD value is higher than that of P(nBA-stat-MA) which means that the

samples still contain a fraction of the higher-SLD material toluene. It can be further

concluded that, within the precision of the performed experiment, no differences in re-

maining solvent contents resulting from the different molecular weights of the copolymers

are detected. From the obtained bulk SLD value a solvent content of (0.7 ± 0.3) % is

calculated, irrespective of the molecular weight.

For the calculations of the solvent concentrations, including those which appear during

the kinetic experiment, equation 3.1 is used. To make the equation applicable, δ(PEHA)

and δ(PMMA) are replaced by δN(P(nBA-stat-BA)) and δN(toluene), respectively. As a

consequence, throughout this work the calculated solvent concentrations are to be under-

stood as volume ratios.

For the error calculation, an interval around the mean SLD value was determined in a

way that all corresponding reflectivity curves remain within the experimental error bars

of the NR data for all three molecular weights. In more detail, if and only if the assumed

SLD value is chosen between 0.824 · 10−4 nm−2 and 0.851 · 10−4 nm−2, the calculated

curves represent fits within the accuracy given by the error bars. These two limiting

values correspond to solvent contents of 0.4 % and 1.0 %, respectively. In summary, the

claimed residual solvent concentration of (0.7± 0.3) % follows.

It is important to note that the residual solvent is homogeneously distributed over the
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whole penetration depth of the neutrons. This implies that there is no detectable solvent

enrichment layer in the near-surface region of the dried sample. A possible solvent en-

richment at the interface between the polymer and the substrate is not resolvable with

the employed experimental setup.

4.2 In-situ observation of solvent evaporation

Applying equation 3.7, the thickness of the dried film is set to 50 µm by using a solution

concentration of 109 g/L and casting a solution volume of 3.2 mL. The substrates are

bare silicon wafers which are cut to almost rectangular shape (70 mm × 90 mm). The

initial thickness of the liquid on the substrate is on the order of 500 µm.

In order to provide reproducible and well-controlled conditions, the solution casting is

performed in the center of a custom-designed rectangular chamber (300 mm × 300 mm

× 200 mm) with a removable lid manufactured from an aluminum/magnesium alloy to

prevent radioactive activation. In addition, the chamber is equipped with aluminum

windows (diameter: 100 mm) that are transparent for neutrons. The background is

minimized by placing the samples on aluminum feet with a height of 20 mm. The feet

are shielded using a sandwiched material of boron carbide and cadmium. Interactions

between the walls of the chamber and the drying solutions can be excluded due to the

chosen dimensions of both.

After casting the solution onto the substrate, the lid of the chamber is closed without

delay and the safety procedure of the beamline is initiated. In summary, the start of the

NR experiment is approximately one minute after the end of the solution deposition. The

start of the NR experiment defines t = 0 (see section 3.2.2).

As already pointed out in section 3.2.2, the bare silicon substrate is used for the sample

alignment. Resulting from the large initial thickness of the liquid coating, the footprint

of the beam for small times t is not centered on the sample. Therefore, a fraction of the

neutrons misses the sample as long as the drying film is not thin enough that the full

cross-sectional area of the beam hits the film.

Sketches of the most important beam positions are shown in figure 4.2: directly after the

alignment, the center of the neutron beam coincides with the center of the substrate (top

panel). Then, the solution is distributed on the substrate at a time t < 0. Due to the

shrinkage of the drying film with time, the area on which the neutrons impinge on the

film surface moves towards the sample center. The movement of the neutron beam on the

sample and the corresponding reduction in film thickness are illustrated by the arrows in

the panel in the middle.

The first time, at which the full footprint is situated on the sample, is denoted with t1.
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For t ≥ t1, meaningful NR data are recorded. It would be very difficult to analyze the

data obtained for t < t1 because the curves would need to be corrected for the missing

neutrons. Gravitational effects, which lead to a wavelength dependent distribution of the

neutrons on the beam cross-section, make the problem even more complex.

Figure 4.2: Timeline of the
kinetic experiment. The time
axis is explained in the main
text. The panel on top illus-
trates the situation of the sam-
ple alignment. The panel in
the middle sketches the moment
when for the first time the full
footprint is on the drying solu-
tion. The bottom panel repre-
sents the dried sample.

The beam translation velocity on the sample surface is estimated by assuming that the

film shrinks from 500 µm to 50 µm in the interval 0 < t < 70 min. The assumption is

justified by the gravimetric measurements presented in section 4.3. Under the additional

appraisal that, during the first 70 min, the beam travels a distance that is equal to half

of the substrate length (45 mm), a mean horizontal footprint translation velocity of 0.6

mm/min is calculated.

The next sections show that for all molecular weights, the NR data for times t ≥ t1 are

in the beginning dominated by the large toluene volume ratio. Close to t1, the presence

of dissolved P(nBA-stat-BA) is even not evident from the reflectivity curves which com-

pletely coincide with such of pure deuterated toluene. The time at which the last toluene

curve is measured is defined as t2. For t > t2, solvent concentration profiles deviating from

pure toluene can be monitored. At least one toluene curve is monitored for each molecu-

lar weight or, in other words, t2 ≥ t1 for all measurements. Therefore, no information is

lost due to the missing data originating from the footprint effect for t < t1. Finally, for

large times t, the beam illuminates nearly the same spot as for the aligned substrate (see

bottom panel of figure 4.2).

The exact values of t1 and t2 depend on the individual experimental conditions. They are

affected by errors in the initial solution volumes or varying substrate areas arising from

the manual breaking. Another contribution lies in the different waiting times between

the casting and the start of the NR measurement, which defines t = 0. Furthermore,

the appearance of a small rim on the sample edges which is slightly elevated compared

to the rest of the surface could have an effect. It is, however, important to note that
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Mw = 54 kg
mol

Mw = 192 kg
mol

Mw = 600 kg
mol

t1 [min] 9.5 13.5 23.0

t2 [min] 22.0 16.0 23.0

Table 4.1: Different values for t1 and t2 which are obtained in the individual measurements.

the measurement is not influenced for t ≥ t1. The values of t1 and t2 for the individual

measurements are listed in table 4.1.

4.2.1 Solvent concentration profiles as a function of time

As already pointed out in section 3.2.2, some of the 30 s measurements composing the

NR data are merged according to the achieved counting rates and the solvent evaporation

speed. In more detail, the data are reduced to 33 curves for Mw = 54 kg/mol, 30 curves

for Mw = 192 kg/mol and 36 curves for Mw = 600 kg/mol, respectively.

As an example, for Mw = 54 kg/mol (see left panel of figure 4.3) each of the first 19

curves consist of five short measurements, which is equal to a total accumulation time of

2.5 min. These data are followed by three curves with an integration time of 5 min, then

four with 10 min, five with 25 min and, finally, two with 32 min.

Furthermore, a monotonic decrease of the background with time during the kinetic ex-

periment is obtained. It covers a range between approximately 4 · 10−5 and 4 · 10−4. The

reason can be found in the decreasing amount of deuterated toluene close to the probed

interface as drying proceeds.

From top to bottom, the left panel of figure 4.3 shows the evolution of the NR data for

t ≥ t1. The time interval between t1 and t2 is represented by the first 6 curves. For all

stages of the drying sample, the surface roughness coincides with that of the dried sample.

The corresponding value of 0.3 nm is equal to that of a water surface measured with XRR

[135]. As a conclusion, the roughness of the final polymer melt film is determined by the

solvent used for the solution casting.

For t > t2 (starting from curve number seven), a prominent shift of the critical edge from

approximately qz = 0.16 nm−1 to qz = 0.0065 nm−1 (see last curve) is obtained. This

is reflected in a shift of the SLD of the material as shown in the right panel of figure

4.3. Starting from the value of pure deuterated toluene, it moves towards the value of

protonated P(nBA-stat-MA). For times t > t2 which are close to t2, the shift of the critical

edge is relatively slow, resembling a low evaporation speed of toluene. The movement of

the edge and, thus, the reduction of the SLD accelerate before they slow down and finally

converge to zero. This behavior will be discussed in more detail in section 4.2.3.

An explanatory approach might include the high vapor density above the topmost layer
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of the freshly cast solution. This results in an initially slow solvent evaporation. With

increasing amount of solvent vapor that has vanished (the chamber is not sealed), more

liquid toluene can be released from the solution and the evaporation accelerates. At later

stages, only little amount of toluene is left in the sample. The remaining solvent, part

of which is also located deeper in the film, slowly diffuses to the surface and evaporates.

Therefore, a deceleration of the solvent evaporation speed towards zero is observed for

large t values.

Figure 4.3: Left: Evolution of the reflectivity curves (symbols: squares, triangles, stars) with time and
the corresponding fits (solid lines) for Mw = 54 kg/mol. The data for which green stars are chosen
as symbols represent the phase of the evaporation process which is characterized by non-uniform solvent
concentration profiles. The time increases from top to bottom. The curves are shifted along the intensity
axis for clarity. Right: SLD profiles extracted from the fits to the data. From top to bottom the time
increases. The labeled vertical lines are positioned at the values of the SLDs of the involved materials,
toluene and P(nBA-stat-MA). For presentation reasons, the axes are interchanged as compared to the
refractive index profiles introduced in section 3.2.1.

All NR curves except those four for which stars are chosen as symbols (number 15 to 18

in green color) are fitted using only the bulk SLD as free parameter. This is similar to

what is described for the static measurements in section 4.1. Consequently, during these

stages of the drying process the solvent is distributed homogeneously over an area that
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has a thickness which is at least in the range of the scattering depth of the neutrons.

The remaining four curves cannot be fitted with such a simple model. This is evident

from the round shaped critical edges which are present in all four curves. The position of

these edges shifts from approximately qz = 0.14 nm−1 to qz = 0.11 nm−1 during the 10

min covered by this data. The reason for the round shapes is an increased solvent content

in the upper 60 nm of the samples. The intensity of the enrichment decays monotonically

to a constant bulk value for z > 60 nm. The corresponding SLD profiles in the right

panel of figure 4.3 are the highlighted ones which are not represented by a straight line.

The near-surface solvent enrichment is concluded from the higher SLD for small z values

as compared to the constant bulk value. A detailed discussion why the data simulation

with only bulk material, which was successful for the other NR curves, failed is given in

section 4.2.2.

The increased solvent concentration near the surface, as compared to what is detected in

the bulk, originates from the fast evaporation of toluene in combination with a trapping

of the solvent by P(nBA-stat-MA). Therefore, it only occurs during the stage which is

characterized by an accelerated shift of the critical edge. For the sample with Mw =

54 kg/mol, the enrichment layer is found for 44.5 min < t < 54.5 min.

The presence of such non-homogeneous solvent concentration profile is in good agreement

with a computational study carried out by Peter and coworkers [136]. Using molecular

dynamics simulations, they investigated the drying process of a polymer solution, too.

As a result, they also observe an increased solvent content at the free surface and at the

supporting wall. It has to be noted that the latter is not accessible with the present setup

and, therefore, a possible solvent enrichment at the substrate cannot be confirmed.

In accordance to the results of this work, Peter et al. introduced three drying regimes

[137]: for small t, the film thickness varies only slightly. This is followed by a second,

intermediate regime which exhibits a strong shrinkage of the film. Finally, the authors

observe a slow convergence towards the final thickness value. In summary, comparing the

work of Peter et al. to this study, the near-surface solvent content and the overall film

thickness seem to follow similar time dependencies.

In contrast to the value of the molecular weights of the PSAs, that are investigated in

this work, Peter’s simulated polymers comprise only 64 monomers. Moreover, this work

exceeds the consideration of only one polymer chain towards the investigation of three

different molecular weights. The same kinetic experiment, that was so far presented for

P(nBA-stat-MA) with Mw = 54 kg/mol, is also performed with the molecular weights

192 kg/mol and 600 kg/mol. The NR data and the corresponding SLD profiles are

depicted in figures 4.4 and 4.5, respectively.

As a result, also the samples with the two higher molecular weights exhibit slow evapo-
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ration for the freshly coated films which is followed by a phase of accelerated solvent loss

and a final decay of the evaporation speed to zero. As a further similarity, both higher-

molecular weight samples have a solvent gradient perpendicular to the surface during a

certain time interval. In figures 4.4 and 4.5, the corresponding measurements are high-

lighted and stars as symbols for the measured data are chosen. As can be seen from the

right panels of figures 4.4 and 4.5, again, the detected enrichment layers are approximately

60 nm thick and converge to a constant (lower) bulk value for all molecular weights.

Figure 4.4: In-situ NR data of a drying P(nBA-stat-MA) film with Mw = 192 kg/mol displayed in
analogy to figure 4.3.

However, there are also differences. One of them concerns the length of the time interval

in which the inhomogeneous solvent distribution is present. For Mw = 192 kg/mol, it is

17.5 min and for Mw = 600 kg/mol, it is 20 min which is twice as long as in the case

of the sample with the lowest molecular weight. Furthermore, with increasing molecular

weight also the amplitudes of the solvent content difference between the surface and the

bulk increase.

This can for example be seen from the maximum values which are calculated from the

curve of the kinetic dataset exhibiting the highest difference. The amplitudes are calcu-

lated as the ratio between the surface SLD and the bulk SLD. The resulting values are 7.7
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% for Mw = 54 kg/mol (counted from the top, see curve number 4 of the highlighted data

in figure 4.5), 10.1 % for Mw = 192 kg/mol (curve 6) and 15.8 % for Mw = 600 kg/mol

(curve 4), respectively.

Figure 4.5: In-situ NR data of a drying P(nBA-stat-MA) film with Mw = 600 kg/mol displayed in
analogy to figure 4.3.

It is important to note that the observed molecular weight dependence implies that not

only the solvent vapor above the drying sample drives the observed evaporation kinetics

and the phenomenon of inhomogeneous solvent distribution. The reason is that, due

to the constant volume of initial solvent and the identical experimental conditions for

all measurements, these effects should not be influenced by the molecular weight. As a

consequence, an additional process which is related to the polymer chain length and which

supports the trapping of solvent plays a role. Further details and a quantification of the

molecular weight dependence of the evaporation process will be given in section 4.2.3.

4.2.2 Stages of inhomogeneous solvent distribution

In the previous section, it has been pointed out that the stage of inhomogeneous solvent

distribution can be concluded from the shape of the critical edges of the NR data dur-
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ing the corresponding time interval. The data can only be modeled with an increased

SLD close to the sample surface. That the corresponding NR curves cannot be fit-

ted successfully when only bulk material is assumed is demonstrated exemplarily for

Mw = 600 kg/mol. Both panels of figure 4.6 show the region around the critical edge of

the respective eight curves in a magnified way. In both panels, the solid lines are the fits

to the data. On the left side, the already explained enrichment layers are assumed and in

the right panel, the solid lines represent the best fit to the data using the simpler model

based on a constant solvent concentration. The deviation of the fit from the data points

is obvious for all eight curves in the right graph.

Figure 4.6: Close-up of the region around the critical edge of the NR data (symbols) of a drying, solution
cast P(nBA-stat-MA) film at the stages with a round-shaped critical edge. Left: The data are fitted (solid
line) with a solvent enrichment layer as described. Right: Fit with homogeneous bulk material as the only
free parameter.

Finally, it has to be ruled out that the shape of the NR data itself is an artifact of the fast

movement of the critical edge during the corresponding time interval originating from a

possibly too long accumulation time of 2.5 min. The clarification of this issue is of utmost

importance because it is the shape of the reflectivity curves from which the presence of

an inhomogeneous solvent distribution is concluded. For this purpose, each of the 30 s

measurements in the corresponding time interval, five of which comprise the analyzed

curves in this stage, are carefully examined. Although for larger qz values the statistics of

the data is quite poor, it is still sufficient in the plateau region of the curves. This can for

example be seen from figure 4.7 which depicts the underlying 30 s measurements of the

last curve of figure 4.6. Even for such a short counting time, the commensurate shape of

the edge is preserved in all of the five NR curves.

It can also be excluded that already the shape of the critical edge of the underlying 30 s
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measurements is an artifact. The reason is that, despite a slight change of the data

within the 2.5 min that are encompassed in figure 4.7, the position of the last point of the

plateau is the same for all of the five curves (it is marked with s dashed line in figure 4.7).

Therefore, the round shaped edge of the individual curves cannot be a consequence of a

too fast moving sharp edge. If that was the case, then also the end of the plateau would

have to change from one 30 s measurement to the next. But, obviously, it stays constant.

Figure 4.7: Example of five 30
s measurements which compose
the last curve of figure 4.6. The
dashed line marks the end of the
plateau region.

In summary, the kinetic data fully justify the appearance of solvent enrichment close to

the surface in a certain time interval. The respective molecular weight dependence is

discussed in the next section.

4.2.3 Molecular weight dependence of the near-surface solvent

loss kinetics

In analogy to the calculations presented for the dried films in section 4.1, the near-surface

volume ratio of the solvent Ctoluene (also referred to as solvent content or solvent con-

centration) is calculated from each of the SLD profiles shown in section 4.2.1. For the

non-constant solvent distributions, Ctoluene is determined by calculating the average SLD

of the region between the sample surface and a depth of z = 100 nm.

A direct comparison of Ctoluene as a function of time for the different molecular weights

is only possible by introducing a common time axis for the three kinetic measurements.

The reason is that t1 and t2 depend on the individual experimental conditions. In order

to do so, the point of origin is defined as the time corresponding to the last NR curve

which coincides with such of pure, deuterated toluene. Therefore, Ctoluene is given as a

function of tn = t− t2. The resulting functions Ctoluene(tn) are plotted in the left panel of

figure 4.8. Data points obtained for stages with an inhomogeneous solvent concentration
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profile close to the surface are marked as filled symbols, whereas open symbols represent

a constant solvent distribution throughout the near-surface area.

Figure 4.8: Left: Toluene content as a function of normalized time tn for solution cast P(nBA-stat-MA)
with Mw = 54 kg/mol (circles), Mw = 192 kg/mol (triangles) and Mw = 600 kg/mol (squares). Open
symbols represent constant solvent concentration, whereas filled symbols are used for stages of inhomoge-
neous solvent distribution. Right: Time derivative of Ctoluene. The molecular weight increases from left
to right.

As a result, for small tn > 0, the amount of evaporating toluene decreases with increasing

molecular weight. Also the onset of the accelerated evaporation is delayed for the higher

molecular weights. An explanatory approach is based on the free-volume theory which is

crucial for transport phenomena of macromolecular materials [138, 139]. The higher the

available free volume in a certain region of the film is, the more solvent can be captured.

It is important to note that the available free volume density is not constant throughout

the sample. Especially in the near-surface region the free volume density differs from the

bulk value because it is closely related to the density of polymer chain ends. Mayes claims

that close to the surface the density of polymer chain ends is proportional to the square

root of the degree of polymerization [140]. Therefore, the near-surface chain-end density

increases as a function of the molecular weight.

Consequently, an enhanced difference in chain-free volume between bulk and surface with

increasing molecular weight is to be expected. The resulting increased ability to trap sol-

vent near the surface is responsible for the retarded onset of fast evaporation. This also

explains the molecular weight dependence of the amplitude of the difference of toluene

concentration between the surface and the bulk during the stages of inhomogeneous sol-

vent concentration (see section 4.2.1). It follows from the increased amount of trapped

toluene near the surface with increasing molecular weight, while the overall amount of
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remaining solvent in the bulk is almost independent of the polymer chain length. How-

ever, due to the lack of theoretical studies concerning the near-surface region, a model

calculation is not performed. Additionally, it might be possible that altered rheological

properties close to the surface play a role.

Obviously, such a gradient in solvent concentration can only occur in samples that are

sufficiently dry to already exhibit polymer melt properties. At the same time, in section

4.2.1 it was observed that the near-surface solvent enrichment does not appear towards

the end of the drying process. In combination, the enrichment effect can only take place

in a limited time window.

Furthermore, no molecular weight dependence is detected after the accelerated solvent

evaporation (tn > 70 min). For such large times tn all three functions Ctoluene(tn) coincide

within the given experimental accuracy.

In order to quantify the solvent evaporation kinetics, the near-surface solvent evaporation

rate, which is the time derivative of the solvent content ∂Ctoluene/∂tn, is plotted for the

different molecular weights in the right panel of figure 4.8. For Mw = 192 kg/mol and

Mw = 600 kg/mol, a period of constant solvent loss for 0 < tn . 20 min is found. In

contrast to that, a similar constant regime is not observed for the sample with Mw = 54

kg/mol. The corresponding evaporation rate increases monotonically for 0 < tn < 28

min. This might be attributed to the comparably short polymer chains and the resulting

reduced ability to capture toluene.

Mw = 54 kg
mol

Mw = 192 kg
mol

Mw = 600 kg
mol

tmax
n [min] 27.5 32.5 42.5(

∂Ctoluene

∂tn

) (
tmax
n

) [
·10−2min−1

]
−4.98 −4.76 −3.49

Table 4.2: Time and amplitude of the fastest solvent evaporation in the kinetic experiment listed for the
three investigated molecular weights.

Furthermore, also the point tmaxn of fastest solvent evaporation is molecular weight depen-

dent. It is reached later for higher molecular weights and the respective evaporation speed

is lower. The exact values are listed in table 4.2. Please note that the unit 10−2min−1 can

be interpreted as the solvent volume loss per minute in percent. The molecular weight

dependence of the fastest evaporation can again be explained by the increased availability

of free volume with increasing chain length. For higher Mw values it takes longer to fill

the space and the trapped solvent is finally released more slowly.

It is common to plot 1 − Ctoluene(tn) which is the time-dependent near-surface solvent

volume loss as a function of time (see figure 4.9). For tn > 70 min, the reduction of the

remaining solvent is a linear process as it is demonstrated by the fitted straight line in
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the left graph of figure 4.9. This is in accordance with the almost constant first derivative

of the solvent content for the same time interval which was shown in the right panel of

figure 4.8. The proportionality of the solvent loss to the time in the late stages of the

drying process is indicative for a process that is driven by case II diffusion.

For the beginning of the evaporation process a double-logarithmic plot is most suitable

to extract the underlying kinetics (see right panel of figure 4.9). As a result, besides the

already described molecular weight dependent onset of accelerated solvent evaporation,

the solvent loss kinetics of the sample with Mw = 54 kg/mol clearly deviates from the

higher molecular weight PSAs. The solvent evaporation for small tn of the two polymers

with the higher molecular weight can both be described by two regions exhibiting power

law behavior. In contrast to that, the evaporation characteristics of the low molecular

weight sample does not change in an obvious way for small tn.

Figure 4.9: Left: Near-surface solvent loss as a function of time tn for solution cast P(nBA-stat-MA)
with Mw = 54 kg/mol (circles), Mw = 192 kg/mol (triangles) and Mw = 600 kg/mol (squares). The solid
line is a fit to the data for large tn. Right: Respective double-logarithmic representation of the solvent
loss. Power laws are extracted as indicated by the fitted solid lines and the corresponding labels.

In more detail, the samples with Mw = 192 kg/mol and 600 kg/mol exhibit case II

diffusion in the interval 0 < tn . 20 min (which can also be deduced from the derivative

of the solvent content). Despite the retarded onset for Mw = 600 kg/mol, the subsequent

accelerated solvent evaporation of both molecular weights is exactly proportional to t3n.

Power law behavior with such a high exponent exceeds all reported solvent evaporation

velocities obtained in drying experiments. Because the gravimetric measurements (see

section 4.3), which monitor the macroscopic solvent loss of the complete film, reveal

classical case II behavior, the phenomenon of such fast solvent loss per unit volume can

only be restricted to the near-surface region which is investigated with NR. Possibly, this
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accelerated phase can be explained by the toluene which was stored in the enhanced near-

surface free volume during earlier stages of the drying process and which is subsequently

released. This additional contribution to an ongoing case II evaporation could be the

reason for the higher exponent.

As it has already been pointed out, the impact of solvent trapping is weaker for the sample

with Mw = 54 kg/mol as compared to the higher molecular weights. The corresponding

solvent volume loss for tn < 28 min is proportional to t2n as indicated by the respective

label in the right panel of figure 4.9. The first two data points deviate from this power

law. Due to the short time interval which is covered by the two data points and the

comparably small extent of solvent content change, the introduction of a separate power

law regime for these points does not appear to be justified.

It is likely that not only the described differences in free volume or rheological proper-

ties between the near-surface region and the bulk drive the observed molecular weight

kinetics of the near-surface solvent loss. Also the overall different rheological properties

originating from the different molecular weights [38] might contribute. Similar to classical

theories, softer low molecular weight materials exhibit faster relaxation times and lower

exponents in the power laws that describe diffusion processes. However, as explained in

the introduction to this chapter, such exponents classically do not exceed the value 1. As

a consequence, conventional theories cannot explain the near-surface solvent evaporation,

even not for the lowest molecular weight which exhibits a strong deviation from case II

diffusion, too.

4.3 Solvent loss monitored with gravimetry

It is a priori not clear whether the observed molecular weight dependence of the near-

surface solvent evaporation kinetics has a measurable influence on the macroscopic mass

loss of the drying sample. In order to clarify this issue, gravimetric measurements under

comparable conditions are performed. For all three molecular weights, the mass m of the

film is measured as a function of time t until no more changes are detected.

To have a better comparison to the information gathered from the NR experiments and

to eliminate experimental errors like slightly different initially coated solution volumes,

the relative mass loss as a function of time is shown. It is calculated via 1 − m(t)/m0,

where m0 is the mass of the initially casted solution. To make the values of m(t) and m0

accessible, the precision balance is tared after placing the substrate.

The left panel of figure 4.10 shows the relative mass loss as a function of time for the

three different molecular weights Mw. Irrespective of Mw, there is first a linear weight

loss regime for small t indicating case II diffusion on a macroscopic scale. This first regime
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is followed by a monotonic convergence of the relative mass loss to 1. As a consequence,

there is no indication of accelerated solvent evaporation which would by accessible by

means of gravimetric methods. The macroscopically dominating processes do not exceed

case II diffusion. This proves that the power law behavior with exponents of 2 or 3 of the

solvent evaporation is solely an interfacial phenomenon.

Figure 4.10: Left: Relative mass loss during the solvent evaporation process of solution cast P(nBA-
stat-MA) for three different molecular weights. From left to right, the molecular weights are Mw = 54
kg/mol (red), Mw = 192 kg/mol (blue) and Mw = 600 kg/mol (green). Right: Zoom into the region of
interest 35 min ≤ t ≤ 60 min.

For t > 80 min, the gravimetric measurements cannot resolve any further mass changes.

The reason is that, in comparison to the NR experiment, the sensitivity towards very

small amounts of remaining solvent is reduced by some orders of magnitude. Further-

more, the time axes of the kinetic NR and the gravimetric data are not exactly inter-

changeable since the measurements have been performed in different laboratories. The

ambient conditions of the NR experiments are not exactly replicated in the gravimetric

measurements. Anyhow, the experimental conditions are similar enough so that the main

effects stay comparable and can be reproduced.

The gravimetric experiments confirm the different behavior of the sample with a molecular

weight of 54 kg/mol which has already been observed with in-situ NR. This low molecular

weight PSA exhibits a higher macroscopic evaporation rate in the beginning of the drying

process. In contrast, the evaporation is slower for the samples with Mw = 192 kg/mol

and Mw = 600 kg/mol. Within the experimental accuracy, the relative mass loss of these

two polymers even coincides for times 0 < t < 36 min.

A zoom into the region between t = 36 min and 60 min (see right panel of figure 4.10),

however, reveals that, within this time interval, differences arise between the two polymers
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with the highest molecular weights. In accordance to the results obtained with in-situ

NR, the solvent evaporation of the sample with Mw = 192 kg/mol is faster than that of

Mw = 600 kg/mol. It has to be noted that the origin of this effect cannot be fully clarified.

It could either be related to the solvent trapping, which was described in the previous

sections, or to the altered rheological properties. Possibly, both phenomena contribute to

the observed deviations.

4.4 Conclusion

In this work, the complete near-surface evaporation process of a solution cast polymer

melt film has been monitored for the first time. Owing to the method in-situ neutron

reflectivity the solvent concentration profile is additionally extracted at any time t of the

drying process. Statistical copolymer based PSAs with different molecular weights are

chosen as a sample system and the corresponding impact on the speed of the evaporation

and the shape of the solvent distribution are investigated.

The time dependence of the near-surface solvent content can be divided into approximately

three regimes. For all molecular weights, directly after the casting of the solution only

slow solvent evaporation is detected. The intermediate regime is characterized by an

accelerated solvent evaporation which exceeds the predictions of conventional diffusion

based theories. Solvent loss rates proportional to t3 are obtained for the two highest

molecular weights and the sample with the lowest molecular weight exhibits t2 behavior.

Finally, for large times, the solvent loss converges to zero and there is no molecular weight

dependence. Moreover, the surface roughness is independent of both, the time which has

passed after the casting and the polymer chain length.

Concerning the shape of the near-surface solvent distribution, two cases have been iden-

tified. Most of the time it is constant throughout the probed area of the drying film.

Within the stages of accelerated solvent evaporation, however, there is a certain time

interval during which more solvent per unit volume is present close to the surface than

in the bulk. The width of the region of enhanced solvent concentration is on the order

of 60 nm. The lifetime of this solvent enrichment as well as its amplitude increase as a

function of the molecular weight. The effect is related to the molecular-weight dependent

chain end density close to the surface and, thus, the accessible free volume. This free

volume enables the PSA to trap a higher solvent concentration in a near-surface region

than in the bulk.

The solvent is not extracted completely during the probed time interval. The amount

of remaining solvent, which is in the sub-volume percent regime, is independent of the

molecular weight. Furthermore, it is homogeneously distributed within the probed near-
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surface region.

The influence of the molecular weight, and most likely also the related interfacial contri-

butions, are also gravimetrically measurable via the macroscopic mass loss during drying.

The sample with the lowest molecular weight dries fastest. The solvent loss rates of the

PSAs with the higher molecular weights are identical except during a time interval which

is characterized by a deceleration of the evaporation speed towards zero.

In summary, the near-surface area during drying of a polymer solution exhibits so far

unknown behavior. In particular, the extracted power laws, which significantly exceed case

II diffusion, are not predicted by conventional theories. An extension towards interfacial

effects concerning altered free-volume and/or rheological properties would be beneficial.

Furthermore, more experiments with different solvents and other classes of polymers would

bring even more insight.



88 CHAPTER 4. SOLVENT CONCENTRATION PROFILES



Chapter 5

Characterization of PSA films

prepared under ambient conditions

Throughout this work, the solvent evaporation behavior during the drying of solution cast

PSA films, that was presented in the previous chapter, plays a central role for the near-

surface composition of the resulting samples. This is mainly because in the investigated

statistical copolymer based PSAs, the solvent can selectively transport material to the

sample surface and, thus, contribute to deviations from the chemical composition of the

bulk. This chapter is mainly dedicated to the investigation of these so-called enrichment

layers and their influence on the adhesive properties. Thereby, we focus on the preparation

under ambient conditions which is closest to standard applications of PSA films.

Although a computational study predicted such enrichment layers for statistical copolymer

films under the presence of a selective interface (see section 2.2.4), an experimental proof

was still missing. This work represents the first successful direct measurement of such

enrichment layers in statistical copolymers close to polymer-air interface. Moreover, owing

to the method x-ray reflectivity, even the complete near-surface composition profile can

be monitored for two-component systems.

In contrast to statistical copolymers, the enrichment of one component has already been

reported for some classes of polymer systems, among which are for example polymer

blends. As an example, the composition profile of a polymer blend film consisting of

deuterated polystyrene (dPS) and poly(para-methylstyrene) (PpMS) was probed with

neutron reflectivity [141]. Directly after the preparation, a surface enrichment of dPS

was detected. In agreement with this study, the authors observed an internal reorgani-

zation process which was initialized by increasing the temperature, so that finally PpMS

formed the top layer. Many other polymer blend films exhibit a similar surface enrich-

ment of one component, too. Examples are PS/polybromostyrene [142], PS/dPS [143] or

PS/poly(vinyl methyl ether) [144].

89
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A further mechanism of enrichment layer formation is present in block copolymers which

form lamellae or other structures (see section 2.2.3). Such phase separation induced

enrichment has been investigated with various techniques, among which are grazing inci-

dence small-angle x-ray scattering [145], atomic force microscopy [146], neutron reflectivity

[69] and transmission electron microscopy [147].

In this work, not only the simple presence of compositional fluctuations close to the surface

is monitored, but also the the driving forces, which are responsible for the layering, are

investigated. Such knowledge is very beneficial because a deliberate manipulation of such

driving forces would enable a tailoring of the distribution of the components in the near-

surface area. The final goal is to use the near-surface composition profile for a fine-tuning

of the adhesive performance.

In literature, there are already hints that this goal is achievable. Aymonier and coworkers,

for example, varied the λ∗ parameter (see section 2.2.4) in order to obtain copolymers

of PEHA and PMMA that range from a statistical monomer distribution to more and

more phase separating copolymers [148]. The resulting adhesive performance differs even

among copolymers which contain the same overall monomer ratio. In another study, it

was shown that the composition profiles of EHA/MMA latex particles are crucial for the

resulting film performance [149]. With decreasing molecular weight of the particles, the

influence of the different composition profiles increased.

Motivated by the high potential to tune the adhesive properties without the need to

change the underlying material, the focus of this chapter is on parameters which influence

the near-surface composition profiles of the statistical copolymer based PSA films under

ambient conditions. A direct tailoring via controlled atmospheres is discussed in the next

chapter.

In detail, the influence of the preparation protocol, the chemical properties of the comono-

mers and the molecular weight is investigated. Furthermore, the near-surface composition

of three-component statistical copolymers is studied before finally, the internal reorgani-

zation of the films with time is described.

Results of this chapter have been published in references [38] and [150].

5.1 Composition profiles and tackiness of freshly pre-

pared samples

The desired tailoring of the spatial distribution of the involved components close to the

interface to the air is only possible when the response of the PSAs to different stimuli is

understood. That is why in this section different controll parameters are systematically

varied and the impact on the resulting near-surface composition profiles is described.
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Some of these influencing factors even affect the adhesive performance of the PSA film.

5.1.1 Influence of the preparation protocol

In order to demonstrate how different preparation protocols can result in significantly

different near-surface composition profiles, films are processed via two contrary pathways:

the almost solvent-free method doctor-blading technique (see section 3.3.1) is compared to

the solution casting method (see section 3.3.2). For the latter, the two solvents isobutanol

and toluene are used. Both techniques are well suited to produce films with a thickness

on the order of 50 µm. P(EHA-stat-20MMA) is chosen for the investigation of the effect

of the different preparation protocols.

Starting with the doctor-blading, only little near-surface composition variations are pre-

sent as can be seen from figure 5.1. The refractive index for very small distances from the

surface z is almost equal to that of P(EHA-stat-20MMA). An explanation might be the

absence of any selectivity provided either by the surrounding atmosphere or by evaporating

solvent. Nevertheless, a weak PMMA enriched layer is detected in the sub-surface region.

It has a maximum concentration of 59.9 % in a depth of 5.6 nm. Underneath, a broad zone

exhibiting a slight PEHA enrichment follows before a final homogeneous bulk material is

reached for z > 100 nm.

Figure 5.1: Left: XRR data (symbols) and respective fit (solid line) of a doctor-bladed P(EHA-stat-
20MMA) film. The inset shows the grayscale-coded (for definition see figure 3.3) composition profile.
Right: Refractive index profile corresponding to the fit to the data. The vertical lines are positioned at
the refractive indices of PEHA, PMMA and P(EHA-stat-20MMA).

When in contrast to doctor-blading solvent based preparation methods are employed, it

is possible that the presence of the solvent influences the composition profiles. During
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the solution casting the unidirectional evaporation of solvent (for details, please refer to

chapter 4) enables a transport of dissolved material towards the surface.

It is important to note that possible non-extractable, residual solvent is not expected

to influence the interpretation of the composition profiles. First, it has been shown in

section 4.1 that five hours after the solution casting the total amount of remaining solvent

is distributed homogeneously over the near-surface region and the total content is already

in the sub-percent regime. Second, Perlich and coworkers showed that in thin polystyrene

films a small amount of residual solvent enriches at the interface to the substrate. However,

there is no residual solvent close to the air-interface [151]. In this work, the interfacial

region near the solid support is not investigated anyway.

The evaporation-induced material transport arising during the film drying is a selective

process. The component which is preferred by the employed solvent remains longer in a

dissolved state and is therefore preferentially transported to the surface. Suitable param-

eters to quantify the tendency of one component to be dissolved in a given solvent are the

Hildebrand solubility parameter (see section 2.1.1) or the polarity, which can for example

be measured as the dielectric constant or the ratio between the polar component and the

total surface tension (see section 2.1.4).

The selective transport does not lead to a migration of solely one type of monomer towards

the air interface. The different components cannot be decoupled from each other because

they are copolymerized in a statistical copolymer. This implies that the selective transport

of one component is inevitably connected with the transport of the other component.

Anyway, two phenomena enable a pronounced enrichment of one component: first, due to

the very large amount of polymer chains in the system, there are molecules which comprise

almost exclusively one component. The transport of such homopolymer-type chains is not

connected with an enrichment of both components. Second, even for polymer chains with

a mixed composition, surface enrichment layers are possible because the chains can orient

in a way that the preferred monomers are mostly situated at the surface. In this second

scenario, a sub-surface enrichment layer of the less soluble component should consequently

be generated.

Indeed, these compositional oscillations are observed for all PSA films investigated in

this work. The thickness of the surface enrichment layers is in a regime which is smaller

than the radius of gyration of the polymers. For example, on the basis of a freely jointed

chain, Rg = 11.2 nm is estimated for P(EHA-stat-20MMA) and most of the enrichment

layers are thinner. As a consequence, conformational changes of the polymer chains close

to the surface are necessary supporting the existence of the second type of transport

mechanism. Moreover, the integrated amount of the individual components in the near-

surface region does not reflect the overall composition ratio which proves that also the
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first type of transport contributes. In other words, mass conservation does not apply.

This is, however, no contradiction because there might be as well enrichment layers at

the interface to the substrate. The other interface is not accessible with the employed

technique XRR. Thus, substrate-near enrichment layers can neither be confirmed nor

excluded.

Figure 5.2 shows XRR data of two P(EHA-stat-20MMA) films, one of which was prepared

via solution casting from a isobutanol and the other one from a toluene solution. The

samples are measured 24 h after the deposition of the solution. The sample age being

calculated from the time of the coating step plays a central role because the polymer

chains reorganize as a function of time and, thus, change the composition profile. This

so-called aging of the samples is detailed in section 5.3. Therefore, when composition

profiles of different samples are compared it is important that they are of equal age. In

the context of solution casting under ambient conditions, only freshly prepared samples

are compared. This means that the solution casting has been performed 24 h before the

beginning of the XRR measurement (see also in section 3.3.2). Freshly prepared samples

are chosen to investigate the initial state of the near-surface chemical composition.

Figure 5.2: Left: Comparison of the XRR data (symbols) and the corresponding fits (lines) of isobutanol
based (bottom) and toluene based (top) solution cast films of P(EHA-stat-20MMA). The data are shifted
along the intensity axis for clarity. Right: Respective refractive index profile for the samples cast from
isobutanol (solid line) and toluene (dashed line).

The choice of isobutanol and toluene as solvents for the solution casting under ambient

conditions is based on their relatively high boiling points of 108 ◦C and 111 ◦C, respec-

tively. The resulting comparably slow drying process enables the production of PSA films

with a surface roughness in the sub-nanometer regime [126]. The low roughness, which

is on the order of 0.5 nm for all investigated samples that were prepared under ambient
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conditions, is very convenient for the data interpretation. If the surface roughness was

very high a distinction of the involved components only via their refractive index would

be impossible. For such cases of high surface roughness values, a reliable identification of

individual components would have required the use of additional techniques like atomic

force microscopy or photoelectron spectroscopy.

The near-surface composition profiles of the two solution cast PSA films differ significantly

from that prepared via doctor-blading. The only similarity is the PEHA enrichment which

converges to homogeneous bulk material for large z values. The main differences become

evident close to the top surface. Both solution cast samples exhibit considerable PMMA

enrichment at the surface. The corresponding concentrations are 79.2 % for isobutanol

and 77.0 % for toluene, respectively. Furthermore, both sub-surface compositions oscillate

as a function of z. The shape of the compositional oscillations, however, depends on the

type of solvent. Comparing these two solution cast samples, the PEHA enriched region is

more extended for the case of toluene as solvent. But as explained in section 3.3.2, under

ambient conditions the sub-surface composition profiles of identically prepared samples

may not coincide completely and therefore, a more detailed comparison is not possible.

Nevertheless, an enrichment of PMMA directly at the surface and a broad PEHA en-

richment underneath is observed in all measurements for both solvents, toluene and

isobutanol. Both are consistent with the already described mechanism of selective trans-

port. The solubility parameters of the involved materials are D(PEHA) = 18.37 MPa0.5,

D(PMMA) = 18.27 MPa0.5, D(isobutanol) = 22.7 MPa0.5 and D(toluene) = 18.2 MPa0.5

[8, 152]. The solubility parameter of PMMA is closer to that of toluene explaining the

PMMA surface enrichment and, thus, the sub-surface PEHA enrichment for the toluene

based sample.

This explanation based on solubility parameters does not work for the relatively polar

isobutanol having a dielectric constant of 17.95 [153]. One reason is that the applicabil-

ity of the Hildebrand solubility scale is limited when higher polarities are involved [7].

Another reason is that the absolute difference of D(isobutanol) to both, D(PEHA) and

D(PMMA) is comparably large. Relative to each other, the difference in solubility ac-

cording to the Hildebrand parameters is almost negligible: D(isobutanol)−D(PEHA) =

0.98 · (D(isobutanol)−D(PMMA)).

As a consequence, the solubility parameter is not suitable to predict the surface enrichment

behavior of the sample system with isobutanol and does therefore not contradict the

described mechanism. Instead, it is very likely that the predominantly polar interactions

between the polar solvent and the more polar component PMMA (see next chapter) favor

the dissolution of PMMA. In summary, both solvents tend to transport PMMA to the

sample surface during the drying step explaining the similar composition profiles.
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5.1.2 Influence of the comonomer

The next examined parameter is the chemistry of the copolymerized materials. For this

purpose, freshly prepared films of P(EHA-stat-MMA), P(EHA-stat-S) and P(EHA-stat-

MAA) are investigated leaving the solvent toluene unchanged. So, all samples of this series

contain 90 % of the sticky component EHA and the type of glassy minority component

is varied.

The resulting XRR data together with the extracted profiles are plotted in figure 5.3.

Significant compositional fluctuations are restricted to a thinner near-surface area as

compared to P(EHA-stat-20MMA), which was the sample containing a higher ratio of

glassy component (20 % instead of 10 %). Within the comonomer series, homogeneous

bulk is already reached for z ≈ 40 nm for all investigated samples. That is why the z axis

of the left graph of figure 5.3 is only shown up to z = 50 nm. Furthermore, the labels of

the bulk refractive indices of the statistical copolymers are sacrificed for clarity reasons.

Figure 5.3: Left: XRR data (symbols) and the corresponding fits (lines) of freshly prepared statistical
copolymer films consisting of 90 % EHA and 10 % of a glassy comonomer as shown by the labels. The
data are shifted along the intensity axis for clarity. Right: Respective refractive index profiles to the
shown fits. The solid profile represents P(EHA-stat-MMA), the dashed profile P(EHA-stat-S) and the
dotted profile P(EHA-stat-MAA), respectively. The vertical lines are positioned at the refractive indices
of PEHA and the homopolymers related to the involved glassy components (see labels).

The near-surface composition of P(EHA-stat-MMA) is very similar to that of P(EHA-

stat-20MMA). The PMMA enrichment layer at the surface for the sample with 10 %

MMA is even more pronounced than that of the sample with 20 % MMA shown in figure

5.2. Moreover, both samples exhibit connatural subsurface compositional oscillations.

Therefore, it can be concluded that the difference in the overall polymer composition

does not tremendously affect the near-surface composition profile. The lower amout of
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MMA monomers in P(EHA-stat-MMA) as compared to P(EHA-stat-20MMA) cannot

outweigh the mechanism of selective transport which is described in section 5.1.1.

For all investigated samples, the near-surface composition mainly depends on the chem-

istry of the involved components and on the type of solvent and less on the ratio of

the copolymerized monomers. Further details cannot be derived because the molecular

weights of the two MMA containing samples are not the same. A detailed discussion

concerning the influence of the molecular weight is provided in section 5.1.4.

When S or MAA are chosen as comonomers instead of MMA, the resulting near-surface

composition profiles of P(EHA-stat-S) and P(EHA-stat-MAA) exhibit the opposite shape

as compared to P(EHA-stat-MMA). For both polymers, P(EHA-stat-S) and P(EHA-stat-

MAA), the tacky component PEHA is enriched at the topmost layer. This can be deduced

from the shoulders of the respective refractive index profiles at the value of PEHA (see

right panel of figure 5.3). In contrast to P(EHA-stat-MMA), there is an enrichment

of the minority component underneath the top layer. For the investigated samples the

corresponding maximal concentrations are 100 % PS and 61.3 % PMAA, and they are

reached in depths of 5.9 nm and 5.4 nm, respectively. For larger z values, the composition

converges in an oscillating way towards the bulk composition which is characterized by

the overall monomer ratio.

At least the composition profile of P(EHA-stat-S) is consistent with the already described

selective transport because the solvent toluene clearly favors PEHA due to the high solu-

bility parameter of PS: D(PS) = 22.47 MPa0.5 [8]. D(PMAA) is not available in literature

and, thus, P(EHA-stat-MAA) cannot be used for a confirmation of the proposed mecha-

nism. However, due to the strong similarity of D(toluene) and D(PEHA) it is very likely

that also in this system, the majority component PEHA is the better soluble material.

It is important to note that such solubility driven morphologies are already known for

other classes of polymeric samples such as polymer blend films [154, 155] or block copoly-

mer films [156]. Closer to this work, solubility driven compositional variations of random

multiblock copolymers are reported by Zhuang and Gardella [157]. However, with the cho-

sen methods angle-dependent electron spectroscopy for chemical analysis and attenuated

total reflection Fourier transform infrared spectroscopy, only four sampling depths were

investigated and their sample system differs from the statistical copolymer based PSAs

of this work. But nevertheless, the findings of Zhuang and Gardella strongly support the

presented observations.

The shown solubility driven morphologies still appear when more extreme temperature

conditions are chosen. For comparison purposes, P(EHA-stat-MAA) has been cast at a

temperature of 6 ◦C. In figure 5.4, the obtained XRR data are shown together with those

which were obtained for P(EHA-stat-MAA) prepared at room temperature. The dotted
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fit and the dotted profile have already been presented in figure 5.3 and the respective solid

lines represent the preparation under low temperature conditions.

As a result, the composition profiles are very similar. The surface is still dominated by

PEHA and the amplitudes of the sub-surface PMAA enrichment do not differ significantly.

Only the compositional oscillations are more pronounced for the case of low temperature

conditions. This is reflected in the data by a more pronounced modulation in the range

0.35 nm−1 < qz < 0.7 nm−1. Such improved layering might arise from the slower solvent

evaporation at low temperature.

Figure 5.4: Left: XRR data (symbols) and the corresponding fits (lines) of P(EHA-stat-MAA) films
freshly prepared under different temperatures as shown by the labels. The data are shifted along the
intensity axis for clarity. Right: Respective refractive index profiles to the shown fits. The solid profile
represents a temperature of 6 ◦C and the dotted profile 20 ◦C, respectively. The vertical lines are positioned
at the refractive indices of PEHA and PMAA (see labels).

In order to investigate whether the observed differences in the near-surface composition

profiles, which are induced by the chemical nature of the involved comonomers, influence

the adhesive properties of the PSAs, tack measurements have been carried out with the

three samples prepared under room temperature conditions. A relatively high contact

force of 3 N was chosen leading to a nominal contact pressure of 3.8 MPa. As a conse-

quence, the surface sensitivity of the tack experiment is lower compared to that chosen

for the samples prepared under controlled atmosphere (see section 6.1.3). Another reason

for the lower surface sensitivity is the higher roughness of the punch used for the solution

cast PSA films under ambient conditions.

All measured tack data are depicted in figure 5.5. At least 11 sampling points were taken

for each of the three films to reduce the statistical error. The curves of all three statistical

copolymers contain the main features which are proposed in Creton’s four stage model (see
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Figure 5.5: Tack data (punch
radius: 0.5 mm) of the three
50 µm thick samples composing
the comonomer series (from
left to right: P(EHA-stat-
MMA), P(EHA-stat-S) and
P(EHA-stat-MAA)). Each
sampling point is represented
by one single line. The curves
corresponding to different sta-
tistical copolymers are shifted
along the d-axis for clarity.

figure 2.6): the sharp force maximum is reached for d ≈ 6 µm. It drops down to a value of

F ≈ 0.23 N, which is reached at an elongation of approximately 16 µm. From this point

on, the plateau characteristic of stage IV begins. The length of the plateau is different for

the individual statistical copolymers. It mainly reflects the obtained differences in tack

energy W .

For the formation of fibrils, which are elongated up to 130 µm, a lot of material is nec-

essary compared to the thin near-surface composition oscillations covering a range of

40 nm. Therefore, it is to be expected that the observed differences in tack energy are

mainly attributed to the comonomer dependent mechanical properties of the bulk ma-

terial. However, despite the different maximal length of the fibrils, the force maximum

of P(EHA-stat-MMA) equals that of P(EHA-stat-S) within the achieved experimental

accuracy. Moreover, for P(EHA-stat-MAA) Fmax is significantly lower than for the other

two copolymers. The corresponding values of the force maximum and the tack energy are

listed in table 5.1.

P(EHA-stat-MMA) P(EHA-stat-S) P(EHA-stat-MAA)

W [µJ] 45.4± 4.9 73.2± 4.5 58.6± 5.4

Fmax [N] 4.49± 0.27 4.39± 0.29 3.93± 0.30

Table 5.1: Extracted values of the force maximum Fmax and the tack energy W obtained in probe tack
experiments with the samples in the comonomer series.

It is interesting to note that the maximal force obtained in a tack test is closely correlated

with the overall content of the minority component close to the surface. In more detail, by

integrating the composition profiles over 0 < z < 4 nm, the respective volume ratios of the

minority component within the upper 4 nm of the PSA films are calculated. As a result,
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the minority component content in this near-surface region is 58.2 % for P(EHA-stat-

MMA), 57.1 % for P(EHA-stat-S) and 37.3 % for P(EHA-stat-S). The strong similarity

of P(EHA-stat-MMA) and P(EHA-stat-S) is also reflected in the tack data. In contrast,

P(EHA-stat-MAA) exhibits both, the lowest force maximum and the lowest near-surface

content of the glassy component.

An explanation might be found in the four-stage model. The force maximum is determined

by the performance of the film during the stages I and II, where the material first expands

homogeneously and then the cavities are formed. As already pointed out in section 2.1.6,

the cavities appear predominantly near the accessible interface [40]. Therefore, it is very

likely that, due to the improved stiffness of interface-material, the necessary force to create

cavities is higher. To finally prove that the near-surface composition has an impact on the

adhesive performance, it is, however, inevitable to carry out experiments with identical

bulk material. Such measurements are presented in the next chapter.

5.1.3 Comparison of different composition ratios

The previous section was dedicated to the estimation of the change in tackiness induced by

the chemistry of the involved components. It is now interesting to quantify the influence

of the overall monomer composition leaving the type of monomer unchanged. For this

purpose, the adhesive performances of P(EHA-stat-20MMA), P(EHA-stat-MMA) and

pure PEHA are compared in probe tack tests. The measured data is plotted in figure 5.6,

where the curves for P(EHA-stat-MMA) are those already presented in figure 5.5. The

three films are freshly prepared from toluene based solutions under ambient conditions.

The experimental conditions are identical to those described in section 5.1.2.

Figure 5.6: From left to
right: tack data (punch ra-
dius: 0.5 mm) of 50 µm thick
films consisting of P(EHA-stat-
20MMA), P(EHA-stat-MMA)
and PEHA. Each sampling
point is represented by one sin-
gle line. The curves corre-
sponding to different material
are shifted along the d-axis for
clarity.

A clear trend is evident from the measured tack data. Within the investigated range of

overall MMA composition ratios, the tackiness increases with increasing MMA content.
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This can be understood from the improved balance of adhesion and cohesion in the PSA

film with a higher content of the glassy component. Table 5.2 lists the corresponding

force maxima and tack energies. The result is in accordance with findings by Aymonier

and coworkers [158], who also varied the MMA content in statistical copolymers being

composed of EHA and MMA. According to their work, the tack energy is optimized for

a critical MMA content of 25 %.

Comparing the two samples P(EHA-stat-20MMA) and P(EHA-stat-MMA) with pure

PEHA, it is obvious that the rheological properties of the MMA containing polymers lead

to the improved performance. But it cannot be clarified to what extent the near-surface

compositions contribute to the observed behavior because PEHA is a single-component

material and compositional fluctuations are absent. Therefore, a full interpretation of the

data remains difficult.

P(EHA-stat-20MMA) P(EHA-stat-MMA) PEHA

W [µJ] 120.5± 9.3 45.4± 4.9 26.4± 3.4

Fmax [N] 5.41± 0.41 4.49± 0.27 2.30± 0.19

Table 5.2: Extracted values of the force maximum Fmax and the tack energy W obtained probe tack tack
experiments with samples of different MMA content.

More insight can be gained from a comparison of the sample with 20 % MMA to that

with 10 % MMA. As it has been pointed out in section 5.1.2, there is only minor in-

fluence of the overall monomer ratio on the main features of the near-surface composi-

tion profile. For example, the integrated MMA concentration within the upper 4 nm of

P(EHA-stat-20MMA) is 42.5 %, which is even lower than that of P(EHA-stat-MMA) for

the investigated samples. Following the argumention in the previous section, the lower

value for P(EHA-stat-20MMA) should even lead to a slightly lower adhesive performance

regarding exclusively the influence of the interfacial area. However, the tack energy of

P(EHA-stat-20MMA) is higher than that of P(EHA-stat-MMA) by almost a factor of

three. As a consequence, the differences in tackiness of the MMA containing samples is

entirely a bulk phenomenon.

5.1.4 Influence of the molecular weight

Another controll parameter which is important for both, the bulk and the interfacial

properties of the solution cast PSAs is the molecular weight of the underlying statistical

copolymer. In this work, a detailed discussion of the bulk properties is omitted in order

to focus on the interfacial aspects. The copolymer which was available with different

molecular weights is P(nBA-stat-MA). In more detail, samples with the three molecular
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weights Mw = 54 kg/mol, 192 kg/mol and 600 kg/mol being cast from a toluene based

solution under ambient conditions are investigated.

The x-ray refractive index of PnBA is significantly higher than that of PEHA (see table

3.1) and that of PMA similar to PMMA. As a consequence, the contrast in the system is

reduced and the exact determination of the depth dependent composition ratios is more

difficult. Nevertheless, it is still possible to identify areas which are considerably enriched

with one component.

Figure 5.7 shows the obtained XRR data together with the corresponding refractive index

profiles. Similar to the samples with EHA as the majority component, all samples exhibit

a pronounced enrichment of PnBA for z > 20 nm. For larger distances from the sample

surface it converges towards the average composition ratio of approximately 80 % nBA

and 20 % MA. Homogeneous bulk composition is reached for z > 150 nm.

Figure 5.7: Left: XRR data (symbols) and the corresponding fits (lines) of freshly prepared P(nBA-
stat-MA) films with different molecular weights as shown by the labels. The data are shifted along the
intensity axis for clarity. Right: Respective refractive index profiles to the shown fits. The solid profile
represents Mw = 54 kg/mol, the dashed profile Mw = 192 kg/mol and the dotted profile Mw = 600 kg/mol,
respectively. The vertical lines are positioned at the refractive indices of P(nBA-stat-MA) and the related
homopolymers PnBA and PMA (see labels).

However, there also qualitative differences, especially for very small z values. These

differences are not easily visible in the right panel of figure 5.7. They become evident in

a close-up of the region close to the sample surface which is shown in figure 5.8.

The surface of the two samples with the higher molecular weights is dominated by nBA.

This enrichment can be seen from the respective shoulders in the refractive index profile

at the value of PnBA for low z values. The reason can be found in the relatively high value

of the solubility parameter D(PMA) = 20.7 MPa0.5 [159]. Therefore, it is very likely that
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the corresponding (unavailable) parameter of PnBA is closer to that of toluene explaining

the observed PnBA enrichment. Furthermore, a prominent enrichment of PMA follows

directly underneath.

Why the sub-surface PMA enrichment for the sample with Mw = 192 kg/mol is weaker

than that for Mw = 600 kg/mol, while at the same time having a more pronounced

PnBA shoulder, is not fully understood. An explanatory approach might be based on the

different effective sample ages. Although both samples were measured precisely one day

after casting the respective solutions, the speed of the internal molecular reorganization

(see section 5.3) is different for the two polymers because the longer the polymer chains

are, the lower their mobility is.

Figure 5.8: Zoom into the re-
gion close to the sample surface
of the refractive index profiles
of the P(nBA-stat-MA) sam-
ples of the molecular weight se-
ries. The line types match with
figure 5.7.

In contrast to the samples with Mw = 192 kg/mol and Mw = 600 kg/mol, PnBA is

not enriched at the surface of the sample with the lowest molecular weight. Directly at

the interface and also up to a depth of 7 nm, the material composition is dominated

by PMA. The reason for this behavior might also be related to the comparably short

polymer chain length and the resulting fast reorganization kinetics. Another explanatory

approach could be the strongly deviating solvent evaporation kinetics during the drying

process which was described in chapter 4. Due to the weaker solvent enrichment layers

during the stages of accelerated near-surface solvent evaporation and the on average faster

solvent loss, the capability of the system to transport the favored PnBA to the sample

surface is significantly reduced. Possibly, both proposed phenomena contribute to the

observed PMA surface enrichment.
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5.2 Statistical copolymers with three components

Additional complexity is introduced into the systems by copolymerizing a third type

of monomer so that statistical copolymers with three components are obtained. The

investigated three-component materials are P(nBA-stat-MA-stat-AA), P(nBA-stat-MA-

stat-MMA) and P(nBA-stat-MA-stat-HEA) with composition ratios as listed in table 3.2.

XRR experiments are performed with freshly prepared films which have been solution cast

under ambient conditions.

With XRR it is not possible to quantify the exact composition as a function of distance

from the surface for the three-component systems because equation 3.1 is only applicable

when two components are involved. However, at least enrichment layers of components

having either the lowest or the highest refractive index compared to the other two com-

ponents in the system can be identified.

Figure 5.9: Left: XRR data (symbols) and the corresponding fits (lines) of freshly prepared three-
component statistical copolymer films as shown by the labels. The data are shifted along the intensity
axis for clarity. Right: Respective refractive index profiles to the shown fits. The solid profile rep-
resents P(nBA-stat-MA-stat-AA), the dashed profile P(nBA-stat-MA-stat-MMA) and the dotted profile
P(nBA-stat-MA-stat-HEA), respectively. The vertical lines are positioned at the refractive indices of the
homopolymers related to the involved monomers (see labels).

The resulting XRR data together with the extracted refractive index profiles are plotted

in figure 5.9. Similar to P(nBA-stat-MA), there is a pronounced nBA enriched region

for z > 20 nm for at least P(nBA-stat-MA-stat-MMA) and P(nBA-stat-MA-stat-HEA).

This nBA enrichment can be concluded from the combination of two observations: first,

the refractive index in the corresponding region has a value close to PnBA and, second,

PnBA is the lowest involved refractive index for these two statistical copolymers.

The shape of the refractive index profile of P(nBA-stat-MA-stat-AA) almost coincides
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with that of P(nBA-stat-MA-stat-MMA) for z > 20 nm. It is therefore likely that in

this region nBA is enriched for P(nBA-stat-MA-stat-AA), too. For all three statistical

copolymers, homogeneous bulk material is reached for depths of approximately 150 nm.

So, especially for large z values the composition profiles of the three-component PSAs are

very similar to those of the two-component systems P(nBA-stat-MA).

The main impact originating from the copolymerization of a third type of monomer con-

cerns the region close to the surface. A corresponding close-up of the refractive index

profiles is depicted in figure 5.10.

Figure 5.10: Zoom into the re-
gion close to the sample surface
of the refractive index profiles
of the statistical copolymer films
comprising three different types
of monomers. The line types
match with figure 5.9.

In the P(nBA-stat-MA-stat-AA) film, there is a clear surface enrichment of the material

with the lowest refractive PAA, which can be seen from the shoulder at the value of

PAA for small z values. Underneath, the refractive index is higher reaching a maximum

at z = 10.3 nm. The corresponding peak value is in between δ(PnBA) and δ(PMA)

implying the presence of PMA. In general, as long as δ(z) > δ(PnBA), there is a always

certain amount of PMA in P(nBA-stat-MA-stat-AA) because otherwise δ(z) would be a

linear combination of δ(PAA) and δ(PnBA) and, thus, would be smaller than δ(PnBA).

Therefore, PMA contributes to the sample composition at least for z > 5.4 nm. However,

as explained above, a detailed composition profile cannot be extracted.

Although a proof is not possible, it is very likely that the top layer of the P(nBA-stat-MA-

stat-MMA) film is dominated by PMMA. One reason is that PMMA is strongly favored by

toluene, as it has been shown in section 5.1.1, and is therefore preferentially transported to

the surface during the drying process. Another indication is that the refractive index for

low z values almost coincides with that of PMMA. Furthermore, between this surface layer

and the already discussed sub-surface PnBA enriched region a pronounced enrichment of

PMA is found. It is situated at 2.6 nm < z < 6.2 nm and reaches its maximum at a depth

of z = 3.5 nm.
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Finally, PHEA is situated at the sample surface of the P(nBA-stat-MA-stat-HEA) film.

This follows from the peak-like shape of the refractive index profile for low z values

exceeding the refractive index of PMA. Judging only from the profile, it could be that the

surface is dominated by PMA and only a little amount of PHEA is involved. However,

it has to be taken into account that, neither for the other two three-component systems

nor for P(nBA-stat-MA) with the higher and, thus, comparable molecular weights, PMA

is enriched at the surface. It is, therefore, likely that the PHEA concentration at the

surface is rather high. In other words, the high near-surface refractive index is more a

consequence of the strong presence of PHEA rather than of PMA.

Furthermore, besides the already discussed broad PnBA enrichment, an interpretation

of the sub-surface refractive index profile is difficult for P(nBA-stat-MA-stat-HEA). The

reason is that δ(z) remains between δ(PnBA) and δ(PMA) for z > 1.3 nm. Therefore, the

role of the highest-refractive index material PHEA remains unclear for the sub-surface

region.

5.3 Composition profiles as a function of time

So far, only the composition profiles of freshly prepared samples have been examined.

Furthermore, for the solution cast PSA films the near-surface distribution of the compo-

nents is strongly influenced by the corresponding solubilities of the related homopolymers

with respect to the solvent (see sections 5.1.1 and 5.1.2). As a consequence, it is not to

be expected that equilibrium structures are obtained. On the contrary, once the solvent

has evaporated an internal molecular reorganization sets in.

Figure 5.11: XRR data (sym-
bols) and the corresponding
fits (lines) of a time series
of P(EHA-stat-20MMA) films
cast from a toluene based solu-
tion. The sample ages are indi-
cated by the labels. The data are
shifted along the intensity axis
for clarity.

Such internal reorganization processes, which are also referred to as aging, are monitored

in detail for a P(EHA-stat-20MMA) film being cast from a toluene based solution. This
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is a rather mobile system originating from the low glass transition temperature of the

majority component PEHA of −50 ◦C [8]. The near-surface composition profiles are

monitored with XRR as a function of time. The sample ages 1 (freshly prepared), 2, 8,

134 and 359 days are selected for this purpose. The term sample age is defined in section

3.3.2.

As it has been further pointed out in section 3.3.2, for the preparation under ambi-

ent conditions there are slight differences in the near-surface composition profiles among

identically prepared samples. To rule out misinterpretation of the XRR data, the aging

experiment is performed with one polymer film. It starts with the freshly prepared sam-

ple that was presented in figure 5.2 (top curve). Between subsequent measurements, the

samples were stored in a closed cabinet situated in the preparation laboratory in order to

avoid UV degradation as well as the contamination from dust particles. The measured

XRR data together with the corresponding fits are shown in figure 5.11.

The position and the shape of the features in the reflectivity curves, which have been

initially obtained for the freshly prepared sample, change as a function of time. Such

a variation in the XRR data already indicates a time-dependence of the near-surface

composition profile and, thus, a spatial reorganization of the molecules in the PSA. For

a better illustration, the corresponding composition profiles are shown in figure 5.12 in

grayscale-coded representation.

Figure 5.12: Grayscale-coded near-surface composition profiles of an aging series of P(EHA-stat-20-
MMA). The data correspond to the fits shown in figure 5.11. The grayscale code is defined in figure
3.3.

As it has been explained in section 5.1.1, the solubility driven composition profile of the

freshly prepared sample exhibits a pronounced PMMA enrichment at the sample surface.

The sub-surface composition oscillations lead to a second, weakly PMMA enriched layer

situated in a depth of 6.5 nm. After two days, these initially separated regions merge so

that a broader, but less pronounced PMMA enriched zone is obtained.

In the following, PEHA starts to move to the sample surface. After 8 d, this can be seen

from the (bright) PEHA material in a depth of 3.8 nm, which has penetrated the broadly

distributed near-surface PMMA. The PEHA finally reaches the surface as can be seen

from the pronounced PEHA surface enrichment layer after 134 d. The sub-surface region
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is still PMMA dominated. The maximum PMMA concentration for t = 134 d is 45.8 %

and it is detected at z = 5.8 nm.

Comparing only the XRR data of the two mostly aged samples (t = 134 and 359 d), no

prominent changes are observed. This is also reflected in the two corresponding composi-

tion profiles which exhibit strong similarities. Most prominent is the preservation of the

PEHA surface enrichment layer. Slight differences, however, are found in the sub-surface

composition. The volume occupied mostly by PMMA contracts in the last step of the

time series and its position shifts a little towards the surface. This shift can be seen from

the increase of the maximum PMMA concentration to 65.5 % which is finally found in

a lower depth of 4.4 nm. This sub-surface PMMA densification might be attributed to

the self-attraction of the MMA monomers. The reason is the more favorable interaction

between chemically identical monomers as compared to that between different ones (see

section 2.2.2).

In summary, the near-surface composition of the aged sample is completely inverted as

compared to the freshly prepared state. The absence of solvent-induced driving forces

allows the now purely two-component polymer system to minimize its surface tension. The

literature values of the surface tensions of the related homopolymers are γ(PEHA) = 30

mN/m and γ(PMMA) = 38.5 mN/m [160, 161] so that, indeed, the component with the

lower surface tension enriches at the sample surface after a sufficiently long aging time.

Because this process requires a collective motion of all polymer chains in the near-surface

region, it is very difficult to predict the time scale of the aging. For example, conventional

diffusion theories focus on the displacement of a single molecule only [162] and are, hence,

not capable of a successful modeling.

Figure 5.13: Tack data
(punch radius: 0.5 mm) of
an aging series of 50 µm
thick P(EHA-stat-20MMA)
films. Each sampling point is
represented by one single line.
The curves corresponding to
different sample age are shifted
along the d-axis for clarity.
The respective sample ages are
indicated by the labels.

In order to check whether the observed reorganization process has a measurable impact

on the adhesive performance of the PSA films, tack measurements have been carried out
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under the same conditions as for the comonomer series (see section 5.1.2). The probe tack

tests are performed for six P(EHA-stat-20MMA) films covering a range from being freshly

prepared up to a sample age of 65 days. Figure 5.13 shows the resulting force-distance

curves. The data of the freshly prepared sample (1 d) have already been presented in

figure 5.6 (left curves).

The force-distance curves corresponding to the different sample ages look very similar

and indicate only minor changes of the tackiness within the selected time window. This is

confirmed by plotting the resulting force maxima as well as the tack energies as a function

of time (see figure 5.14). As a result, no detectable time-dependence of the two parameters

is obtained.

Figure 5.14: Left: Tack energy as a function of time for an aging series of solution cast P(EHA-stat-
20MMA) prepared and stored under ambient conditions. The dashed line marks the mean value of the six
data points. Right: Corresponding force maximum as a function of time.

The reason for the constant adhesive performance might be attributed to the low surface

sensitivity of the probe tack tests due to the chosen experimental parameters. Further-

more, the calculation of the near-surface PMMA content of the upper 4 nm, as it was

introduced in section 5.1.2, reveals that only a quite narrow concentration range between

42.5 % and 27.9 % is covered regarding the time interval which is represented by the tack

experiments. Therefore, under these conditions interfacial effects play only a minor role

for the adhesive performance. It could also be that, due to the bulk driven overall higher

values of W and Fmax as compared to the comonomer series, small contributions of the

near-surface region are more difficult to resolve.

In summary, averaging over all six measured data points leads to a mean tack energy of

(120.5 ± 8.2) µJ and a mean force maximum of (5.65 ± 0.34) N. In order to be able to

detect the influence of the near-surface composition on the macroscopic tackiness without
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changing the underlying statistical copolymer, it would be important to optimize the

experimental conditions and to generate higher deviations in the composition profiles.

Such experiments will be shown in the next chapter.

Depending on the chosen statistical copolymer, the described near-surface compositional

changes do not necessarily always have to involve a complete inversion of the composi-

tion profile. Such a situation would arise when the component, which is favored by the

employed solvent and, hence, adsorbs at the surface of the freshly prepared sample, is

also the component with the lowest surface tension. In this case, no major molecular

reorganization as a function of time is to be expected.

P(EHA-stat-S) is a good candidate for such a weak aging behavior because, on the one

hand, in section 5.1.2 it was shown that PEHA enriches at the surface already for the

freshly prepared sample. On the other hand, the surface tension of PS is 38 mN/m [163]

which is higher than γ(PEHA). In figure 5.15, the fitted XRR data and the resulting com-

position profile of the already discussed freshly prepared P(EHA-stat-S) film are compared

to a film having a sample age of 25 d.

Figure 5.15: Left: XRR data (symbols) and the corresponding fits (lines) of P(EHA-stat-S) films of two
different sample ages as shown by the labels. The data are shifted along the intensity axis for clarity.
Right: Respective refractive index profiles to the shown fits. The dashed profile represents a sample age
of 1 d and the solid profile of 25 d, respectively. The vertical lines are positioned at the refractive indices
of PEHA, PS and P(EHA-stat-S).

Indeed, the near-surface composition profile of the aged sample behaves as predicted. This

is already indicated by the strong similarity of the XRR data implying similar refractive

index profiles. Especially the shoulder at the value of the refractive index of PEHA for

low z values is preserved. So, there is a PEHA enrichment layer at the sample surface for

both, the freshly prepared and the aged sample. In addition, minor changes occur in the
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sub-surface region. The initial region of pure PS is for the aged sample characterized by a

lower PS concentration having a maximum value of 65.6 %. A further difference is found

for the region around z ≈ 26 nm: the dominance of PEHA is extended so that for the

aged sample there is a layer of almost pure PEHA for 15 nm < z < 35 nm. This behavior

follows the already described self-attraction of equal monomers in the sub-surface region.

5.4 Conclusion

The composition profiles perpendicular to the sample surface of statistical copolymer

based PSA films are successfully monitored with XRR. At least in the upper 40 nm,

the composition is not uniform but exhibits damped oscillatory behavior before a final

convergence towards homogeneous bulk composition. This composition of the bulk is

characterized by the overall monomer ratio of the copolymer.

Doctor-blading as an almost solvent-free preparation technique leads to a different near-

surface composition profile as compared to solution casting. The surface composition of

the freshly solution cast samples is mainly driven by a selective transport of material

during the drying process. The component with the better solubility with respect to the

employed solvent is preferentially transported to the interface to the air. The phase of the

compositional oscillation is determined by the type of component at the surface. Moreover,

changing the overall composition does not influence the type of monomer forming the top

layer.

Despite missing information in XRR experiments with three-component systems, parts of

the depth dependent composition can be deduced from the refractive index profiles. It is

for example possible to unambiguously identify enrichment layers of the component with

either the highest or the lowest refractive index in the system. The copolymerization of

a third component is well suited for an additional tuning of the composition profiles.

Furthermore, the molecular weight of the involved statistical copolymer plays an impor-

tant role. First, the solvent evaporation process and, thus, the involved material transport

processes are significantly influenced. Second, the shorter the polymer chains are, the

higher the mobility in the system is.

The mobility of the chains is responsible for an internal reorganization process once the

solvent has evaporated. As a consequence, the near-surface composition profiles are time-

dependent. After a sufficiently long aging time, the component with the lower surface

tension enriches at the air-interface, irrespective of the initial composition profile. So, in

case the surface is enriched with the component with the lower surface tension for the

freshly prepared sample, only minor morphological changes arise.

In the opposite case of initial surface enrichment with the higher surface energy compo-
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nent, however, major changes of the near-surface composition profile as a function of time

are detected. The higher surface energy material forms a sub-surface layer and the lower

surface energy material enriches at the film surface. In total, for this case the near-surface

composition of the aged sample is almost inverted as compared to the freshly prepared

state.

With the chosen experimental parameters, the mechanical properties obtained in probe

tack tests do not change with time. They mostly depend on the overall monomer ratio

and, thus, are driven by the bulk composition. However, slight changes are detected

when only the comonomer is exchanged. It is very likely that the altered near-surface

composition is responsible for this behavior.

In summary, for the first time the complete near-surface composition profiles of statisti-

cal copolymer based PSA films are monitored. Different control parameters have been

identified to influence the composition close to the surface. Even more influence can be

achieved when the sample preparation is performed under controlled atmosphere. Details

are elaborated in the following chapter.
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Chapter 6

Tailoring the interfacial properties of

P(EHA-stat-20MMA)

The mechanical properties of the PSA films, which have been described so far in this work,

entirely result from the material properties in combination with the chosen preparation

method solution casting. For special applications, however, it is desirable to tune the

tackiness of a given adhesive without the necessity to exchange the underlying material.

For this purpose, different approaches can be found in literature.

One possibility is to apply a certain external stimulus. The nature of such stimuli can

be very different. It has been reported that adhesive films respond to temperature [164,

165], exposure to light [166], presence of water [167] or water vapor [168, 169] and the

application of an electric field [170]. But the adhesive can also be designed in a way that

its performance depends on the type of mechanical stimulus. By using aligned carbon

nanotubes, for example, it can be achieved that the normal adhesion force is much weaker

than the shear adhesion force [171, 172]. Furthermore, adhesives can also be kinetically

switchable as it has been shown by Feng and coworkers in the context of transfer printing

[173]. The authors demonstrated that the relative velocity of the film with respect to the

stamp determines whether the film is picked up or deposited on a substrate.

In this work, the focus is on strategies that include morphological changes of the adhesive.

The altered molecular arrangement is then supposed to induce different in tackinesses.

For certain types of adhesives, similar ideas have already been realized, mostly by varying

the temperature. For example, the strong influence of the side-chain orientation on the

tackiness of liquid crystalline polymers and their easy orientational tunability within a

narrow temperature range has turned out to be very effective in modifying the adhesive

performance [174, 175]. Another possibility is the use of semicrystalline polymers. An-

nealing the material above the melting temperature of the crystals results in a significant

change in shear resistance and peel strength [176].

113
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For statistical copolymer melt based PSAs, such approaches are new. The stimulus which

is investigated in this work, is the interaction of the PSA film with the surrounding

atmosphere. The atmosphere either consists of solvent vapor or of air with well-defined

relative humidity (RH). With this procedure, the material is neither destroyed nor changed

upon any chemical reaction.

Selective solvents, for example, have been successfully employed for the case of switch-

able polymer brushes. It is reported that the adhesion can be altered by switching the

properties of the adherent, which was a polystyrene/poly(2-vinylpyridine) brush [177].

The adhesive itself was not changed. Inverse to that, there are also brushes that can be

switched from a sticky to a nonsticky state [178, 179].

For the RH as a controll parameter, there are promising studies concerning non-tacky poly-

mers. By selecting the appropriate RH, for example, it is possible to tune the morphology

in phase separating systems [180]. With this concept, the order-disorder transition was

affected in block copolymer electrolytes [181] and the demixing of polymer blends on

prepatterned substrates was controlled [182].

This chapter begins with the investigation of the influence of the RH on the near-surface

composition of solution cast P(EHA-stat-20MMA). The resulting surface tensions and

tackinesses are discussed based on the knowledge of the spatial distribution of the com-

ponents. The second part is dedicated to the impact of different solvents on the resulting

composition profiles. In this context, the solvent for the underlying solution is varied as

well as the films are either exposed to solvent vapor or humid air. Like this, it is possible

to attract either the sticky or the glassy component to the surface.

Results of this chapter have been published in references [183] and [184].

6.1 Exposure to controlled humid environment

In order to be able to influence the near-surface composition profiles of solution cast PSAs

on purpose, it is inevitable to provide a controlled environment during the drying process.

That is why the samples, which are described within this chapter, are entirely prepared

in a desiccator as described in section 3.3.3. In contrast to the preparation under ambient

conditions, the closed sample chamber (desiccator) prevents an exchange of gas with the

surrounding air of the laboratory.

The composition profiles are very sensitive to the solvent evaporation rate, which is

strongly connected with the accessible volume for the evaporating solvent. Therefore,

the type of solvent, the temperature as well as the size and shape of the desiccator are

decisive parameters which are kept constant. For a better comparison of the results,

P(EHA-stat-20MMA) is exclusively selected as PSA model system. For the investigation
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of the impact of the relative humidity (RH), toluene is chosen as solvent.

There are several reasons for the choice of P(EHA-stat-20MMA). First, EHA/MMA con-

taining statistical copolymers are prominent PSA model systems and the composition

of 80 % EHA and 20 % MMA is close to the mechanically optimized ratio (see section

5.1.3). Second, the polarities of the related homopolymers PEHA and PMMA are 0.026

and 0.357, respectively [185, 186]. Both values represent the ratio of the polar component

of the surface tension to the total surface tension. As a consequence, the contrast in

polarity between the relatively polar PMMA and the practically unpolar PEHA is well

suited to be used for attraction mechanisms involving the polarity. The third reason is

the excellent contrast of the two components in their refractive indices (see table 3.1),

which enables a reliable determination of the near-surface composition profiles with x-ray

reflectivity (XRR).

In order to isolate the effect of the relative humidity (RH), the sample preparation has

been performed in two steps. In step 1, the casting is performed under dry (RH < 2 %)

conditions realized by filling the desiccator with silica gel. After a drying time of 24 h at

such low RH, a well-defined and reproducible near-surface distribution of components is

obtained. The corresponding composition profile after step 1 has already been presented

in figure 3.13.

In the second step, the dried sample is taken from the first desiccator and placed into

a second desiccator containing air with a well-defined RH provided by saturated salt

solutions. This second desiccator is already prealigned in order to keep the exposure to

ambient air and, thus, less controlled conditions as short as possible. In general, the lids

of the desiccators are closed immediately after casting the solution (step 1) or placing the

sample (step 2). The sample is stored for another 24 h in the second desiccator resulting

again in a well-defined and reproducible near-surface structure.

In total, the influence of six different RHs is investigated. Five of them are realized by

the described procedure using the salts listed in table 3.5. The sixth RH is represented

by dry conditions. The corresponding sample does not leave the desiccator after step 1

but is stored for the entire 48 h in the first desiccator. The subsequent XRR, contact

angle and probe tack measurements are performed directly after step 2, i. e. 48 h after

the coating step.

In summary, the presented preparation procedure ensures that the observed near-surface

composition profiles exclusively depend on the installed RH. The isolation of the influence

of the RH would not be realizable if the solution was deposited directly under humid

conditions. In that case, two effects would be present at the same time: a certain interface

selectivity due to the polar water molecules in the surrounding atmosphere would occur

and, following from the constant desiccator volume, the solvent evaporation rate would be
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reduced due to the presence of the water molecules. Both phenomena would influence the

distribution of monomers near the PSA surface and their individual contributions could

not be separated.

6.1.1 Humidity dependent composition profiles

The fitted XRR data of the six samples composing the RH series are depicted in the left

panel of figure 6.1. With increasing RH, an increased intensity of the modulations at

low qz values with respect to the background level is obtained. This is indicative for an

increased amplitude of the variations of the refractive index in the near-surface region.

As a consequence, larger compositional heterogeneities are to be expected for the higher

RHs.

Figure 6.1: Left: XRR data (symbols) and the corresponding fits (lines) of a humidity series of P(EHA-
stat-20MMA) films. The individual RHs are indicated by the corresponding label of each curve. The data
are shifted along the intensity axis for clarity. Right: Respective grayscale-coded composition profiles to
the shown fits. Each profile represents the near-surface region covering the range 0 < z < 20 nm. The
grayscale code is defined in figure 3.3.

The corresponding grayscale-coded composition profiles (see right panel of figure 6.1)

confirm this observation. Close to the surface, a prominent PMMA enrichment is detected

for all samples. The corresponding concentration increases as a function of RH as can

be deduced from the darker color close to the surface for the higher RHs. Except for

a RH of 85 %, also the thickness of the PMMA-rich top layer increases with increasing

RH. Closely related to the PMMA enrichment layers are the PEHA enriched zones in the

sub-surface region that are also more intense for large humidities.

Interestingly, comparing the PMMA surface enrichment of the sample prepared under dry

conditions (48 h) with that obtained after step 1 (24 h), slight differences arise. Whereas
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after step 1 the maximum PMMA concentration is not higher than 50.8 % (see section

3.3.3), it is 63.7 % after step 2. The reason for this increase can be found in a fraction of

toluene which has not yet been evaporated after 24 h.

Although a very small amount of residual solvent is not detectable (see section 5.1.1), it

might still be present after 24 h regarding the slower evaporation in the desiccator. Such

residual solvent after step 1 explains the increased PMMA content at the surface after 48

h. Solvent that was situated deeper in the film after 24 h is still capable of transporting

an additional small amount of PMMA to the surface explaining the change from step 1

to step 2.

It is not likely that this additional PMMA enrichment is a result of the tendency of the

polymer material to reorganize towards an equilibrium structure. The reason is that with-

out the presence of an additional stimulus and especially in a dry, unpolar environment,

PEHA should enrich at the surface due to the minimization of the surface energy as it has

been shown in section 5.3. An investigation of the internal reorganization process after

step 1 upon storage under ambient conditions is provided in the next chapter.

In contrast to the increase in PMMA concentration from step 1 to step 2, the increase in

PMMA concentration as a function of RH for the 48 h old samples cannot by explained

via the residual solvent. This is because the residual solvent would even evaporate more

slowly upon the presence of water vapor. All samples are of equal age and, thus, a slower

residual solvent evaporation implies a lower total amount of evaporated solvent. As a

further consequence, with increasing RH less PMMA can be transported to the surface

and, hence, the PMMA concentration should even be lower for higher RHs, which is not

the case. This argumentation is consistent with a study of Gu and Alexandridis reporting

that the drying rate decreases with increasing RH [187].

The explanation for the surface PMMA concentration increase as a function of RH must

be based on the increased presence of the polar water vapor molecules surrounding the

sample. Under such conditions, it is more favorable for the surface of the P(EHA-

stat-20MMA) films to be enriched with the more polar PMMA. The more water vapor

molecules there are in the desiccator and, hence, in the vicinity of the sample, the more

PMMA can be attracted to the surface. Under constant temperature (which is the case),

the amount of water vapor increases monotonically with the RH explaining the observed

RH dependence of the surface PMMA enrichment.

In order to relate the observed near-surface composition profiles to the measured surface

tensions and tackinesses, it is necessary to quantify the enrichment of one component. In

section 5.1.2, the usefulness of the averaged minority component content within a certain

near-surface region has been demonstrated. Within the approach to tailor the mechanical

properties via the near-surface composition profiles it is important to analyze the average
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PMMA content over near-surface regions of different thickness. For this purpose, the

mean PMMA concentration κPMMA in the region between the sample surface (z = 0) and

a certain depth z > 0 is calculated via

κPMMA(z) =
1

z

z∫
0

cPMMA(z̃) dz̃. (6.1)

cPMMA(z) is calculated from the corresponding refractive index profile for each z using

equation 3.1.

Figure 6.2 exemplarily shows the integrated near-surface PMMA content for selected

depths z = 2, 4, 15, 50 and 100 nm. The plot confirms what has already been indicated

by the grayscale-coded composition profiles. Considering only a narrow region with z = 2

nm, a monotonic increase of the corresponding PMMA concentration from 55 % for dry

conditions up to 85 % for a RH of 75 % is obtained. For RHs higher than 75 %, no

further near-surface PMMA adsorption is detected. The clear trend, which is observed

for z = 2 nm, is less pronounced for larger z values. When finally z ≥ 50 nm is selected,

the average PMMA content is even constant as a function of RH.

Figure 6.2: Mean PMMA con-
tent in the near-surface region
ranging from the sample surface
to different depths z. From top
to bottom the thickness of the
integration region increases as
shown by the labels.

The symbol size in figure 6.2 is chosen so that it equals the error of κPMMA(z), which

is approximately 3 %. The error is estimated by varying the refractive index profile

corresponding to the best fit of the respective XRR curve. A fit is considered to be

acceptable as long as it does not exceed the symbols chosen for plotting the XRR data.

6.1.2 Humidity dependent surface tension

In order to investigate whether the installed RH dependent composition profiles are ca-

pable to alter the mechanical properties of the P(EHA-stat-20MMA) films, the corre-

sponding surface tensions are measured. For this purpose, contact angle measurements,
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Figure 6.3: Time dependent contact angles of droplets of the test liquids paraffin oil, diiodomethane,
ethylene glycol, formamide, glycerol and water on a P(EHA-stat-20MMA) film prepared under dry con-
ditions. Measured data are represented by colored symbols and the solid lines are the corresponding fits.
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as it has been described in section 3.2.6, are carried out for all six samples composing the

humidity series.

The corresponding data are exemplarily shown for the film being completely prepared

under dry conditions in figure 6.3. For a more straightforward presentation, the plots of

the contact angle data corresponding to the other five samples are shifted to the appendix

A.3. The data are fitted using equation 3.5. The extracted equilibrium contact angles Θf

for all six samples are listed in table 6.1. From top to bottom, the polarity of the test

liquids increases.

As a result, the fitted equilibrium angles cover a range from 22◦ to approximately 90◦.

With increasing polarity of the test liquid, also the corresponding contact angle increases

within the achieved experimental accuracy. As a consequence, an improved wetting of

P(EHA-stat-20MMA) is obtained the lower the polarity of the liquid is. This is a first

indication that the overall PSA polarity, that is probed by the liquid droplets, is rather

low. Furthermore, the experimental errors are significantly lower for the less polar liquids.

However, from a comparison of the contact angles corresponding to one fixed test liquid

with respect to the samples prepared under different RH conditions, no clear trend is

visible. The respective values are very similar.

test liquid RH < 2 % RH = 23 % RH = 43 %

paraffin oil (23.7± 0.4)◦ (23.4± 0.5)◦ (22.3± 0.3)◦

diiodomethane (41.4± 1.0)◦ (42.5± 0.6)◦ (48.0± 0.8)◦

ethylene glycol (55.8± 1.3)◦ (59.7± 0.9)◦ (59.3± 2.1)◦

formamide (74.9± 0.6)◦ (72.1± 1.8)◦ (72.3± 2.3)◦

glycerol (88.4± 2.6)◦ (85.5± 5.5)◦ (82.0± 5.7)◦

water (82.5± 2.3)◦ (88.4± 7.4)◦ (92.0± 6.0)◦

RH = 54 % RH = 75 % RH = 85 %

paraffin oil (22.7± 0.2)◦ (24.1± 0.4)◦ (22.3± 0.2)◦

diiodomethane (47.8± 1.0)◦ (41.6± 0.8)◦ (42.7± 0.7)◦

ethylene glycol (56.3± 1.3)◦ (55.5± 2.2)◦ (57.0± 0.5)◦

formamide (73.4± 1.7)◦ (74.7± 1.0)◦ (77.5± 4.5)◦

glycerol (81.3± 7.4)◦ (82.2± 5.0)◦ (86.3± 3.6)◦

water (97.6± 1.2)◦ (84.1± 3.4)◦ (85.1± 3.5)◦

Table 6.1: Fitted equilibrium contact angles of the six test liquids corresponding to the samples composing
the humidity series of P(EHA-stat-20MMA).

For the case of ethylene glycol and formamide, the equilibration times are comparably

long. Therefore, the selected time window in figure 6.3 is not sufficiently large to be able
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to obtain the approach towards Θf . Furthermore, due to the chosen range of the axes, it

appears as if the shape of the data would not coincide with the exponential decay towards

an equilibrium value as modeled with equation 3.5. On a first glance, the curves rather

seem to obey linear functions.

In order to rule out such different behavior it is necessary to conduct test measurements

covering a larger time interval. At least the ethylene glycol droplets are sufficiently stable

that accordingly longer measurements are possible. In this context, six test measurements

are performed using ethylene glycol droplets on a P(EHA-stat-20MMA) film prepared un-

der dry conditions. The contact angle as a function of time is monitored for approximately

100 min.

Figure 6.4: Long-time mea-
surement of the contact an-
gle of ethylene glycol droplets
on a P(EHA-stat-20MMA) film
prepared under ambient condi-
tions. Colored symbols repre-
sent measured data points and
the fits are plotted as solid lines.

The data of the long-time ethylene glycol measurement are shown in figure 6.4. The mea-

sured curves appear rather step-like originating from the extremely slow change of the

contact angle. Within the time represented by such a step, a constant contact angle is de-

tected. Nevertheless, with such a long measurement time the expected exponential decay

becomes evident justifying the application of the fit function 3.5 also to the formamide

and ethylene glycol droplets. Fitting the measured data leads to an equilibrium angle of

Θf = (55.1± 0.7)◦, which matches the value obtained from the 70 s measurements. The

good agreement is also a proof that it is sufficient to perform such short measurements in

order to obtain the equilibrium angle.

With the method of Owens and Wendt (see section 2.1.4), both, the dispersive and polar

contribution of the surface tension of all six samples composing the humidity series can

be extracted. The corresponding six Owens-Wendt plots are depicted in figure 6.5 using

the nomenclature of equation 2.27. The solid line is a linear fit to the Θf -dependent data

points which enter the plot according to equation 2.27.

For the calculation of the error bars in direction of the ordinate within the Owens-Wendt
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Figure 6.5: Owens-Wendt plots corresponding to the six P(EHA-stat-20MMA) films composing the
humidity series. The RH increases in reading direction.
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plots, the standard equation of the propagation of uncertainty is used. The ordinate is

determined via

yOW =
(1 + cos(Θf )) γ

2
√
γd

. (6.2)

Therefore, the corresponding error follows as

∆yOW = |∆Θf |
∣∣∣∣∂yOW∂Θf

∣∣∣∣ = |∆Θf | |sin(Θf )|
γ

2
√
γd

, (6.3)

where Θf is the mean value and |∆Θf | the experimental error of the equilibrium contact

angle.

In summary, the resulting Owens-Wendt plots are very similar. This is also reflected in

the extracted values of the polar and dispersive contribution of the surface tension. The

corresponding values are plotted in figure 6.6 as a function of the RH. As a result, within

the achieved experimental accuracy both surface tension contributions and, hence, the

total surface tension are independent of the RH. The respective mean values averaged over

all six measurements of the humidity series are γp(P(EHA-stat-20MMA)) = (2.6 ± 0.6)

mN/m, γd(P(EHA-stat-20MMA)) = (30.5± 0.8) mN/m and γ(P(EHA-stat-20MMA)) =

(33.1± 0.3) mN/m. So, the surface tension of P(EHA-stat-20MMA) is in between those

of the involved components PEHA and PMMA. However, it cannot be calculated by

weighting the surface tensions of the constituents according to their composition ratio.

Figure 6.6: Polar (open tri-
angles) and dispersive (open
squares) components of the to-
tal surface tension (filled cir-
cles) of P(EHA-stat-20MMA)
films as a function of the RH.
The horizontal line is posi-
tioned at the mean value of the
total surface tension.

Nevertheless, the obtained constancy of the surface tension can be related to the near-

surface composition profiles presented in section 6.1.1. Although PMMA is significantly

enriched at the sample surface, the thickness of the corresponding layer is thinner than

the radius of gyration of the copolymer (see section 5.1.1). In contrast, the surface tension

is determined by the interactions of the droplets with the complete near-surface region
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up to a certain depth. As it has been shown in figure 6.2, the correlation of the average

PMMA content with the RH is already very weak for an integration region of z = 15 nm

and it is completely lost for z ≥ 50 nm.

As a consequence, the sensitivity of the contact angle measurements with respect to the

very weak integrated compositional variations (especially for z ≥ 15 nm) is too small that

an impact on the surface tension could be resolved. If there actually was a RH dependent

variation in surface tension, it would anyhow not exceed the obtained error bars and

would, thus, be very small.

Similar observations supporting these findings have already been reported in literature.

For example, Staeger and coworkers produced poly(styrene-b-butadiene-b-styrene) tri-

block copolymer films with different copolymer formulations and investigated the influ-

ence of UV light exposure on the nanomechanical properties [188]. The authors obtained

a strong variation of the surface stiffness and the adhesive properties. The surface tension

determined via contact angle measurements, however, remained constant. In accordance

with the study of Staeger, changing the acrylic acid content of P(EHA-co-acrylic acid)

elastomers did not result in a change of the surface tension of the material, too [189]. It

is very likely that the variations of the respective controll parameters in both studies had

also an impact on the near-surface composition, which was just not in the scope of the

respective publications.

6.1.3 Humidity dependent tackiness

From an application point of view, it is even more interesting to measure the tackiness of

the PSAs of the humidity series rather than the surface tension. However, the observation

of the constant surface tension as a function of the RH is important for the interpretation

of the data measured in the probe tack tests. The reason is that, due to the Young-Dupré

equation 2.22, the constant surface tension implies a constant thermodynamic work of

adhesion as a function of RH for a given punch material.

Probe tack tests have been performed for all six P(EHA-stat-20MMA) samples composing

the humidity series. A highly polished punch fabricated out of stainless steel is used for

this investigation. A detailed characterization of the punch surface is given in section

3.2.8. In order to optimize the surface sensitivity of the tack experiments, a contact force

of only 1 N is selected. Together with the comparably large punch diameter of 2 mm, the

nominal contact pressure is reduced to 0.32 MPa. Please note that the contact pressure

for the samples prepared under ambient conditions was 12 times higher emphasizing the

improved sensitivity.

Figure 6.7 shows all tack data for the six samples of the humidity series. The RH increases

in reading direction. Each single curve represents one sampling point corresponding to
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Figure 6.7: Force-distance curves obtained for the P(EHA-stat-20MMA) films composing the humidity
series. The insets are representative images of the punch area at the time when all cavities have evolved.
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one RH. All curves exhibit the typical shape of a non-crosslinked PSA as introduced in

section 2.1.6 and as already described in the previous chapter for the samples prepared

under ambient conditions. As a consequence, the shape of the force-distance curve is not

altered qualitatively upon the change in experimental parameters.

Representative microscope images of the punch area, which are the insets in the individual

plots in figure 6.7, exhibit a clear RH dependence. The images are snapshots of the

cavitation process at a point during stage III of the four-stage model of a probe tack

experiment (see section 2.1.6). All images are taken at the moment when the maximum

number of cavities has been reached. As a result, the total number of cavities increases

with increasing RH.

The tack energy and the force maximum are extracted out of the measured data for all

six samples. These parameters are plotted as a function of the RH in figure 6.8. As a

result, both, the force maximum and the tack energy increase with increasing RH. For

the tack energy the biggest step occurs between a RH of 23 % and 54 %. In total, the

tack energy covers a range between (143.1± 11.0) µJ and (222.7± 21.4) µJ. This means,

that despite the unchanged bulk material, the tack energy can be increased by a factor

of approximately 1.6 upon the exposure to humid air. Due to the corresponding larger

error bars, such details cannot be derived for the force maximum. But anyhow, the force

maxima measured for the samples prepared at RHs larger than 54 % are significantly

higher than those for the lower RHs.

Figure 6.8: Tack energy (left) and force maximum (right) as a function of RH obtained for the P(EHA-
stat-20MMA) films composing the humidity series.

The obtained humidity dependence of the tackiness is solely a consequence of the altered

near-surface mechanical properties related to the installed composition profiles because of

two circumstances. First, the selected preparation protocol ensures equal bulk material of
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all six samples. And second, as already mentioned, the thermodynamic work of adhesion

is constant as a function of the RH.

In this context, for an EHA based random copolymer Lakrout and coworkers found an

almost linear relation between the shear storage modulus and the maximum stress empha-

sizing the close connection between the mechanical properties and the resulting adhesive

performance [40]. A direct comparison to the findings of Lakrout, however, remains dif-

ficult because in the presented study the bulk rheological properties are not affected by

the installed differences in near-surface composition.

The explanation to the observed behavior must rather be related to the observed cavitation

process. This is because the cavities predominantly appear in a region close to the punch

(see section 2.1.6) and, thus, in that region which is mostly affected by the change in the

RH. Therefore, the medium in which the cavities are created and then elongated changes

within the humidity series.

The influence on the cavitation process becomes evident from the increasing number of

cavities with increasing RH. For the higher RHs, a higher fraction of the less mobile and

stiffer component PMMA is located close to the PSA-punch interface. The reduced mo-

bility in the near-surface material restricts the growth of the cavities. As a consequence,

the merging of two appearing cavities is less likely for the cases of higher PMMA concen-

tration implying a higher total number of cavities with a smaller area. Indeed, figure 6.7

proves the described dependence of the number of cavities on the RH and, thus, the near-

surface PMMA concentration. These findings are consistent with the work by Lakrout

and coworkers who carried out probe tack experiments and compared the maximum av-

erage area of a cavity in pure PEHA films to the corresponding area in P(EHA-stat-AA)

[40].

However, a complete theoretical description is not possible because existing theories do

not distinguish between bulk and near-surface material. Nevertheless, the approach to

attribute the existence of cavities to interfacial defects arising from the different rough-

ness length scales of the punch compared to the PSA surface (see section 2.1.6) is very

promising.

In the underlying work of Gay and Leibler [37], it is claimed that the true contact area of

the punch with the PSA becomes smaller with increasing rigidity of the surface because

the contact area is more restricted to the summits of the rough surfaces. The XRR

measurements show that the PSA surface roughness does not change as a function of

RH. Moreover, with increasing RH an increased content of the more rigid component

PMMA is found at the surface. From the results by Gay and Leibler, it can therefore be

concluded that, due to the constant nominal contact force of 1 N, the effective contact

pressure increases as a function of RH. As a further consequence, the tack energy and the
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force maximum increase, too.

The trend that a higher tack energy is to be expected for a higher RH and, thus, a

higher near-surface PMMA concentration also follows from the theoretical description of

the expansion of the cavities in section 2.1.6. According to equation 2.34, the energy

necessary to elongate an existing void increases with both, the surface tension and the

Young’s modulus of the medium in which the cavity is embedded. Both values are higher

for PMMA than for PEHA. So, in summary, also the theoretical consideration of cavity

growth predicts an improved tackiness for the P(EHA-stat-20MMA) films prepared under

higher RHs.

6.2 Variation of the solvent

The preparation protocol, which is elaborated in section 6.1, is very useful to isolate and

understand the influence of the RH. Both, toluene as a solvent and the polar environment

favor the surface segregation of the more polar PMMA. In the following, routes involving

the choice of solvent and the type of atmosphere surrounding the sample are presented to

attract either PEHA or PMMA to the surface. From an application point of view, these

methods are easier to apply because a change of the sample environment is not involved.

The samples are not cast under dry conditions first.

6.2.1 Attraction of PEHA

The attempt to attract the unpolar PEHA towards the sample surface is rather contrary

to what is presented in section 6.1. For the solution casting, toluene is replaced by the

very unpolar solvents n-hexane or cyclohexane. In addition, the saturated salt solutions

producing the well-defined RHs are replaced by 10 mL of the respective solvent leading

to a solvent vapor atmosphere. Like this, also the interactions of the sample with the

surrounding medium are predominantly dispersive.

A useful side-effect is that, despite the relatively high volatility of the solvents (the boiling

points are 69 ◦C for n-hexane and 81 ◦C for cyclohexane), the presence of solvent vapor

in the desiccator slows down the evaporation process. As a consequence, also for these

samples (for XRR) convenient surface roughness values on the order of 0.5 nm are obtained

(see section 5.1.1).

The decelerated solvent evaporation is responsible that after only one day, the samples are

not fully dried. That is why for the investigation of the influence of the different solvents,

the drying time in the solvent-filled desiccators is extended to three days. Depending on

the employed solvent, there is still a certain amount of residual solvent as it is proposed

in section 6.1.1. The remaining solvent evaporates between the opening of the desiccator
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lid and the start of the XRR measurements. Therefore, the interpretation of the XRR

data is not affected. Nevertheless, it is important to quantify the amount of remaining

solvent in order to understand the obtained near-surface composition profiles.

For this purpose, gravimetric measurements are carried out for each sample of the solvent

series. The relative mass loss ∆mr is monitored as a function of time. It is important to

note that it is impossible to measure the mass of a sample simultaneously with removing

the lid of the desiccator. To solve this problem, all curves are normalized to the mass of

the sample exactly 2 min after opening the desiccator m(2 min). From this point on, the

mass m of the sample is recorded as a function of time t. The relative mass loss then

follows as

∆mr(t) =
m(2 min)−m(t)

m(2 min)−mS

, (6.4)

where mS is the mass of the pristine substrate. The latter was measured before the

solution casting. The data obtained for the n-hexane and cyclohexane based preparation

protocol are plotted in figure 6.9. Due to the high precision of the employed balance (see

section 3.2.5), the error bars are smaller than the selected symbol size.

Figure 6.9: Relative mass loss
as a function of time of solu-
tion cast P(EHA-stat-20MMA)
films under solvent vapor condi-
tions. The underlying solvents
are n-hexane (stars) and cy-
clohexane (squares). The solid
lines are the respective fits to
the data.

The shape of the mass loss curves indicates an approach to a limiting value for large times.

The limiting value Sr is extracted by fitting an exponentially approaching function to the

measured data. For t ≥ 2 min, the fit function is defined as

∆mr(t) = Sr

(
1− exp

[
−(t− 2 min)

Tr

]cr)
. (6.5)

Tr is the time constant of the decay and cr an additional damping parameter necessary to

match the shape of the data. For large times t, the fit function converges to Sr, which can

be understood as both, the limiting value of the relative mass loss or the mass fraction of

the remaining solvent 2 min after opening the desiccator.
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solvent Sr [%] cr Tr [min]

n-hexane 8.5± 0.1 0.7± 0.1 3.8± 0.1

cyclohexane 24.0± 0.2 0.5± 0.1 7.2± 0.2

Table 6.2: Fit parameters of the mass loss curves of P(EHA-stat-20MMA) films solution cast under
solvent vapor atmosphere.

The corresponding fitted functions are the solid lines in figure 6.9 and the underlying fit

parameters are listed in table 6.2. The errors to the fitted parameters are provided by the

fitting routine. As a result, the remaining solvent for the cyclohexane based preparation

is significantly higher than for n-hexane. A clear trend for the other two parameters Tr

and cr cannot be extracted.

The low value of cr for cyclohexane is remarkable. It implies a large damping of the

curve. The reason might be that during the gravimetric measurement the sample is in an

unsealed, but enclosed volume provided by the precision balance. The volume provided

by the balance is approximately 6.2 L. Therefore, the solvent cannot vanish immediately

and may cause a decelerated evaporation for high remaining solvent contents. Opening

the windows of the balance is, however, not an option because disturbing air flow would

prevent the necessary high precision of the obtained values. Anyhow, Sr as the most

important parameter is reliably extracted.

Figure 6.10: Left: XRR data (symbols) and respective fit (solid line) of a P(EHA-stat-20MMA) film
prepared with the cyclohexane based protocol. The inset shows the grayscale-coded (for definition see figure
3.3) composition profile. Right: Refractive index profile corresponding to the fit to the data. The vertical
lines are positioned at the refractive indices of PEHA, PMMA and P(EHA-stat-20MMA).

Starting with the cyclohexane based sample, the corresponding analyzed XRR data are de-
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picted in figure 6.10. As expected, a pronounced PEHA enrichment layer with a thickness

of 4.5 nm is situated on top of the sample. Similar to all other PSA films, an oscillating

composition is obtained in the sub-surface region. This results in a weak PMMA enrich-

ment layer reaching its highest concentration at a depth of 13.8 nm. The homogeneous

bulk material is again approached from a broad PEHA dominated region.

Surprisingly, the situation changes when cyclohexane is replaced by the even less polar

n-hexane. The corresponding XRR data are shown in figure 6.11. Although the com-

plete near-surface region (z < 150 nm) is still dominated by the almost unpolar PEHA,

directly at the surface the PEHA concentration is significantly lower than for the cyclo-

hexane based protocol. The corresponding minimal PEHA content for the n-hexane based

preparation is 49.1 % and it is obtained at z = 1.5 nm.

This behavior can be understood from the lower boiling point of n-hexane. Due to the high

tendency of n-hexane to go into the vapor phase, the capability of the solvent to trans-

port PEHA towards the surface is reduced. So, not only the polarity of the surrounding

atmosphere and the involved solubility parameters are important for the obtained com-

position profiles, but also the solvent evaporation rate is decisive. Thus, the interplay of

all influencing factors makes the near-surface adsorption processes very complex.

Figure 6.11: Left: XRR data (symbols) and respective fit (solid line) of a P(EHA-stat-20MMA) film
prepared with the n-hexane based protocol. The inset shows the grayscale-coded (for definition see figure
3.3) composition profile. Right: Refractive index profile corresponding to the fit to the data. The vertical
lines are positioned at the refractive indices of PEHA, PMMA and P(EHA-stat-20MMA).

Nevertheless, when the average PEHA content of the complete near-surface region is

considered, the corresponding values are as expected. For example, κPEHA(100 nm) =

92.3 % for the n-hexane and 82.5 % for the cyclohexane based protocol (for definition see

equation 6.1). These integrated PEHA concentrations are in accordance with the lower
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polarity of n-hexane as compared to cyclohexane.

In summary, the presented preparation protocol based on non-polar solvents is capable

of attracting the sticky component PEHA to the sample surface. However, a precise

prediction of the near-surface composition profiles remains difficult. Further fine-tuning

of the composition profiles would require the exact controll over the solvent evaporation

rate. This might be achievable by using solvent mixtures or adjusting the temperature.

6.2.2 Attraction of PMMA

In order to attract the more polar PMMA to the film surface, the surrounding atmosphere

is exchanged towards a more polar environment. The filling of the desiccator (non-polar

solvent) is replaced by a saturated sodium chloride solution providing a RH of 75 %.

Different solvents are used to dissolve P(EHA-stat-20MMA). The humid atmosphere in

the desiccator is not varied. With increasing porlarity, the addressed solvents are n-

hexane, cyclohexane, toluene and dichloromethane.

For the unpolar liquids, it is interesting to investigate the competition between the PEHA

favoring solvent evaporation and the PMMA favoring (see section 6.1.1) polar atmosphere.

The more polar solvents together with the water vapor are supposed to strongly attract

PMMA. However, as it has been shown in section 6.2.1, the amount of remaining solvent

after the one-step preparation has to be taken into account. For this purpose, gravimetric

measurements are carried out for all four samples. The corresponding data are shown in

figure 6.12.

Figure 6.12: Relative mass
loss as a function of time
of solution cast P(EHA-stat-
20MMA) films under humid
air. The underlying sol-
vents are n-hexane (stars),
dichloromethane (circles), cy-
clohexane (squares) and toluene
(triangles). The error bars are
smaller than the symbol size.
The solid lines are the respec-
tive fits to the data.

As it is described in section 6.2.1, the data are fitted using equation 6.5 in order to obtain

the remaining solvent content after opening the desiccator Sr. The extracted parameters

corresponding to the four different liquids are listed in table 6.3. The errors to the fitted
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parameters are provided by the fitting routine.

Comparing the evaporation behavior of n-hexane and cyclohexane to that obtained for

the solvent vapor based protocol, significantly less solvent remains for the case of a humid

drying environment. The corresponding values of Sr differ at least by a factor of 3. It can

be concluded that the humid environment is less effective in reducing the evaporation rate

than the solvent vapor. Moreover, the constant and relatively high value of cr indicate

that the damping of the solvent evaporation arising from the experimental setup plays

only a minor role for such low remaining solvent contents.

solvent ϑb [◦C] ε Sr [%] cr Tr [min]

n-hexane 69 1.9 1.5± 0.1 0.8± 0.1 7.3± 0.2

dichloromethane 40 8.9 4.2± 0.1 0.8± 0.1 6.4± 0.1

cyclohexane 81 2.0 6.4± 0.1 0.8± 0.1 6.3± 0.1

toluene 111 2.4 9.2± 0.2 0.8± 0.1 5.0± 0.1

Table 6.3: Fit parameters of the mass loss curves of P(EHA-stat-20MMA) films solution cast in humid
environment. In addition, the respective dielectric constants ε as a measure for the polarity and the boiling
points ϑb are provided for each test liquid.

The values of Sr and Tr are neither monotonic functions of the polarity (see dielectric

constant) nor of the boiling point. As a consequence, the presence of the polymer influ-

ences both, the amount and the evaporation rate of the remaining solvent. A suitable

measure for the polymer-solvent interactions are the respective solubility parameters D

(see section 2.1.1). In figure 6.13, Sr and Tr are plotted as a function of the difference in

solubility parameter between the majority component PEHA and the respective solvent.

The involved solvent solubility parameters are taken from reference [152].

Figure 6.13: Residual solvent
Sr (filled symbols) and time
constant Tr (open symbols) as
a function of solubility parame-
ter difference. The symbol types
match with figure 6.12. The er-
ror bars are on the order of the
symbol size.

As a result, Sr decreases and Tr increases almost linearly as a function of difference

in solubility parameters |D(solvent)−D(PEHA)|. So, the better the solubility of the
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majority component PEHA with respect to the employed solvent is, the more solvent

remains in the sample within the three days in the desiccator. Besides, after removing

the lid also a faster evaporation of the residual solvent occurs.

These observations related to the solvent are also reflected in the near-surface distribution

of components. The corresponding XRR data together with the grayscale-coded near-

surface composition profiles are shown in figure 6.14. For the case of the non-polar solvents

n-hexane and cyclohexane, which exhibit small Sr values, the residual solvent effect is less

evident. The profiles are dominated by the already mentioned competition between the

PEHA and the PMMA favoring phenomena.

Figure 6.14: Left: XRR data (symbols) and the corresponding fits (lines) of the solvent series of P(EHA-
stat-20MMA) films prepared under humid conditions in a one-step protocol. The individual solvents are
indicated by the corresponding label of each curve. The data are shifted along the intensity axis for
clarity. Right: Respective grayscale-coded composition profiles to the shown fits. Each profile represents
the near-surface region covering the range 0 < z < 20 nm. The grayscale code is defined in figure 3.3.

For both of these unpolar solvents, the solubility effects are outweighed by the polar

interactions with the environment so that a PMMA enrichment is obtained at the surface.

A 3.0 nm thick PMMA enriched layer with a concentration of 70.8 % is found at the air-

interface for cyclohexane. Underneath, there is a narrow region with even more MMA

monomers per unit volume. The respective maximum concentration is 96.2 %. In the case

of P(EHA-stat-20MMA) cast from an n-hexane based solution, the maximal concentration

(99.3 %) is obtained directly at the sample surface. Before the convergence towards

homogeneous bulk material, there is a second, weaker PMMA enriched zone at a depth

of z = 11.5 nm.

A similar trend has already been observed for the preparation under solvent vapor: for

n-hexane there was already a considerable amount of PMMA at the sample surface and
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for cyclohexane it was not (see section 6.2.1). The main difference is, that for the humid

environment in total much more PMMA is obtained in the near-surface region as compared

to the solvent vapor case. It can be concluded, that despite the still visible impact

of the non-polar solvents, dominant polar interactions are present. Furthermore, also

following from the similarity to the solvent vapor based protocol, the drying speed is still

an influencing factor.

A different situation arises for the more polar toluene. Starting from the PSA surface, the

PMMA content increases monotonically up to a depth of z = 3.8 nm, where the maximum

concentration of 70.8 % is found. This is followed by a PEHA enriched zone converging

towards homogeneous bulk material. Especially the compositon for small z values is very

different from what is known for the preparation under ambient (see section 5.1.1) and

dry (see section 6.1.1) conditions, where PMMA formed a pronounced top layer. From a

first glance, it is to be expected that the humidity in the atmosphere should even attract

more PMMA towards the surface.

The reason for this behavior can be found in the comparably large amount of solvent

which is still present when the desiccator is opened after a storage time of three days

(see table 6.3). The PMMA transport due to the very slowly evaporating solvent has

not yet been completed. Removing the lid of the desiccator enables a comparably quick

volatilization of the toluene and the spatial distribution of the polymer chains almost

freezes in. It is to be expected that, regarding the uniquely PMMA favoring conditions,

a longer storage time in the desiccator should lead to the expected amplification of the

PMMA enrichment. This is investigated in a time series and is presented in section 7.2.

Finally, the circumstances for a PMMA enrichment in the dichloromethane based PSA

film are ideal: dichloromethane is the most polar of all test liquids and the amount of

remaining solvent is so low, that most of the PMMA transport should be finished. And

indeed, the surface consists of 100 % PMMA and also a second, weaker PMMA enriched

zone is detected in a depth of 5.8 nm. An interesting question is whether, upon storage

under ambient air, such intense enrichment layers can withstand the PEHA favoring

reorganization process presented in section 5.3. Corresponding time series, starting with

the presented state after the dichloromethane and the n-hexane based preparation under

humid conditions, are discussed in section 7.1.2.

In summary, the polarity of the chosen solvent is important but it is only dominant for

a non-polar environment in combination with a low remaining solvent content. When

different external parameters are chosen, then the polarity effects are still visible but

they are outweighed by the volatility and solubility of the solvent as well as the type of

surrounding atmosphere.
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6.3 Conclusion

Regarding the results presented in this chapter, it can be concluded that it is possible

to tailor the near-surface composition of a P(EHA-stat-20MMA) film. Although the

processes which are involved in the solution casting based PSA film processing methods

are very complex, key parameters have been identified which determine the near-surface

distribution of the components PEHA and PMMA.

One of them is the relative humidity (RH) or, in other words, the polarity of the sur-

rounding medium. A suitable sample preparation protocol has been developed to isolate

the effect of the RH. As a result, the concentration of the more polar component PMMA

increases with increasing RH and, thus, with increasing number of water molecules in the

atmosphere. Mostly affected by this enrichment are the upper 2 nm of the PSA film.

The effect gets less pronounced when the average PMMA content of thicker near-surface

regions is considered. No correlations are obtained when the corresponding integration is

performed over more than 50 nm measured from the film surface. Mechanical properties

determined with contact angle measurements and probe tack tests can be explained with

the observed composition profiles.

The with the method of Owens and Wendt extracted surface tension is constant as a

function of RH. This is because the involved interactions between the test liquid droplets

and the PSA exceed the range for which a pronounced PMMA enrichment is detected.

In contrast, the tack experiments reveal a clear dependence of the adhesive performance

on the RH. The tack energy and the force maximum increase (within the error bars)

monotonically as a function of RH. An explanation is based on the altered near-surface

mechanical properties originating from the RH dependent near-surface composition.

Further tuning of the composition profiles can be achieved by using both, different solvents

for the polymer solutions and different types of media surrounding the drying films. The

combination of a non-polar solvent with the corresponding solvent vapor atmosphere leads

on average to a strong surface enrichment of the less polar PEHA. The exact shape of the

composition profiles, however, depends also on the evaporation speed of the solvent.

Non-polar solvent combined with humid atmosphere leads to a preferential adsorption of

the more polar PMMA. Although the influence of the solvent is still reflected in the near-

surface composition, it is outweighed by the polar interactions. Finally, polar solvents

combined with a polar environment lead in principle to a strong PMMA enrichment.

However, this is not true for scenarios in which the MMA transport process has not yet

been completed originating from a very slow solvent evaporation.

In summary, for an exact tailoring of the complete near-surface composition profiles, there

are several key parameters among which are the involved solubilities of the polymer with

respect to the solvent, the drying rate, the surrounding atmosphere and the sample age
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(see next chapter). These parameters are not independent from each other and there

are many ways how to influence them. Future experiments might involve temperature

gradients, solvent mixtures, variations of the geometry of the sample environment or

different types of gases for the surrounding medium.
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Chapter 7

Aging of P(EHA-stat-20MMA)

In section 5.3, it has been shown that the near-surface composition profiles of the studied

statistical copolymer films are time-dependent. The minimization of the surface energy as

the driving force is responsible for an internal molecular reorganization which in this work

is referred to as aging. Depending on the initial state of the molecular arrangement and

the type of the involved components, it has been shown that the change of the composition

profile can be more or less significant.

In literature, a detailed analysis of the location of the individual components as a function

of time and distance from the sample surface is still missing. Nevertheless, there are some

publications addressing the aging of adhesives. For example, a clear change in surface

morphology of industrial acrylic latices was observed with atomic force microscopy [190].

Furthermore, the impact on the mechanical properties does not seem to follow a clear

trend. The monitored behavior depends on the investigation technique as well as on the

selected sample system. In this context, a nanoindentation study of blends of amorphous

hydrogenated polyisoprene and n-butyl ester of abietic acid reveals that the work of

adhesion decreases as a function of time [191]. In contrast, Czech demonstrated that

PSA films based on EHA and AA exhibit an increase in peel force as a function of time

[192].

Similar to these observations, the previous chapter showed that, by choosing an appropri-

ate preparation protocol, the mechanical properties of samples of the same material and

of equal age can exhibit different mechanical properties. That is why for the investiga-

tion of aging it is inevitable to start from a well-defined state of the samples. Such well

reproducible structures are achieved with the preparation under controlled atmosphere,

which has been elaborated in the previous chapter.

In this chapter, four different aging series of P(EHA-stat-20MMA) films are presented.

Each of them is based on a different initial near-surface composition profile and depends

on the history of the preparation. First, the aging under ambient conditions is described.

139
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The results are then compared to a sample that is prepared and stored under humid

environment. For the aging under ambient conditions, samples with different initial degree

of PMMA enrichment are chosen.

Results of this chapter have been published in reference [184].

7.1 Aging under ambient conditions

The investigation of the molecular reorganization under ambient conditions is the most

relevant situation for PSAs in standard applications. As already mentioned, a correspond-

ing sample series was presented in section 5.3 for the case of a PSA film being already

solution cast under ambient conditions. One difference resulting from the choice of con-

trolled atmosphere (and the related limited accessible volume for the evaporating solvent)

during the film drying is the presence of remaining solvent in the freshly prepared sample

(see sections 6.1.1 and 6.2).

It is to be expected that, in contrast to the drying under ambient conditions, this re-

maining solvent influences the near-surface composition profiles especially for low sample

ages. Due to this reason the focus in this chapter is on shorter time scales as compared to

the 359 d selected in section 5.3. Once the extractable remaining solvent has evaporated,

the PSAs will (for long times) behave as described for the preparation under ambient

conditions. For shorter times, the influence of initial near-surface PMMA concentration

of the P(EHA-stat-20MMA) films on the aging behavior is investigated.

7.1.1 Low initial near-surface PMMA enrichment

For the examination of aging in the case of freshly prepared samples with only weak

PMMA surface enrichment, a 24 h old P(EHA-stat-20MMA) film prepared under dry

conditions is chosen. The sample is cast from a toluene based solution. In section 6.1,

when describing the processing protocol for the investigation of the relative humidity, the

corresponding distribution of components has been referred to as “composition profile

after step 1”. So, by choosing this sample as starting point of an aging series, also the

question about what will happen if the sample was not subsequently placed in a second

desiccator is answered.

The analyzed XRR data together with the corresponding grayscale-coded near-surface

composition profiles are depicted in figure 7.1. The XRR data for t = 1 d have already

been shown in figure 3.13 (where the fit and the refractive index profile are represented as

dashed lines). Also the state of the freshly prepared sample has been discussed in detail

in section 3.3.3. The main result concerning the aging series is a weak enrichment of

the surface with PMMA. For the samples of all aging series, a broad sub-surface PEHA
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enrichment is found in depths around roughly 50 nm. This extended PEHA enriched zone

decays in intensity and converges to homogeneous bulk material for large z values.

For 1 d ≤ t ≤ 8 d, the thickness of the PMMA (black color) surface enrichment layer as

well as the corresponding PMMA concentration increase until a maximum is reached after

8 d (see right panel of figure 7.1). For the next investigated sample (t = 11 d), a fraction

of the MMA monomers has migrated from the surface into the film volume leading to a

lower surface PMMA concentration. At the same time, PEHA starts to move towards the

air-interface as can be seen from the bright area in a depth of 4.3 nm.

Figure 7.1: Left: XRR data (symbols) and the corresponding fits (lines) of an aging series of P(EHA-
stat-20MMA) films starting with low near-surface PMMA enrichment. The individual sample ages are
indicated by the corresponding label of each curve. The data are shifted along the intensity axis for
clarity. Right: Respective grayscale-coded composition profiles to the shown fits. Each profile represents
the near-surface region covering the range 0 < z < 20 nm. The grayscale code is defined in figure 3.3.

After 21 d, the PMMA surface enrichment is already relatively weak and the MMA

monomers are broadly distributed over a larger zone as can be seen from the gray color

of the corresponding composition profile. In the final step, at t = 38 d, this broadly

distributed PMMA densifies towards a more pronounced layer. As explained in 5.3, this

densification can be attributed to the preferential attraction of alike monomers. In total,

the overall amount of PEHA in the near-surface region after 38 d is considerably higher

than for the 11 d old sample. Furthermore, the weak PMMA enrichment layer in the last

measurement of the aging series has shifted slightly towards higher z values indicating

that PEHA starts to enrich on top of the sample.

More details can be extracted from the integrated PMMA concentrations over regions of

different thickness measured from the film surface. In analogy to figure 6.2, κPMMA(z)

(for definition see equation 6.1) is calculated for z = 2, 4, 15, 50 and 100 nm as a function
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of time. The resulting values are plotted in figure 7.2.

The described behavior of increasing surface PMMA enrichment until t = 8 d can be

seen from the monotonic increase of κPMMA(z) within 1 d ≤ t ≤ 8 d for z ≤ 15 nm.

The increase is less pronounced for broader integration regions and it is not evident for

z ≥ 50 nm. For such large z values, the PMMA concentration is constant as a function

of time. A similar large-z behavior has already been detected for the case of the relative

humidity (see section 6.1.1).

Figure 7.2: Mean PMMA con-
tent in the near-surface region
of an aging series of P(EHA-
stat-20MMA) which exhibits
low initial PMMA enrichment.
From top to bottom the thick-
ness of the integration region
increases as shown by the labels.
The error bars coincide with the
symbol size (see section 6.1.1).

For t = 11 d, the described loss of the PMMA enrichment is reflected in a significant

reduction of κPMMA for the three lowest z values (z ≤ 15 nm). Within the investigated

time interval, a slight increase in the mean near-surface PMMA content is detected for

t ≥ 11 d. The described onset of PEHA adsorption at the topmost layer is not yet visible

in the integrated κPMMA values.

The observed time dependence of the PMMA distribution within the near-surface region

can be explained via the presence of remaining solvent in the freshly prepared PSA film,

which has been proposed in section 6.1.1. The slow evaporation of small amounts of

remaining solvent is still ongoing and is gravimetrically not measurable. As a consequence,

the PMMA (which is the better soluble material with respect to toluene) transport towards

the surface is kept alive over a remarkably long time of eight days.

Once this PMMA migration stops due to the lack of remaining solvent, a PEHA en-

richment arising from the minimization of the surface energy (see section 5.3) sets in.

Although first hints of a PEHA top layer are visible for t = 38 d, the total time of this

aging experiment is far too short to observe a pronounced PEHA layer. For comparison,

in section 5.3 (solution casting under ambient conditions) the necessary time to observe

a PEHA top layer was 134 d. Moreover, in contrast to the molecular reorganization pre-

sented in this section, the PMMA transport to the surface has already been completed
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for the sample freshly prepared under ambient conditions (see section 5.3). Therefore, for

the preparation under dry conditions it is to be expected that the time needed to obtain

a PEHA surface layer is even longer than 134 d.

In addition to the XRR experiments, GISAXS (see sections 2.3.4 and 3.2.3) measurements

have been carried out in order to investigate whether lateral structures are present in the

PSA films. Such in-plane compositional variations are indeed found and their size is

monitored as a function of time. The measured two-dimensional (2D) scattering pattern

corresponding to the freshly prepared P(EHA-stat-20MMA) film is exemplarily shown

in figure 7.3. The respective counting time per 2D scattering pattern was 40 min. The

beamstop (B) shields the detector from the high intensity of the specularly reflected beam.

Figure 7.3: 2D scattering im-
age obtained in a GISAXS ex-
periment with a P(EHA-stat-
20MMA) film freshly prepared
under dry conditions. The la-
bels B and Y mark the beam-
stop and the Yoneda peak, re-
spectively. The scale bar depicts
the intensity distribution defin-
ing the color code in the 2D im-
age.

As a result, the exit angle αf , at which the Yoneda peak Y (for explanation see section

2.3.4) is positioned, coincides with the critical angle of the majority component PEHA. In

contrast, no increased intensity is detected at the critical angle of the substrate. Therefore,

as it was seen in the XRR data, the PSA films are sufficiently thick, so that no signal

from the substrate is obtained.

This observation has two important consequences for the data analysis. First, the obtained

out-of-plane signal arises from lateral structuring situated in a region near the surface and

not at the interface to the substrate. And second, similar to the XRR data interpretation,

because the substrate is not seen in the data, the bulk material of the thick P(EHA-stat-

20MMA) films enters the corresponding model as if it was the substrate. From the XRR

investigation, it is known that the composition of the bulk material does not fluctuate in

z-direction. This justifies the choice of δ(P(EHA-stat-20MMA)) as refractive index for
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the substrate within the GISAXS data analysis of thick PSA films.

The data analysis is performed using the IsGISAXS software [86]. Among the available

possibilities for data modeling, the “Distorted Wave Born Approximation for inclusions

encapsulated in a layer on a substrate” is closest to the obtained distribution of com-

ponents and, thus, chosen for all samples composing the aging series. To account for

the different involved object sizes, the local monodisperse approximation is selected (see

section 2.3.4).

Figure 7.4: Schematic illus-
tration of the model applied for
the IsGISAXS data analysis of
the 50 µm thick P(EHA-stat-
20MMA) films composing an
aging series under ambient con-
ditions. PMMA cylinders em-
bedded in a PEHA matrix are
situated on top of the bulk ma-
terial.

In more detail, there are cylindrical objects at the sample surface that are all extended in

z direction to a depth of 6.5 nm matching approximately the extension of the top surface

PMMA enrichment layer for all samples. The cylinders are embedded in a PEHA matrix

of 200 nm thickness. In the model, this EHA/MMA composite material is placed on top

of a semi-infinite, homogeneous P(EHA-stat-20MMA) substrate material. A sketch of the

described model for the data analysis is provided in figure 7.4. It is important to note

that with the available software, it is not possible to model even more realistic scenarios

including, for example, objects which are situated in different depths.

As it has been explained in section 2.3.4, two types of cylindrical objects are introduced.

In the case of the presented aging series, a probability of 0.5 is assigned to each particle

type. The probability density of the radii R, heights H and center-to-center distance D is

broadly distributed following equation 2.95. The height distribution does not play a role

because the top end of the cylinders practically coincides with the sample surface. To

account for a rather smooth transition between the bulk material and the PEHA overlayer

as it is observed in the XRR investigation, the interfacial root mean square roughness is

set to 1.5 nm.

The model parameters are fitted to the corresponding out-of-plane cuts (taken at the exit

angle αf corresponding to the critical angle of the majority component PEHA) which are



7.1. AGING UNDER AMBIENT CONDITIONS 145

extracted from of each of the 2D scattering patterns. The out-of-plane cuts are chosen

because these cuts contain information about the lateral structuring (see section 3.2.3).

The cuts together with the respective model fits are shown in figure 7.5.

Figure 7.5: Measured out-of-
plane cuts (symbols) and re-
spective fits (solid lines) of the
P(EHA-stat-20MMA) aging se-
ries. The data are shifted along
the y-axis for clarity. The
dashed line marks the resolution
limit of the experimental setup.

Figure 7.6 shows the time evolution of the central values of the distribution functions of

the two cylinder radii (left panel) as well as of D (right panel). As a result, the radii

of both particle types increase monotonically while at the same time the inter-particle

distance decreases during aging. In more detail, for both particle types the increase in

radius is very small for short times t. Almost constant values of 23 nm and 49 nm are

obtained for cylinder 1 and cylinder 2, respectively. However, both particles exhibit a

strong increase in size for t > 11 d. In contrast, the time-dependence of D is very similar

to an exponential decay approaching a limiting value of approximately 145 nm.

The errors to the central values of the radii and the center-to-center distances are esti-

mated by varying the respective parameter in the model corresponding to the best fit of

the individual out-of-plane cuts. A fit is considered to be acceptable as long as it does not

exceed the symbols chosen for plotting the cuts. As a result, the calculated cuts (solid

lines in figure 7.5) are more sensitive to the assumed values of Rc as compared to the

values of Dc. Whereas the determined error is approximately ±1 nm for the radii (and

is therefore on the order of the size of the symbols in the left graph of figure 7.6), it is

estimated to be ±4 nm for the center-to-center distances.

Interestingly, the accelerated gain in particle size occurs at a time (t > 11 d) when the

pronounced PMMA surface layering has already vanished (see figure 7.2). This is in accor-

dance with the described sub-surface densification of the PMMA material. Furthermore,

the evolution of the lateral structures is independent of the rather complex reorganization

of the composition profile in vertical direction as revealed by the XRR data analysis.

The explanation to the missing correlation between lateral and vertical structure sizes is



146 CHAPTER 7. AGING

Figure 7.6: Left: Central value of the distribution of the two cylinder radii as a function of time for the
P(EHA-stat-20MMA) films composing the aging series. The error bars are on the order of the symbol
size. Right: Corresponding central value of the cylinder center-to-center distance as a function of time.

that the driving forces of the molecular reorganization, such as the unidirectional evapo-

ration of remaining solvent and the tendency to minimize the surface energy, only act in

z-direction. Besides the self-attraction of identical monomers, no prominent forces act in

the plane parallel to the film surface. For small times (t ≤ 11 d), the enormous solvent-

driven changes in the composition profiles prevent the lateral growth of the near-surface

PMMA particles. The lateral growth becomes more pronounced once the remaining sol-

vent has vanished sufficiently.

The GISAXS data cover a comparably short time window during which the aging is

monitored. Therfore, it cannot be deduced whether the particle growth continues and

lateral structures vanish due to the onset of merging of the cylinders or whether the radii

approach a limiting value. However, considering the simulation study of Houdayer (see

section 2.2.4), it is very likely that the second scenario is valid and, thus, irrespective of

the sample age, there will always be lateral structuring in the investigated PSA films.

7.1.2 High initial near-surface PMMA enrichment

The near-surface composition profiles obtained for weak initial PMMA enrichment layers

are now compared to samples which exhibit a high surface PMMA concentration in the

freshly prepared state. One example for such a high initial surface PMMA concentra-

tion is the sample which is solution cast under humid atmosphere using n-hexane as the

underlying solvent. The XRR data of the freshly prepared sample (see figure 6.14) have

been discussed in section 6.2.2.
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Due to the altered preparation protocol (humid atmosphere replaces dry conditions), the

sample age of the freshly prepared sample is 3 d, and not 1 d as it was in section 7.1.1.

Figure 7.7 shows the aging process of the n-hexane based sample over 66 d monitored

with XRR.

In summary, a comparably strong PMMA surface enrichment layer is preserved through-

out the investigated time window. The PMMA concentration of the top layer decreases

slightly as can be seen from the fading of the black color close to z = 0. In the sub-

surface region, directly underneath the topmost layer, PEHA (bright area) starts to form

a layer. For t = 24 d, the maximum PEHA concentration is found at z = 4.5 nm. The

corresponding PEHA enriched layer thickness becomes smaller for 6 d ≤ t ≤ 24 d and

remains constant for t ≥ 47 d.

Almost simultaneously (t ≥ 24 d), PMMA densifies at a depth of approximately 9.2 nm.

This sub-surface PMMA densification is again a strong hint for the attraction of identi-

cal monomers. Finally, as for all investigated PEHA containing samples, a broad PEHA

enriched zone encompassing more than 50 nm precedes the convergence towards homoge-

neous bulk material (not shown in the composition profiles).

Figure 7.7: Left: XRR data (symbols) and the corresponding fits (lines) of an aging series of P(EHA-
stat-20MMA) films starting with high near-surface PMMA enrichment. The freshly prepared sample is
cast from an n-hexane solution. The individual sample ages are indicated by the corresponding label of
each curve. The data are shifted along the intensity axis for clarity. Right: Respective grayscale-coded
composition profiles to the shown fits. Each profile represents the near-surface region covering the range
0 < z < 20 nm. The grayscale code is defined in figure 3.3.

The aging behavior of the n-hexane based sample is compared to a P(EHA-stat-20MMA)

film which has been cast from a dichloromethane based solution. For this dichloromethane

based sample, a similar PMMA surface enrichment in the freshly prepared state is obtained



148 CHAPTER 7. AGING

as compared to the n-hexane based sample. However, the freshly prepared samples differ

significantly in remaining solvent content (see section 6.2.2).

Both, the conditions for the solution casting (humid) and for the subsequent storage

(ambient air) are equal for the two P(EHA-stat-20MMA) films. The corresponding aging

series for the dichloromethane based preparation has been performed over almost the

same duration as for the n-hexane based sample. The near-surface composition profile of

the freshly prepared dichloromethane based film has already been shown in figure 6.14.

The XRR data together with the extracted near-surface composition profiles of the aging

series for the dichloromethane based sample are shown in figure 7.8.

Figure 7.8: Left: XRR data (symbols) and the corresponding fits (lines) of an aging series of P(EHA-
stat-20MMA) films starting with high near-surface PMMA enrichment. The freshly prepared sample is
cast from a dichloromethane solution. The individual sample ages are indicated by the corresponding label
of each curve. The data are shifted along the intensity axis for clarity. Right: Respective grayscale-coded
composition profiles to the shown fits. Each profile represents the near-surface region covering the range
0 < z < 20 nm. The grayscale code is defined in figure 3.3.

Regarding the topmost layer, both aging series are very similar. Also for the case of

dichloromethane, the initially very pronounced PMMA top layer becomes weaker and

washed out with time. However, differences arise in the sub-surface region. Whereas

for large times t a comparably strong second PMMA enriched zone evolves for the case

of n-hexane, such sub-surface PMMA densification does not play a prominent role for

dichloromethane. For t ≥ 32 d, such PMMA enrichment is only slightly indicated by a

region of marginally increased PMMA content in a depth of 9.4 nm, which is very similar

to the corresponding depth in the case of n-hexane. In total, the sub-surface amount of

PEHA is higher for the sample prepared from dichloromethane.

The observed differences can be quantified by calculating the average PMMA content of
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near-surface regions of different thicknesses for both samples. For this purpose, again,

κPMMA(z) (for definition see equation 6.1) is calculated for z = 2, 4, 15, 50 and 100 nm as

a function of time. The resulting values for both solvents, n-hexane and dichloromethane,

are plotted in figure 7.9.

Figure 7.9: Mean PMMA content in the near-surface region of two aging series of P(EHA-stat-20MMA)
which exhibit high initial PMMA enrichment. From top to bottom the thickness of the integration region
increases as shown by the labels. The error bars coincide with the symbol size (see section 6.1.1). The
left panel represents the case of an n-hexane based preparation protocol and the right panel represents
dichloromethane, respectively.

In contrast to the sample prepared under dry conditions (see section 7.1.1), there is

no increase in surface PMMA concentration for small times t, as can be seen from the

almost constant value of κPMMA(2 nm) for both samples prepared in humid environment.

Obviously, saturation has been reached and the ongoing evaporation of residual solvent

cannot add further MMA monomers per unit volume.

Subsequently (for t ≥ 10 d), a decrease of κPMMA(2 nm) is observed for both samples

represented in figure 7.9. The onset of this decrease is on a very similar time scale as

compared to the sample preparation under dry conditions (see figure 7.2). Such reduction

in surface PMMA concentration can be explained by the tendency of PEHA being the

lower surface energy material to enrich at the sample surface. Furthermore, both sam-

ples (like for all other aging series in this work) do not reveal significant compositional

variations for depths z ≥ 50 nm.

Moreover, the described differences in sub-surface PMMA densification between the two

samples prepared under humid conditions are well visible in the graphs of figure 7.9. They

become most evident when z = 15 nm is considered. Both sample exhibit a monotonic

decrease of κPMMA(15 nm) as a function of time for the first three data points. This
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decrease originates from the migration of PEHA towards the surface in both samples.

The situation changes for t ≥ 20 d, but in each of the two films in a qualitatively different

way. Whereas κPMMA(15 nm) increases significantly for the n-hexane based PSA film, it

increases only slightly for the dichloromethane based sample during the same time interval.

In other words, for t > 17 d, a prominent sub-surface PMMA enrichment measurable with

the integrated PMMA contents takes place for n-hexane. On the contrary, this is not the

case for dichloromethane.

For an explanation of the differences concerning the formation of a sub-surface PMMA

layer, the amount of remaining solvent in the freshly prepared samples has to be consid-

ered. It is significantly higher when dichloromethane is used as underlying solvent (see

figure 6.13) than for the case of n-hexane. In addition, according to the GISAXS investi-

gation presented in section 7.1.1, a significant lateral growth of PMMA domains only sets

in once the evaporation of remaining solvent has been sufficiently completed. As a con-

sequence, the onset of sub-surface PMMA densification can occur earlier when n-hexane

is chosen as a solvent. It is very likely that a pronounced formation of a sub-surface

PMMA enrichment in the case of dichloromethane will take place at a time beyond the

time window of the experiment.

7.2 Aging under humid atmosphere

Further complexity is added when not only the sample preparation is performed under

humid environment but also the subsequent storage. In this case, additional interface se-

lectivity originating from the polar water molecules and a decelerated solvent evaporation

throughout the complete storage period are present.

Such a scenario is realized by casting the sample in a desiccator filled with saturated

sodium chloride solution (see section 6.2.2). So, the conditions for the coating step are

equal to those applied in section 7.1.2. However, in contrast to the aging under ambient

conditions, the lid of the desiccator is not removed until approximately one hour be-

fore the corresponding near-surface composition profiles are monitored with XRR. In the

time between removing the films from the desiccator and starting the XRR experiment,

gravimetric measurements have been carried out in order to determine the amount of

extractable remaining solvent for each sample.

The aging series under humid conditions is performed with P(EHA-stat-20MMA) films

cast from a toluene based solution. The sample ages 3, 5, 11, 16 and 29 d are addressed

for this investigation.

For the respective freshly prepared film (t = 3 d), it has been shown in section 6.2.2 that

the remaining solvent content is comparably large (Sr = (9.2 ± 0.2) %, see table 6.3).
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In addition to the freshly prepared sample, the corresponding relative mass loss curves

∆mr(t) (see equation 6.4) are monitored for all samples composing this aging series. The

obtained data including the respective fits using equation 6.5 are depicted in figure 7.10.

Figure 7.10: Relative mass
loss as a function of time
of solution cast P(EHA-stat-
20MMA) films composing the
aging series under humid air.
The sample age increases from
top to bottom as indicated by
the labels. The errors bars are
smaller than the symbol size.
The solid lines are the respec-
tive fits to the data.

Table 7.1 lists the fitted remaining solvent contents Sr, the damping exponents cr and the

time constants Tr for all samples of the aging series. The errors to the fitted parameters

are provided by the fitting routine. As a result, both parameters, Sr and Tr decrease as

a function of sample age. This means that with increasing sample age of the P(EHA-

stat-20MMA) films prepared and stored under humid conditions less remaining solvent is

present in the samples and the remaining solvent evaporates slower. Moreover, damping

due to solvent vapor saturation effects within the setup of the precision balance (for more

details, see section 6.2.1) are negligible as can be seen from the values of cr, all of which

are close to 1.

sample age Sr [%] cr Tr [min]

3 d 9.2± 0.2 0.8± 0.1 5.0± 0.1

5 d 6.1± 0.1 0.8± 0.1 5.2± 0.1

11 d 2.7± 0.1 0.8± 0.1 9.8± 0.2

16 d 1.3± 0.1 0.9± 0.1 10.4± 0.5

29 d 0.2± 0.1 0.9± 0.1 15.0± 0.8

Table 7.1: Fit parameters of the mass loss curves of the P(EHA-stat-20MMA) films composing the aging
series under humid conditions.

The analyzed XRR data together with the corresponding near-surface composition profiles

for all P(EHA-stat-20MMA) films of the aging series performed throughout under humid
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conditions are depicted in figure 7.11. The data of the freshly prepared film has already

been shown in figure 6.14.

The main result of the discussion provided in section 6.2.2 was that PMMA is not yet

enriched at the sample surface for the freshly prepared film. The explanation was based

on the high remaining solvent content and the resulting uncompleted PMMA transport

process. It was further presumed that a PMMA surface enrichment layer should appear

for higher sample ages.

The composition profiles in the right panel of figure 7.11 confirm this presumption. Indeed,

already after 5 d, a weak enrichment of PMMA is found at the surface. This surface

PMMA layer becomes more and more pronounced up to a sample age of 16 d. Also an

upward migration of PEHA is visible for 5 d ≤ t ≤ 16 d. However, the PEHA does not

reach the top layer for 5 d ≤ t ≤ 16 d. At a sample age of 16 d, for example, the maximum

PEHA concentration is obtained in a depth of 10.2 nm. Finally, for t = 29 d, PEHA starts

to enrich at the sample surface (see gray color), and the pronounced PMMA layer has

migrated deeper into the film. Most MMA monomers per unit volume are detected in a

depth of 3.9 nm.

Figure 7.11: Left: XRR data (symbols) and the corresponding fits (lines) of an aging series of P(EHA-
stat-20MMA) films performed under humid conditions. The individual sample ages are indicated by
the corresponding label of each curve. The data are shifted along the intensity axis for clarity. Right:
Respective grayscale-coded composition profiles to the shown fits. Each profile represents the near-surface
region covering the range 0 < z < 20 nm. The grayscale code is defined in figure 3.3.

More details are determined from κPMMA(z) which is exemplarily calculated for z = 2, 4,

15, 50 and 100 nm as a function of time (see figure 7.12). In this context, κPMMA(2 nm)

increases monotonically as a function of time for 3 d ≤ t ≤ 16 d, reflecting the PMMA

transport towards the surface owing to the evaporation of small amounts of remaining
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solvent in combination with the more attractive atmosphere with respect to the more

polar PMMA.

The final decrease of κPMMA(2 nm) for t = 29 d is attributed to the onset of PEHA (as

the lower surface energy material) adsorption at the sample surface. As an important

consequence, for large times t, the tendency of the lowest surface energy material to

adsorb at the air-interface outweighs the polar interactions with the other component.

The affected region has a thickness of at least 2 nm.

The effect of large-time PEHA surface enrichment is still visible for an integration region

of 4 nm. It is, however, less pronounced as can be seen from the comparably small

decrease of κPMMA(4 nm) in the last step. In the intermediate regime (5 d ≤ t ≤ 16

d), κPMMA(4 nm) exhibits a strictly positive slope due to the ongoing PMMA surface

enrichment. In contrast, κPMMA(4 nm) decreases from the freshly prepared state to a

sample age of 5 d which originates from the shift of the initial sub-surface PMMA enriched

region to the film surface.

This shift even affects the values of κPMMA(15 nm) for small times t. For older samples,

however, κPMMA(15 nm) increases monotonically. In a first phase (5 d ≤ t ≤ 16 d), a

comparably small slope is observed before in the last step, the mean PMMA concentration

of the upper 15 nm increases more drastically.

Figure 7.12: Mean PMMA
content in the near-surface
region of an aging series of
P(EHA-stat-20MMA) films
which is completely performed
under humid conditions. From
top to bottom the thickness of
the integration region increases
as shown by the labels. The
error bars coincide with the
symbol size (see section 6.1.1).

The origin of this behavior cannot be fully clarified. On the one hand, it has been shown in

section 6.2.1 that the range of influence of the polar interactions covers a rather broad near-

surface region. It is therefore possible that the surface tension driven PEHA enrichment

affects only an approximately 2 nm thick region and that on a larger scale of, for example,

15 nm the polar interactions dominate and attract PMMA. On the other hand, section

7.1.1 revealed that a sub-surface PMMA densification related to an accelerated growth of

the lateral structures sets in once sufficient remaining solvent is extracted. This second
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scenario is also realistic because the 29 d old sample only contains 0.2 % of remaining

solvent (see table 7.1). Possibly, both phenomena contribute to the observed behavior of

κPMMA(15 nm). Finally, again, no strong correlations are observed for integration regions

larger than 50 nm.

7.3 Conclusion

Irrespective of the chosen solution casting based sample preparation protocol or the ap-

plied storage conditions, the near-surface composition profiles of P(EHA-stat-20MMA)

films change with time. In all investigated cases, the lower surface energy material PEHA

enriches at the sample surface for large times.

A narrow near-surface zone having a thickness of approximately 2 nm is strongly affected

by this surface energy driven PEHA adsorption. Furthermore, the average near-surface

PMMA concentration exhibits a significant time-dependence when it is calculated over

less than 50 nm.

All freshly prepared PSA films representing the starting point of each time series contain

a certain amount of remaining solvent. For short times, the evaporation of this residual

solvent induces a migration of the better soluble PMMA towards the surface. For samples

which do not exhibit a pronounced PMMA top layer in the freshly prepared state, an

increase in the surface PMMA concentration follows. In contrast, saturation is observed

in films which exhibit a high initial surface PMMA content. In these cases, the PMMA

concentration integrated over 2 nm does not increase any further.

Once the upward PMMA transport is stopped due to the lack of remaining solvent, the

onset of PEHA surface adsorption is observed. Even the attraction of the more polar

PMMA arising from the choice of a humid environment during aging cannot prevent an

enrichment of PEHA at the film interface to the surrounding air.

Moreover, grazing incidence small angle x-ray scattering revealed that the statistical

copolymer based material is also structured parallel to the film surface. A successful

modeling of the out-of-plane cuts is achieved by introducing cylindrical PMMA parti-

cles underneath the film surface. The cylinders are embedded in a PEHA matrix. As

a result, the cylinder radii increase as a function of time while the corresponding mean

center-to-center distance decreases.

The cylinder growth in lateral directions is more prominent when a sufficient amount of

residual solvent has evaporated. Almost at the same time, a densification of the sub-

surface PMMA material is observed with x-ray reflectivity. Such pronounced sub-surface

PMMA layers are not detected for samples which exhibit large remaining solvent contents

in the initially prepared state.



Chapter 8

Characterization of ultra-thin PSA

films

Up to this point, the focus of the presented study was on macroscopically thick PSA films.

In contrast, within the following chapter the structural and mechanical investigation of

ultra-thin PSA films is presented. Opposite to approaches, which influence the adhesion

by coatings on a molecular scale, like for example self-assembled monolayers [193, 194],

this work focuses on spin-coated statistical copolymer based PSA films.

Spin-coating is a well-established technique (see section 3.3.4) having the potential to

create polymer films over a thickness range covering several orders of magnitude. Possible

fields of applications of thin, spin-coated PSA films are such where the downsizing of

devices plays an important role. Examples can be found in microelectronic circuits [195],

micro-devices for the analysis of biological nanoparticles [196], micro-patterned surfaces

[197], or polymer photonic devices [198].

The knowledge about mechanical and structural properties of 50 µm thick PSA films,

which is elaborated in the previous chapters, cannot be transferred to the case of ultra-

thin films. The reason is not only that the thickness of the investigated near-surface areas

of the solution cast films are smaller than the overall thicknesses of the spin-coated films.

It is also known that if the film thickness undergoes a certain limit, properties like the

morphology [199, 200] or the thermal expansion coefficient [201] will start to deviate from

the bulk behavior.

Closely related to the tackiness of thin films are the corresponding viscoelastic properties

which often differ from the thick-film case. With lateral force microscopy, for example,

Akabori and coworkers discovered an additional surface relaxation process for films which

are thinner than a certain threshold value [202]. Despite the technical challenges arising

when small film thicknesses are involved, there are also studies which directly access the

viscoelastic parameters of ultra-thin films using a surface forces apparatus [203, 204] or

155
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an atomic force microscope (AFM) [205]. However, the viscoelastic behavior can also be

investigated indirectly, for example via buckling-based metrology [206], thermal wrinkling

[207] and dewetting experiments [208].

A direct monitoring of the adhesive properties of ultra-thin films can be achieved by

performing so-called nano-tack or atomic force microscopic adhesion measurements [29,

30]. Even the adhesion and deformation of single nanoscopic latex particles have been

probed with these methods [209]. The involved forces, however, are in the nN regime and

are only measurable at very short length scales. Therefore, the AFM based techniques

are not suitable to record the macroscopic tackiness of ultra-thin films.

Although so far only established for much higher film thicknesses, the macroscopic tacki-

ness can be monitored with probe tack tests (see section 3.2.7). The thinner the film under

investigation is, the higher the confinement in the system for a given punch radius is (for

details, see section 2.1.6). The aim of this work is to monitor the tackiness as a function

of the confinement in the system. Different confinement values are realized by producing

ultra-thin PSA films of different thicknesses. In this context, successful tack experiments

are performed at confinement values that exceed the reported literature values by at least

one order of magnitude [43].

This chapter is organized as follows: first the involved film thicknesses are determined with

x-ray reflectivity and white light interferometry. A full morphological characterization is

provided by grazing incidence small angle x-ray scattering experiments. And finally, the

adhesive properties of the PSA films are examined in probe tack tests.

Results of this chapter have been published in reference [210].

8.1 Film thickness determination

For the investigation of the tackiness as a function of the film thickness h, P(nBA-stat-

MA) with a molecular weight of Mw = 600 kg/mol is chosen as PSA model system. The

spin-coating (for details, see section 3.3.4) is performed with toluene based solutions of

different concentrations in order to achieve different film thicknesses (see equation 3.8).

For this purpose, eight different solutions with concentrations ranging from c = 2.0 g/L

to 220 g/L are prepared.

X-ray reflectivity (XRR) (see section 3.2.1) and white light interferometry (WLI) (see

section 3.2.4) are employed to measure the resulting film thicknesses. In order to obtain

precise values of the film thicknesses, the XRR data are fitted with the Parratt32 software.

The corresponding XRR data together with the fits are shown in the left panel of figure 8.1.

In contrast to the XRR data of the thick PSA films presented in the previous chapters,

a single-logarithmic plot is more advantageous for a pronounced representation of the
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appearing Kiessig fringes (see section 2.3.2).

Figure 8.1: Left: XRR data (symbols) and the corresponding fits (lines) of a thickness series of spin-
coated P(nBA-stat-MA) films. The underlying solution concentrations are indicated by the corresponding
label of each curve. The data are shifted along the intensity axis for clarity. Right: WLI data displayed
in analogy to the left panel.

The wavelength of the Kiessig fringes decreases with increasing film thickness h. For

thickness values which are on the order of some hundred nanometers, the fringes cannot be

resolved within the available angular resolution of the XRR instrument. Therefore, WLI

measurements are carried out for a reliable thickness determination of the two samples

related to the highest solution concentrations. The WLI data are depicted in the right

panel of figure 8.1.

c [g/L] 2.0 5.0 12.5 31.2 55.0 78.1 110 220

h [nm] 2.2 17.6 44.4 133 243 363 607 1543

∆h [nm] 0.4 0.2 0.5 1 5 5 3 7

Table 8.1: Extracted thickness values h from the fits to the XRR and WLI data of P(nBA-stat-MA)
films. The values of ∆h are the corresponding errors. The films are spin-coated from toluene based
solutions of different concentration.

Table 8.1 lists the resulting eight thickness values h obtained from the different solution

concentrations c. The corresponding errors ∆h are estimated by varying the value of h in

the modeling of the XRR and WLI data, respectively. A fit is considered to be acceptable

as long as it does not exceed the symbols chosen for plotting the data. The smallest error

bars are obtained for XRR data which exhibit pronounced Kiessig fringes.
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As expected, h increases monotonically as a function of c. According to equation 3.8, the

respective data points should be situated on a line through the origin. A corresponding

plot is provided in figure 8.2. As a result, equation 3.8 does not hold for the complete

range of selected concentrations. It is only valid for c ≤ 78.1 g/L. A fit to the data

(solid line) with Ap as the only free parameter leads to a value of Ap = 5.23 · 10−6

(Lmol0.25m)/(kg1.25s0.5). Due to the rather exotic unit originating from the empirical

formula, the value is not very intuitive. A probably more illustrative value is the slope of

the solid fit which is 4.52 (nm · L)/g.

Figure 8.2: Film thickness as
a function of the solution con-
centration. The error bars are
smaller than the symbol size.
Two different linear regimes are
obtained. Each of the two dif-
ferent lines (solid and dashed)
is a linear fit within the cor-
responding subset of concentra-
tions.

The second region (c ≥ 78.1 g/L), which is marked by the dashed line, does not follow

a line through the origin and, thus, cannot be described by equation 3.8. A linear fit

to the data leads to a y-axis intercept of −300 nm and a slope 8.36 (nm · L)/g which is

almost twice the value as compared to that obtained for the low concentration regime.

From the higher slope, it can be concluded that the sensitivity of the thickness towards

the concentration is enhanced for c ≥ 78.1 g/L.

Interestingly, a study by Ruderer and coworkers exhibited similar deviations [211]: they

observed the onset of deviations from the behavior predicted by equation 3.8 of spin-

coated polypyrrole films for thicknesses between approximately 70 nm and 150 nm. The

reason for this change in the slope when plotting the film thickness as a function of the

solution concentration is the onset of entanglements in the polymer solution. Once the

polymer chains are entangled it becomes more difficult to spin them off the substrate at

constant rotation speed [211].

8.2 Morphological characterization

The morphology of the ultra-thin PSA films is analyzed with grazing incidence small angle

x-ray scattering (GISAXS) (see sections 2.3.4 and 3.2.3). The extracted structural sizes
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do not exhibit a strong thickness dependence within the region that is relevant for the

mechanical characterization. Therefore, only the samples with h = 44.4, 133 and 363 nm

are exemplarily chosen for this GISAXS study.

Due to the small film thicknesses, the x-ray beam fully penetrates the sample and, thus,

in contrast to the thick PSA films presented in section 7.1.1, a prominent signal of the

solid support is obtained. This strong reflection from the glass substrate results in high

intensities for small out-of-plane angles ψ. Please refer to figure 2.17 to recall the GISAXS

geometry.

In order not to damage the detector, a maximal acquisition time of 5 min was selected

to record the two-dimensional (2D) diffuse scattering patterns. A point-like beamstop

is used for these measurements to protect the detector from the specular reflection (as

shown in figure 7.3). Moreover, the investigated statistical copolymer based PSAs are

only weakly structured in the (x,y)-plane and, hence, unlike the region around ψ = 0, the

signal for high ψ values is not very intense and exhibits a poor signal to noise ratio.

The experimental background is approximately 58 counts for the out-of-plane cuts which

are taken at the critical angle of the majority component PnBA. For low counting times,

the corresponding features for large ψ (or qy) values are, therefore, hardly visible in the

cuts. Nevertheless, the intensity distribution for higher ψ values is very important for

the data analysis. But such improved statistics can only be realized with higher counting

times. To be able to apply higher counting times, each of the three investigated samples is

measured a second time with an additional, rod-like beamstop to block the high intensities

for small out-of-plane angles. With the installed protection, the integration time of the

second measurement is set to 40 min.

For the data analysis of each of the three samples, first the corresponding out-of-plane cut

and the detector cut are fitted and, second, the full 2D scattering pattern is simulated.

In order to include the weak, but important signal corresponding to high qy values in the

analysis of the out-of-plane cut for each sample, the data of the two described measure-

ments are merged. The two underlying measurements are depicted in the left panel of

figure 8.3 for the example of h = 363 nm.

In the image, the data of the measurement performed without rod-like beamstop are al-

ready multiplied by 1.43. The factor is obtained by calculating the intensity ratios of the

corresponding first four data points that are not affected by the rod-like beamstop (see

arrow in the left panel of figure 8.3). To account for the experimental background within

the calculation of the shift factor, in both cuts 58 counts are subtracted from each of the

involved four points. The shift factor for the cut corresponding to the measurement with-

out rod-like beamstop is finally calculated by averaging over the four individual intensity

ratios.
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Figure 8.3: Left: Out-of-plane cuts measured for a P(nBA-stat-MA) film with a thickness of 363 nm.
The blue symbols are measured using a rod-like beamstop and the red symbols represent data obtained
without the rod-like beamstop (see labels). The red symbols are shifted to match the intensity of the blue
symbols within the region covered by the small arrow. Right: Resulting merged out-of plane cut of the two
single measurements shown in the left panel. The dashed line in both graphs marks the resolution limit
of the experimental setup.

The right graph of figure 8.3 is the finally merged out-of-plane cut. For low qy values, the

data are the shifted points of the short measurement and, for large qy values, the data

coincide with those of the measurement performed with the rod-like beamstop. The small

deviations within the four overlapping data points are negligible.

Figure 8.4: Schematic illus-
tration of the model applied
for the IsGISAXS data anal-
ysis of ultra-thin P(nBA-stat-
MA) films. PMA cylinders are
situated on a rough, but homo-
geneous P(nBA-stat-MA) film
supported by a glass substrate.

For the described procedure of the data analysis, which is performed with the IsGISAXS

software [86], a suitable model of the samples has to be assumed. In contrast to the

modeling of the thick PSA films (see section 7.1.1), the assumption of cylindrical objects

embedded in a polymer matrix does not lead to successful fits of the measured data.
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Instead, cylindrical objects consisting of pure PMA have to be situated on top of a P(nBA-

stat-BA) film exhibiting no compositional fluctuations. The type of object material follows

from fitting the refractive index of the cylinders to the data. As a result, the refractive

index of PMA is obtained. Furthermore, a fit to the data leads to a surface roughness of

5.6 nm for all investigated samples. The described scenario is included in the IsGISAXS

algorithm as “islands supported on a layer on a substrate”. A schematic view of the

applied model is provided in figure 8.4.

Data fitting was performed simultaneously with the corresponding out-of-plane and de-

tector cuts. For the out-of-plane cuts, the respective merged data are used (see figure 8.3).

The detector cuts are extracted from the corresponding short measurements without the

rod-like beamstop. The cuts together with the respective fits are shown in figure 8.5.

Figure 8.5: Left: Measured out-of-plane cuts (symbols) and respective fits (solid lines) of P(nBA-stat-
MA) films of different thickness as indicated by the labels. The dashed line marks the resolution limit of
the experimental setup. The data are shifted along the intensity axis for clarity. Right: Corresponding
detector cuts displayed in analogy to the left panel. The gray area marks the area which is shielded by a
point-like beamstop.

In order to achieve such fits, it is necessary to include two types of cylinders in the

model (similar to what is described for thick films in section 7.1). The individual radii

R1 and R2, as well as the cylinder height H and the center-to-center distance D follow

distribution functions according to equation 2.95. For the calculation of the shown cuts

and the simulation of the 2D images, the number of sampling points composing each of

the two radius distribution functions is set to 100. Furthermore, 50 points modeling the

height distribution are assigned to each of the 200 radii.

Each of the two cylinder types is needed to model the different features of the out-of-plane

cuts presented in the left panel of 8.5. The majority of the cylinders have a comparably
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Figure 8.6: Top: Measured 2D GISAXS scattering patterns of spin-coated P(nBA-stat-MA) films with
thicknesses of 44.4, 133 and 363 nm (see labels). Bottom: Corresponding 2D IsGISAXS simulations to
the data shown in the first line. All six patterns cover the same αf and ψ-range and refer to the same
logarithmic intensity scale bar as indicated.
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small and narrowly distributed radius. These cylinders are referred to as type 1. Owing

to their presence, the broad shoulder in the out-of-plane cuts around qy = 10−1 nm−1

can be fitted. Due to their small size and the resulting comparably weak scattering, the

probability of a cylinder to be of type 1 has to be quite large. Fitting revealed that the

corresponding probability is approximately 99.5 %. In contrast, the radii of the cylinders

of type 2 are relatively large and exhibit a broad size distribution. Only approximately

0.5 % of the objects are of type 2. Anyhow, strong diffuse scattering arises from the bigger

cylinders. This second type of cylinders is responsible for the overall intensity decay of

the three out-of-plane cuts.

Furthermore, the fitted mean height averaged over all cylinders of type 1 and type 2 covers

a range between 24 nm and 28 nm for the three investigated samples. As a consequence,

the cylinder heights do not appear to depend strongly on the chosen film thickness.

With this model, not only the out-of-plane and the detector cuts are successfully fitted, but

also the main features of the complete 2D scattering patterns are simulated. The measured

data together with the performed simulations are presented in figure 8.6. The shown

data are the described short measurements using exclusively the point-like beamstop

which shields the specular reflection. The specular reflection is also not included in the

simulation because IsGISAXS only simulates the diffusely scattered intensity.

Figure 8.7: Left: Probability distribution functions of the cylinder radii for spin-coated P(nBA-stat-
MA) films with a thickness of 44.4 nm (squares), 133 nm (circles) and 363 nm (triangles). Each symbol
represents one radius sampling point for the simulation of the diffuse scattering patterns depicted in
figure 8.6. Right: Probability distribution functions of the corresponding center-to-center distances. The
color-code is adapted from the left panel.

Details of the underlying model can be seen from the involved probability distribution

functions. They are plotted for each of the three samples in figure 8.7. All radius dis-
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tribution functions (left panel) exhibit a strong peak at either approximately 10 nm (for

h = 133 and 363 nm) or 6 nm (h = 44.4 nm). The peak originates from the type 1 cylin-

ders. The broadly distributed radii, attributed to which are probabilities not exceeding

10−4, correspond to the objects of type 2.

As already mentioned, the object sizes do not strongly correlate with the film thickness.

The probability distribution functions of both, the radius and the center-to-center distance

almost coincide for the two thicker films (133 and 363 nm). For h = 44.4 nm, also p(D)

does not deviate significantly from the other two samples. The only remarkable difference

concerns the radii of the type 1 cylinders of the thinnest film. The corresponding central

value of the radius distribution is reduced by a factor of 0.6 for a film thickness of 44.4 nm.

However, the total surface coverage, which is calculated as the integrated cross-sectional

area of all cylinders per unit film surface area, is almost the same for all investigated

samples. The values of the surface coverages are between 2.9 % and 3.3 %.

An explanatory approach to the presence of the PMA cylinders on top of a homogeneous

P(nBA-stat-MA) film might be based on the extremely fast solvent loss related to the

preparation method spin-coating. In section 5.1.4 it is shown that for thick, solution

cast P(nBA-stat-MA) films, PnBA enriches at the surface for high molecular weights and

PMA forms the top layer for low molecular weights. The observation has been related

to the faster drying process of the low molecular weight sample as revealed in sections

4.2.3 and 4.3. In the case of spin-coating, the solvent loss is much faster as compared to

solution casting. Possibly, the resulting tendency of PMA to adsorb at the surface is even

so strong that PMA-rich parts of the statistical copolymer chains exceed the boundary of

the film-air interface. In addition, the fast solvent loss during spin-coating also explains

the high surface roughness values.

8.3 Investigation of the tackiness

The investigation of the morphologies of ultra-thin PSA films is interesting from a fun-

damental polymer science point of view. But for applications, the knowledge about their

mechanical performance as adhesive films is even more important. Probe tack tests (see

sections 2.1.6 and 3.2.7) are performed with all eight P(nBA-stat-MA) films with thick-

nesses ranging from 2.2 nm to 1543 nm. For the presented tack experiments, the high

performance punch characterized in section 3.2.8 is used. The study of the tackiness of

ultra-thin PSAs is supposed to answer two questions. First, does the contact force in a

tack experiment influence the results in the case of such thin films? And second, how

does the tackiness of the PSAs change as a function of the film thickness?
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8.3.1 Variation of the contact force

P(nBA-stat-MA) films with a thickness of 363 nm are chosen for investigating the influence

of the contact force. In detail, the PSA films are contacted with the punch until contact

forces of either 1, 2, 3 of 4 N are reached. All other experimental parameters are kept

constant (see section 3.2.7 for details).

Compared to the tack experiments with the approximately 140 times thicker solution cast

films shown in the previous chapters, some differences arise. First, probe tack tests with

ultra-thin films are much more challenging and, therefore, special care has to be taken for

the alignment procedure. Second, a different shape of the punch area during the contact

of the punch with the PSA is obtained. A representative sequence of optical images for

the bonding and the debonding process is provided in figure 8.8.

Figure 8.8: Top: Series of representative optical images of the punch area during the bonding process.
Bottom: Series of representative optical images of the punch area during the debonding process. The red
box in the last image is the region which is magnified in figure 8.9. The time increases from left to right
in both lines.

During the bonding process (first line of figure 8.8), the PSA material is not homoge-

neously distributed under the punch. With time an increasing amount of polymer is

collected in the center of the punch area. Saturation is not reached at the end of the

bonding process (see last image of the first line). After the usual contact time of 10 s, the

amount of polymer underneath the punch appears to have still increased (see first image

of the second line). The images of the second line cover the complete debonding process

during which the punch moves approximately 20 µm.
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Figure 8.9: Close-up of the re-
gion of the punch area which is
marked with a red box in fig-
ure 8.8. Small cavities appear
shortly before completion of the
debonding process.

With increasing punch distance d during debonding, the area that is preferentially wetted

by the PSA decreases as can be seen from the shrinking bright area near the punch center.

In very late stages before losing the contact (see last image of second line), there is a very

short period on the time scale of the frame rate of the video observation (approximately

17 ms) during which small cavities are observed. These cavities are visible as small dark

dots situated at the edge of the bright material (red box in the last image of the second

line). They disappear immediately after the final debonding. In order to enhance the

visibility of the cavities, a magnification of the region covered by the red box is shown in

figure 8.9.

Figure 8.10: Force-distance
curves (punch radius: 1 mm)
of 363 nm thick P(nBA-stat-
MA) films obtained via probe
tack tests. Four different con-
tact forces are applied for the
experiment (see labels). Each
measurement is represented by
one single line. The curves cor-
responding to different contact
forces are shifted along the d-
axis for clarity.

The described observations indicate that the “bulk cavitation” failure mode predicted

by Creton for high confinement values is present (see section 2.1.6). Together with the

loss of contact between the punch and the PSA film, an audible crack occurs. Moreover,

there is no indication for any fibrillation processes. This may be plausible from the low

available PSA volume preventing the formation of elongated structures. The absence of

fibrils is further confirmed by the shape of the force-distance curves obtained in the probe

tack experiments because the data exhibit no plateau region. The corresponding data are
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depicted in figure 8.10.

In more detail, all recorded force-distance curves exhibit a peak-like shape. The force

maximum is reached for d ≈ 9 µm and the debonding is completed for d ≈ 18 µm.

The curves corresponding to different contact forces are very similar to each other. For a

quantitative description of the contact force dependence on the adhesive performance, the

corresponding force maxima and tack energies are extracted. Figure 8.11 depicts these

parameters as a function of the contact force.

Figure 8.11: Tack energy (left) and force maximum (right) as a function of the contact force obtained
for 363 nm thick P(nBA-stat-MA) films.

As a result, within the error bars, both, the tack energy and the force maximum are

constant as a function of the contact force. Averaging over all four contact forces leads

to mean values of W = (46.0 ± 4.2) µJ and Fmax = (4.6 ± 0.3) N. It is important to

note that a remarkably high force maximum is obtained for these ultra-thin PSA films.

The value is even comparable to what is obtained for the 50 µm thick films presented in

section 6.1.3. For a contact force of 1 N, those thick films have been measured under the

same experimental conditions.

8.3.2 Variation of the film thickness

The next aspect, which is investigated for the ultra-thin P(nBA-stat-MA) films, is the

influence of the film thickness on the adhesive performance. For this purpose, probe tack

experiments are performed with all eight P(nBA-stat-BA) films introduced in section 8.1.

A contact force of 4 N is selected for all investigated samples. Within the accuracy of

the experimental setup, no measurable tackiness is detected for the two thinnest samples

(h = 2.2 and 17.6 nm).
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The force-distance curves of the six remaining samples are shown in figure 8.12. Although

the data are more noisy for the thinner films, the shape described in section 8.3.1 is

preserved irrespective of the film thickness. Differences arise in the peak height and the

peak width. In more detail, the punch position d corresponding to the force maximum

as well as the smallest d corresponding to the finally debonded state both increase with

increasing PSA film thickness.

For a better comparison, representative curves for each thickness are chosen and plotted

in one graph (left panel of figure 8.12). As a result, the force maximum increases with

increasing film thickness for h ≤ 363 nm. For h ≥ 607 nm, however, the force maxima

of the different sampling points are very similar. Due to the large range of forces covered

by the successfully measured six samples, the tack data of the two thinnest films with

detectable tackiness (h = 44.4 and 133 nm) are barely visible in the left panel of figure

8.12. They are separately shown as a close-up in the right panel.

Figure 8.12: Left: Repre-
sentative tack data (punch ra-
dius: 1 mm) of the six tacky
samples composing the thick-
ness series of P(nBA-stat-MA)
films. The thickness increases
with increasing force maximum.
Right: Close-up of the tack
data corresponding to the two
thinnest films with measurable
tackiness (44.4 and 133 nm).

Further details of the thickness dependence of the tackiness can be derived by extracting

the tack energy W and the force maximum Fmax from the measured force-distance curves.

Both parameters are plotted as a function of h in figure 8.13. Due to the already mentioned

broad range of appearing force maxima and tack energies, a logarithmic scale is chosen

for the representation.

As a result, not only the force maximum increases monotonically as a function of the

film thickness for h ≤ 363 nm, but so does the tack energy as well. Both parameters

remain constant within the achieved experimental error for h ≥ 607 nm. Consequently,

the adhesive performance is very sensitive to the PSA film thickness below a threshold

value of approximately 363 nm. Above this threshold, no major changes are detected for

the investigated range of film thicknesses indicating a bulk-like behavior.

Furthermore, the described monotonic increase of W and Fmax for low h follows an expo-

nential law. This can be seen from the fitted linear functions in the graphs of figure 8.13,
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for both of which a logarithmic scale is selected. The exponential laws can be written as

W (h) = w1 exp[w2h] and Fmax(h) = f1 exp[f2h], (8.1)

respectively. The coefficients w1, w2, f1 and f2 follow directly from the linear fitting.

The corresponding values are w1 = (3.7 ± 0.4) · 10−2 µJ, w2 = (1.9 ± 0.1) · 10−2 nm−1,

f1 = (4.1± 1.7) · 10−2 N and f2 = (1.3± 0.2) · 10−2 nm−1.

Figure 8.13: Tack energy (left) and force maximum (right) as a function of the thickness obtained for
spin-coated P(nBA-stat-MA) films in logarithmic representation. The solid lines in both panels are linear
fits to the respective data for h ≤ 363 nm.

It is important to note that the validity of equations 8.1 is limited to a certain thickness

regime because of two reasons. First, a constant regime of W and Fmax is experimentally

detected for h > 363 nm. This constancy is clearly different from an exponential law

behavior. And second, an extrapolation towards thickness regions close to zero is also

not possible since for h = 0, a non-vanishing tack energy would be predicted. As a

consequence, additional correction terms would be necessary or there is a lower limit for

the validity of equations 8.1.

8.4 Conclusion

Ultra-thin films of a PSA model system are processed via spin-coating. The film thickness

is varied by selecting appropriate concentrations of the underlying solutions. The result-

ing thickness values, which are determined with x-ray reflectivity (XRR) and white light

interferometry (WLI), only follow the behavior predicted in literature for low concen-

trations. For the high concentration regime, the involved high solution viscosities cause

deviations.
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A full morphological characterization of selected films is provided by grazing incidence

small angle x-ray scattering (GISAXS) experiments. The distribution of the components

in the films does not strongly correlate with the thickness. Moreover, the data analy-

sis reveals a comparably large surface roughness. In addition to the root-mean-square

roughness, the surface is decorated with objects that purely consist of the glassy minor-

ity component of the PSA. The data are successfully modeled by assigning a cylindrical

shape to these objects. From a fit to the data, the radius, height and center-to-center

distance probability distribution functions are extracted. As a result, the cylinders cover

approximately 3 % of the surface for all investigated samples.

In contrast to the morphology, the adhesive performance as studied in probe tack tests is

very sensitive to the film thickness. Below a film thickness of approximately 500 nm, both,

the tack energy and the force maximum follow an exponential law behavior. For thicker

films, these parameters remain constant within the investigated range of film thicknesses.

For all samples, the corresponding force-distance curves exhibit a peak-like shape being

closely related to the absence of any fibrillation processes. Finally, for a film thickness of

363 nm, no dependence on the applied contact force is detected.



Chapter 9

Summary and outlook

The chemical composition as a function of distance from the sample surface is investi-

gated for different model systems of acrylic pressure sensitive adhesive (PSA) films. X-ray

reflectivity as the main characterization method is the ideal tool for this purpose. The

strength of the technique is that, for two-component PSAs, the near-surface composition

profiles can be deduced from the measured refractive index profiles. When more compo-

nents are involved, at least the location of enrichment layers of the component with either

the highest or the lowest refractive index is possible.

Using the preparation techniques solution casting and doctor-blading, films with a thick-

ness of 50 µm are successfully prepared. In all investigated samples the near-surface

distribution of the involved components deviates from the bulk. The obtained deviations

encompass a region covering a range of approximately 100 nm measured from the interface

to the air.

With solution casting under ambient conditions, the type of copolymerized material has

a strong influence on the obtained near-surface composition profile. The driving force is a

selective upward transport of the material exhibiting the higher solubility with respect to

the involved solvent. As a consequence, by choosing the appropriate type of copolymerized

material, either the sticky or the glassy component can form the top surface layer. An

exception to this behavior is observed for a low molecular weight statistical copolymer

based PSA.

The molecular weight dependence of the near-surface composition profile is related to the

corresponding solvent evaporation kinetics during the drying process. Although all sam-

ples in the examined molecular weight range show the same amount of homogeneously

distributed remaining solvent in the dried state, the preceding evaporation rates are molec-

ular weight dependent and change as a function of time. By monitoring exclusively the

solvent distribution within a near-surface region with neutron reflectivity, it is seen that

the solvent loss rates follow power laws exceeding significantly classical diffusion driven
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behavior. Moreover, in all investigated samples a gradient in solvent concentration during

a limited time window is found.

The impact of the solvent evaporation characteristics cannot only be seen from a compar-

ison of the near-surface composition profiles of solution cast films to a doctor-bladed film

representing an almost solvent free technique. Also the altered conditions for the solvent

evaporation upon performing the solution casting in an enclosed, controlled environment

have a strong influence. For example humid environments are less efficient in slowing

down the evaporation rate than solvent vapor atmospheres.

An appropriate sample preparation protocol is developed to isolate the effect of the rela-

tive humidity (RH) on the near-surface composition profiles and the related mechanical

properties. For this purpose, an acrylic PSA with two components of different polarity is

chosen. The more polar component is the glassy and the less polar component the sticky

material. As a result, with increasing RH the surface concentration of the more polar

component of the statistical copolymer increases. In addition, probe tack tests reveal

an increase in tackiness as a function of the RH related to the enhanced presence of the

harder material. In contrast, there is no detectable influence of the RH on the surface

tension as determined via contact angle measurements. The results are explained via the

installed near-surface composition.

The polar interactions between the humid atmosphere and the PSA film are so strong,

that even upon switching to an unpolar solvent for the solution casting, still the more

polar component forms the topmost layer. Exceptions can occur for high remaining

solvent contents and, thus, uncompleted selective transport processes. Almost the inverse

composition profile with a surface enrichment layer of the unpolar component is obtained

by performing the solution casting with a non-polar solvent in an enclosed atmosphere of

the corresponding solvent vapor.

For all investigated PSA films, the freshly prepared sample is not in an equilibrium state.

During aging, the component with the lowest surface tension enriches at the sample surface

even when the storage conditions favor the other component. For a sample preparation

under ambient conditions, the underlying molecular reorganization driven by the mini-

mization of the free-surface energy density can take almost one year. For short times

on the order of weeks, the distribution of components depends on the initial state of

the sample and, thus, on the selected preparation conditions. Furthermore, also lateral

compositional fluctuations on a length scale of some tens of nanometers are found in the

near-surface region. Interestingly, also these lateral domain sizes are time dependent.

Such domains are also detected when analyzing the morphology of spin-coated, ultra-thin

acrylic PSA films. However, their position and size distribution is significantly different

from what is observed in the case of thick, solution cast films. Also the mechanical
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behavior as investigated with probe tack tests deviates. In the ultra-thin regime, the

tackiness shows an exponential thickness dependence for very thin films. Above a certain

threshold value, the tackiness is almost constant within the investigated range of film

thicknesses. In addition, the role of the contact force is only minor for ultra-thin PSA

films.

In upcoming projects it might be meaningful to extend the investigation of ultra-thin

PSAs in a similar way as compared to the thick PSA films. Possibly, a fine tuning of

the mechanical properties is also realizable by tailoring the morphology via the external

conditions during the spin-coating. Also different types of substrate treatment appear to

be promising routes in the case of ultra-thin PSA films.

Concerning thick PSA films, the focus of this work was on the free interface to the air. A

meaningful extension to the presented work would be the characterization of the PSA films

under the influence of an adherent. One natural adherent is already provided by the solid

support of the PSA films. It is therefore worth investigating if there are also enrichment

layers of one component in the vicinity of the substrate and if also the near-substrate

region undergoes aging. In addition, it would be interesting whether the corresponding

local structure affects the bonding with the solid support.

A further tuning of the bonding by employing substrates with different surface roughness

values or even regularly structured substrates is conceivable. The resulting adhesion

between the PSA film and the substrate could be tested in so-called peel tests. For the

investigation of possible near-substrate compositional fluctuations of the PSA, neutron

scattering based characterization techniques would be suitable.
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Appendix

A.1 Program code for the justification of the layer

model

In the following, the code of a Microsoft Excel based Visual Basic program is presented,

with which a many-layer model in the syntax of the Parratt32 is created. The purpose

of this program is to cross-check if the simple layer model leads to the correct refractive

index profile. For more details, please refer to section 3.2.1. The program is executable

when the refractive index profile extracted from a fit to the data by Parratt32 is inserted

into the first two columns of an empty Microsoft Excel sheet.

Sub Modelfile()

Dim n As Integer

Dim nmax As Integer

Range("D1").Select

ActiveCell.FormulaR1C1 = "=COUNTA(C[-3])"

nmax = Cells(1, 4).Value

Columns("C:C").Select

Selection.NumberFormat = "@"

Range("A1").Select

Cells(1, 3).Value = 1

Cells(2, 3).Value = "7 9"

Cells(4, 3).Value = "d / Å"

Cells(5, 3).Value = "Im(rho) / Å^-2"

Cells(6, 3).Value = "sigma / Å"

Cells(7, 3).Value = "R(mag)"
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Cells(8, 3).Value = "I(mag)"

Cells(9, 3).Value = "R(mag)"

Cells(10, 3).Value = "air"

Cells(11, 3).Value = "N/A"

Cells(12, 3).Value = "0E+0"

Cells(13, 3).Value = "0E+00"

Cells(14, 3).Value = "N/A"

Cells(15, 3).Value = "0"

Cells(16, 3).Value = "0"

For n = 1 To nmax

Cells(10 + 7 * n, 3).Value = n

Cells(11 + 7 * n, 3).Value = "1.00"

Cells(12 + 7 * n, 3).Value = Cells(n, 2).Value

Cells(13 + 7 * n, 3).Value = "1.496E-08"

Cells(14 + 7 * n, 3).Value = "0"

Cells(15 + 7 * n, 3).Value = "0"

Cells(16 + 7 * n, 3).Value = "0"

Next n

Cells(17 + 7 * nmax, 3).Value = "bulk"

Cells(18 + 7 * nmax, 3).Value = "N/A"

Cells(19 + 7 * nmax, 3).Value = "8.953E-6"

Cells(20 + 7 * nmax, 3).Value = "1.496E-08"

Cells(21 + 7 * nmax, 3).Value = "0"

Cells(22 + 7 * nmax, 3).Value = "0"

Cells(23 + 7 * nmax, 3).Value = "0"

Cells(24 + 7 * nmax, 3).Value = "1"

Cells(25 + 7 * nmax, 3).Value = " 3.80000000000000E-0007"

Cells(26 + 7 * nmax, 3).Value = "1"

Cells(27 + 7 * nmax, 3).Value = "0"

Cells(28 + 7 * nmax, 3).Value = "0"

End Sub
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A.2 Program code for the grayscale coding

Another Visual Basic program is developed for the illustration of the grayscale coded

composition profiles of P(EHA-stat-20MMA). For this purpose, the corresponding refrac-

tive index profile has to be inserted as the first two columns of an empty Microsoft Excel

sheet. In a first step, with the following code each refractive index is converted into the

respective grayscale value (see section 3.2.1) and the grayscale image of the complete

profile is plotted.

Sub Makro1()

Dim peha As Double

peha = 0.0000085054289

Dim pmma As Double

pmma = 0.0000107447079

Dim quotient As Double

quotient = pmma - peha

Dim dicke As Double

dicke = 0.1

Dim n As Integer

n = 1

Do Until IsEmpty(Cells(n, 1)) = True

Cells(n, 3).Value = Round(255 * (Cells(n, 2).Value - peha)

/ quotient, 0)

If Cells(n, 3).Value < 0 Then

Cells(n, 3).Value = 0

End If

If Cells(n, 3).Value > 255 Then

Cells(n, 3).Value = 255

End If

Cells(n, 4).Value = 255 - Cells(n, 3).Value

n = n + 1

Loop

n = 1
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Do Until IsEmpty(Cells(n, 1)) = True

ActiveSheet.Shapes.AddShape(msoShapeRectangle, 300, 99 + (n + 1)

* dicke, 300, dicke). _

Select

Selection.ShapeRange.Fill.Visible = msoTrue

Selection.ShapeRange.Fill.Solid

Selection.ShapeRange.Fill.ForeColor.RGB = RGB(Cells(n, 4).Value,

Cells(n, 4).Value, Cells(n, 4).Value)

Selection.ShapeRange.Fill.Transparency = 0#

Selection.ShapeRange.Line.Weight = 0.75

Selection.ShapeRange.Line.DashStyle = msoLineSolid

Selection.ShapeRange.Line.Style = msoLineSingle

Selection.ShapeRange.Line.Transparency = 0#

Selection.ShapeRange.Line.Visible = msoFalse

n = n + 1

Loop

ActiveSheet.Shapes.AddShape(msoShapeRectangle, 300, 99 + n

* dicke, 300, 0.8 * 1.5). _

Select

Selection.ShapeRange.Fill.Visible = msoTrue

Selection.ShapeRange.Fill.Solid

Selection.ShapeRange.Fill.ForeColor.RGB = RGB(255, 0, 0)

Selection.ShapeRange.Fill.Transparency = 0#

Selection.ShapeRange.Line.Weight = 0.75

Selection.ShapeRange.Line.DashStyle = msoLineSolid

Selection.ShapeRange.Line.Style = msoLineSingle

Selection.ShapeRange.Line.Transparency = 0#

Selection.ShapeRange.Line.Visible = msoFalse

ActiveSheet.Shapes.AddShape(msoShapeRectangle, 300, 99 + 201

* dicke, 300, 0.8 * 2). _

Select

Selection.ShapeRange.Fill.Visible = msoTrue

Selection.ShapeRange.Fill.Solid

Selection.ShapeRange.Fill.ForeColor.RGB = RGB(255, 0, 0)
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Selection.ShapeRange.Fill.Transparency = 0#

Selection.ShapeRange.Line.Weight = 0.75

Selection.ShapeRange.Line.DashStyle = msoLineSolid

Selection.ShapeRange.Line.Style = msoLineSingle

Selection.ShapeRange.Line.Transparency = 0#

Selection.ShapeRange.Line.Visible = msoFalse

n = 1

ActiveSheet.Shapes.AddShape(msoShapeRectangle, 300, 98.2 + n

* dicke, 300, 0.8 * 2). _

Select

Selection.ShapeRange.Fill.Visible = msoTrue

Selection.ShapeRange.Fill.Solid

Selection.ShapeRange.Fill.ForeColor.RGB = RGB(255, 0, 0)

Selection.ShapeRange.Fill.Transparency = 0#

Selection.ShapeRange.Line.Weight = 0.75

Selection.ShapeRange.Line.DashStyle = msoLineSolid

Selection.ShapeRange.Line.Style = msoLineSingle

Selection.ShapeRange.Line.Transparency = 0#

Selection.ShapeRange.Line.Visible = msoFalse

Cells(1, 6) = "zoom-in from"

Cells(2, 6) = "zoom-in to"

Cells(3, 6) = "linewidth"

End Sub



180 APPENDIX . A

In a second step, the region of interest can be selected and the zoomed-in profile is

provided as an output. For the execution of the second program, the line corresponding

to the lower and the upper boundary as well as the desired linewidth have to be provided

in cells “A7”, “B7” and “C7”, respectively. Throughout this work, a linewidth of 0.8 is

chosen for the composition profiles representing the region 0 < z < 20 nm. The program

code for the second step is listed below.

Sub Makro2()

Dim n As Integer

Dim dicke As Double

dicke = Cells(3, 7).Value

For n = Cells(1, 7).Value To Cells(2, 7).Value

ActiveSheet.Shapes.AddShape(msoShapeRectangle, 300, 300 + (n + 1)

* dicke, 300, dicke). _

Select

Selection.ShapeRange.Fill.Visible = msoTrue

Selection.ShapeRange.Fill.Solid

Selection.ShapeRange.Fill.ForeColor.RGB = RGB(Cells(n, 4).Value,

Cells(n, 4).Value, Cells(n, 4).Value)

Selection.ShapeRange.Fill.Transparency = 0#

Selection.ShapeRange.Line.Weight = 0.75

Selection.ShapeRange.Line.DashStyle = msoLineSolid

Selection.ShapeRange.Line.Style = msoLineSingle

Selection.ShapeRange.Line.Transparency = 0#

Selection.ShapeRange.Line.Visible = msoFalse

Next n

End Sub

A.3 Contact angle measurements

In this final section of the appendix, the contact angle data with the respective fits of

the humidity series of P(EHA-stat-20MMA) (see section 6.1.2) are presented. The data

corresponding to the preparation protocol under dry conditions has been shown in figure

6.3. The following five figures show the data corresponding to the higher RHs.
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Figure A.1: Time dependent contact angles of droplets of the test liquids paraffin oil, diiodomethane,
ethylene glycol, formamide, glycerol and water on a P(EHA-stat-20MMA) film prepared under an RH of
23 %. Measured data are represented by colored symbols and the solid lines are the corresponding fits.
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Figure A.2: Time dependent contact angles of droplets of the test liquids paraffin oil, diiodomethane,
ethylene glycol, formamide, glycerol and water on a P(EHA-stat-20MMA) film prepared under an RH of
43 %. Measured data are represented by colored symbols and the solid lines are the corresponding fits.
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Figure A.3: Time dependent contact angles of droplets of the test liquids paraffin oil, diiodomethane,
ethylene glycol, formamide, glycerol and water on a P(EHA-stat-20MMA) film prepared under an RH of
54 %. Measured data are represented by colored symbols and the solid lines are the corresponding fits.
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Figure A.4: Time dependent contact angles of droplets of the test liquids paraffin oil, diiodomethane,
ethylene glycol, formamide, glycerol and water on a P(EHA-stat-20MMA) film prepared under an RH of
75 %. Measured data are represented by colored symbols and the solid lines are the corresponding fits.
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Figure A.5: Time dependent contact angles of droplets of the test liquids paraffin oil, diiodomethane,
ethylene glycol, formamide, glycerol and water on a P(EHA-stat-20MMA) film prepared under an RH of
85 %. Measured data are represented by colored symbols and the solid lines are the corresponding fits.
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[75] Holý, V.; Baumbach, T. Phys. Rev. B 1994, 49, 10668–10676.



BIBLIOGRAPHY 191

[76] Sinha, S. K.; Sirota, E. B.; Garoff, S.; Stanley, H. B. Phys. Rev. B 1988, 38, 2297–

2311.

[77] Salditt, T.; Metzger, T. H.; Peisl, J.; Reinker, B.; Moske, M.; Samwer, K. Europhys.

Lett. 1995, 32, 331–336.

[78] Yoneda, Y. Phys. Rev. 1963, 131, 2010–2013.

[79] Naudon, A.; Babonneau, D.; Thiaudière, D.; Lequien, S. Physica B 2000, 283,

69–74.

[80] Bronstein, I. N.; Semendjajew, K. A.; Musiol, G.; Mühlig, H. Taschenbuch der

Mathematik ; Verlag Harri Deutsch, 1999.

[81] Hosemann, R.; Vogel, W.; Weick, D.; Baltá-Calleja, F. J. Acta Cryst. 1981, A37,
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[116] Muñoz-Bonilla, A.; Heuts, J. P. A.; Fernández-Garćıa, M. Soft Matter 2011, 7,
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