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Abstract 

 

Block copolymers have been widely studied in recent years because of their ability to 

form defined nanostructures with different morphologies and adjustable periodicity. 

This ability is based on the fact that covalently linked polymer blocks are arranged in 

well-ordered domains due to both positive enthalpy of mixing and small entropy of 

mixing. This process is called microphase separation and the molecular size of the 

individual polymer chains determines their separation distance. In addition, 

macrophase separation can be avoided, leading to thermodynamically stable 

nanostructured microdomains. 

The investigation of highly-ordered thin films is one of the outstanding fields of 

research in the context of block copolymers since they enable a versatile self-

assembled morphology in the range of 5-50 nm by means of a “bottom-up” approach. 

They promise applications such as polymer membranes or templates for 

nanostructured materials. Among the block copolymer structures, vertical cylinders 

have received great attention because of their ability to produce highly-ordered 

nanopores. Nanopores can be formed from a thin block copolymer film by removing 

one block by selective etching or by dissolving a polymer block. In this study, 

polystyrene-block-poly(ethylene oxide) diblock copolymer is used with ortho-

nitrobenzyl ester (ONB) as a photocleavable block linker (PS-hν-PEO). The pore 

material PEO is washed out by a suitable solvent after the two blocks are photocleaved 

applying mild UV radiation. This results in an arrangement of nanopores which are 

decorated with functional groups, leading to materials for adsorption or filtration 

purposes. 

In the first step of the work, the efficiency of the photocleavage was investigated in 

solution by FCS measurements in order to determine the exposure time with UV at 

365 nm for a quantitative cleavage of the two polymer blocks. 

In the following experiments ultra-thin polymer films are prepared on top of a silicon 

substrate and the desired arrangement of the films is then generated by solvent vapor 

annealing. The adjustment of the solvent vapor is of great importance in the treatment 

in order to manage the forces at the substrate/polymer film interface and to obtain 

cylinders perpendicular to the sample surface. For the characterization of the thin 



Abstract   IV 

 

 

films, microscopic methods were combined with X-ray scattering methods to represent 

both the surface and the internal structure of the films. 

Further work deals with the removal of the pore material by washing with a suitable 

solvent. After the films were cleaved with UV, the kinetic behavior of the films was 

identified towards the two solvents ethanol and ultra-pure water. A washing protocol 

was prepared for both solvents and the effect of the solvent nature on the internal as 

well as the surface structure was verified. For this purpose, grazing-incidence small-

angle X-ray scattering (GISAXS) and atomic force microscopy (AFM) were 

performed. 

Based on this, the treatment of the polymer film during the washing process was 

observed in real time in order to draw conclusions about the dynamics of the removal 

process. In-situ X-ray reflectivity measurements provide statistically significant 

information about the change in the layer thickness as well as the roughness of the 

polymer film during pore formation. By in-situ AFM measurements, the structure 

analysis of the ultra-thin block copolymer films was completed and thus the temporal 

effect of the washing process was elaborated. 

This thesis deals with experimentally advanced analytical techniques, which have been 

extended with regard to their application in the field of thin films of block copolymer 

research. As a result, the approach of photocleavable block copolymer thin films was 

put under scrutinity and evaluated regarding its feasibility. 
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Kurzfassung 

 

Block Copolymere wurden in den letzten Jahren ausgiebig untersucht, da sie die 

Fähigkeit besitzen, definierte Nanostrukturen mit verschiedener Morphologie und 

einstellbarer Periodizität zu bilden. Diese Fähigkeit beruht darauf, dass kovalent 

verknüpfte Polymerblöcke sich aufgrund ihrer positiven Mischenthalpie und geringen 

Entropie des Mischens in wohlgeordnete Domänen einordnen. Dieser Prozess wird als 

Mikrophasenseparation bezeichnet und die Molekülgröße der einzelnen Polymerkette 

bestimmt ihren Abstand. Zusätzlich kann eine Makrophasentrennung vermieden 

werden, die zu thermodynamisch stabilen nanostrukturierten Mikrodomänen führt. 

Die Untersuchung von hochgeordneten Dünnschichten stellt eines der herausragenden 

Forschungsgebiete im Zusammenhang mit Block Copolymeren dar, da sie durch einen 

„Bottom-up“-Ansatz vielseitige selbstorganisierte Morphologien im Größenbereich 

von 5-50 nm ermöglichen. Sie versprechen Anwendungen wie in Polymermembranen 

oder Schablonen für nanostrukturierte Materialien. Unter den 

Blockcopolymerstrukturen haben senkrecht-stehende Zylinder aufgrund ihrer 

Fähigkeit, hochgeordnete Nanoporen herzustellen, große Aufmerksamkeit erhalten. 

Nanoporen können aus einem dünnen Blockcopolymerfilm durch das Entfernen eines 

Blocks, durch selektives Ätzen oder durch Auflösung eines Polymerblocks erzeugt 

werden. In dieser Arbeit wird Polystyrolblock-Poly(ethylenoxid)-Diblockcopolymer 

(PS-hν-PEO) mit ortho-Nitrobenzylester (ONB) als photospaltbaren Blocklinker 

verwendet. Das Porenmaterial PEO soll durch ein geeignetes Lösungsmittel 

herausgewaschen werden, nachdem die beiden Blöcke mittels milder UV-Strahlung 

photolytische gespalten werden. Dabei entsteht eine Anordnung von Nanoporen, die 

mit funktionellen Gruppen versehen sind, wodurch sich Adsorptions- oder 

Filtrationszwecke ergeben.  

Im ersten Schritt der Arbeit wurde die Effizienz der Photospaltung zunächst in Lösung 

mittels FCS geprüft, um die Belichtungszeit mit UV bei 365 nm für eine quantitative 

Spaltung der beiden Polymerblöcke zu bestimmen.  

Im darauffolgenden Kapitel werden die ultra-dünnen Polymerfilme auf ein 

Siliziumsubstrat aufgebracht und anschließend die gewünschte Anordnung der Filme 

durch Behandlung mit Lösungsmitteldampf hergestellt. Das Einstellen des 
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Lösungmitteldampfes ist bei der Behandlung von großer Bedeutung, um die Kräfte an 

der Grenzfläche Substrat/Polymerfilm zu bewältigen und somit senkrecht zur 

Probenoberfläche stehende Zylinder erhalten zu können. Zur Charakterisierung der 

dünnen Filme wurden mikroskopische Methoden mit Röntgenstreumethoden 

kombiniert, um sowohl die Oberflächentopologie als auch die innere Struktur der 

Filme abzubilden. 

Der weitere Verlauf der Arbeit handelt vom Entfernen des Porenmaterials durch 

Herauswaschen mit geeignetem Lösungsmittel. Nach dem die Filme mit UV gespalten 

wurden, wurde das kinetische Verhalten der Filme gegenüber den beiden 

Lösungsmittel Ethanol und reinst Wasser untersucht. Für beide Lösemittel wurde ein 

Waschprotokoll erstellt und der Einfluss des Lösemittels auf die innere Struktur sowie 

Oberflächenstruktur geprüft. Hierzu wurden Röntgenkleinwinkelstreuung unter 

streifendem Einfall (GISAXS) und Rasterkraftmikroskopie (AFM) durchgeführt.  

Basierend darauf wurde die Behandlung des Polymerfilms während des 

Waschvorgangs in Echtzeit beobachtet, um Rückschlüsse über das dynamische 

Verhalten zu ziehen. In-situ Röntgenreflektivität Messungen liefern statistisch 

signifikante Informationen über die Änderung der Schichtdicke sowie der Rauigkeit 

des Polymerfilms während der Porenbildung. Durch in-situ AFM Messungen wurde 

die Strukturanalyse der ultra-dünnen Block Copolymerfilme vervollständigt und somit 

der zeitliche Einfluss des Waschvorgangs ausgearbeitet.  

Die vorliegende Arbeit befasst sich mit experimentell anspruchsvollen 

Analysetechniken, die hinsichtlich ihrer Durchführbarkeit auf dem Gebiet der 

Polymerforschung erweitert wurden. Dadurch konnte der Ansatz der photospaltbaren 

Block Copolymer Dünnfilme auf den Prüfstand gestellt und bezüglich ihrer 

Realisierbarkeit bewertet werden.  
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1 Introduction 

 

Nowadays, ever increasing requirements are made on novel materials and new fields 

of application are being developed, especially in nanotechnology. Demand for more 

energy-efficient, high-functional materials is increasing and the development of 

nanostructured materials is therefore required. Polymers are particularly suitable for 

this challenge.[1] The material class has permeated all areas of daily life as well as 

technical applications. Their success is mainly due to three aspects. On the one hand, 

a variety of parameters such as monomer type, degree of branching, type of linkage, 

chain length, mixing of different building blocks, etc. are available to achieve the 

desired properties. Secondly, new processing methods such as extrusion or injection 

molding are used which allow a completely new shaping. Additionally, the favorable 

price-performance ratio plays an important role, because most monomers are directly 

available from petrochemical processes.[2] In the first aspect, namely the specific 

property setting, the possibility exists to mix different polymers in order to utilize their 

properties in an additive. However, this miscibility is an exception. Generally, 

different polymers are not compatible with each other, but segregate 

macroscopically.[3] This property becomes an advantage when the chemically different 

polymers are covalently bonded in block copolymers. In recent years block 

copolymers have attracted particular interest in research and technology. 

Highly-ordered block copolymer thin films have been studied extensively during the 

last years because they facilitate versatile self-assembled morphologies via a bottom-

up approach. They can be used in applications such as membranes or templates for 

nanostructured materials.[4] Due to their morphological characteristics, which is a 

result of microphase separation, block copolymers can exhibit unique properties. Thus, 

self-assembled materials, especially block copolymers in thin films, can be produced 

from this material class, since block copolymers spontaneously form periodic 

structures of different symmetries, such as vertical cylinders, spheres, lamellas or 

gyroids. The reason is that BCPs form high-oriented nanodomains, which is the result 

of at least two immiscible homopolymers. Incompatible blocks phase-separate in the 

nanometer range with sizes from 10 to 50 nm, and are dispersed in the matrix of the 

majority block.[5] The block copolymer self-assembly is very important for the 
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production of porous polymers as they have proven to be promising precursors in the 

production of well-defined nanoporous structures for wide-ranging applications. The 

design and construction of porous architectures, that are present in nature or in 

synthesized materials up to the micro- and nanoscale region, have long been an 

important scientific topic. Above all porous polymers have gained increased interest 

in research because they can combine the properties of porous materials and polymers. 

In advance, porous polymers can be designed to attain the advantages of high surface 

area and clearly defined porosity.[4,6] 

In order to achieve the best material, however, some important barriers have to be 

overcome. On the one hand, the optimal utilization of the nanoscopic patterns requires 

the production of defect-free orientational order of block copolymer microdomains. 

Specially in case of compositionally asymmetric cylindrical block copolymer thin 

films, where an orientation perpendicular to a substrate surface is required. On the 

other hand, the selective removal of the pore material is of great importance. The 

selective removal of components causes a much more complicated pore production 

process and handicaps the control of pore homogeneity. For maximizing the 

performance of these materials, the pore uniformity and pore arrangement as well as 

the homogeneity of the surface chemistry of the pore wall play an important role.[7,8] 

However, these obstacles can only be overcome if the basic chemistry, physics and 

driving forces behind the assembly of polymers is understood in the magnitude of the 

size of the individual chains. There are already works in the literature, which use 

different methods to remove the minor part of the self-assmbled BCP thin films, such 

as e.g. chemical etching, UV degradation and ozonolysis.[9,10] However, these methods 

are complex and require aggressive additives to remove the pore material. Moreover, 

the functionality of the pore wall is not present in most cases. In order to avoid the 

above mentioned problems, block copolymers with photocleavable linkers were 

introduced.[11,12] The idea is that the polymer blocks are cleaved by means of a mild 

UV exposure and then the pore material is washed out of the polymer film by a suitable 

solvent. Light has also the advantage that it can be applied from outside the system 

and the reaction can be controlled in respect to time and space. Furthermore, such 

photocleavable block copolymers make it possible to release specific chemical groups 

(e.g. carboxyl groups) upon photocleavage. In addition, the idea based on a 

photocleavable linker is of considerable interest since it tends to transition between the 
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blocks avoiding degradation of the blocks. Thus, it does not depend on the type of 

polymer blocks. Indeed, this method is at the initial stage from the research point of 

view. The present work links at this point the investigation of the optimal conditions 

for the efficiency of UV cleavage and the mechanism of pore formation. The exposure 

time under mild UV radiation was determined so that undesirable side effects can be 

avoided during a longer exposure time. Regarding to the pore formation, the influence 

of the solvent as well as the washing time on the system and the morphology was 

analyzed. 

From a scientific point of view, the above-mentioned information of the system is of 

great importance and requires advanced analytical methods. Characterization tools for 

the determination of kinetics of domain reorganization are required to optimize the 

conditions of thin-film processing and treatment that promote the control over self-

organized BCP thin-film. For this, ex-situ as well as in-situ X-ray scattering 

measurements were performed. The respective wavelengths of the X-ray radiation are 

excellent for investigating the relevant size scales of the self-organized BCP thin film 

down to the Angstrom (Å) range over macroscopic area so that non-destructive 

analyses and improved statistics are possible compared to other characterization 

techniques. X-rays are also strongly penetrating and permit a continuous structural 

analysis of in-plane and out-of-plane geometry. With the development of synchrotron 

radiation, important advantages of X-ray scattering are also added, in fact high flux, 

low divergence and high energy resolution.[13] The linking of these tasks increases the 

utilization of X-ray in studies that require fast data acquisition times, high resolution 

and, in particular, allows in-situ observation of the system. In-situ characterization 

tools feature a pioneering view in self-assembly mechanisms with regard to the 

observation of the temporal restructuring that is influenced by certain processing 

techniques or sample environments. For the verification of the X-ray scattering 

experiments, high-resolution ex-situ and in-situ AFM measurements were additionally 

performed and analyzed in order to complete the characterization of the system. Thus, 

important basic insights into different annealing approaches of photocleavable BCP 

thin films have been obtained. 
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2 Fundamentals and Methods 

2.1 Block Copolymers (BCP) 

In recent decades, polymer chemists made important progress in the synthesis of 

polymeric materials with different macromolecular architectures.[14] The main focus 

was set on well-controlled polymer structures. Due to the introduction of 

living/controlled polymerization methods, considerable progress has been reached in 

the design and construction of polymer materials with unique structures and properties. 

Besides the control of bulk properties, which arise from the tunability of diverse 

parameters, a variability of individual macromolecular shapes is also given for creating 

well-defined discrete objects of nanoscopic dimensions.  

In particular block copolymers of different architectures with different compositions 

are able to directly assemble in bulk or in solution. Such iterative and modification 

methods, including combinations of covalent bond and supramolecular interactions, 

the hierarchical structure of complex nano-objects with nanoscopic regio placement of 

different functional groups and thus several functions perform in separate domains of 

the nanostructures.[15] The power of the block copolymers as nanostructuring agents 

of polymer blends is manifested at higher concentrations than the compatibilization 

used. These macromolecules consisting of two immiscible homopolymers, which are 

covalently bonded, are widely used to structure a mixture of these liquids. They are 

applicable in food industry or cosmetic creams, water, oil/surfactant mixtures can be 

equipped with unique optical, rheological properties, or to make transport a number of 

molecular-scale structures.[16] 

The use of block copolymer materials in nanotechnology has been proposed based on 

their self-assembly.[17] Compared to a mixture of homopolymers, block copolymers 

show a completely new property profile. The wide variety of different structures and 

the possibility of combination of different monomers open very interesting features 

with a broad spectrum in respect to application potentials.[18] This enormous versatility 

opens up strategies in the processing, self-organization and guided self-assembly of 

homopolymers, block copolymers and nanoparticles/polymer composite materials in 

custom-made, well-designed thin films and nanostructured materials.[19] Block 

copolymers (BCP) have been known to prepare by microphase separation 

morphologies due to the incompatibility of the different blocks. Due to the wide range 
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of synthetic methods, a variety of BCP architectures, including linear, comb, star, 

conical, and ring topologies can be achieved.[20] Many of the desired and interesting 

properties result from their ability to form defined nanostructures with different 

morphologies and adjustable periodicities.  

Block copolymers were investigated most often in terms of the synthesis, properties, 

behaviour and morphology in solution, mass, and the melting states as well as practical 

applications. Since block segments are usually thermodynamically incompatible, they 

phase separate at a molecular level, followed by a self-organization to form three-

dimensional periodic nanostructures and supramolecular assemblies. It has been found 

that the nanoscale structures have great influence on the macroscopic properties of 

BCPs, which ultimately dictates their potential end-use.[21,22] Block copolymers (BCP) 

have attracted considerable attention as a template for the production of nanostructured 

materials, such as nanolithography, optical materials and attracted matrices for storage 

devices.[23] 

This is the essential driving force for intensive research in this field. The range of 

promising applications for these materials is growing rapidly and includes examples 

from the fields of chemistry, physics, materials science, biology and medicine.[24,25] 

 

 

Figure 2. 1: Schematic representation of possible architecture of AB-Diblock 
copolymers and ABC-Triblock copolymers. 
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2.1.1 Block Copolymer Synthesis 

Similar to the possible structures there are also a variety of synthetic methods to 

produce block copolymers. The number of new structures by combining various 

synthetic methods seems to be unlimited. The systematic preparation of block 

copolymers was only made possible by the development of controlled/living 

polymerization techniques. Nowadays defined block copolymers can be prepared by a 

variety of methods, including anionic and cationic living polymerization, as well as 

the controlled radical polymerization. 

 

2.1.1.1 Living Ionic Polymerization 

For the preparation of block copolymers anionic and cationic living polymerization 

are two of most synthetic routes. They are called as “living” polymerization, since after 

the completed consumption of the monomer the chains possess ionic species as active 

centers. So, it is a question of chain propagation reaction in the absence of irreversible 

transfer and termination reactions, which lead to well-defined materials.[26,27] 

Under appropriate reaction conditions one can obtain different blocks by sequential 

addition of different monomers, create different structures by e.g. the use of coupling 

reagents or produce materials with functional groups. Without “living” 

polymerization, the advances in the field of nanostructured materials with smart 

properties would not have been possible. 

Nevertheless this method has crucial limitations, as often ambitious experimental 

conditions are required. The active center is very sensitive to contamination, so that a 

high purity of all reagents, monomers and solvents as well as apparatus has to be used. 

Furthermore the polymerization techniques is only applicable to a limited number of 

monomers, such as styrenes, dienes, methacrylates, acrylates, ethylene oxides or vinyl 

pyridines.[27,28] 

Due to disadvantages of ionic polymerization and the increasing use of free-radical 

polymerization in industrial production the controlled radical polymerization methods 

become favorite research topics.[29] 
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2.1.1.2 Controlled Radical Polymerization 

In the last two decades, the transfer of properties of living ionic polymerizations has 

been studied intensively for the free radical polymerization. With the development of 

new methods the interest on this issue has further increased. The goal thereby is to 

unify the advantages of living polymerization, which leads to polymers with low 

polydispersity and very versatile architectures, with the advantages of free-radical 

polymerization, which is characterized by a variety of polymerizable monomers and 

by insensitivity to dirt and water.[30] 

Over the past 10 years, the knowledge and the interest in controlled radical 

polymerization and their applications have increased tremendously, which is 

demonstrated by the very strong increase of scientific publications in this field. In 

contrast to conventional polymerization this new method makes possible to synthesize 

polymers with a polydispersity index (PDI) less than 1.5.[27] Several approaches exist 

for the controlled radical polymerization, which use completely different agents for 

reversible termination of the active species.[31] Currently the following three controlled 

radical polymerization methods are particularly successful: 

- Nitroxide Mediated Polymerization (NMP)[32,33] 

- Transition metal-catalyzed Atom Transfer Radical Polymerization  

(ATRP)[34-36] 

- Degenerative transfer via Reversible Addition-Fragmentation Chain Transfer 

(RAFT)[37-39] 

 

A “classical” radical polymerization is characterized by the elementary reactions 

initiation, propagation, transfer and/or chain termination. Compared to a living 

polymerization this method distinguishes a faster growth of the initiation and the 

occurrence of termination and transfer reactions.[40] 

Since the radicals are very reactive, the termination of the active chains can be 

prevented by keeping the concentration of the active species very small. For this 

purpose, an agent X is added to the reaction which forms the so-called dormant 

radicals. The radicals react reversibly to a non-radical species. The polymerization-

active state is produced by dissociation of these dormant radicals again.[41] 



Fundamentals and Methods  8 

 

 

Scheme 2.1 shows the general principle of controlled radical polymerization (with the 

rate constants kact and kdeact), which is based on a dynamic equilibrium between active 

and inactive (dormant) species. Thus, only a small part of the reactive species is present 

as free radicals that can reversibly trap in an activation/deactivation process. Or, 

according to scheme 2.2, the radicals can be associated to a reversible transfer, 

degenerative process, as in RAFT.[31,40,41] 

Scheme 2. 1: General mechanism of controlled radical polymerization with the rate 

constants kp for propagation, kt for termination, kdeact and kact for 

deactivation and activation of the radical polymerization respectively, 

as in ATRP.[30-40] 

 

Scheme 2. 2: Mechanism of controlled radical polymerization with a reversible 

chain transfer between polymer radicals and chain-transfer agents. 

the rate constants kp for propagation, kt for termination, kex for chain-

transfer, as in RAFT.[30-40] 

 

In this way chain termination reactions are minimized. Simultaneously, the 

equilibrium leads to a slower growth of the individual polymer chains, and therefore 

the lifetime of the propagaring chains is extended significantly. The properties of the 
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controlled radical polymerization is given by the effects of this equilibrium of 

polymerization kinetics. Due to the fast initiation, which is at least as fast as the 

propagation, allows the confinement of the molecular weight and its narrow 

distribution. Here the degree of Polymerization DPn is defined by the ratio of 

concentrations of the consumed monomer M to the used initiator I0. 

 
𝐷𝑃# = 	

𝑑𝑀
𝐼)

 (1) 

Essentially all the free radicals start to propagate at the same time. This leads to a 

simultaneous growth of all the polymer chains and to the uniform chain length.[30] 

 

2.1.2 Phase Separation 

The mixing behaviour of two different materials is generally determined by two 

parameters, the mixing enthalpy and entropy of mixing. The mixing enthalpy is a result 

of the interaction of molecules coming into contact with each other, which may be 

favourable or unfavourable. The entropy, however, expresses the effort of the 

components to be able to sample as many arrangements as possible, and favours the 

formation of a mixed phase. In case of polymers, these driving forces are described by 

the theory of Flory and Huggins.[42-45] 

If two incompatible polymers are close together and a sufficient molecular mobility is 

present, they will segregate into macroscopic domains. Each polymer kind will 

preferably accumulate in such a way, that the smallest possible interface between the 

domains is formed. 

But if two such incompatible homopolymers A and B are covalently linked to an AB-

diblock copolymer, a macroscopic segregation is no longer possible. Instead 

microphases are formed with an instrinsic size of the radius of gyration of the polymer 

blocks. Still, the tendency to minimize the unfavourable interface exists in relation to 

the enthalpy.[46] 

Besides the entropy of mixing of the blocks A and B in the mixed state, additional 

parameters contribute to the entropy. So, the formation of sharp interfaces drives the 
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connection points between the blocks into an area and prevents the free arrangement. 

For structure formation this is usually a negligible contribution. The conformation of 

the chains itself plays a more important role. Thereby, the chain stretching counteracts 

the interface minimization. As result, the equilibrium between the two forces assures 

a highly ordered structure and the geometry is determined by the volume fraction of 

the components A and B.[47] 

 

2.1.2.1 Theoretical Description of Possible Morphologies for AB-Diblock 

Copolymer 

 

When AB-diblock copolymers segregate in different phases, it happens on the length 

scale of the molecular dimension between 10 and 100 nm.[48] For this reason they form 

regular and long-range ordered structures. Which geometry these structures follow, 

depends on the volume fraction f of the components.  

If fA < 0.16 spheres morphology of the minority component A is found in a matrix of 

component B. The spheres are ordered on a body-centred cubic lattice. Increasing the 

A-block to 0.16 < fA < 0.27, so the A-phase forms hexagonally arranged cylinders, 

which are enclosed by the B-matrix.[49] At 0.27 < fA < 0.33 the so-called gyroid 

structure is found.  

According to theoretical calculations, for very large χN values the gyroid morphology 

is no longer stable. In the range of 0.33 < fA < 0.5, a symmetrical composition is 

preexisting and both phases form lamellae.[50] In the continuation it results in a mirror-

image sequence with the inverse morphologies for the B-block as minority component 

forming gyroid, cylindrical and spherical structures as shown in Figure 2.2. 
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These four morphologies occur not only for AB-diblock copolymers, but for all 

polymer systems with two phases, e.g. ABA-triblock and star block copolymers.  

In order to be able to meet the diverse structures that arise in the phase separation of 

block copolymers, one should consider the theoretical background of this phenomenon 

in more detail. As mentioned above, the interaction parameter and the grade of 

polymerization play an important role in the formation of the possible morphologies. 

For the complete miscibility of different polymers in polymer blends and block or graft 

copolymers, the free energy of mixing ΔGm must take negative values. The free energy 

of mixing is given by the equation: 

 ∆𝐺, = ∆𝐻, − 𝑇∆𝑆, (2) 

 

 

Figure 2. 2: Schematic representation of morphologies formed by self-assembly 

of block copolymers, where f is the volume fraction of one 

component.[51] 
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with 

ΔHm = Enthalpy of mixing 

ΔSm = Entropy of mixing 

T = Temperature. 

 

Phase separation occurs when ΔGm is positive and thus ΔHm > TΔSm applies. In most 

cases the enthalpy of mixing takes positive values. Therefore, to reach a miscibility of 

the components the entropy term has to compensate the enthalpy of mixing. However, 

the entropy of mixing decreases because of the low degrees of freedom for translation 

and configuration for polymer chains (compared to low molecular weight 

compounds/monomers), which approaches to zero at high grade polymerization. Thus, 

TΔSm does not exceed the positive contribution of the enthalpy of mixing, and so most 

polymer systems undergo to segregation, as positive values for the free energy of 

mixing are resulting. 

For the determination of the free energy of mixing the Flory-Huggins theory can be 

used and the equations for ΔHm and TΔSm can be set up as follows:[52,53] 

 ∆𝑆, = −𝑅(
𝑓4
𝑁4
	𝑙𝑛𝑓4 +

𝑓9
𝑁9

	𝑙𝑛𝑓9) (3) 

 ∆𝐻, = 𝑅	𝑇	𝜒4,9	𝑓4	𝑓9  (4) 

 

with 

R = Gas constant 

NA, NB = Degree of polymerization for A and B block 

fA, fB = Volume fractions of the component A and B 

T = Temperature 

χ = Flory-Huggins interaction parameter. 
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The enthalpy of mixing depends largely on Flory-Huggins interaction parameter χ, 

which describes the interactions between the A- and B-block. χ is given by equation 

 𝜒 = =
𝑧
𝑘9𝑇

@ A𝜀49 −
1
2
(𝜀44 + 𝜀99)E (5) 

 

z = Number of directly neighboring monomer units per monomer in a polymer chain 

kB = Boltzmann constant 

ε = Interaction energies of the monomers A-B, A-A and B-B 

 

The separation parameter is positive at repulsive interactions and negative at attractive 

interactions. The larger the value for χ is, the more unfavorable is the contact between 

the segments of the different polymers. Moreover, χ is proportional to inverse T and 

consequently decreases with increasing temperature. 

In addition to the entropy of mixing two more entropic effects act contrary to the 

enthalpic effect. Firstly, the connection points between the components are localized 

in the interface and the arrangement of freedom is reduced in comparison to the 

homogeneous phase. Secondly, the conformation of the chains plays an important role. 

The chains are stretched because of minimization the interface and therefore drift from 

the shape of an ideal Gaussian coil with maximum entropy. The interplay between 

enthalpic and entropic effects results in formation of a thermodynamically stable 

microphase-separated morphology.[54,55] 

The phase behavior of block copolymers is also strongly dependent on the temperature, 

as shown above by the mentioned parameters related to the segregation. With 

increasing temperature, the entropy and thus the miscibility of the individual blocks 

increases. Above a certain temperature a homogeneous phase is formed. This transition 

is called order-disorder transition (ODT). 

A common parameter for the incompatibility of two polymers is the product χN, where 

N is the number of the segments. When the critical value χN ≈ 10.5 (fA = fB = 0.5) for 

a symmetrical composition, the transition from disordered to ordered phase takes 
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place. Within the ordered range, the microphase separation is divided into two 

regimes.[46] 

For the theoretical structure description and calculation one defines two limiting cases, 

the weak segregation limit (WSL) with χN ≈ 10 and the strong segregation limit (SSL) 

with χN »10.[56] In WSL phases are only slightly separated from each other and their 

boundary layer provides a gradual transition. In contrast, in the SSL a sharp interface 

is existing between the phases, and the layer, in which both polymer types are present, 

is negligible thin. 

 

 

As shown in Figure 2.3, the sinusoidal trend (process) at the WSL illustrates a wide 

interface between the blocks. But in the strong segregation limit (SSL), the 

incompatibility of the blocks increases strongly resulting in a box-shaped profile at the 

interface.[46] 

For the explanation of phase behavior and structure formation of diblock copolymers 

a wide variety of theories has been developed.[57-62] Helfand et al. were able to present 

first calculations for microphase separation using the mean-field theory in 1975.[63] 

The mean-field theory is an approximation from statistical physics. Helfand dealt in 

his theory with the direct space distribution functions, which depicts the location 

Figure 2. 3: Interface characterics of weak segregation limit WSL (above) with 

sinusoidal composition profile and strong segregation limit SSL 

(bottom) with sharp interface. 
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probability of chain-end segments with different length in the strong segregation 

regime. Possible fluctuations due to thermal motion of the particles are not considered. 

In 1980 Leibler set calculations for order-disorder transition in case of weakly 

separated phases. Here, the chain statistics are regarded as Gaussian and Leibler 

extended the theory by introducing an order parameter contributing to the free 

energy.[64]  

Considering the Gaussian chains in a self-consistent distribution of monomers, Matsen 

and Schick applied the self-consistent mean-field theory (SCMFT) to calculate the 

phase diagram for AB-diblock copolymer.[59,65] 

	
 

In the theoretical phase diagram for a diblock copolymer, shown in Figure 2.4, the 

volume fraction f is plotted against Flory-Huggins interaction parameter χN. It is seen 

that at a fixed χN above the ODT (χN > 10.5) the range of order-order-transition (OOT) 

begins, where the possible morphologies are stable. 

Figure 2. 4: Phase diagramm of a linear AB-diblock copolymer depending on the 

volume fraction f and the Flory-Huggins interaction parameter χN 

shows the ODT and OOT for the possible morphologies. The 

calculation is based on the self-consistent mean-field theory by M.W. 

Matsen.[49,66]	
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2.1.3 Nanoporous Block Copolymer Thin Films and Potential 

Applications 

Block copolymers constitute an appropriate basis for the production of nanoporous 

thin films. Because the material promises appealing applications in various fields, it 

attracts significant attention in terms of a research. The special feature of block 

copolymers to form well-defined structures in the nanometer range is especially for 

nanotechnological applications of great importance. In order to enable the applications 

as nanostructured thin films, a periodic array over a large area must be formed to obtain 

a uniform film thickness and well-ordered microdomains.[67] To overcome this 

challenge different approaches have been applied yet, including applying of electric 

fields,[68-70] temperature annealing,[71,72] chemical patterning,[73-77] graphoepitaxy[78-82] 

and solvent vapor annealing.[83-90] Despite the numerous approaches developed to 

create thin films with highly ordered arrays from self-assembled block copolymer, the 

solvent vapor annealing proved one of the most convenient approaches. In this 

methodology, in the swollen state the mobility of the blocks is made possible, and thus 

the thermodynamically favored nanostructured arrangements are not longer kinetically 

trapped. The orientation of the microdomains is caused by the fact that the solvent 

vapor propagates from the film surface and proceeds through the entire film. Finally, 

the development of the perpendicular morphology is induced from top to the bottom 

in the direction of the maximum solvent concentration gradient. Practically, the 

process is carried out at room temperature. Through a variation of the vapor 

composition using different solvents, and by application of pressure, the nanostructure 

features of the thin film can be tuned.[91] 

The length scale of microphase separation, 10-100 nm, opens a new way in 

technological applications to use nanoporous block copolymer thin films as 

nanoreactors to create functional materials for submicron electronic, optical and 

biomedical devices.[92,93]  

The literature already contains numerous works that report that nanoporous BCP thin 

films have been used as templates for the production of nanostructured inorganic 

materials.[94] Because the pore size in the thin films and the corresponding distance of 

the pores can be varied, this material is particularly useful as a template. The 

nanopores, produced by degradation of one component of the film material, can be 
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filled with metallic materials for creating nanowires and dot arrays by 

electrodeposition, as shown in Figure 2.5. This kind of material has apparent potential 

for patterning magnetic storage media.[95] 

 

 

Furthermore, templates from block copolymer thin films can also be used for 

synthesizing inorganic nanoparticles. In this case the template acts as a nanoreactor, 

whereby the metal salts are reduced by chemical reaction. Another example is the 

combination of the sol-gel process with the templating of nanoporous thin films. 

Thereby considerable number of nanostructured ceramics can be synthesized and 

fabricated after the removal of the polymer film.[67,96]  

The block copolymer thin films are not only applicable for inorganic materials but can 

also be used for biomolecule patterning. Diblock copolymers with nanoscale structure 

and different hydrophobicity lead to selective adsorption of the proteins on the 

template. 

Besides the described options, nanoporous thin films have the potential to find 

application as nanoporous membrane for filtration of viruses. Figure 2.6 depicts the 

schematic illustration of the process for creating of nanoporous membrane using of 

BCP thin film. The film is transferred onto the filtration membrane to avoid selectively 

Figure 2. 5: Schematic illustration of the formation of metal nanowires by 

electrodeposition using a nanoporous BCP template.[95] 
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the penetration of the virus into the pores of the BCP thin film, while proteins can 

freely pass through the membrane.  

 

 

  

In this case the property that the pore diameter can be tuned by changing the molecular 

weights of the block copolymer, also plays an important role, as the size of the 

membrane filter can exactly be controlled. This kind of filtration system leads to the 

elimination of the risk that during the processing of biotherapeutic proteins the 

contamination with viruses is prevented. Thence, it become possible to fabricate new 

membrane systems for blood filtration, such as a hemodialysis that rule out the risk of 

viral infection.[95,97]  

Figure 2. 6: Schematic representation of using a nanoporous BCP thin film as a 

precursor for membrane filtration. (a) BCP thin film on top of a 

silicon wafer, (b) transferring the BCP thin film onto a supporting 

membrame for microfiltration, (c) Removing the pore material of the 

BCP thin film by acetic acid, (d) Filtration by preventing the virus 

(green dots) penetrating the membrane, while proteins (yellow dots) 

pass through the pores in the system.[95,97] 
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2.2 Fluorescence Correlation Spectroscopy (FCS) 

The Fluorescence Correlation Spectroscopy (FCS) method was first introduced in 

1972 by Magdeburg, Webb and Elson.[98-101] However, it took several decades that 

FCS had still to be developed further, to allow the use of both in biotechnology as well 

as especially in polymer systems, today.[102] In the development of FCS the most 

significant idea was the combination with confocal microscopy in order to improve the 

quality of the spatial resolution and the sensitivity of the method. Furthermore, 

advances in the improvement of the optical components, the sensitivity and time 

resolution of detectors, and better opportunities in the labelling techniques have also 

been achieved. These developments lead this technique to be applied in polymer 

science, in particular for diffusion investigations.  

The measured parameter in an FCS experiment is the fluctuation of fluorescence 

intensity. The fluctuations are caused randomly by chemical, biological and physical 

effects, which are acting on the fluorophore. Using the correlation of fluorescence 

fluctuations meaningful data about the environment of the fluorophore is obtained. In 

addition, this technique provides a large temporal dynamic range of femto seconds to 

minutes. Meanwhile, the FCS has become an established tool for concentration and 

aggregation measurements, determination of molecular interactions and diffusion 

analysis.[103-105] 

 

2.2.1 Basic Concept 

The Fluorescence Correlation Spectroscopy measurement is based on the statistical 

analysis of the time-resolved fluorescence signal. For analysing the intensity 

fluctuations, the autocorrelation function is used as a mathematical tool. Fluorescence 

values are correlated with itself and plotted against a time shift. From a fit to the 

autocorrelation function, the information about the dynamics of the investigated 

system can be determined.[106] 

Figure 2.7 shows a typical FCS set-up. The confocal volume, wherein the molecules 

are excited to fluoresce, is located within the sample placed on a glass coverslip. A 

collimated laser beam is focused by objective lenses onto the confocal volume. By the 
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use of the dichroic mirror and an emission filter, a part of the laser beam emitted from 

the confocal volume, is collected by the same objective. At the same time, the 

excitation light is separated from the emitted intensity. The emission light reaches a 

pinhole, which has the task to select and eliminate most of the light, which does not 

result from the confocal volume. Thereafter, the filtered intensity is passed through an 

Avalanche Photo Diode (APD), where single photons are detected with high temporal 

accuracy. Such APDs are equipped with appropriate electronics to achieve a good 

quantum efficiency and be able to record photons in the picosecond range.[107] 

 

 

The diffusion causes a variation of the average value of the detected molecules in the 

volume. With the analysis of this variation of the single occurrence with respect to the 

mean value provides a way to determine the average number of particles in the volume. 

Figure 2. 7: Experimental setup of a Fluorescence Correlation Spectrometer.[107] 
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Another aspect of the signal function is the average diffusion time. Under the 

assumption that the molecules have a free diffusion, they take each point in the volume 

frequently equal for a sufficiently long observation period.[108,109]  

The fluorescence intensity 𝐼(𝑡)  is detected as a time series. In thermodynamic 

equilibrium the mean value 〈𝐼(𝑡)〉  of the fluorescence 𝐼(𝑡) is constant. The fluctuation 

can thus be represented as follows:[110] 

 𝛿𝐼(𝑡) = 	𝐼(𝑡) −	 〈𝐼(𝑡)〉 (6) 

 

The autocorrelation function 𝐺(𝜏)  is obtained by correlating the measured 

fluorescence 𝐼(𝑡) with itself, that is the function is shifted by a time 𝜏 and the values 

at the same time t multiplied together and normalized. The normalized autocorrelation 

function can be defined as follows: 

 

 
𝐺(𝜏) = 	

〈𝛿𝐼(𝑡) ∙ 	𝛿𝐼(𝑡 + 𝜏)〉
〈𝐼(𝑡)〉L = 	

〈𝐼(𝑡) ∙ 	𝐼(𝑡 + 𝜏)〉
〈𝐼(𝑡)〉L − 1 (7) 

 

All processes that can cause intensity fluctuations within the confocal volume are 

included in the autocorrelation function. These processes are rotational and 

translational diffusion or photophysical and photochemical changes as well as 

transitions to the triplet state of the fluorescent samples. Since the enumerated 

operations take place within a large period of time, the autocorrelation function is 

represented in a logarithmic scale. The variations resulting from the diffusion in and 

out of the confocal volume of the molecules, causes a drop of the autocorrelation 

function, which can be represented as follows: 

 
𝐺(𝜏) = 	

1
𝑁	=1 +	

𝜏
𝜏M
@
NO
	P1 +	=

𝑤RS
𝑤T

@
L
	
𝜏
𝜏M
U
NOL

 (8) 

with 



Fundamentals and Methods  22 

 

 

𝑁 = Number of independent diffusing fluorescent molecules 

𝜏M = Average diffusion time 

𝑤RS, 𝑤T = Radial and axial diameter of the confocal volume. 

 

The elliptical shape of the confocal volume is included in the equation as the square 

root term. For a high sensitivity determination of 𝜏M  a nanomolar concentration is 

necessary, in order to detect independently diffusing molecules in the confocal 

volume. A too high concentration of the sample solution has the consequence that the 

background noise of the intensity is increased, and thus the sensitivity of the 

measurement is limited. As one can see in the equation (8), a high value for 𝑁 would 

reduce the autocorrelation, whereby the fitting of the function becomes inaccurate. In 

return, though, one would observe at too low concentration insufficient diffusing 

molecules in volume. This also has the consequence that the autocorrelation function 

is inaccurate determinable. 

At defined volume geometry the average diffusion time can be determined from the 

signal function. Thereby, the average diffusion time is directly dependent on the 

diffusion constant. 

From the Einstein equation, the diffusion coefficient 	𝐷  can be calculated as 

follows:[107,111] 

 𝐷 =	VWX
Y

Z[\
. (9) 
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2.3 Atomic Force Microscopy (AFM) 

Polymer materials and macromolecules can be studied by using a number of analytical 

methods, which give an insight into many properties like chemical structure, mobility, 

nanostructure and morphology, as well as mechanical and thermal behaviour. The 

analytical techniques have significant advantages, but also disadvantages, which can 

thus restrict important knowledge about the materials. Than, the increasing importance 

of these materials in modern technology requires a more precise characterization. With 

the rapid development of nanotechnology and the use of polymers in this field a better 

understanding of the material behaviour especially in the nanometer range is required. 

The reason for it is that the precious knowledge of the polymers plays a very important 

role in a variety of technological applications. In this relation, many expectations to 

progress in polymer analysis are applied to the use of atomic force microscopy 

(AFM).[112] This method was first devised in 1986 by Binnig, Quate and Gerber as an 

extension of the scanning tunnelling microscopy (STM).[113,114] In the STM the surface 

of conductive materials is probed by the spatially resolved, distance dependent 

measurement of a tunnelling current. In contrast to STM, AFM is based on the 

interatomic forces acting between the surface of a sample and the atoms of the tip. The 

AFM allows the measurement of non-conductive surfaces, which offers a greater 

variety of applications. The measurements can be carried out in air, in vacuum and in 

liquid medium. Furthermore, AFM can be used as a very precise instrument for 

determination of mechanical properties such as elasticity and hardness.[115]  

 

2.3.1 Basic Concept 

In an AFM set-up a fine tip, which is attached at the bottom of a cantilever, is scanned 

over the sample surface. The sample is located on the sample plate, which is movable 

in x, y and z-directions and controlled by piezoelectric elements. The measured 

quantity here is the direct interaction force between the tip and the sample surface. 

During the measurement the sample is scanned in the x and y directions. The roughness 

of the surface results in a bending of the cantilever. The coupling of the surface to the 

cantilever is due to small attractive or repulsive tip-sample forces and it is detected on 

a positional sensitive photodetector. To this end a laser beam is focused on to the end 
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of the cantilever and is reflected from a sensitive photodetector. The photodetector 

consists of four photodiodes, which is marked by four quadrants. The photodiodes 

convert the incident light into voltage. From the voltage difference between the upper 

and lower diodes, the vertical displacement of the laser beam and thus the vertical 

displacement of the cantilever can be determined. The determination of the horizontal 

beam displacement is effected by the voltage difference of the right and left 

diodes.[116,117]  

For an AFM measurement the choice of a suitable cantilever is of great importance. 

The right choice of a cantilever depends on the operating mode and the material of the 

sample. The standard cantilever is made of silicon or silicon nitride and may have 

different force constants, frequencies and tip radii.  

For modelling the sample surface, a related signal is used at a constant force level. 

Since the sample-tip force is proportional to the electron density of the top surface 

atoms, the AFM images are assigned to surface topography. In case of imaging soft 

materials (biological and polymer materials) their interaction forces should be 

considered in order to avoid damages on the sample surface. In contact AFM mode the 

normal and lateral interaction forces are of a magnitude of tens to hundreds nano 

Newtons. In order to decrease these forces, measurements are carried out in liquids. 

To enlarge the investigation of soft materials the tapping mode is introduced, where 

lateral forces are practically removed.[118]  

Generally, two common operating modes are used in AFM measurements. These are 

the contact and the tapping modes, which differ from each other in the way the tip 

interacts with sample surface.  
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Figure 2.8 (a) shows the contact AFM mode, where the tip scans the sample surface 

by keeping the contact permanently. The deflection of the cantilever depends on the 

force caused by the sample. An electronic feedback is responsible for keeping the tip-

sample interaction forces constant during the measurement. In this process the right 

choice of the set-point is a crucial. In the tapping mode, illustrated in Figure 2.8 (b), 

the tip has an intermittent contact to the sample surface, as the tip is oscillated at (near) 

its resonant frequency. Here, the interaction forces are measured by the drop of the 

cantilever amplitude when the sample is approximating the probe. Therefore the 

tapping mode is a non-destructive operating mode for soft materials in contrast to the 

contact mode.[112,119] 

Figure 2. 8: AFM operation modes with a probe (cantilever with a sharp tip) 

scanning the sample surface, (a) contact mode: tip is in permanent 

contact with the sample, (b) tapping mode: cantilever is oscillated 

above the sample surface at its resonance frequency. 
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2.4 X-ray Scattering 

Scattering methods belong in natural science to the outstanding method for studying 

the properties of various kinds of material. Because of their broad spectrum 

electromagnetic waves play a special role. With them, objects and structures can be 

examined on length scales down into the range of the used wavelength of radiation. In 

the case of hard X-rays with energies above 10 keV the orders of magnitude of Å range 

can be reached. Thus, materials can be investigated up to atomic scale. However, not 

only atom distances, but also structures of up to several micrometers are accessible 

with the X-ray scattering.[120] In interplay with the generally large penetration depth 

and non-destructive measuring of materials, the X-ray scattering is therefore an ideal 

method for determining geometric structures.[121] 

 

2.4.1 Basic Principle 

An X-ray beam hits a surface with an angle of incidence αi and is scattered at an angle 

αf to the plane located in the half-space above the surface. One part of the incident 

beam is refracted at an angle αf into the material. The plane that is perpendicular to the 

sample surface and in which the incident and reflected rays lie, represents a so-called 

in-plane geometry. If scattering contributions will be also considered, which are 

beyond this level, another scattering angle is obtained, the out-of-plane angle ϕ.[122]  
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Depending on the scattering geometry used in the experiment, a distinction is therefore 

required between in-plane and out-of-plane measurements. A special case of in-plane 

measurement is the reflectivity (XRR), when only scattered contributions under the 

conditions αi = αf and 𝜙 = 0° is considered. 

The measured scattering intensity with an XRR experiment is expressed as a function 

of the wave vector �⃗� = ki - kf.[123] The dependence of the wave vector �⃗� on the angle 

of incidence and the scattering angle can be written as follows:[121] 

 
�⃗� = `

𝑞R
𝑞S
𝑞T
a = b𝑘c⃗ db e

𝑐𝑜𝑠i𝛼kl 𝑐𝑜𝑠(𝜙) − 𝑐𝑜𝑠(𝛼d)
𝑐𝑜𝑠(𝛼d) 𝑠𝑖𝑛(𝜙)

𝑠𝑖𝑛(𝛼d) + 𝑠𝑖𝑛i𝛼kl
n (10) 

 

For an XRR measurement, wherein the condition αi = αf and 𝜙 = 0° is valid, it follows 

 
�⃗� = `

0
0
𝑞T
a = b𝑘c⃗ db `

0
0

2𝑠𝑖𝑛(𝛼d)
a =

4𝜋
𝜆
`

0
0

𝑠𝑖𝑛 𝛼d
a (11) 

 

 

Figure 2. 9: Schematic scattering geometry. The X-ray falls onto the sample under 

an angle of incidence αi and is scattered into the volume above the 

sample surface under αf and ϕ. 
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Here, the relationship b𝑘c⃗ db = Ls
t

 was used with 𝜆 the wavelength of the X-radiation 

used in the experiment. It is conspicuous that in an XRR only a wavevector 

perpendicular to the sample surface occurs. This has the consequence that the XRR 

experiments, which consider the specular scattering, provide information about the 

electron density profile perpendicular to the sample surface. High-resolution XRR 

experiments can then deliver statements on the number, thickness and roughness of 

the individual layers of multilayer systems with different scattering properties.[122,123] 

A further special case relating to the scattering geometry is the out-of-plane 

measurement, in which the condition αi ≈ αf ≈ 0° and 𝜙 ≠ 0° is satisfied, and it follows 

 
�⃗� ≈

2𝜋
𝜆
`
𝑐𝑜𝑠(𝜙) − 1
𝑠𝑖𝑛(𝜙)
0

a (12) 

 

This condition is realized in a real experiment by an angle of incidence αi, which is 

below or above close to the critical angle αc of total reflection of the sample material. 

In this measuring mode only wavevector contributions that are parallel to the sample 

surface occur. This means that measurements are carried out in this geometry, contain 

information about the lateral structure of surfaces or interfaces obtained from the 

measurement of the non-specular scattered radiation in the form of diffuse intensity or 

intensity distribution of the Bragg scattering at the surface. The surface sensitivity of 

the method is generally achieved in the way that an angle of incidence and refractive 

is applied near to total reflection to decrease penetration depth of X-rays.[124,125] 
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It becomes clear that scattering geometry must be adapted to the desired information 

content of the measurements. 

The development of synchrotron radiation sources made it possible to extend the 

method of X-ray scattering for studying surfaces and interfaces of periodically ordered 

materials. In comparison to conventional scattering experiments the intensity of the 

scattering surface is very weak.[127] This is due to the small cross-section and also due 

to that the X-ray radiation is scattered at only a few layers of atoms or molecules. 

However, the high brilliance and intensity of synchrotron radiation ensures an 

adequate sensitivity to the surface structure.[128] 

Figure 2. 10: Dependence of the scattering process on the angle of incidence αi and 

the critical angle αc; at αi ≤ αc the scattering dominantly occurs on the 

surface structure, at αi ≥ αc both on the surface structure and in the 

inner structure, and at αi > αc dominantly in the inner structure of the 

sample.[126] 
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2.4.2 X-ray Reflectivity (XRR) 

The interaction between X-rays and matter can be described in a first approximation 

by the refractive index, which characterizes the change of direction of the beam at the 

transition from air to material. The refractive index n for X-ray radiation is < 1 and can 

be written as: 

 𝑛 = 1 − 𝛿 + 𝑖𝛽 (13) 

with 

 𝛿 =
1
2𝜋	𝑟x	𝜆

L𝜌x  (14) 

 

 𝛽 =
1
4𝜋 𝜆	𝜇 (15) 

 

δ represents the contribution of the electron shell scattering on the material, while the 

influence of the absorption is described by β. They depend on the wavelength λ, the 

classical electron radius re (2,82 x 10-13 cm), the electron density of the material ρe and 

absorption coefficient µ. Typical values for δ are in the order of about 10-7 to 10-5, 

which results from the relatively weak interaction effect of X-rays with matter. The 

order of the values of the absorption β is 10-8.[122,129,130] 
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At the interface of two different media with two different refractive indices 𝑛O and 𝑛L, 

the incident beam is divided into two waves, as shown in Figure 2.11. One of the wave 

is reflected back from the first medium, and the second one is refracted into the second 

medium, while both are in the plane of incidence. The ratio between the incident αi 

and refracted αt angles are described by the Snell’s law: 

 𝑛O 𝑐𝑜𝑠 𝛼d = 𝑛L 𝑐𝑜𝑠 𝛼{ (16) 

 

In case of that the incident angle αi is smaller than the critical angle αc, the X-rays 

don’t penetrate the material and an evanescent wave moves over the sample surface. 

Thereby total reflection of radiation occurs and so the reflectivity RF becomes 1. From 

the Snell’s law, the critical angle can be written as: 

 cos 𝛼� = 𝑛O = 1 − 𝛿 (17) 

 

Figure 2. 11:  X-ray reflectivity scattering geometry: the X-ray impinges onto the 

sample surface under the angle of incidence αi and is split up at the 

interfaces. One part of the radiation is reflected at the sample surface 

under the angle αf and one part is refracted into the material and is 

scattered at the interface material/substrate. For specular scattering 

the condition αi = αf is given. 
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Since the critical angle is very small, it can be driven from the Taylor approximation: 

 𝛼� = √2𝛿 = 𝜆	�𝑟x𝜌x/𝜋 (18) 

 

From this relation one can conclude that the angle of the total reflection is thus a 

material dependent quantity whose value is in a range about 0,2° to 1° for hard              

X-rays.[131,132] 

When a smooth surface is irradiated with X-rays, so a part of the incident intensity is 

reflected back from the medium j and a part is transmitted into the material with 

medium j+1. The amplitude of the reflected radiation is calculated using the continuity 

of the tangential components of the electric and magnetic field of electromagnetic 

wave at the transition from one medium into another, which leads to the Fresnel law 

𝑅� = |𝑟|L. Here r is defined as the Fresnel coefficient for reflection, fraction of the 

amplitude that is reflected back to the medium j.[122,133] 

 
𝑟 =

𝑘� − 𝑘��O
𝑘� + 𝑘��O

 (19) 

 

Consequently, the Reflectivity RF is given by 

 
𝑅� = �

𝑘� − 𝑘��O
𝑘� + 𝑘��O

�
L

. (20) 

 

In the case of that the incident angle is greater than the critical angle αi >> αc, the 

reflectivity declines sharply with the value 1/ (αi)4. As in reflectivity the contribution 

in qz direction is considered, therefore it follows 

 
𝑅(𝛼d) = 𝑅(𝑞T) ∝ 	 =

1
𝑞T
@
Z

. (21) 
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According to the Fresnel’s law the reflectivity is proportional to the inverse fourth 

power of the wave vector qz.[134] 

In the previous description of the reflectivity smooth surfaces were considered. Real 

surfaces are in most cases not ideally smooth but exhibit a roughness. This leads to 

attenuation of the reflected intensity, which is caused by the appearance of diffuse 

scattered radiation due to the differences in height of a rough surface. Thus, it is 

necessary to include into the reflectivity RF from a medium with an interface, which 

contain some degree of roughness. For a real surface or interface the reflectivity can 

be described as 

 𝑅����� = 𝑅d�x�� 	𝑒NL	��	����	�
Y. (22) 

 

From this equation (22), it becomes clear that the reflectivity is very sensitive to the 

roughness. Significant deviation of the Fresnel reflectivity can be observed even at 

small roughness of the sample. The interface and surface roughness cause a decrease 

of the reflectivity and it is further enhanced by additional exponential damping factors. 

Therefore, measuring a wide range of possible angles provide detailed information 

about the surface and interface roughness of the sample.[122,131] 

In Figure 2.12 the effect of film thickness, scattering length density and roughness is 

summarized in an X-ray reflectivity curve. Here a polymer thin film is deposited on a 

silicon substrate. When the angle of incidence exceeds the critical angle, a part of the 

X-ray beam penetrates into the film and the substrate. Consequently, the reflected 

intensity decreases sharply, which is modulated by several oscillations, the so-called 

Kiessig fringes. These fringes are a result of the interference of the beam reflected 

from the film surface and from the film/substrate interface.[135,136] 
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Figure 2. 12: Normalized X-ray reflectivity profile of a polymer thin film: in the 

region of the critical angle αc of total reflection the reflectivity is 1. 

Above αc the X-ray penetrates into the material and causes a sharp 

drop of the intensity. With incerasing αi the Kiessig fringes occur 

resulting from the interference of the scattering at the interfaces. For 

the specular scattering the condition αi = αc is fulfilled and 

information perpendicular to the surface can be obtained. 

 

 

2.4.3 Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) 

In contrast to imaging techniques grazing-incidence small-angle X-ray scattering 

(GISAXS) provides information in reciprocal space. This has the advantage that the 

achieved results are averaged over the total sample surface, and therefore statistical 

information over several of milimeters can be obtained. Since the technique requires 

hard X-rays, the experiments can not be realized at laboratory sources, but can be 

performed using a synchrotron radiation source in combination with 2D-detectors.[137-

139] 
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In a GISAXS scattering geometry, as illustrated in Figure 2.13, the X-ray beam is 

directed onto the sample at a small angle of incidence αi close to the critical angle of 

total reflection of the used material. In the coordinate system of Figure 2.13 the X-ray 

beam propagates in the x-, z-plane and the sample surface is located in the x-, y-plane.  

The resulting scattering intensity is recorded with a 2D detector. The main features in 

a 2D GISAXS image are the direct beam, the specular peak at αi = αf, the Yoneda peak 

and the scattering peak at the out-of-plane angle ϕ.[140-142]  

 

 

Figure 2. 13: Schematic illustration of the experimental set-up for the GISAXS 

scattering geometry. The X-ray beam is directed onto the sample at a 

small angle of incidence αi close to the critical angle of total reflection 

of the polymer film. The main features in a 2D GISAXS image are 

the primary beam, the specular peak at αi = αf and the out-of-plane 

angle ϕ. This experimental set-up allows to probe the sample surface 

in horizontal as well as in lateral direction. 

 



Fundamentals and Methods  36 

 

 

The so-called Yoneda peak is observed on the detector at the position αY = αi + αc with 

respect to the direct beam and the specular peak is probed only on one point. This 

means that the recorded intensity results from the diffuse scattering. The primary 

beam, Yoneda and the specular peaks, which contain high intensity, are shielded with 

a beamstop to avoid detector damage.[143] 

For evaluation of the obtained GISAXS pattern cuts are carried out in the region of the 

wavevector qy at constant qz position. Thus, the achieved information is only limited 

to the lateral structure of the sample and does not provide any evidence about the 

structure along the normal surface. 

Since an incident scattering angle is used in a GISAXS geometry, reflection and 

refraction at interfaces and the scattering due to the roughness needed to be taken into 

account. Therefore, the use of the framework of the distorted-wave Born 

Approximation (DWBA) is made, which includes multiple scattering effects. In this 

method, roughness of the surface is represented as a disturbance of a known reference. 

The analysis of the diffuse scattering in the described geometry can be simplified in 

the DWBA and the cross-section can be written as: 

 

 𝑑𝜎
𝑑Ω =

𝐴𝜋L

𝜆Z
[1 − 𝑛L]L	|𝑇d|L	b𝑇kb

L
	𝐹(𝑞) (23) 

 

The Parameter A stands for the illuminated surface area, and the Ti,f represents the 

Fresnel transmission functions for the incident and reflected intensity. F(q) is the 

diffuse scattering factor. As the incident and refracted angles are fixed in a GISAXS 

experiment, the Fresnel transmission functions are regarded as overall scaling factors. 

This means that the diffuse scattering factor is investigated only. In this case, the 

intensity of an effective surface area is determined by the height-height correlation 

function based on the Fourier transformation. The diffuse scattering factor can be 

approximated for N identical and centrosymmetric objects as follows:[144,145]  
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 𝐹(𝑞)	~	𝑁	𝑆(𝑞)	𝑃(𝑞). (24) 

 

P(q) is the form factor of the individual objects and S(q) is the structure factor. 

Mathematically, the calculation of the form factor happens in dependency of the object 

type, where the form factor appears in highly monodisperse objects. In case of 

polymeric systems these mathematical description is given for cylindrical structures 

of volume V = π R2 H as follows:[127]  

 
𝑃�S(�⃗�, 𝑅, 𝐻) = 2𝜋	𝑅L𝐻	

𝐽O(𝑞∥𝑅)
𝑞∥𝑅

	sin(𝑞T	𝐻/2)	𝑒Nd£¤	¥/L. (25) 
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3 Efficiency of Photocleavage 

 

3.1 Introduction 

On the basis of the major application for block copolymers to use them as separation 

membranes, lithographic mask and as templates, the preparation of highly oriented 

nanoporous thin films requires the selective removal of the minor phase from the pores. 

To date several methods for the removal of one block out of a thin film have been 

reported, such as chemical etching, ozonolysis, and UV degradation.[8,9,10] Overall they 

can only be realized under harsh treatment conditions.[146] Compared to this methods 

photolabile junction groups based on ortho-nitrobenzylester (ONB) were introduced 

to cleave the two blocks under mild conditions.[147] Since, light provides a particularly 

powerful and multilateral stimulation because it can be localized both spatially and 

temporally, and additional reagents are not needed. Furthermore, the idea based on 

photocleavable linker is of significant interest as it tends to the junction between the 

blocks and not to the degradation of a block, consequently it does not depend on the 

kind of the polymer blocks. Recently, the groups of Moon[11], Fustin[12] and Theato 

independently synthesized PS-hν-PEO block copolymers with the photocleavable 

junction ortho-nitrobenzylester (ONB) with the goal to create nanoporous thin 

films.[146,148] They took the advantage of the photochemically sensitive ONB, which 

has been used as light-sensitive protecting groups in organic chemistry and is already 

known as a cleavable linker in solid phase.[149] Linkers based on ONB have an 

absorption maximum at or near the wavelength 365 nm and they can usually be cleaved 

in exposure times between minutes to several hours depending on the intensity of the 

UV source. Such photocleavable polymers enable to expose specific chemical groups 

(e.g. carboxyl groups) upon photocleavage. This paves the way for a subsequent 

rational functionalization of the nanopore walls.[150]  

The use of ortho-nitrobenzylester as photocleavable junction in block copolymers is a 

relatively new method. The photocleavage of ONB in such systems is only reported in 

a few works in the literature up to now. In the present work, the diffusion time and the 

diffusion coefficient of the photocleavable PS-hν-PEO block copolymer are 

determined using the Fluorescence Correlation Spectroscopy. Based on the obtained 
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data conclusions can be drawn about the efficiency of mild UV radiation for cleaving 

block copolymers.  

 

3.2 Experimental 

3.2.1 Sample preparation 

The dye-labeled polymer was synthesized at the University of Hamburg in the group 

of Prof. Dr. Patrick Theato. For sample preparation, the block copolymer labeled with 

Oregon Green 488 Cadaverine was dissolved in THF and set to a concentration in the 

nanomolar range. The photocleavage was conducted at a wavelength of 366 nm for     

4 h with a UV Hand Lamp (Herolab GmbH) of 6 W power with constant stirring the 

solution. 

 

3.2.2 Fluorescence Correlation Spectroscopy Experiments 

The measurements to investigate the photocleavage were performed with the Zeiss 

LSM 510 Axiovert 200M-Confocor 2 combined system at the Max Planck Institute 

for Polymer Research in Mainz/Germany. The device has four lasers with different 

wavelength available. For the excitation of Oregon Green 488 Cadaverine the Argon 

Ion laser at the wavelength 488 nm was used. As a sample chamber the Attofluor steel 

cell was insert into the sample stage of the FCS. Since THF was used as solvent, the 

so-called Attofluor steel cell was used to prevent contamination of the plastic sample 

holders. The sample solution was placed between two glass slides and mounted in the 

Attofluor steel cell. The sample cell was placed into the sample space of the 

microscope where the molecules were excited in the confocal volume and the diffusion 

is measured. The confocal volume has the horizontal and vertical size of r0 = 0.2 and 

z0 = 1, which is shown in Figure 3.1. 
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The fluctuating fluorescence signal induced by the diffusion of the molecules into and 

out of the focal volume can be detected and thus, the autocorrelation function G(τ) was 

calculated for the free dye, the uncleaved and cleaved block copolymers. 

 

3.3 Results and Discussion 

In order to study the photocleavage process in a block copolymer system with the 

photocleavable linker ortho-nitrobenzyl ester (ONB), the diffusion properties of the 

polymers with the Fluorescence Correlation Spectroscopy method were explored. To 

do so, Oregon Green dye was introduced resulting in fluorescently labeled PS-hn-PEO 

block copolymer, as shown in Scheme 3.1.  

 

 

 

Figure 3. 1: Horizontal and vertical size of the confocal focus of a Fluorescence 

Correlation Spectrometer used for the calculation of the diffusion 

coefficient of the dye-labeled polymer molecules. 
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Firstly, the diffusion time for that of free dye as a reference was measured. The 

experimental autocorrelation G(τ) yields for the free dye molecule the diffusion 

time	𝜏M of 29 µs, represented in Figure 3.2 (red curve). Since the molecular weight has 

an effect on the diffusion time, one would expect a higher diffusion time for the 

uncleaved block copolymer than in the case of the cleaved polymer, where one block 

is no longer present. The diffusion time of the cleaved PS-hn-PEO-dye molecule, 

which was irradiated for 4 hours with UV at wavelength 366 nm, was determined to 

be 56 µs as shown in Figure 3.2 (blue curve). The calculated diffusion coefficient for 

the cleaved polystyrene block is 1.8 x 10-10 m2/s. 

 

Scheme 3. 1: PS- hn-PEO labeled with Oregon Green 488 Cadaverine 
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Unfortunately, the correlation function for the uncleaved PS-hn-PEO block copolymer 

could not be detected. The reason for that was found out upon observation of the 

sample cell with the camera of the microscope during the measurement. The 

fluorescence was clearly visible on the surface of the glass slides in the sample cell. 

To verify this precisely an area in the centre of the visible glass surface is selected and 

the dye in this area is destroyed by photobleaching, as shown in Figure 3.3a. In the 

photobleaching process, applying high radiation intensity destroys the dye and 

therefore it appears dark. 

 

Figure 3. 2: Autocorrelation curve calculated from the measured fluorescence 

intensity fluctuations caused by the free dye Oregon Green (red) and 

the labelled cleaved PS-hn-PEO (blue). 
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b  

Figure 3. 3: a) Labeled uncleaved PS-hn-PEO adsorbs on the glass surface, 

therefore no diffusion is observed, b) glass surface during measuring 

the labeled cleaved PS-hn-PEO cleaved for 4 hours at a UV 

wavelength of 366 nm. 

The inner black square in the middle of the Figure 3.3a elucidate the photo bleaching 

of the fluorescent dye on the surface. This result can be attributed to the hydrophilic 

part (PEO) of the block copolymer, which adsorbs on the glass surface and the 

diffusion of the molecules were thus inhibited. While the image in Figure 3.3b clearly 

indicates that the dye labelled polystyrene block was already diffused confirming the 

complete photocleavage at this condition. 

 

3.4 Conclusion 

The use of ONB as a junction for the photocleavage of block copolymers is a new 

basis for the production of porous ultra-thin polymer films. In order to be able to 

remove the pore material effectively from the system, it must first be ensured that the 

blocks are cleaved. For this purpose, the PS-hn-PEO with the photolabile linker ONB 

was cleaved in solution with UV at wavelength 365 nm and the efficiency of cleavage 

was examined by the Fluorescence Correlation Spectroscopy. It can be concluded that 

by applying 4 hours UV exposure at wavelength 366 nm the PS-b-PEO is 

quantitatively cleaved. However, this is only true for experiments in solution. 

Therefore, the question was now raised, whether this condition will still be suitable for 

the highly ordered nanostructure without any lateral distortion of the pore array upon 

one block removal and what is the best washing solvent for that. 

a b 
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4 Highly-Ordered Photocleavable Ultra-Thin Films 

from PS-hv-PEO Block Copolymer 

 

4.1 Introduction 

Block copolymer thin films from polystyrene-block-poly(ethylene oxide) (PS-b-PEO) 

is known to form highly ordered amorphous cylinders perpendicular to the substrate 

surface.  

The cylindrical morphology arouses interest especially because it can be converted 

into a parent nanoporous material after removal of the minor component. The basic 

structure of the polymer determines the properties such as pore size and pore topology 

of this material and makes it attractive for application in many areas. 

In order to create nanoporous thin films from block copolymers, the present limitations 

have to be overcome. Both the high lateral order in the morphology, and the selective 

degradation of the pore material are still a challenge in this area. 

Here, we discuss the creation of highly-ordered block copolymer thin films from        

PS-hν-PEO and examine the surface morphology of the films, as well as the inner 

structure and the film thickness. Thin film characterization and analysis were carried 

out by the techniques Atomic Force Microscopy (AFM), Grazing-Incidence Small-

Angle X-ray Scattering (GISAXS) and X-ray Reflectivity (XRR). In this step of the 

work, it should be ensured that the basis for the set requirements is present in the film, 

before it is subjected to further treatments.  

 

4.2 Experimental 

4.2.1 Sample Preparation 

The polystyrene-block-poly(ethylene oxide) copolymer with a photocleavable      

ortho-nitrobenzyl ester junction (PS-hν-PEO) was synthesized by the group of        

Prof. Theato at the University of Hamburg, Germany. For the synthesis a combined 
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RAFT polymerization and “click chemistry” approach was used, yielding a molecular 

weight of MW = 27000 g/mol for PS and MW = 5000 g/mol for PEO with a total          

PDI = 1.22.[146]  

Silicon wafers were used as substrates. The wafers were cut in 2 cm x 2 cm pieces and 

cleaned in O2-plasma for 15 minutes at a pressure of 0.6 mbar and a plasma power of 

100 W. A 0.3 nmol/L stock solution of polymer in toluene was stirred overnight and 

filtered before spin coating of the thin films. For each sample 100 µL of the polymer 

solution was spin-coated onto a cleaned silicon wafer using 3000 rpm for 60 s. After 

solvent annealing with H2O/THF for 2.5 h well-ordered polymer thin films were 

prepared. 

 

4.2.2 Grazing-Incidence Small-Angle X-ray Scattering 

Experiments 

The GISAXS measurements were performed at the Beamline BW4 of synchrotron 

source DORIS III at DESY in Hamburg, Germany. The X-ray beam is focused by 

parabolic beryllium compound refractive lenses to a beam size of 23 x 36 µm2 (vertical 

x horizontal). The energy of the synchrotron energy was 8,98 keV (a wavelength of 

1,381 Å). For recording the scattered signal, the MarCCD 2D detector was used with 

2048 x 2048 pix2 and a pixel size of 79,1 x 79,1 µm2. To avoid damages on the detector 

by the high intense beam, the primary beam, the specular and the Yoneda peak were 

blocked by moveable beam stops. The angle of incidence was set to 0.4°, which is 

above the critical angle of total reflection of PS and Silicon, and the sample to detector 

distance was 2 m. The results have been analysed in the framework of DWBA 

described in previous chapter using the programs Fit2D and FitGISAXS integrated in 

IgorPro.  

 

4.2.3 GISAXS Simulation 

The simulation of the GISAXS 2D pattern was performed with the software 

BornAgain version 1.6.1.[151] The software package is based on the distorted wave 

Born approximation (DWBA) for the calculation of the scattering process. In order to 
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carry out the calculation for the present system, a sample model was created. For this 

purpose, a silicon substrate was selected with a silicon oxide layer and, above this, the 

polymer film. Air was chosen for the upper sample interface. For the modelling 

parameters, a cylindrical form factor and for the structure factor interference 2D 

paracrystal was assumed. The values for cylinder radius, domain spacing and film 

thickness were taken from the AFM, GISAXS and XRR measurements. The incident 

angle as well as the beam and detector parameters were adapted to the parameters used 

in the GISAXS measurements at DESY in Hamburg.  

 

4.2.4 X-ray Reflectivity Experiments 

The XRR measurements were carried out on a XRD 3003 TT, Seifert Ltd. GB 

diffraction system at the Max-Planck Institute for Polymer Research in Mainz, 

Germany. The device includes a copper anode for getting a monochromatic and 

collimated X-ray radiation with a wavelength of 1.54 Å. The resulted reflectivity 

curves were fitted using the Parratt algorithm with the simulation software 

PARATT32. In order to fit the XRR curve a model with the layering system: Si, SiO2 

and polymer film is simulated, wherein the starting values for scattering length 

densities were calculated using the scattering length density calculator provided by the 

National Institute of Standards and Technology NIST.[152]  

 

4.3 Results and Discussion 

4.3.1 Local Ordering 

To obtain thin films with long-range order from block copolymer polystyrene-block-

poly(ethylene oxide) (PS-hν-PEO) including ONB was prepared on a silicon wafer. 

After the solvent vapor annealing and drying on air over night the films were 

investigated with AFM to verify the surface structure. For this, a surface area of              

1 µm x 1 µm was scanned applying the tapping mode to avoid damages of the film. 

The analysis of the recorded AFM images was done with the software “Gwyddion 

2.38”. The topography and phase images in Figure 4.1 show the result of AFM 
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investigations after film preparation. It can be seen that a highly oriented surface 

structure is present on the film. Furthermore, Fast Fourier Transformation yields a 

hexagonal structure, as expected for the used block copolymer. 

 

 

To determine the distance between two domains and the domain diameter, an area in 

the topography image is selected and the line profile is created, from which one can 

read the data. This resulted for the domains, a distance of 30-33 nm and a diameter of 

25-27 nm, as illustrated in Figure 4.2. 

 

 

 

 

 

Figure 4. 1: AFM Topography (a) and Phase (b) image of polystyrene-block-

poly(ethylene oxide) (PS-hν-PEO) block copolymer thin film with 

ONB. The inset in (a) represents the FFT calculation of the topography 

image. 
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In addition, for the surface roughness of the film the root mean square (rms) roughness 

was calculated and a value of 5.17 Å was determined. 

 

4.3.2 Long-range Order and Inner Film Structure 

Nonetheless, the information achieved from real space analysis is addressed for a range 

of microscopic surface area. For investigation of the ordering of arrays over large 

surface area and the inner structure scattering techniques are a convenient tool. With 

the grazing-incidence small-angle X-ray scattering (GISAXS) statistically significant 

parameters are accessible to characterize the vertical and lateral ordering of self-

assembled polymer thin film over macroscopic area. In Figure 4.3 the reciprocal space 

of the 2D ordered PS-hν-PEO thin film is shown. Here the same sample used for the 

AFM probing is measured by GISAXS. The 2D scattering image (Figure 4.3a) 

includes the qz and qy components of the scattering vector perpendicular and parallel 

to the substrate surface, respectively. The side maxima on the GISAXS 2D image 

result from the highly lateral ordering and the shape of the scattering peak indicates 

Figure 4. 2: Line Profile for determining the distance between two domains is 

created from a choosen area in the topography AFM image (Figure 

4.1). 
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that a cylindrical formation of the block copolymers is existent in the film. To extract 

additional information from the GISAXS data, the 1D out-of-plane cut along the wave 

vector qy is carried out. The horizontal intensity cut of GISAXS pattern is shown in 

Figure 4.3 b.  

 

On the 1D scattering profile two intensity maxima can be seen, namely the first peak 

at qy = 0.20804 nm-1 and the second weak peak at qy = 0.37517 nm-1. From these 

parameters, the distance between two domains d can be calculated using the equation 

 𝑑 = 	
2	𝜋
𝑞S
. (26) 

 

For the distance between two domains a value of d = 30.2 nm is calculated, which is 

in good agreement with that determined using AFM technique. 

Figure 4. 3: (a) 2D GISAXS scattering image of PS-hν-PEO thin film; the high 

intensene symetric peaks are the first-order diffraction Bragg peak 

and the weak peaks are the second-order diffraction. (b) 1D out-of-

plane profile of the 2D scattering image along the direction of the 

wavevector qy, including the first-order peak at 1 and the second-order 

peakt at √𝟑. 
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In order to be able to improve the measured GISAXS scattering and the obtained data, 

the GISAXS simulation was performed. For the calculation of the scattering pattern 

the same data was used as in the measurement to provide a basis for the comparison 

of the measured and simulated data. The 2D scattering pattern obtained from GISAXS 

modelling is shown in Figure 4.5.  

When comparing the measured to the calculated 2D images it is noticeable that the 

important properties of the X-ray scattering can be found on both images. 

 

This is on the one hand the Yoneda peak, which is located centrally in the middle of 

the scattering image. To the right and left of the Yoneda peak the two symmetrically 

arranged intense scattering peaks are located, which result from the highly-oriented 

Figure 4. 4: Simulated 2D GISAXS pattern using the software BornAgain (version 

1.6.1); the simulation parameter set equal to the parameters used in 

the measurements. The first and second-order peaks yield the same qy 

position as in the measured GISAXS image (Figure 4.3). 
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structure of the cylinders. Furthermore, it can be recognized that the peak position with 

respect to the qy wavevector yields the same value. Considering the scattering at large 

qy values, the second order peak can slightly be seen in the measured scattering image. 

However, in the calculated result, the second peak is more intense and even higher-

order scattering is given. In this case, it must be added that the GISAXS simulation 

does not compute background scattering, whereby this is an important disturbing factor 

in the measurement. Furthermore, in the simulated depiction the specular peak at         

ac = af is missing, which is covered by a beamstop in the measured 2D image. This is 

due to the fact that the simulation software assumes a diffuse scattering and disregards 

the specular scattering. In general, one can deduce that the comparison of both 

scattering patterns and also the obtained values provide identical information about the 

system. The GISAXS measurements yield very precise and analytically reliable 

results. 

 

4.3.3 Film Thickness 

The surface roughness and the film thickness of the polymer film was studied by          

X-ray Reflectivity investigation. The measurements were performed subsequent to the 

AFM and GISAXS studies on the same sample. The XRR result and the corresponding 

fit of the PS-hν-PEO thin film are shown in Figure 4.5, while the model parameters 

are illustrated in Table 4.1.  
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The reflectivity curve of the polymer film includes a series of Kiessig fringes, which 

results from the interferences of the X-ray beam reflected at the interface between the 

air, polymer film and the silicon substrate. From the achieved XRR data one can 

conclude a film thickness of 30.2 nm for the polymer film and the surface roughness 

was determined to 6.5 Å. 

 

Table 4. 1: XRR data obtained from the measured curve for PS-hν-PEO thin film 

(Figure 4.5). 

Layer 
Roughness 

[Å] 

Film thickness 

[nm] 

Electron density 

[Å-2] 

PS-hν-PEO 6.5 30.2 8.088 E-6 

SiO2 5 0.7 2.272 E-6 

Si 1.5 - 2.007 E-6 

 

 

Figure 4. 5: X-ray reflectivity curve of PS-hν-PEO thin film. The red line 

represents the measured curve and the black line is the fit simulated 

using the Parratt algorithm. 
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When comparing the roughness values from the AFM measurement and the 

reflectivity measurement, a slight discrepancy of 1.33 Å is found. This is because the 

XRR method provides a statistically averaged value of the whole sample, while in the 

AFM it concerns a local roughness. 

Furthermore, it is noticeable that the measurements of the X-ray scattering yield the 

same value of 30.2 nm for the domain distance and film thickness. This result shows 

that the film produced has high stability with respect to the vertical standing cylinders 

and the highly oriented hexagonal structure. Thus, the condition for the 

commensurability is satisfied, what means that the film thickness must be an integer 

of the domain spacing so that the stability of the film is ensured, as schematically 

shown in Scheme 4.1. 

 

 

 

4.4 Conclusion 

The present results demonstrate the possibility of preparing highly-ordered ultra-thin 

films using the block copolymer polystyrene-block-poly(ethylene oxide) (PS-b-PEO) 

bounded by the photocleavable linker ortho-nitrobenzyl ester (ONB). The local 

arrangement of the perpendicular cylinders was examined by AFM and the formation 

Scheme 4. 1: Schematic representation of the side-view of a block copolymer ultra-

thin film with perpendicular cylinders formed by the minor 

component. The domain spacing d of the cylinders is equal to the film 

thickness h satisfiying the commensurability condition. 
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of the highly-ordered hexagonal domain structure was verified. The scanning GISAXS 

technique shows the formation of ordered and uniform 2D arrays over the entire 

sample and it allows the verification of the perpendicular cylinders within the inner 

film structure. The distinct Bragg reflectivity peaks measured by the XRR for the same 

polymer film confirmed the formation of a uniform layer thickness. When comparing 

the obtained data from the XRR and GISAXS measurements, it becomes clear that the 

commensurability condition for the used material is fulfilled, which is the prerequisite 

for forming perpendicular cylinders. 
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5 Creating Porosity: Degradation of Pore Material 

This chapter has been published in:  
S. Altinpinar, H. Zhao, W. Ali, R. Kappes, P. Schuchart, S. Salehi, G. Santoro, P. 
Theato, S. Roth and J. S. Gutmann, Langmuir, 2015, 31, 8947. 
 

5.1 Introduction 

Block copolymers and their ability to self-organize sparked a particular interest in 

research because they represent an efficient means to fabricate nanoporous thin films 

with highly ordered microdomains in a bottom-up approach.  

The characterization of thin of block copolymers films is mainly based on real-space 

imaging such as atomic force microscopy (AFM) or scanning electron microscopy 

(SEM, TEM).[143,153] These techniques yield high resolution information about the 

local surface structure. In contrast to microscopy methods, scattering techniques based 

on X-rays allow to investigate the full volume of the thin film. In grazing-incidence 

small-angle X-ray scattering (GISAXS) an incident angle close to the critical angle of 

total reflection of the polymer film is probed, so that information about the lateral 

structure perpendicular as well as normal to the sample surface can be obtained 

resulting in a 2D GISAXS scattering image.[137,139,140,154] Moreover, it is possible to 

select the thin film depth from which the information is extracted simply by changing 

the incident angle, thus changing the X-ray penetration depth. Further, due to the 

shallow angle employed, the X-ray beam footprint illuminates a macroscopic surface 

area of the sample (usually on the order of some mm), thus providing statistically 

significant information about the thin films.[127,145,155]  

In this chapter the utilization of polystyrene-block-poly(ethylene oxide) diblock 

copolymer with the photocleavable linker ortho-nitrobenzyl ester to create highly 

ordered thin film will discussed. Removal of the core PEO block by choosing an 

appropriate solvent after UV irradiation is expected to result in highly defined oriented 

arrays of nanopores decorated with functional groups, as illustrated in Scheme 5.1.  
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For the fabrication of such nanoporous thin films it is important to identify suitable 

removal conditions such as the efficiency of photocleavage and the optimal washing 

solvent and washing time. It is therefore essential to get information about the structure 

of the thin film both from the surface as well as from the bulk. The GISAXS results 

presented here has enabled a deeper understanding of the degradation kinetics in such 

solid systems in comparison to diffusive transport in solution. 

 

5.2 Experimental 

5.2.1 Thin Film Preparation 

The polystyrene-block-poly(ethylene oxide) copolymer with a photocleavable      

ortho-nitrobenzyl ester junction (PS-hν-PEO) was synthesized using a combined 

RAFT polymerization and “click chemistry” approach, yielding a molecular weight of          

MW = 27000 g/mol for PS and MW = 5000 g/mol for PEO with a total PDI = 1.22.[146] 

Silicon wafers were used as substrates. The wafers were cut in 2 cm x 2 cm pieces and 

cleaned in O2-plasma for 15 minutes at a pressure of 0.6 mbar and a plasma power of 

100 W. A 0.3 nmol/L stock solution of polymer in toluene was stirred overnight and 

filtered before spin coating of the thin films. For each sample 100 µL of the polymer 

Scheme 5. 1: Schematic representation of the self-assembly of photocleavable 

block copolymers and the subsequent removal of one domain upon 

photo cleavage and washing. 
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solution was spin-coated onto a cleaned silicon wafer using 3000 rpm for 60 s. After 

solvent annealing with H2O/THF for 2.5 h well-ordered polymer thin films were 

prepared. Photocleavage of the polymer films using UV irradiation was conducted at 

a wavelength of 366 nm for 5 h with a UV Hand Lamp (Herolab GmbH) of 6 W power. 

Subsequent washing of the cleaved PEO block was performed with ultra-pure water 

and ethanol. All solvents were per analysis grade unless otherwise noted.  

 

5.2.2 Film Treatment 

The time dependence was studied in 5-time steps for the particular washing solvent. 

In each time step the sample was re-immersed into the solvent after measurement. The 

quoted washing time is the total time of solvent exposure. For each washing time 

series, a fresh sample prepared under identical conditions was used. 

 

5.2.3 Atomic Force Microscopy Experiments 

AFM images were recorded with Agilent Technologies 5500 AFM using Nanosensors 

tapping mode cantilevers with silicon tips (force constant 21-98 N/m and resonance 

frequency 146-236 kHz). The sampling resolution of the topography and phase images 

was set at 1024 data points and the scan speed was 0.3 lines per second.  

 

5.2.4 Grazing-Incidence Small-Angle X-ray Scattering 

Experiments 

The GISAXS measurements were conducted at the P03 MiNaXS beamline[156,157] of 

PETRA III synchrotron source at DESY/Hamburg. The beam size was 28 x 22 µm2 

(horizontal x vertical) and the wavelength λ = 1.088 Å. The sample-to-detector 

distance was 2093 mm calibrated using silver behenate. For the polymer thin films, an 

angle of incident αi = 0.4° was utilized. To avoid beam damage, the whole sample 

surface (2 cm x 2 cm) was scanned in 100 steps by stepwise motion of the sample stage 

perpendicular to the beam. For analysis, these individual images were summed up into 

one average image to increase the signal-noise ratio.  
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In order to detect the formation of nanodomains of the photocleaved polymer film and 

the distance between the cylindrical PS domains, out-of-plane scan cuts along the 

wavevector qy direction on the 2D GISAXS patterns were performed to extract 1D 

scattering profiles.[158] 

 

5.3 Results and Discussion 

5.3.1 Ethanol as washing agent 

Via GISAXS and AFM measurements the surface morphology of highly-ordered 

block copolymer films and the kinetics of PEO block removal at different washing 

times for both ethanol and ultra-pure water solutions were studied. From the presence 

of distinct scattering peaks in the GISAXS patterns (Figure 5.1a), it can be concluded 

that after spin-coating and solvent annealing highly-oriented thin films were created. 

This is in accordance with results published in literature. Upon UV irradiation and 

removal of the cleavable part by stepwise washing the PEO out of the system, clear 

changes of the surface morphology with increasing washing time were detected. In the 

2D GISAXS images Figure 5.1b and 5.1c it is readily seen that the out of plane 

scattering peaks disappear. The position of the peaks on the GISAXS image enables 

to determine the inter distance between domains to be 24 nm for the uncleaved polymer 

film and 23 nm for the cleaved and washed film, respectively. The change in domain 

spacing is a first hint that the thin film highly-ordered structure disappears after the 

solvent treatment.  
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The change in scattering intensity is better analyzed using out-of-plane cuts in qy 

direction as seen in Figure 5.2. Analyzing their time dependence, one can conclude 

that within 10 minutes the the long-range order is destroyed and as a result the 

scattering peak vanishes, which can be attributed to swelling phenomenon of PEO. 

 

Figure 5. 1: GISAXS scattering images of 2D reciprocal space of the uncleaved (a) 

and photocleaved block copolymer films washed with ethanol for 5 

minutes (b) and 30 minutes (c). The components included in the 2D 

images are the qz and qy scattering vectors normal and perpendicular 

to the sample surface, respectively. The double-sided intensity maxima 

in the positive and negative qy range result from the highly ordered 

nanostructured microdomains. 
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This swelling phenomenon of the PEO block during the washing process is 

schematically shown in Scheme 5.2. When the ultra-thin film is immersed in washing 

solvent, the PEO pore material initially swells out of the pore onto the film surface. 

After this, the photocleaved PEO chains diffuse into the washing solvent, except for a 

few uncleaved PEO blocks. 

 

 

 

Scheme 5. 2: Schematic representation of the washing process of the photocleaved 

block copolymer ultra-thin films. In the first step the PEO block swells 

out of the pores, and in the second step PEO is removed from the pores 

via diffusion. 

  

 

 

Figure 5. 2: Out-of-plane cut of the 2D–GISAXS images of the photocleaved 

block copolymer films washed with ethanol for different times. 
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To corroborate the effects of the thin film swelling on its structures, the morphological 

changes of the thin films during washing were investigated with AFM measurements. 

Figure 5.3 illustrates that indeed there is a clear change in the surface structure upon 

30 minutes ethanol washing. The topography image (Figure 5.3c) shows a perturbation 

of the film surface, resulting in a loss of long-range order. On the other hand, in the 

phase image in Figure 5.3d, one can observe the generation of the nanopores on the 

film after 30 minutes washing with ethanol, which lead to the conclusion that UV 

irradiation for 5 hours was sufficient. PEO is removed from the cores, however some 

of the removed polymer forms aggregates at the surface. This is due to the fact that the 

a few uncleaved PEO blocks stuck on the film surface after drying. One can not rule 

out that these uncleaved blocks aggregate with the cleaved PEO blocks during the 

washing process. 

 

 

 

Figure 5. 3: AFM topography (a, c) and phase (b, d) images (1 µm x 1 µm) before 

(a, b) and after (c, d) washing with ethanol for 30 min. The insets in 

a and c show the corresponding FFT analysis. 
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5.3.2 Ultra-pure water as washing agent 

The washing process using ultra-pure water shows a slow down of the overall removal 

kinetic. In comparison to the 2D GISAXS image for the uncleaved polymer film 

(Figure 5.4a), one can observe a definitely increase in the scattering peak intensity 

after washing for 10 minutes with water (Figure 5.4b) as well as a narrowing of the 

Bragg-peak. This phenomenon can be attributed to a further improvement of the phase 

segregated morphology of the film due to water immersion, similar to a solvent 

annealing process. 

  

 

 

Figure 5. 4: GISAXS 2D scattering images of the uncleaved (a) and photocleaved 

block copolymer films washed with ultra-pure water for 10 minutes 

(b) and 60 minutes (c). 
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With increasing washing time after 10 minutes the side peaks vanish. It is however 

noteworthy that after 60 minutes washing the scattering peak is still present, 

confirming that the lateral order of the pores is retained throughout the film.  

 

 

The 1D scattering profiles as shown in Figure 5.5, demonstrate the washing protocol 

for the washing process with ultra-pure water in 10 minutes washing steps. While the 

structural order is initially improved, the destructive changes in the microdomain order 

lead to a decrease in scattering intensity for washing times longer than 10 minutes. The 

AFM images in Figure 5.6 further demonstrate that after washing with ultra-pure water 

for 60 minutes the nanopores are distorted. 

 

Figure 5. 5: Out-of-plane cuts of the 2D-GISAXS images of the photocleaved 

block copolymer films washed with ultra-pure water for different 

times. 
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The experimental results presented here show, that the dissolution process of PEO is 

affected by the type of solvent and by the washing time as well. For a better 

interpretation of our experimental data, the Hansen solubility parameters were used in 

order to quantify the interaction between polymer and solvent.[159] From the Hansen 

solubility parameter given in literature the relative energy difference (RED) was 

calculated, which is a compatible parameter to describe the solvent quality regarding 

to the used polymer. A value for the RED parameter less than 1.0 indicates the high 

affinity between the polymer and solvent. Values equal or close to 1.0 shows less 

effectiveness of the solvent, and at higher RED numbers one should expect 

increasingly lower solubility.[160] In Table 5.1 the calculated values for the RED 

parameter are shown for the polymer and related solvents used in this work. From 

these numbers it can be concluded that ethanol should be expected to be a good solvent 

for the PEO block and water a moderate one. Regarding to the parameters for PS it can 

be see that in case of ethanol the number is closer to 1.0 than the number for water as 

Figure 5. 6: AFM topography (a, c) and phase (b, d) images (1 µm x 1 µm) before 

(a, b) and after (c, d) washing with ultra-pure water for 60 min. The 

insets in a and c show the corresponding FFT analysis. 
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solvent but remains a non-solvent. The analysis based on the Hansen solubility 

parameters and RED numbers corroborate the results, as the observation of a higher 

solubility of the polymer structure using ethanol and thus a faster distortion upon 

washing. 

 

Table 5. 1: RED numbers calculated from the Hansen solubility parameters. 

 
RED = Ra /R0 (a) 

Polystyrene (PS) Poly(ethylene oxide) (PEO) 

Ethanol 3.37 0.83 

Water 7.83 2.01 

(a) RED is the relative energy distance, R0 is the 

interaction radius taken from Refs. [159], Ra is the 

solubility parameter distance calculated using 

Equation A1 in Appendix. 

 

In summary, the results show that the morphology of the thin film in the described 

system is distorted during washing. While previous studies on thin films have not 

exhibited such behaviour, the present films are ultra-thin (i.e. the film thickness is 

comparable to the inter domain distance). Thus, the pore walls consist of only a few 

polymer chains per pore and are therefore deformable by lateral stresses. In Scheme 

5.3 the behaviour of the PS-hν-PEO thin films is represented in both solvents ethanol 

and ultra-pure water. It is further found that the type of washing solvent also has an 

impact on the removal kinetics. 
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Scheme 5. 3: Schematic illustration of a side view of photocleavable block 

copolymer ultra-thin film. In terms of washing solvent, the highly-

oriented microdomains kinetically display certain characteristics.  

While the lateral order is retained after washing with ultra-pure 

water, the surface structure as well as the inner structure of the film 

is destroyed in case of ethanol as a washing medium. 

 

5.4 Conclusion 

The use of a photocleavable junction in block copolymers is a new approach for 

rational cleavage and only a few results have been reported on the use of ONB 

derivatives. These reports focussed on the synthesis of the cleavable polymers and the 

reported structural characterization of this system was exclusively based on single 

AFM images.  

In this chapter a congruent characterization of the structural changes as well as of the 

polymer removal during washing after photocleavage of the block copolymer thin 

films are presented. Preservation of highly-ordered nanopores after the photocleavage 

and washing processes has not been observed, in contrast to previous reports. Overall, 

the results demonstrate that the morphology of the ultra-thin films gets distorted due 

to immersion. Between the used two washing solvents a significant difference in the 

removal kinetics was observed. Comparing both solvents, ultra-pure water is the better 

washing solvent for a washing time up to 10 minutes. 
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6 Creating Porosity: in-situ Kinetic Study 

 

6.1 Introduction 

Over the past few years, ultra-thin polymer films have attracted tremendous interest 

not only for their immense application, but also from a purely scientific point of view. 

The properties of ordered polymers in thin films significantly differs from the 

properties of the bulk system, as energetic and entropic effects influence the behaviour 

of the polymer. When the bulk polymer is exposed to a solvent and when it is a good 

solvent for the corresponding polymer, the solvent molecules will enter to the free 

volume of the polymer resulting in swelling of the system. In thin polymer films, 

however, the swelling dynamic are very sensitive to the changes in interaction within 

the system. This plays an important role in the washing out of the minor component 

for the production of porous thin films. In the present chapter, the stability of ultra-

thin block copolymer films and their morphology was investigated. For this purpose, 

in-situ XRR and in-situ AFM measurements were carried out in order to observe the 

film behaviour in real-time.  

XRR is one of the best non-destructive methods for measuring film thickness and 

electron density perpendicular to the sample surface. In addition, it provides 

statistically precise information about the film roughness, which can be compared with 

the results from AFM measurements. The influence of the kinetics on the surface 

structure was studied by AFM measurements during the washing process. The 

understanding of the mobility of the polymer chains in ordered geometry and their 

equilibrium in the presence of a solvent is of technological importance. Moreover, the 

swelling dynamics and swelling kinetics are of great importance from the scientific 

point of view for the understanding of the system. 
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6.2 Experimental 

6.2.1 Sample preparation 

The samples were prepared as described in Chapter 4 and 5. 

 

6.2.2 In-situ X-ray Reflectivity Experiments 

The X-ray reflectivity measurements were investigated at the Bl9 beamline at the 

synchrotron light source DELTA in Dortmund, Germany. To reach a resolution for 

short times and for penetrating the liquid area, hard X-rays in the energy range of          

27 keV (0.459 Å) were used. The beam size was 1 mm x 0.2 mm (vertical x horizontal). 

The reflected intensity was measured by the NaI point detector and had the distance of 

1 m from the sample. For the measurements in liquid a sample cell is used, which had 

two Kapton windows for beam entrance and exit (see Figure 6.1).  

 

 

 

Figure 6. 1: Experimental set-up of beamline Bl09 at synchrotron light source 

DELTA in Dortmund for the in-situ XRR measurements. 
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The incident X-rays pass the Kapton windows close to 90°. To permit a stable position 

of the wafer during the measurement the sample was placed in the sample carrier.  

In order to be able to record the full kinetics, the sample was first aligned in n-heptane. 

Afterwards, pure water was added into the sample cell. The scan in a qz range of      

0.01-0.167 was repeated until reaching the time scale, where the process is expected 

to be completed. X-ray reflectivity studies on air were performed prior to in-situ 

measurements as well as after it. 

For the analysis, the scans in air before and after washing were fitted using the Parratt 

algorithm. To distinguish the oscillation in the reflectivity curves, the Fresnel 

reflectivities for the measurements in pure water and also the scan in n-heptane were 

calculated.  

 

6.2.3 Atomic Force Microscopy Measurements 

The AFM measurements were investigated with the Agilent Technologies AFM 5500 

system operated in tapping mode. Ex-situ measurements were carried out in air using 

cantilevers from Nanosensors with silicon tips with a force constant 21-98 N/m and a 

resonance frequency of 146-236 kHz. The resolution of the scans was set at 1024 data 

points and the scan speed was 0.5 lines per second. 

The in-situ AFM imaging was performed in the liquid cell and a NanoWorld triangular 

shaped silicon nitride cantilever with a force constant of 0.32 N/m was used.  
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Figure 6. 2: AFM liquid cell. 

 

Before the real measurement, a comparable sample was investigated in ultra-pure 

water to align the cantilever to the actual force constant (99.61 kHz) in liquid and thus 

to save time in the real time imaging. After the alignment the real sample was insert 

into the liquid cell and immersed with ultra-pure water. An area of 1 µm x 1 µm was 

scanned with a resolution of 1024 data points and a scan speed of 0.8 lines per second 

for the trace scan and 0.5 lines per second for the retrace scan in y-direction. 

For the analysis in terms of height distribution the pico image software was used. The 

roughness evaluation for the different selected areas on the images in liquid and the 

FFT calculations were done with the software gwyddion. 

 

6.3 Results and Discussion 

6.3.1 In-situ X-ray Reflectivity 

In the previous chapter it was shown that both the washing solvent and the washing 

time significantly affect the structure of the entire film. Since water is the better solvent 
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for washing out of PEO, the washing of the film after UV cleavage was observed in 

real time. For this purpose, in-situ XRR measurements and in-situ AFM measurements 

were carried out in order to understand the behaviour of the film during swelling. 

Using the in-situ XRR measurements, the film thickness and roughness were 

investigated to pursue the question if the thickness of the film changes during the 

washing process and whether this has an effect on the film thickness after washing in 

dry state. With regard to roughness, a change after washing is to be expected, if PEO 

could be washed out of the pores. Two different samples were measured following the 

same procedure, namely a sample that was cleaved with UV for 1 hour. The second 

sample was cleaved for 4 hours. During in-situ measurement, the samples were 

adjusted in n-heptane and the reflectivity was recorded. This step is as far as necessary 

in order to achieve a real time processing during the measurement in water. In this 

context, it should be noted that the destruction of the highly oriented structure of the 

film was observed by GISAXS measurements starting after 10 minutes. In addition,  

n-heptane, in contrast to water, has a lower density and is forced upwards after the 

addition of water into the liquid cell. Furthermore, both PS and PEO are insoluble in 

n-heptane and hence no interaction between the film and n-heptane should be occurred. 

For both samples, a reflectivity curve was recorded in dry state before and after the  

in-situ measurement. In Figure 6.3, the measured reflectivity curve with the 

corresponding fit is shown for the sample cleaved with UV for 1 hour. The reflectivity 

curve was normalized to the highest intensity, and thus the range of the critical angle 

was set to 1.  
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It is noticeable that the curve has discrepancies with the fit in the region below and at 

the critical angle. This is due to the fact that at small angles of incidence the footprint 

of the beam overruns the sample. With increasing angle of incidence, the Kiessig 

fringes form, from which the information normal to the sample surface can be 

obtained. The reflectivity curve yields a layer thickness of 21.9 nm and a roughness of 

6.7 Å. After adding n-heptane into the sample cell the film thickness increases to             

d = 23.5 nm, so the film swells by about 10%, as shown in Figure 6.4 (blue curve).  

 

Figure 6. 3: X-ray reflectivity curve of PS-hν-PEO ultra-thin film measured in dry 

state before washing out the pore material. The red line represents the 

measured curve and the blue line is the fit simulated using the Parratt 

algorithm. 
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Figure 6. 4: In-situ X-ray reflectivity curves of PS-hν-PEO ultra-thin film              

UV-cleaved for 1 hour during washing out the pore material. The blue 

curve represents the sample in n-heptane for sample alignment. The 

red reflectivity curves correspond to the measurements in ultra-pure 

water with the according washing time and film thickness h. The 

curves are plotted as R*q4 versus qz to eliminate the sharp drop of the 

reflectivity and to enhance the visibility of the Kiessig fringes. 

 

Since n-heptane is a non-polar solvent and does not have the ability to form hydrogen 

bonds, this behaviour can be attributed to the repulsive forces between the film and the 

solvent. The thin film is forced to contract in the vertical direction since the space is 

restricted in the lateral and perpendicular directions. This can be derived from the fact 

that the process is reversible. After the addition of water, the polymer film relaxes, and 

the thickness of the polymer film decreases again. The red curves in Figure 6.4 show 

the measured curves after the addition of water into the liquid cell. After a certain time, 

where n-heptane is forced out of the sample surface by water, the oscillations are again 

visible, and a film thickness of 21.9 nm can be calculated. In the further progress of 

the measurement in water, the film thickness does not change any longer. Regarding 
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the change in the roughness and the scattering density, one can be geared to the 

oscillations, whereby the values can not be determined in the plot. Nevertheless, in the 

present measurement the Kiessig fringes give indication that a dynamic can be 

observed after 12 minutes in water. Washing after 16 minutes shows a weakening of 

the last oscillations in the curve compared to the measurement before. From this, it 

could be inferred that after 12 minutes immersing the film in water, the pore material 

PEO diffuses onto the sample surface, thereby altering the roughness at the polymer 

film/water interface and the electron density within the film. In the measurement after 

41 minutes, where the scan was taken over a larger angular range, it can be seen that 

the curve has comparable oscillations at higher qz values as in the measurement after 

12 minutes in water. From this result a substantial change in the roughness would not 

be expected for the sample. This indicates that the pore material could not be washed 

out. In order to make a clear statement, whether PEO is still present in the sample, the 

sample was dried in air for 2 hours and scanned again in dry state. Figure 6.5 shows 

the reflectivity curve of the sample after washing and drying with the corresponding 

fit.  

 

 

Figure 6. 5: X-ray reflectivity curve of PS-hν-PEO ultra-thin film measured in dry 

state after UV exposure for 1 hour and washing out the pore material 

with ultra-pure water. The red line represents the measured curve and 

the blue line is the fit simulated using the Parratt algorithm. 
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The evaluation of the reflectivity yields a value of 19 nm for the layer thickness and a 

roughness of 6.8 Å. Table 6.1 summarizes the data obtained from the XRR 

measurements before and after the washing of the sample. It becomes clear that the 

film thickness after washing is reduced by 2.9 nm, but the roughness has not clearly 

changed.  

 

Table 6. 1: XRR data obtained from the measured curve for PS-hν-PEO thin film 

in Figure 6.3 and Figure 6.5. The polymer film was cleaved for 1 hour 

with UV and immersed for 41 minutes in ultra-pure water. 

Sample 
Roughness 

[Å] 

Film thickness 

[nm] 

Electron density 

[Å-2] 

Uncleaved  

PS-hν-PEO 
6.7 21.9 6.802 E-6 

Cleaved PS-hν-PEO 

41 min H2O washing 
6.8 19.0 7.102 E-6 

 

 

Assuming that the block copolymer has not been cleaved under UV radiation for            

1 hour, the change in film thickness can be attributed to the interaction of PEO with 

the substrate. The hydrophilic pore material still bounded covalently to PS is partially 

moved onto the film surface after immersing in the solvent. Due to the attractive force 

between the PEO and the likewise hydrophilic substrate, the whole film is contracted, 

resulting in the decrease in the layer thickness. To verify this process, the sample was 

proved for the surface structure with AFM before and after the XRR measurement. 

The topography and phase images of the sample are shown in Figure 6.6.  
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Figure 6. 6: AFM topography (a, c) and phase (b, d) images (1 µm x 1 µm) before 

(a, b) and after (c, d) in-situ measurements with ultra-pure water upon 

UV cleavage for 1 hour. The insets in a and c show the according FFT 

analysis. 

 

Before the washing process, the cylindrical structures of the block copolymer are 

clearly visible both on the topography and on the phase images. Regarding the 

topography image after the XRR measurement it is conspicuous that the film structure 

was destroyed. Also, the formation of the pores is not given, which can be seen more 

clearly on the phase image. 

For the measured AFM images, the bearing analysis was performed to obtain a 

distribution of the height profiles. This allows drawing conclusions how far the pores 

are free. In Figure 6.7, the two results are shown before and after washing the film. 

The red plot indicates the measurement before and the blue curve the measurement 

after washing.  
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When comparing the two measurements, it is noticeable that the depth distribution 

after washing has increased from 20 % to 25% of the sample surface area. This would 

mean that the fraction of cylinders in the sample increased by 5%, which is not 

possible. Therefore, this result can be attributed to the deposition of the pore material 

onto the sample surface, which has an effect on the height distribution of the surface. 

This supports the result of the XRR measurement that the two polymer blocks could 

not be cleaved at 1 hour of UV cleavage and the previous statement that a part of the 

pore material diffuses onto the surface and contracts the film by interaction with the 

substrate. 

For the sample, which was cleaved with UV radiation for 4 hours, the measurements 

and analysis were carried out in the same manner. In Figure 6.8, the reflectivity curve 

is shown before the washing process.  

 

Figure 6. 7: Depth distribution evaluated from the AFM images (Figure 6.6) before 

(red curve) and after (blue curve) washing the ultra-thin film in      

ultra-pure water upon UV cleavage for 1 hour. 
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The evaluation of the curve shows a layer thickness of 21.9 nm and a roughness of       

9 Å for the polymer film. As in the previous sample, an increase in the layer thickness 

can be also seen after adding n-heptane into the liquid cell. The film thickness 

increases to a value of 23.5 nm, see Figure 6.9. The reversible process after addition 

of water is also observed here. The film thickness is 22.8 nm and decreases only 

minimally during the washing process. Regarding the oscillations, a change in the 

roughness is observed after 15 minutes of washing. This time period is consistent with 

the first sample, where dynamics was observed after 12 minutes. When comparing the 

measurement in water after 10 minutes and 15 minutes, a weakness of the oscillations 

at large qz values is also seen in the second sample. This observation persists over the 

further washing process and is also reflected during the last scan after 41 minutes, 

which was measured over a larger angular range.  

Figure 6. 8: X-ray reflectivity curve of PS-hν-PEO ultra-thin film measured in dry 

state before washing out the pore material. The red line represents the 

measured curve and the blue line is the fit simulated using the Parratt 

algorithm. 
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Figure 6. 9: In-situ X-ray reflectivity curves of PS-hν-PEO ultra-thin film            

UV-cleaved for 4 hours during washing out the pore material. The 

blue curve represents the sample in n-heptane for sample alignement. 

The red reflectivity curves correspond to the measurements in ultra-

pure water with the according washing time and film thickness h. The 

curves are plotted as R*q4 versus qz to eliminate the sharp drop of the 

reflectivity and to enhance the visibility of the Kiessig fringes. 

 

Based on this result, in contrast to the first sample, a change in the roughness after 

washing would be expected. The proof for this is shown in Figure 6.10, which shows 

the reflectivity of the sample after washing and drying for 1.5 hours in air.  
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Figure 6. 10: X-ray reflectivity curve of PS-hν-PEO ultra-thin film measured in dry 

state after UV exposure for 4 hours and washing out the pore material 

with ultra-pure water. The red line represents the measured curve and 

the blue line is the fit simulated using the Parratt algorithm. 

  

Comparing the obtained parameters, which are listed in Table 6.2, the roughness after 

washing is 10 Å and the layer thickness is 21.7 nm.  

 

Table 6. 2: XRR data for PS-hν-PEO thin film obtained from the measured curves 

in Figure 6.8 and Figure 6.10. The polymer film was UV cvleaved for 

4 hours and immersed for 41 minutes in ultra-pure water. 

Sample 
Roughness 

[Å] 

Film thickness 

[nm] 

Electron density 

[Å-2] 

Uncleaved  

PS-hν-PEO 
9 21.9 6.802 E-6 

Cleaved PS-hν-PEO 

41 min H2O washing 
10 21.7 6.202 E-6 

 

A substantial decrease in the layer thickness could not be established for the sample 

irradiated with UV for 4 hours. Therefore, it would be assumed, that with 4 hours UV 

exposure the cleavage of the two blocks could be achieved, and thus PEO could be 

removed from the pores. To check this assumption, the AFM recordings are analyzed 
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before and after washing. Figure 6.11 shows the AFM images of the sample before 

and after washing.  

 

 

Figure 6. 11: AFM topography (a, c) and phase (b, d) images (1 µm x 1 µm) before 

(a, b) and after (c, d) in-situ measurements with ultra-pure water upon 

UV cleavage for 4 hours. The insets in a and c show the according 

FFT analysis. 

 

In this sample too, the loss of the surface structure after washing is clearly visible. 

However, the formation of the pores can be clearly seen in the phase image (Figure 

6.11d) after the washing process. The corresponding bearing analyses, which are 

shown in Figure 6.12, were also carried out on these AFM measurements. When 

comparing the height profiles, it can be seen that the height of the pores has increased 

by about 1.5 nm after washing.  
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In summary, on can say that after 4 hours UV irradiation, the two blocks are cleaved, 

and the pores can be washed with water from PEO. However, the ordered structure of 

the film is lost. If the time span of 12 or 15 minutes determined in the in-situ XRR 

measurements and if the results of the GISAXS measurements (Chapter 5) are taken 

into consideration, it can be defined that the diffusion of the pore material PEO onto 

the sample surface takes the above-mentioned time. A longer washing process 

obviously affects the film structure considerably. 

Furthermore, the electron densities determined from the reflectivity curve are listed in 

the Table 6.1 and 6.2. Both the first and second samples indicate changes in the 

electron density of the material before and after washing. These changes are not taken 

into account in the discussion of the results since the samples could not be dried under 

the same conditions after the measurements. This means that the samples contain an 

uneven fraction of water molecules in the pores, which has a strong effect on the 

electron density. This does not allow reliable conclusions about the material. 

 

 

 

Figure 6. 12: Depth distribution evaluated from the AFM images (Figure 6.11) 

before (red curve) and after (blue curve) washing the ultra-thin film 

in ultra-pure water upon UV cleavage for 4 hours. 
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6.3.2 In-situ Atomic Force Microscopy 

The in-situ AFM measurements were performed to investigate the influence of the 

pore material swelling on the surface structure in real time. In addition to in-situ XRR, 

this measurement provides information about the swelling process, which contributes 

to a better understanding of the kinetics. In Figure 6.13, the AFM images of the 

polymer film are shown in the ultra-pure water. The image was started to record from 

the 4th minute after the polymer film was immersed in water and was performed in the 

trace measurement from top to bottom, as well as inversely in the retrace direction. 

 

Figure 6. 13: In-situ AFM topography (a, c) and phase (b, d) images (1 µm x 1 µm) 

during washing with ultra-pure water for 55 min. The recording 

started 4 minutes after immersing the ultra-thin film in ultra-pure 

water. The trace scan (a, b) proceeded from top to bottom and the 

retrace scan (c, d) in the opposite from bottom to top. The polymer 

film was cleaved by UV for 4 hours prior to the in-situ recording. 

  

In the initial stage of the measurement, the range between the 4th and 8th minute (Figure 

6.13a and b), the high-ordered structure of the film is clearly visible. After a washing 

time of 10 minutes, the phase image (Figure 6.13b) shows how the structure becomes 
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indistinct with increasing time. This indicates that the pore material PEO is rinsed onto 

the film surface within the period of 15 minutes and thus the pores are released. In 

addition, it is clear in the image that after 15 minutes, the blurred surface suddenly 

becomes clearer again, and pores are clearly visible. Looking at the further course of 

the measurement, a reorientation of the microdomain is observed after approximately 

20 minutes of washing time. As a result, the hexagonal structure of the film is 

increasingly destroyed with increasing washing time. In the retrace recording (Figure 

6.13c and d) from the minute 25 and also in the following, the changes in the surface 

structure can be clearly observed. This process has an effect on the surface roughness 

of the film during the measurement, which could be shown in the XRR measurements. 

In order to be able to record the change in the roughness over time, certain sections on 

the images were selected in the chronology and the roughness parameter was 

determined. The values obtained were plotted against the washing time, which is 

shown in Figure 6.14.  

 

Figure 6. 14: Kinetic evaluation of the washing process based on the surface 

roughness change of the ultra-thin film during in-situ AFM 

measurement (Figure 6.13). The root mean square roughness rms 

is plotted against washing time. The blue dots are the roughness 

values at the corresponding washing time and the red curve is the 

exponential fit calculated using the Igor Pro software. 
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The plot shows that the roughness change assumes exponential characteristics, which 

is observed in first-order kinetics.  

For determining the order of the kinetics of the washing process, the natural logarithm 

of the roughness was formed and plotted against the washing time, which is shown in 

Figure 6.15.  

 

 

Figure 6. 15: Logarithmic plot of the roughness rms versus washing time 

calculated from the kinetic evulation in Figure 6.14. The regime (A) 

yields a kinetic of first order, while regime (B) is not considered for 

the analysis, as the roughness does not take the value 0. 

 

In the Figure 6.15 it can be seen that the graph is divided into two regimes A and B. 

As expected for first order kinetics, the plot of the logarithm in the region A is a straight 

line. From about the 20th minute of the washing time, a bend takes place in the plot 

and a second straight line is shown, which represents the regime B. An averaged 

roughness of 3.5 Å is to be assigned to this region as shown in Figure 6.14. This is the 

regime where the roughness reaches saturation and no significant changes take place. 

Since a roughness is present on the sample surface and this value does not become 0, 

this is reflected in the logarithmic plot in region B. Therefore, the right part of the 

graph is not considered, and the left part is used to determine the rate constant from 
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the slope of the line. For the rate constant k, the value is 5.1645 x 103 min-1. As already 

mentioned, the evaluation of the change in the roughness results in a first-order kinetics 

for the washing process of the polymer film. If the results of the washing protocols 

from Chapter 5 are additionally taken into consideration, namely that the speed is 

considerably faster when ethanol is used as the washing solution, it can be concluded 

that the kinetics depend on the kind of the solvent in the present system. This means 

that the affinity of the pore material to the solvent is the determining factor in the 

washing process. 

In addition, the sample was measured before and after the in-situ investigation by AFM 

in a dry state for a better illustration the changes in the surface structure of the polymer 

film. Figure 6.16a and b show the AFM images before washing the film. The film 

shows a high-oriented structure both in topography and in the phase image, and the 

cylinders are clearly visible. The FFT analysis, which is shown in the inset of the 

topography image, gives a hexagonal structure. When comparing both AFM 

measurements before and after to in-situ investigation, it become apparent that the 

surface structure is deformed after washing in ultra-pure water. In addition, it can be 

seen that the FFT analysis for the topography image after washing (Figure 6.16c) 

yields a result of a distorted hexagonal arrangement. From this the conclusion can be 

drawn that the observed reorientation of the film during the washing process is not 

reversible and can also be found in a dry state. 
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Figure 6. 16: AFM topography (a, c) and phase (b, d) images (1 µm x 1 µm) before 

(a, b) and after (c, d) washing with ultra-pure water for 55 min from 

the same sample as used for the in-situ AFM measurements. The 

insets in a and c show the according FFT analysis. 

 

 

6.4 Conclusion 

Via XRR measurements the film thickness and roughness of highly ordered block 

copolymer films and the kinetic of PEO block removal at different washing times for 

ultra-pure water solution was studied. From the in-situ reflectivity curves one can 

conclude that the film thickness and as well as the roughness increase after adding      

n-heptane into the sample cell, although n-heptane is not a good solvent for both PS 

and PEO. But after n-heptane is exchanged with ultra-pure water in the sample cell, 

one can observe that the swelling is reversible, and the film thickness decrease with 

increasing washing time. Furthermore, one can reason that after 10 minutes washing 

in water the film becomes smooth and after 15 minutes the roughness increases again. 

This can be traced back to the removal of the pore material PEO, which goes into 

solution after 15 minutes washing with ultra-pure water. After drying and scanning the 
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sample in air, the distinct change in the roughness can be shown in the reflectivity 

analysis. The obtained results were confirmed by the in-situ AFM measurements and 

by the evaluation of the AFM images with regard to the surface roughness of the 

polymer film. From the surface roughness change during the washing process, a       

first-order kinetics and the rate constant could be determined. Furthermore, the 

reproducibility of the results could also be verified.  
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7 Summary & Outlook 

 

Block copolymers are known to form highly-ordered structures in both bulk and thin 

films. While in bulk systems the structure of the domain is determined by the 

molecular architecture, additional forces should to be considered for thin films. In thin 

films, which consist of a few polymer chains, interactions occur at the interface to the 

substrate. In order to achieve the desired microdomain structure, it is necessary to 

overcome these interactions. In particular, if perpendicularly arranged cylindrical 

structures are desired, certain requirements must be met. This has been achieved by 

means of the solvent vapor annealing method. In this study thin films were produced 

from the diblock copolymer poly(styrene-b-eythylene oxide) with cylinders 

perpendicular to the sample surface using a spin coating technique. The thin films were 

then exposed to a mixed vapour of THF and ultra-pure water. The structure analysis 

of the polymer films was carried out using the techniques AFM and GISAXS. To 

determine the film thickness, the samples were investigated with XRR. The AFM 

images yield a highly-oriented surface structure with a hexagonal arrangement of the 

cylinders. The perpendicular arrangement of the cylinders within the film structure 

could be shown with GISAXS measurements and the evaluation of the GISAXS 

images result in a domain distance of approx. 30 nm. The XRR measurements gave a 

film thickness of ~ 30 nm, and therefore satisfy the commensurability condition, which 

is a measure of the stability of the vertical cylinders. 

The stability of the vertical cylinders is important in so far as it forms the basis to 

create nanoporous polymer thin films which can be used in many aspects. Another 

important key point of this system is the release of the pore material without loosing 

the original structure. The present work is mainly concerned with the analysis of the 

film behavior towards the film treatment with solvents as washing media for the 

removal of the pore material. The pore material (PEO) is bonded to the PS block by 

the photocleavable linker ONB. The photocleavable linker ONB can be cleaved by a 

mild UV radiation at 365 nm, whereby the two blocks are separated from each other. 

The cleavage of the two polymer blocks was first investigated with the method FCS 

and an UV exposure time of 4 hours was determined. After the photocleavage, two 

different solvents were studied with respect to pore formation. Since the pore material 
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is PEO, suitable solvents such as ethanol and ultra-pure water were selected. A 

washing protocol was prepared for both solvents by analyzing the temporal sequence 

of pore formation with GISAXS measurements. In the case of ethanol as washing 

solvent, destruction of both the surface structure and the internal structure of the film 

could be observed within 5 minutes. In the case of water, on the other hand, after 10 

minutes of washing time, a gain of the Bragg signal was observed, which shows that 

the pores could be relieved of PEO. The hexagonal surface structure of the sample was 

lost in the following time sequence from about 20 minutes. The inner structure of the 

film could be maintained, but a reorientation of the cylinders within the film took 

place. When comparing the two solvents, it can be concluded that the swelling kinetics 

of the thin film using ethanol as washing agent is faster than that of water. In addition, 

the loss of structure in ethanol is more pronounced. Therefore, water is the best solvent 

for washing out the pores. In addition, it could be shown that the polymer film exhibits 

a dynamic behavior, which is reflected in the reorientation of the cylinders. 

In order to gain a better understanding of the system from a scientific point of view, 

as well as the optimal production conditions for nanoporous polymer films, the 

washing process was investigated more precisely during pore formation by means of 

in-situ measurements. For this purpose, the swelling behavior of the pore material 

during washing was observed in real time. Via in-situ XRR measurements the change 

in the film thickness and the roughness and with in-situ AFM measurements the 

change of the surface structure and surface roughness were investigated. It was found 

that the thickness of the film increases in the solvent, which is due to the swelling of 

the film, i.e. the pore material is flushed onto the sample surface. After a washing time 

of 10-15 minutes, an increase in the roughness can also be determined. The change in 

roughness of the film during film treatment with water could be confirmed by in-situ 

AFM measurements and the exact values were determined. The evaluation of the AFM 

images in terms of the change in roughness results in a first order kinetics for the 

present system. 

Furthermore, the results of GISAXS, in-situ XRR and in-situ AFM measurements are 

in agreement with respect to the defined washing time with water. 

In summary, it can be concluded that both the nature of the solvent and the washing 

time have a considerable influence on the pore formation and on the film structure. For 

water, an optimal washing time of 15 minutes can be established, where the PEO is 
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removed from the pores and the highly ordered structure of the film can be retained 

for the most part. The approach of introducing photocleavable linker to the mild 

production of nanoporous polymer films does not completely overcome the hurdles 

that exist in this material area. Although complicated and aggressive conditions could 

be circumvented, the intermolecular interactions at the substrate/polymer film 

interface represent a different challenge for the system. These interactions require 

more precise investigations to define the underlying forces from a scientific point of 

view. 

However, for a more realistic application, the nanoporous polymer thin film, which 

could be produced in the present form, can be transferred on to a membrane. The 

filtration performance can be investigated by determining the change in the flow rate 

by using a known membrane. Thereby, it could be verified whether the system fulfills 

its original task. 
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Abbreviations 

1D one-dimensional 

2D two- dimensional 

A surface area 

AFM atomic force microscopy 

ATRP atom-transfer radical-polymerization 

BCP block copolymer 

-b-  -block- 

D diffusion coefficient 

DPn degree of polymerization  

DWBA distorted-wave Born Approximation 

EtOH ethanol 

eV electron volt 

f volume fraction  

F(q) diffuse scattering factor 

fA, fB  volume fraction of the component A and B 

FCS fluorescence correlation spectroscopy 

FFT Fast Fourier Transformation 

G(τ) autocorrelation function  

GISAXS grazing-incidence small-angle scattering 

Gm free energy of mixing 

h  film thickness 

Hm enthalpy of mixing 

H2O water 

Hz Hertz 
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-hν-  -photocleavable- 

I0 initiator 

I (t) fluorescence intensity 

k wave vector 

kact rate constant for activation of the radical 
polymerization 

kB  Boltzmann constant 

kdeact rate constant for deactivation of the radical 
polymerization 

kex  rate constant for chain-transfer 

kp 
rate constant for propagation of the radical 
polymerization 
 

kt rate constant for termination of the radical 
polymerization 

M monomer concentration 

MW molecular weight 

n refractive index  

N/m Newton/meter 

NA, NB degree of polymerization for A and B block 

NIST National Institute of Standards and Technology 

NMP nitroxide-mediated polymerization 

ODT order-to-disorder transition 

ONB ortho-nitrobenzyl ester 

OOT order-to-order transition 

P(q) form factor of individual objects 

PDI polydispersity index 

PEO polyethylene oxide 

PS polystyrene 

q wave vector transfer 
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RF Fresnel reflectivity  

R  gas constant 

r  Fresnel coefficient for reflection 

R0 interaction radius 

r0  horizontal size of confocal volume 

Ra solubility parameter distance 

RAFT reversible addition−fragmentation chain-transfer 
polymerization 

RED relative energy difference 

rms root mean square 

Sm  entropy of mixing 

S(q) structure factor 

SCMFT self-consistent mean-field theory 

SEM scanning electron microscopy 

SSL strong segregation limit 

STM scanning tunneling microscopy 

t time 

T  temperature 

TEM transmission electron microscopy 

THF tetrahydrofuran 

Ti,f  Fresnel transmission functions for the incident and 
reflected intensity 

UV ultraviolet 

V  volume 

W Watt 

WSL weak segregation limit 

wxy, wz  radial and axial diameter of the confocal volume 

XRR X-ray reflectivity 
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z number of directly neighboring monomer units per 
monomer in a polymer chain 

z0 vertical size of confocal volume 

αc critical angle of total reflection 

αf exit angle, reflected beam 

αi angle of incidence 

β absorption part of X-rays 

δ the contribution of scattering on the electron shell 

Δ  change (delta) 

ε  interaction energies of the monomers 

λ  wavelength 

µabs absorption coefficient 

ρe electron density of the material 

σ  surface roughness 

τD average diffusion time 

ϕ out-of-plane angle 

χ  Flory-Huggins interaction parameter 
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Chapter 5 

 

Figure A5.1: GISAXS 2D scattering images of uncleaved, cleaved and washed  
PS-hν-PEO thin film with ethanol for different washing times; a) uncleaved, b) 5 
min., c) 10 min., d) 15 min., e) 20 min., f) 25 min., g) 30 min. 



Appendix  103 

 

 

 

Figure A5.2: GISAXS 2D scattering images of uncleaved, cleaved and washed  
PS-hν-PEO thin film with ultra-pure water for different washing times; a) 
uncleaved, b) 10 min., c) 20 min., d) 30 min., e) 45 min., f) 50 min., g) 60 min. 
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Figure A5.3: Bearing analysis for the AFM images in Figure 5.3, ethanol as 
washing solvent. The blue histogram shows the depth distribution of the scanned 
film surface (1 µm x 1 µm). The red Abbott-Firestone curve represents the 
bearing ratio at a given depth. 

 

 

Figure A5.4. Bearing analysis for the AFM images in Figure 5.6, ultra-pure water 
as washing solvent. The blue histogram shows the depth distribution of the 
scanned film surface (1 µm x 1 µm). The red Abbott-Firestone curve represents 
the bearing ratio at a given depth. 
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Figure A5.5. AFM images of a reference sample. Topography (a, c) and phase (b, 
d) images (1 µm x 1 µm) before (a, b) and after (c, d) UV exposure for 4 hours, 
right before washing. 

 

 

Calculation of the solubility parameter distance Ra from the HSP in Chapter 5 

 

𝑅� = ¨	4i𝛿M,© − 𝛿M,ªl
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	«
O/L

    (A1) 

 

where Ra is the solubility parameter distance, dD, dP, dH are the cohesive energy density 
(presented in the table below) between two substances based on dispersive force (D), 
polar interaction (P), and hydrogen bonding interaction (H), respectively. The letter 
(S) refers to solvent while the letter (P) following to the comma refers to polymer.1  
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Table A5.1: Hansen solubility parameters (HSP) 

 HSP [MPa]1/2 (a) Interaction Radius 
R0 [MPa]1/2 (a) dD dP dH 

Po
ly

m
er

 

Polystyrene (PS) 18.5 4.5 2.9 5.3 

Poly(ethylene oxide) (PEO) 21.5 10.9 13.1 15.9 

So
lv

en
t Ethanol 15.8 8.8 19.4 – 

Water 15.5 16.0 42.3 – 
(a) From Ref. [159]. 
 

 

 

Chapter 6 

Scattering length densities (SLD) used for the fits of XRR Reflectivity curves for the 

analysis with the software Parrat32 in Chapter 5 and 6. The starting values for 

scattering length densities were calculated using the scattering length density 

calculator provided by the National Institute of Standards and Technology NIST.[152] 

 

Table A6.2: Energy 0.459 Å – 27.012 keV 

Material 
Density 

[g/cm3] 

SLD 

[10-6/ Å2] 

Absorption 

[10-7/ Å2] 

PEO 1.21 11.189 0.02 

PS 1.04 9.49 0.01 

SiO2 2.65 22.484 0.25 

Si 2.33 19.759 0.4 
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Table A6.2: Energy 1.542 Å – 8.042 keV 

Material 
Density 

[g/cm3] 

SLD 

[10-6/ Å2] 

Absorption 

[10-7/ Å2] 

PEO 1.21 11.229 0.25 

PS 1.04 9.516 0.13 

SiO2 2.65 22.724 2.94 

Si 2.33 20.071 4.58 



References  108 

 

 

References 

[1] Russell, T.P.; Kumacheva, E. Introduction, Polymer Science: A Comprehensive 
Reference, Volume 7, Elsevier, 2012, DOI:10.1016/B978-0-444-53349-
4.00300-9. 

[2] Ober, C.K.; Müllen, K. Introduction-Application of Polymers, Polymer 
Science: A Comprehensive Reference, Volume 8, Elsevier, 2012, 
DOI:10.1016/B978-0-444-53349-4.00199-0. 

[3] Paul, D.R.; Newmann, S. Polymer Blends, ACADEMIC Press, Volume 1, 1978, 
ISBN 0-12-546801-6. 

[4] Wu, D.; Xu, F.; Sun, B.; Fu, R.; He, H.; Matyjaszewski, K. Design and 
Preparation of Porous Polymers, Chem. Rev., 2012, 112, 3959-4015. 

[5] Fasolka, M.J.; Mayes, A.M. Block Copolymer Thin Films: Physics and 
Application, Annu. Rev. Mater. Res., 2001, 31, 323-55. 

[6] Marencic, A.P.; Register, R.A. Controlling Order in Block Copolymer Thin 
Films for Nanopatterning Applications, Annu. Rev. Chem. Biomol. Eng., 2010, 
1, 277-97. 

[7] Wang, Y. Nondestructive Creation of Ordered Nanopores by Selective 
Swelling of Block Copolymers: Toward Homoporous Membranes, Acc. Chem. 
Res., 2016, 49, 1401-1408. 

[8] Li, M.; Douki, K.; Goto, K.; Li, X.; Coenjarts, C.; Smilgies, D.-M.; Ober, C.K. 
Spatially Controlled Fabrication of Nanoporous Block Copolymers, Chem. 
Matter., 2004, 16, 3800-3808. 

[9] Du, P.; Li, M.; Douki, K.; Li, X.; Garcia, C.B.W.; Jain, A.; Smilgies, D.-M.; 
Fitters, L.J.; Gruner, S.M.; Wiesner, U.; Ober, C.K. Additive-Driven Phase-
Selective Chemistry in Block Copolymer Thin Films: The Convergence of 
Top-Down and Bottom-Up Approaches. Adv. Matter., 2004, 16, 953-957. 

[10] Xu, T.; Goldbach, J.T.; Misner, M.J.; Kim, S.; Gibaud, A.; Gang, O.; Ocko, B.; 
Guarini, K.W.; Black, C.T.; Hawker, C.J.; Russell, T.P. Scattering Study on 
the Selective Solvent Swelling Induced Surface Reconstruction. 
Macromolecules, 2004, 37, 2972-2977. 

[11] Kang, M.; Moon, B. Synthesis of Photocleavable Poly(styrene-block-ethylene 
oxide) and Its Self-Assembly into Nanoporous Thin Films, Macromolecules, 
2009, 42, 455-458. 

[12] Schumers, J.M.; Vlad, A.; Hyunen, I.; Gohy, J.F.; Fustin, C.A. Functionalized 
Nanoporous Thin Films from Photocleavable Block Copolymers, Macromol. 
Rap. Commun., 2012, 33, 199-205. 



References  109 

 

 

[13] Shelton, C.K.; Epps III, T.H. Block Copolymer Thin Films: Characterizing 
Nanostructure Evolution with In Situ X-ray and Neutron Scattering, Polymer, 
2016, 105, 545-561. 

[14] Hadjichristidisa, N. Polymer Chemists/Polymer Physicists: A Constructive 
Partnership, Eur. Phys. J. E, 2003, 10, 83–86. 

[15] Müller, A.H.E.; Wooley, K.L. 6.01 Introduction: Aspects of Macromolecular 
Architecture and Discrete Nano-Objects, Polymer Science: A Comprehensive 
Reference, Volume 6, Elsevier, 2012, DOI:10.1016/B978-0-444-53349-
4.00159-X. 

[16] Ruzette, A.-V.; Leibler, L. Block Copolymers in Tomorrow’s Plastics, Nature 
Materials, 2005, 4, 19-31. 

[17] Kahveci, M.U; Yagci, Y.; Avgeropoulos, A.; Tsitsilianis, C. 6.13 Well-Defined 
Block Copolymers, Polymer Science: A Comprehensive Reference, Volume 6, 
Elsevier, 2012, DOI:10.1016/B978-0-444-53349-4.00171-0. 

[18] Stehlin, F.; Diot, F.; Gwiazda, A.; Dirani, A.; Salaun, M.; Zelsmann, M.; 
Soppera, O. Local Reorganization of Diblock Copolymer Domains in Directed 
Self-Assembly Monitored by In-Situ High-Temperature AFM, Langmuir, 
2013, 29, 12796−12803. 

[19] Russell, T.P.; Kumacheva, E. 7.01 Introduction, Polymer Science: A 
Comprehensive Reference, Volume 7, Elsevier, 2012, DOI:10.1016/B978-0-
444-53349-4.00300-9. 

[20] Zhao, W.; Chen, D.; Grason, G.M.; Russell, T.P. Formation of H*Phase in 
Chiral Block Copolymers: Effects of Solvents and Solution-Cast Conditions, 
Macromolecules, 2013, 46, 455−462. 

[21] Matsuo, Y.; Konno, R.; Ishizone, T.; Goseki, R.; Hirao, A. Precise Synthesis 
of Block Polymers Composed of Three or More Blocks by Specially Designed 
Linking Methodologies in Conjunction with Living Anionic Polymerization 
System, Polymers, 2013, 5, 1012-1040. 

[22] Zhao, W.; Liu, F.; Wei, X.; Chen, D.; Grason, G.M.; Russell, T.P. Formation 
of H*Phase in Chiral Block Copolymers: Morphology Evolution as Revealed 
by Time-Resolved X‑ray Scattering, Macromolecules, 2013, 46, 2, 474−483. 

[23] Li, H.; Gu, W.; Li, L.; Zhang, Y.; Russell, T.P.; Coughlin, E.B. Synthesis of 
Semicrystalline/Fluorinated Side-Chain Crystalline BlockCopolymers and 
Their Bulk and Thin Film Nanoordering, Macromolecules, 2013, 46, 
3737−3745. 

 



References  110 

 

 

[24] Elias, H.-G., Makromoleküle: Physikalische Strukturen und Eigenschaften, 6. 
Auflage, WILEY-VCH, 2001, ISBN 3-527-29960-2. 

[25] Park, S.; Lee, D.H.; Xu, J.; Kim, B.; Hong, S.W.; Jeong, U.; Xu, T.; Russell, 
T.P. Macroscopic 10-Terabit–per–Square-Inch Arrays from Block Copolymers 
with Lateral Order, Science, 2009, 5917, 1030-1033. 

[26] Quirk, R.P. Anionic Polymerization of Nonpolar Monomers, Polymer Science: 
A Comprehensive Reference, Volume 3, Elsevier, 2012, DOI:10.1016/B978-0-
444-53349-4.00076-5. 

[27] Hadjichristidis, N.; Pitsikalis, M.; Iatrou, H. Synthesis of Block Copolymers, 
Adv Polym Sci, 2005, 189, 1-124. 

[28] Hillmyer, M. Block Copolymer Synthesis, Current Opinion in Solid State and 
Materials Science, 1999, 4, 559-564. 

[29] Nguyen, T.L.U.; Bennet, F.; Stenzel, M.H.; Barner-Kowollik, C. Reversible 
Addition Fragmentation Chain Transfer (RAFT) Polymerization for an 
Undergraduate Polymer Science Lab, Journal of Chemical Education, 2008, 1, 
97-99. 

[30] Matyjaszewski, K.; Spanswick, J. Controlled Radical Polymerization, 
Materials Today, 2005, 3, 26-33. 

[31] Matyjaszewski, K.; Xia, J. Atom Transfer Radical Polymerization, Chem. Rev., 
2001, 101, 2921-2990. 

[32] Nicolas, J.; Guillaneuf, Y.; Lefay, C.; Bertin, D.; Gigmes, D.; Charleux, B. 
Nitroxide-Mediated Polymerization, Progress in Polymer Science, 2013, 38, 
63-235. 

[33] Gigmes, D.; Marque, S.R.A. Nitroxide-Mediated Polymerization and Its 
Applications, Encyclopedia of Radicals in Chemistry, Biology and Materials, 
2012, DOI: 10.1002/9781119953678.rad059. 

[34] Patten, T.E.; Matyjaszewski, K. Atom Transfer Radical Polymerization and the 
Synthesis of Polymeric Materials, Adv. Mater., 1998, 12, 901-915. 

[35] Matyjaszewski, K.; Patten, T.E.; Xia, J. Controlled/“Living” Radical 
Polymerization. Kinetics of the Homogeneous Atom Transfer Radical 
Polymerization of Styrene, J. Am. Chem. Soc., 1997, 119, 674-680. 

[36] Xia, J.; Matyjaszewski, K. Controlled/“Living” Radical Polymerization. Atom 
Transfer Radical Polymerization Using Multidentate Amine Ligands, 
Macromolecules, 1997, 30, 7697-7700. 

 

 



References  111 

 

 

[37] Chong, Y.K.; Le, T.P.T.; Moad, G.; Rizzardo, E.; Thang, S.H. A More 
Versatile Route to Block Copolymers and Other Polymers of Complex 
Architecture by Living Radical Polymerization: The RAFT Process, 
Macromolecules, 1999, 32, 2071-2074. 

[38] Moad, G.; Rizzardo, E.; Thang, S.H. Living Radical Polymerization by the 
RAFT Process, Aust. J. Chem., 2005, 58, 379-410. 

[39] Moad, G.; Chiefari, J.; Chong, B.Y.K.; Julia Krstina, J.; Mayadunne, R.T.A.; 
Postma, A.; Rizzardo, E.; Thang, S.H. Living Free Radical Polymerization with 
Reversible Addition-Fragmentation Chain Transfer (The Life of RAFT), 
Polym Int, 2000, 49, 993-1001. 

[40] Braunecker, W.A.; Matyjaszewski, K. Controlled/Living Radical 
Polymerization: Features, Developments, and Perspectives, Prog. Polym. Sci., 
2007, 32, 93–146. 

[41] Lutz, J.-F.; Neugebauer, D.; Matyjaszewski, K. Stereoblock Copolymers and 
Tacticity Control in Controlled/Living Radical Polymerization, J. Am. Chem. 
Soc., 2003, 125, 6986-6993. 

[42] Flory, P.J. Thermodynamics of High Polymer Solutions, J. Chem. Phys.,1942, 
10, 51-61. 

[43] Huggins, M.L. Some Properties of Solutions of Long-chain Compounds, J. 
Phys. Chem., 1942, 1, 151–158. 

[44] Huggins, M.L. Theory of Solutions of High Polymers, J. Am. Chem. Soc., 1942, 
64, 1712-1719. 

[45] Bates, F.S.; Fredrickson, G.H. Block Copolymers-Designer Soft Materials, 
Physics Today, 1999, 2, 32-38. 

[46] Bates, F.S.; Fredrickson, G.H. Block Copolymer Thermodynamics: Therory 
and Experiment, Annu. Rev. Phys. Chem., 1990, 41, 525-557 

[47] Mai, Y.; Eisenberg, A. Self-assembly of Block Copolymers, Chem. Soc. Rev., 
2012, 41, 5969–5985. 

[48] Krausch, G.; Magerle, R. Nanostructured Thin Films via Self-Assembly of 
Block Copolymers, Adv. Matter., 2002, 21, 1579-1583. 

[49] ten Brinke, G. Phase Segregation/Polymer Blends/Microphase Separation, 
Polymer Science: A Comprehensive Reference, Volume 1, Elsevier, 2012, 
DOI:10.1016/B978-0-444-53349-4.00013-3. 

[50] Hajduk, D.A.; Harper, P.E.; Gruner, S.M.; Honeker, C.C.; Kim, G.; Thomas, 
E.L.; Fetters, L.J. The Gyroid: A New Equilibrium Morphology in Weakly 
Segregated Diblock Copolymers, Macromolecules, 1994, 27, 4063-4075. 



References  112 

 

 

[51] Koo, K.; Ahn, H.; Kim, S.-W.; Ryu, D.Y.; Russell, T.P. Directed Self-
Assembly of Block Copolymers in the Extreme: Guiding Microdomains from 
the Small to The Large, Soft Matter, 2013, 9, 9059-9071. 

[52] Elias, H.-G. An Introduction to Polymer Science, WILEY VCH, 1997, ISBN 3-
527-28790-6. 

[53] Strobl, G. The Physics of Polymers: Concepts for Understanding Their 
Structures and Behaviour, Springer, 2007, DOI 10.1007/978-3-540-68411-4. 

[54] Mai, Y.; Eisenberg, A. Self-Assembly of Block Copolymers, Chem. Soc. Rev., 
2012, 41, 5969–5985. 

[55] Bates, F.S. Polymer-Polymer Phase Behavior, Science, 1991, 251, 898-905. 

[56] Shull, K.R. Mean-Field Theory of Block Copolymers: Bulk Melts, Surfaces, 
and Thin Films, Macromolecules, 1992, 25, 2122-2133. 

[57] Helfand, E.; Wasserman, Z. R. Block Copolymer Theory. 4. Narrow Interphase 
Approximation, Macromol. Symp., 1976, 9, 879-888. 

[58] Helfand, E.; Wasserman, Z. R. Block Copolymer Theory. 5. Spherical 
Domains, Macromolecules, 1978, 11, 960-966. 

[59] Matsen, M. W.; Bates, F. S., Unifying Weak- and Strong-Segragation Block 
Copolymer Theories, Macromolecules, 1996, 29, 1091-1098. 

[60] Matsen, M. W.; Bates, F. S. Block Copolymer Microstructures in the 
Intermediate-Segregation Regime, J. Chem. Phys., 1997, 106, 2436-2448. 

[61] Fredrickson, G. H.; Helfand, E. Fluctuation Effects in the Theory of 
Microphase Separation in Block Copolymers, J. Chem. Phys., 1987, 87, 697-
705. 

[62] Ohta, T.; Kawasaki, K. Equilibrium Morphology of Block Copolymer Melts, 
Macromolecules, 1986, 19, 2621-2632. 

[63] Helfand, E. Block Copolymer Theory. III. Statistical Mechanics of the 
Microdomain Structure, Macromolecules, 1975, 4, 552-556. 

[64] Leibler, L. Theory of Microphase Separation in Block Copolymers, 
Macromolecules, 1980, 6, 1602-1617. 

[65] Matsen, M.W.; Schick, M. Stable and Unstable Phases of a Diblock Copolymer 
Melt, Phys. Rev. Lett., 1994, 72, 2660-2663. 

[66] Matsen, M.W. The Standard Gaussian Model for Block Copolymer Melts, J. 
Phys.: Condens. Matter, 2002, 14, 21-47. 

 



References  113 

 

 

[67] She, M.-S.; Lo, T.-Y.; Hsueh, H.-Y.; Ho, R.-M. Nanostructured Thin Films of 
Degradable Block Copolymers and Their Applications, NPG Asia Materials, 
2013, 5, e42. 

[68] Morkved, T. L.; Lu, M.; Urbas, A. M.; Ehrichs, E. E.; Jaeger, H. M.; Mansky, 
P.; Russell, T. P. Local Control of Microdomain Orientation in Diblock 
Copolymer Thin Films with Electric Fields, Science, 1996, 273, 931-933. 

[69] Thurn-Albrecht, T.; Schotter, J.; Kastle, G. A.; Emley, N.; Shibauchi, T.; 
Krusin-Elbaum, L.; Guarini, K.; Black, C. T.; Tuominen, M. T.; Russell, T. P. 
Ultrahigh-Density Nanowire Arrays Grown in Self-Assembled Diblock 
Copolymer Templates, Science, 2000, 290, 2126-2129. 

[70] Olszowka, V.; Hund, M.; Kuntermann, V.; Scherdel, S.; Tsarkova, L.; Boker, 
A. Electric Field Alignment of a Block Copolymer Nanopattern: Direct 
Observation of the Microscopic Mechanism, ACS Nano, 2009, 3, 1091-1096. 

[71] Hashimoto, T.; Bodycomb, J.; Funaki, Y.; Kimishima, K. The effect of 
Temperature Gradient on the Microdomain Orientation of Diblock Copolymers 
Undergoing an Orderdisorder Transition, Macromolecules, 1999, 32, 952-954. 

[72]  Mita, K.; Takenaka, M.; Hasegawa, H.; Hashimoto, T. Cylindrical Domains 
of Block Copolymers Developed Via Ordering Under Moving Temperature 
Gradient: Real-Space Analysis, Macromolecules, 2008, 41, 8789-8799. 

[73] Rockford, L.; Liu, Y.; Mansky, P.; Russell, T. P.; Yoon, M.; Mochrie, S. G. J. 
Polymers on Nanoperiodic, Heterogeneous Surfaces, Phys. Rev. Lett., 1999, 
82, 2602-2605. 

[74] Kim, S. O.; Solak, H. H.; Stoykovich, M. P.; Ferrier, N. J.; de Pablo, J. J.; 
Nealey, P. F. Epitaxial Self-Assembly of Block Copolymers on 
Lithographically Defined Nanopatterned Substrates, Nature, 2003, 424, 411-
414. 

[75] Stoykovich, M. P.; Muller, M.; Kim, S. O.; Solak, H. H.; Edwards, E. W.; de 
Pablo, J. J.; Nealey, P. F. Directed Assembly of Block Copolymer Blends into 
Nonregular Deviceoriented Structures, Science, 2005, 308, 1442-1446. 

[76] Ruiz, R.; Kang, H. M.; Detcheverry, F. A.; Dobisz, E.; Kercher, D. S.; Albrecht, 
T. R.; de Pablo, J. J.; Nealey, P. F. Density Multiplication and Improved 
Lithography by Directed Block Copolymer Assembly, Science, 2008, 321, 
936-939. 

[77] Ji, S. X.; Nagpal, U.; Liu, G. L.; Delcambre, S. P.; Muller, M.; de Pablo, J. J.; 
Nealey, P. F. Directed Assembly of Non-Equilibrium ABA Triblock 
Copolymer Morphologies on Nanopatterned Substrates, ACS Nano, 2012, 6, 
5440-5448 



References  114 

 

 

[78] Segalman, R. A.; Yokoyama, H.; Kramer, E. J. Graphoepitaxy of Spherical 
Domain Block Copolymer Films, Adv. Mater., 2001, 13, 1152-1155. 

[79] Cheng, J. Y.; Ross, C. A.; Thomas, E.; Smith, H. I.; Vancso, G. J. Fabrication 
of Nanostructures with Long-Range Order Using Block Copolymer 
Lithography, Appl. Phys. Lett., 2002, 81, 3657-3659. 

[80] Cheng, J. Y.; Mayes, A. M.; Ross, C. A. Nanostructure Engineering by 
Templated Selfassembly of Block Copolymers, Nat. Mater., 2004, 3, 823-828. 

[81] Park, S.; Lee, D. H.; Xu, J.; Kim, B.; Hong, S. W.; Jeong, U.; Xu, T.; Russell, 
T. P. Macroscopic 10-Terabit-Per-Square-Inch Arrays from Block Copolymers 
with Lateral Order, Science, 2009, 323, 1030-1033. 

[82] Tavakkoli, K. G. A.; Gotrik, K. W.; Hannon, A. F.; Alexander-Katz, A.; Ross, 
C. A.; Berggren, K. K. Templating Three-Dimensional Self-Assembled 
Structures in Bilayer Block Copolymer Films, Science, 2012, l, 1294-1298. 

[83] Kim, G.; Libera, M. Morphological Development in Solvent-Cast Polystyrene-
Polybutadiene-Polystyrene (SBS) Triblock Copolymer Thin Films, 
Macromolecules, 1998, 31, 2569-2577. 

[84] Fukunaga, K.; Elbs, H.; Magerle, R.; Krausch, G. Large-Scale Alignment of 
ABC Block Copolymer Microdomains Via Solvent Vapor Treatment, 
Macromolecules, 2000, 33, 947-953. 

[85] Albert, J. N. L.; Young, W. S.; Lewis, R. L.; Bogart, T. D.; Smith, J. R.; Epps, 
T. H. Systematic Study on the Effect of Solvent Removal Rate on the 
Morphology of Solvent Vapor Annealed ABA Triblock Copolymer Thin 
Films, ACS Nano, 2012, 6, 459-466. 

[86] Kim, S. H.; Misner, M. J.; Xu, T.; Kimura, M. S. H.; Russell, T. P. Highly 
Oriented and Ordered Arrays from Block Copolymers Via Solvent 
Evaporation, Adv. Mater., 2004, 16, 226-231. 

[87] Park, S.; Wang, J. Y.; Kim, B.; Chen, W.; Russell, T. P. Solvent-Induced 
Transition from Micelles in Solution to Cylindrical Microdomains in Diblock 
Copolymer Thin Films, Macromolecules, 2007, 40, 9059-9063. 

[88] Park, S.; Wang, J. Y.; Kim, B.; Xu, J.; Russell, T. P. A Simple Route to Highly 
Oriented and Ordered Nanoporous Block Copolymer Templates, ACS Nano, 
2008, 2, 766-772. 

[89] Park, S.; Kim, B.; Xu, J.; Hofmann, T.; Ocko, B. M.; Russell, T. P. Lateral 
Ordering of Cylindrical Microdomains Under Solvent Vapor, Macromolecules, 
2009, 42, 1278-1284. 

 



References  115 

 

 

[90] Lee, D. H.; Park, S.; Gu, W. Y.; Russell, T. P. Highly Ordered Nanoporous 
Template from Triblock Copolymer, ACS Nano, 2011, 5, 1207-1214. 

[91] Sinturel, C.; ne Vayer, M.; Morris, M.; Hillmyer, M.A. Solvent Vapor 
Annealing of Block Polymer Thin Films, Macromolecules, 2013, 46, 5399-
5415. 

[92] Fasolka. M.J.; Mayes, A.M. Block Copolymer Thin Films: Physics and 
Application, Annu. Rev. Mater. Res., 2001, 31, 323-55. 

[93] Bosworth, J.K.; Ober, C.K. Top-Down versus Bottom-Up Patterning of 
Polymers, Polymer Science: A Comprehensive Reference, Volume 8, Elsevier, 
2012, DOI:10.1016/B978-0-444-53349-4.00200-4. 

[94] Ochsmann, J.W.; Lenz, S.; Emmerling, S.G.J.; Kappes, R.S.; Nett, S.K.; 
Lechmann, M.C.; Roth, S.V.; Gutmann, J.S. PS-b-PEO Block Copolymer Thin 
Films as Structured Reservoirs for Nanoscale Precipitation Reactions, Journal 
of Polymer Science: Part B: Polymer Physics, 2010, 48, 1569-1573. 

[95] Hong, S.W.; Russell, T.P. Block Copolymer Thin Films, Polymer Science: A 
Comprehensive Reference, Volume 7, Elsevier, 2012, DOI:10.1016/B978-0-
444-53349-4.00198-9. 

[96] Hamley, I.W. Ordering in Thin Films of Block Copolymers: Fundamentals to 
Potential Applications, Progress in Polymer Science, 2009, 34, 1161-1210. 

[97] Yang, S.Y.; Ryu, I.; Kim, H.Y.; Kim, J.K.; Jang, S.K.; P. Russell, T.P. 
Nanoporous Membranes with Ultrahigh Selectivity and Flux for the Filtration 
of Viruses, Adv. Mater., 2006, 18, 709-712. 

[98] Magde, D.; Elson, E.; Webb, W.W. Thermodynamic Fluctuations in a Reacting 
System-Measurement by Fluorescence Correlation Spectroscopy, Phys. Rev. 
Lett., 1972, 29, 11, 705-708. 

[99] Elson, E.; Magde, D. Fluorescence Correlation Spectroscopy: Conceptual 
Basis and Theory, Biopolymers, 1974, 13, 1-27. 

[100] Magde, D.; Elson, E.; Webb, W.W. Fluorescence Correlation Spectroscopy, 
Biopolymers, 1974, 13, 29-61. 

[101] Aragon, S.R.; Pecora, R. Fluorescence Correlation Spectroscopy and Brownian 
Rotational Diffusion, Biopolymers, 1975, 14, 119-138. 

[102] Krichevsky, O.; Bonnet, G. Fluorescence Correlation Spectroscopy: The 
Technique and Its Applications, Rep. Prog. Phys., 2002, 65, 251-297. 

[103] Eiger, M.; Riglert, R. Sorting Single Molecules: Application to Diagnostics and 
Evolutionary Biotechnology, Proc. Natd. Acad. Sci., 1994, 91, 5740-5747. 



References  116 

 

 

[104] Adjimatera, N.; Benda, A.; Blagbrough, I.S.; Langner, M.; Hof, M.; Kral, T. 
Fluorescence Correlation Spectroscopic Studies of a Single Lipopolyamine-
DNA Nanoparticle, Ser Fluoresc, 2008, 4, 381-413. 

[105] Thompson, N.L.; Lieto, A.; Allen, N.W. Recent Advances in Fluorescence 
Correlation Spectroscopy, Current Opinion in Structural Biology, 2002, 12, 
634-641. 

[106] Tian, Y.; Martinez, M.M.; Pappas, D. Fluorescence Correlation Spectroscopy: 
A Review of Biochemical and Microfluidic Applications, Appl. Spectrosc., 
2011, 65, 4, 115-124. 

[107] Wöll, D. Fluorescence Correlation Spectroscopy in Polymer Science, RSC 
Adv., 2014, 4, 2447-2465. 

[108] Elson, E.L. Fluorescence Correlation Spectroscopy: Past, Present, Future, 
Biophysical Journal, 2011, 101, 2855-2870. 

[109] Hess, S.T.; Huang, S.; Heikal, A.A.; Webb, W.W. Biological and Chemical 
Applications of Fluorescence Correlation Spectroscopy: A Review, 
Biochemistry, 2002, 41, 3, 697-705. 

[110] Gösch, M.; Rigler, R. Fluorescence Correlation Spectroscopy of Molecular 
Motions and Kinetics, Advanced Drug Delivery Reviews, 2005, 57, 169-190. 

[111] Wolfbeis, O.S.; Resch-Genger, U. Standardization and Quality Assurance in 
Fluorescence Measurements II-Bioanalytical and Biomedical Applications, 
Springer, 2008, DOI 10.1007/978-3-540-70571-0. 

[112] Magonov, S.N. Atomic Force Microscopy in Analysis of Polymers, 
Encyclopedia of Analytical Chemistry, John Wiley & Sons Ltd, 2000, 7432-
749, DOI: 10.1002/9780470027318.a2003. 

[113] Binnig, G.; Quate, C.F.; Gerber, C. Atomic Force Microscope, Phys. Rev. Lett., 
1986, 56, 930-933. 

[114] Binnig, G.; Rohrer, H.; Gerber, C.; Weibel, E. Surface Studies by Scanning 
Tunneling Microscopy, Phys. Rev. Lett., 1982, 49, 57-61. 

[115] Eaton, P.; West, P. Atomic Force Microscopy, Oxford University Press, 2010, 
DOI:10.1093/acprof:oso/9780199570454.001.0001. 

[116] Seo, Y.; Jhe, W. Atomic Force Microscopy and Spectroscopy, Rep. Prog. 
Phys., 2008, 71, 016101. 

[117] Alessandrini, A.; Facci, P. AFM: A Versatile Tool in Biophysics, Meas. Sci. 
Technol., 2005, 16, 65-92. 

 



References  117 

 

 

[118] Sheiko, S.S.; Magonov, S.N. Scanning Probe Microscopy of Polymers, 
Polymer Science: A Comprehensive Reference, Volume 2, Elsevier, 2012, 
DOI:10.1016/B978-0-444-53349-4.00047-9. 

[119] Knoll, A.; Magerle, R.; Krausch, G. Tapping Mode Atomic Force Microscopy 
on Polymers: Where is the True Sample Surface?, Macromolecules, 2001, 34, 
4159-4165. 

[120] Müller-Buschbaum, P.; Hermsdorf. N.; Roth, S.V.; Wiedersich, J.; Cunise, S.; 
Gehrke, R. Comparative Analysis of Nanostructured Diblock Copolymer 
Films, Spectrochimica Acta Part B, 2004, 59, 1789-1797. 

[121] Renaud, G.; Lazzari, R.; Leroy, F. Probing Surface and Interface Morphology 
with Grazing Incidence Small Angle X-Ray Scattering, Surface Science 
Reports, 2009, 64, 255-380. 

[122] Tolan, M. X-ray Scattering from Soft-Matter Thin Films-Material Science and 
Basic Research, Springer, 1999, DOI:10.1007/BFb0112834. 

[123] Pietsch, U.; Holy, V.; Baumbach, T. High-Resolution X-ray Scattering, from 
Thin Films to Lateral Nanostructures, Springer, Second Edition, 2004, 
DOI:10.1007/978-1-4757-4050-9. 

[124] Naudon, A.; Thiaudiere, D. J. Grazing-Incidence Small-Angle Scattering. 
Morphology of Deposited Clusters and Nanostructure of Thin Films, Appl. 
Crystallogr., 1997, 30, 822-827. 

[125] Levine, J.R.; Cohen, J.B.; Chung, Y.W.; Georgopoulos, P. J. Grazing-
Incidence Small-Angle X-ray Scattering: New Tool for Studying Thin Film 
Growth, Appl. Crystallogr., 1989, 22, 528-832. 

[126] Ree, M.; Kim, D.M.; Jung, J.; Rho, Y.; Ahn, B.; Jin, S.; Kim, M. Reflectivity, 
GI-SAS and GI-Diffraction: X-Ray, Polymer Science: A Comprehensive 
Reference, Volume 2, Elsevier, 2012, DOI:10.1016/B978-0-444-53349-
4.00034-0. 

[127] P. Müller-Buschbaum, P. Grazing Incidence Small-Angle X-ray Scattering: An 
Advanced Scattering Technique for the Investigation of Nanostructured 
Polymer Films, Anal Bioanal Chem, 2003, 376, 3–10. 

[128] Falta, J.; Müller, T. Forschung mit Synchrotronstrahlung–Eine Einführung in 
die Grundlagen und Anwendungen, Vieweg+Teubner, 2010, ISBN 978-3-519-
00357-1. 

[129] Als-Nielsen, J.; McMorrow, D. Elements of Modern X-ray Physics, John Wiley 
& Sons, Second Edition, 2011, ISBN 978-0-470-97395-0. 



References  118 

 

 

[130] Bolze, J.; Ree, M.; Youn, H.S. Synchrotron X-ray Reflectivity Study on the 
Structure of Templated Polyorganosilicate Thin Films and Their Derived 
Nanoporous Analogues, Langmuir, 2001, 17, 6683-6691. 

[131] Russell, T.P. X-ray and Neutron Reflectivity for the Investigation of Polymers, 
Materials Science Reports, 1990, 5, 171-271. 

[132] Chason, E.; Mayer, T.M. Thin Film and Surface Characterization by Specular 
X-Ray Reflectivity, Critical Reviews in Solid Sttite und Materials Sciences, 
1997, 22, 1-61. 

[133] Zhou, X.-L.; Chen, S.-H. Model-Independent Method for Reconstruction of 
Scattering-Length-Density Profiles Using Neutron or X-ray Refiectivity Data, 
Physical Review E, 1993, 5, 3174-3190. 

[134] Forster, M.; Stamm, M.; Reiter, G.; Hüttenbach, S. X-ray Reflectometer for 
Study of Polymer Thin Films and Interfaces, Vacuum, 1990, 4-6, 1441-1444. 

[135] Mutter, R.; Strobl, G.; Stühn, B. Structure of Thin Block Copolymer Films 
Studied by X-ray Reflectivity, Fresenius J Anal Chem, 1993, 346, 297-299. 

[136] Yasaka, M. X-ray Thin-Film Measurement Techniques, The Rigaku Journal, 
2010, 2, 1-32. 

[137] Lee, B.; Park, I.; Yoon, J.; Park, S.; Kim, J.; Kim, K.-W.; Chang, T.; Ree, M. 
Structural Analysis of Block Copolymer Thin Films with Grazing Incidence 
Small-Angle X-ray Scattering, Macromolecules, 2005, 38, 4311-4323. 

[138] Lazzari, R.; Renaud, G.; Revenant, C.; Jupille, J.; Borensztein, Y. Adhesion of 
Growing Nanoparticles at a Glance: Surface Differential Reflectivity 
Spectroscopy and Grazing Incidence Small Angle X-ray Scattering, Physical 
Review B, 2009, 79, 125428. 

[139] Busch, P.; Rauscher, M.; Smilgies, D.-M.; Posselte, D.; Papadakis, C.M. 
Grazing-Incidence Small-Angle X-ray Scattering from Thin Polymer Films 
with Lamellar Structures –the Scattering Cross Section in the Distorted-Wave 
Born Approximation, J. Appl. Cryst., 2006, 39, 433-442. 

[140] Lazzari, R. Grazing Incidence Small-Angle X-Ray Scattering from 
Nanostructures, Lect. Notes Phys., 2009, 770, 283-342. 

[141] Wernecke, J.; Scholze, F.; Krumrey, M. Direct Structural Characterisation of 
Line Gratings with Grazing Incidence Small-Angle X-ray Scattering, Review 
of Scientific Instruments, 2012, 83, 103906. 

[142] Rauscher, M.; Paniago, R.; Metzger, H.; Kovats, Z.; Domke, J.; Peisl, J.; 
Pfannes, H.-D.; Schulze, J.; Eisele, I. Grazing Incidence Small Angle X-ray 
Scattering from Free-Standing Nanostructures, Journal of Applied Physics, 
1999, 12, 6763-6769. 



References  119 

 

 

[143] Hexemer, A.; Müller-Buschbaum, P. Advanced Grazing-Incidence Techniques 
for Modern Soft-Matter Materials Analysis, IUCrJ, 2015, 2, 106-125. 

[144] Stamm, M. Polymer Surfaces and Interfaces, Springer, 2008, 
DOI:10.1007/978-3-540-73865-7. 

[145] Müller-Buschbaum, P. A Basic Introduction to Grazing Incidence Small-Angle 
X-Ray Scattering, Lect. Notes Phys., 2009, 776, 61-89. 

[146] Zhao, H.; Gu, W.; Sterner, E.; Russell, T.P.; Coughlin, E.B.; Theato, P. Highly 
Ordered Nanoporous Thin Films from Photocleavable Block Copolymers, 
Macromolecules, 2011, 44, 6433-6440. 

[147] Wei, H.; Zhuo, R.X.; Zhang, X.Z. Design and Development of Polymeric 
Micelles with Cleavable Links for Intracellular Drug Delivery. Prog. Polym. 
Sci., 2013, 38, 503-535. 

[148] Schumers, J.-M.; Gohy, J.F.; Fustin, C.A. A Versatile Strategy for the 
Synthesis of Block Copolymers Bearing a Photocleavable Junction. Polym. 
Chem., 2010, 1, 161-163. 

[149] Kang, M.; Moon, B. Synthesis of Photocleavable Poly(styrene-block-ethylene 
oxide) and Its Self-Assembly into Nanoporous Thin Films, Macromolecules, 
2009, 42, 455-458. 

[150]  Zhao, H.; Sterner, E.S.; Coughlin, E.B.; Theato, P. o-Nitrobenzyl Alcohol 
Derivatives: Opportunities in Polymer and Materials Science, 
Macromolecules, 2012, 45, 1723-1736. 

[151] http://www.bornagainproject.org 

[152] http://www.ncnr.nist.gov/resources/activation/ 

[153] Busch, P.; Posselt, D.; Smilgies, D.-M.; Rauscher, M.; Papadakis, C.M. Inner 
Structure of Thin Films of Lamellar Poly(styrene-b-butadiene) Diblock 
Copolymers as Revealed by Grazing-Incidence Small-Angle Scattering. 
Macromolecules, 2007, 40, 630-640. 

[154] Müller-Buschbaum, P. Structure Determination in Thin Film Geometry Using 
Grazing Incidence Small-Angle Scattering. Polymer Surfaces and Interfaces, 
Springer, 2008, DOI:10.1007/978-3-540-73864-0_2. 

[155] Papadakis, C.M.; Darko, C.; Di, Z.; Troll, K.; Metwalli, E.; Timmann, A.; 
Reiter, G.; Förster, S. Surface-Induced Breakout Crystallization in Cylinder-
Forming P(I-b-EO) Diblock Copolymer Thin Films. Eur. Phys. J. E, 2011, 34, 
7. 

 



References  120 

 

 

[156] Buffet, A.; Rothkirch, A.; Döhrmann, R.; Körstgens, V.; Kashem, M.M.A.; 
Perlich, J.; Herzog, G.; Schwartzkopf, M.; Gehrke, R.; Müller-Buschbaum, P.; 
Roth, S. V. P03, the Microfocus and Nanofocus X-ray Scattering (MiNaXS) 
Beamline of the PETRA III Storage Ring: The Microfocus Endstation. J. 
Synchrotron Rad., 2012, 19, 647-653. 

[1587 Santoro, G.; Buffet, A.; Döhrmann, R.; Yu, S.; Körstgens, V.; Müller-
Buschbaum, P.; Gedde, U.; Hedenqvist, M.; Roth, S.V. Use of Intermediate 
Focus for Grazing Incidence Small and Wide Angle X-ray Scattering 
Experiments at the Beamline P03 of PETRA III, DESY. Rev. Sci. Instrum., 
2014, 85, 043901. 

[158] Kipnusu, W.K.; Elmahdy, M.M.; Mapesa, E.U.; Zhang, J.; Böhlmann, W.; 
Smilgies, D.-M.; Papadakis, C.M.; Kremer, F. Structure and Dynamics of 
Asymmetric Poly(styrene-b-1,4-isoprene) Diblock Copolymer under 1D and 
2D Nanoconfinement. ACS Appl. Mater. Interfaces, 2015, 23, 12328-12338. 

[159] Hansen, C.M. Hansen Solubility Parameters: A User’s Handbook, Second 
Edition, CRC Press, 2007, DOI:10.1201/978-1-4200-0683-4. 

[160] Miller-Chou, B.A.; Koenig, J.L. A Review of Polymer Dissolution, Prog. 
Polym. Sci., 2003, 28, 1223-1270. 



Publications  121 

 

 

Publications 

Non-peer-viewed submitted papers 

 

S. Altinpinar, W. Ali, P. Schuchart, P. Yildiz, H. Zhao, C. 
Sternemann, M. Paulus, M. Tolan, P. Theato, and J. S. Gutmann: 
“Porous Ultra-Thin Films from Photoclevable Block 
Copolymers: in-situ Degradation Kinetic”  
Physical Chemistry Chemical Physics (RSC) 

 
W. Ali, S. Altinpinar, B. Gebert, K. Graf, T. Mayer-Gall, M. 
Ulbricht and J. S. Gutmann: 
“On the Potential of Using Dual-Function Hydrogels for 
Brackis Water Desalination” 
Soft Matter (RSC) 

W. Ali, V. Shabani, M. Linke, S. Sayin, S. Altinpinar, M. 
Hildebrandt, J.S. Gutmann and T. Mayer-Gall: 
“Structural and Electrical Characterization of Electrospun 
PAN-based Carbon Nanofibers Containing Silver 
Nanoparticles Using Conductive Atomic Force Microscopy” 
Journal of Material Chemistry (RSC) 

 

Refreed Journals 

 

07/2015 S. Altinpinar, H. Zhao, W. Ali, R. Kappes, P. Schuchart, S. 
Salehi, G. Santoro, P. Theato, S. Roth, J. S. Gutmann: 
“Distortion of Ultra-thin Photocleavable Block Copolymer 
Films during Photocleavage and Nanopore Formation” 
Langmuir 31(32), 2015  

 
12/2013  Sedakat Altinpinar, Damir Sorak, Heinz W. Siesler: 

“Near infrared spectroscopic analysis of hydrocarbon 
contaminants in soil with a hand-held spectrometer” 
Journal of Near Infrared Spectroscopy 21(6), 2013 
 
 

02/2012  Damir Sorak, Lars Herberholz, Sylvia Iwascek, Sedakat 
Altinpinar, Frank Pfeifer, Heinz W. Siesler: 
“New Developments and Applications of Handheld Raman, 
Mid-Infrared, and Near-Infrared Spectrometers” 
Applied Spectroscopy Reviews 47(2):83-115, 2012 

 



Publications  122 

 

 

Non-refreed Journals 

 

11/2014 S. Altinpinar, P. Schuchart, W. Ali, Pinar Yildiz, H. Zhao, C. 
Sternemann, M. Paulus, P. Theato, M. Tolan, J. S. Gutmann: 
“In-situ XRR study on photocleavable PS-hν-PEO nanoporous 
thin films” DELTA Annual Report 2014, TU Dortmund 
 
 

02/2014 S. Altinpinar, K. Graf, H. Zhao, W. Ali, R. Kappes, P. 
Schuchart, S. Salehi, G. Santoro, P. Theato, S. Roth, J. S. 
Gutmann: “GISAXS on photocleavable PS-b-PEO nanoporous 
thin films” HASYLAB Annual Report 2013, DESY Hamburg 

 

 

Posters and Oral Presentations 

 
11/ 2014 Titel “Unraveling Desorption from Mixed Polymer Films” 

Oral presentation - 2014 AFM Users Meeting, Keysight 
Technologies at Institut für Physikalische Chemie, Universität 
Duisburg-Essen 

 
11/2014  Titel “Unraveling Desorption from Mixed Polymer Films” 

Poster presentation, DELTA Users Meeting at DELTA, TU 
Dortmund 
 

07/2014  Titel “GISAXS on photocleavable block copolymer thin films” 
Poster presentation, 13. International Conference 

   Surface X-ray and Neutron Scattering (SXNS) 
   HASYLAB, DESY Hamburg 
 
05/2014 Titel “AFM Investigation on Photo-Cleavable Block Copolymer 

Thin Films Combined with X-ray Scattering”  
Oral Presentation Scientific Workshops, Agilent Technologies 
at Molekulare Festkörperphysik, Philipps-Universität Marburg 

 
10/2013  Titel “GISAXS on photocleavable block copolymer thin films” 
   Poster presentation, GISAXS Workshops 
   HASYLAB, DESY Hamburg 
 
04/2012  Titel „Photocleavable block copolymer thin films” 
   Oral presentation, group seminar at 

Polymer Science and Engineering, University of Massachusetts 
Amherst/USA 
 



Publications  123 

 

 

03/2012 Titel “Efficiency of photocleavage in ONB containing block 
copolymers” 
Poster presentation, 9. Zsigmondy-Kolloqiums at Evonik 
Industries AG, Essen 



Acknowledgement  124 

 

 

Acknowledgement 

I sincerely thank Prof. Dr. Jochen S. Gutmann for the provision of this interesting topic 

and the excellent professional support. Throughout the period, I have always been able 

to build on his support and advice, which in many cases involved thousand things 

besides the actual subject. I am grateful for his open ear.  

Special thanks are given to Dr. Hui Zhao from the research group of Prof. Dr. Patrick 

Theato at University Hamburg for the synthesis of the material for my project. 

I would like to thank Prof. Dr. C. Mayer for reviewing my thesis. 

Many thanks go to the members of the Gutmann research group for the pleasant 

working environment and to Prof. Dr. Karlheinz Graf (Charly) for the very good 

professional introduction into the subject area. 

Moreover, I would like to thank Dr. Gonzalo Santoro and Dr. Stephan Roth from 

HASYLAB in Hamburg, to Dr. Christian Sternemann and Dr. Michael Paulus from 

DELTA in Dortmund and to Dr. Emanuel Kentzinger from Forschungszentrum Jülich 

for the friendly cooperation and the great willingness to help me during the X-ray 

scattering measurements. I also owe many thanks to Dr. Kaloian Koynov at MPI-P in 

Mainz for his kindly support on the FCS measurements. 

Prof. Dr. H. W. Siesler I would like to thank for his help in correcting the thesis. 

I would also like to express my special thanks to my family, especially my parents, for 

their constant moral support. Furthermore, I would like to thank all those who were 

there for me.



Curriculum Vitae  125 

 

 

Curriculum Vitae 

 
Der Lebenslauf ist in der Online-Version aus Gründen des Datenschutzes nicht 
enthalten. 



Curriculum Vitae  126 

 

 

Der Lebenslauf ist in der Online-Version aus Gründen des Datenschutzes nicht 
enthalten. 

  



  127 

 

 

Erklärung 

 

Hiermit versichere ich, dass ich die vorliegende Arbeit mit dem Titel 

 

„Characterization of Photocleavable Block Copolymer Ultra-Thin Films” 

 

selbst verfasst und keine außer den angegebenen Hilfsmitteln und Quellen benutzt 

habe, und dass die Arbeit in dieser oder ähnlicher Form noch bei keiner anderen 

Universität eingereicht wurde. 

 

 

Essen, im März 2018 

 


