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Abstract 

 

 

The combination of polymer grafting and synchrotron radiation lithographic techniques is a 

powerful method to create polymer micro- and nanostructures. Upon selective exposure, 

patterns of stable radicals are created in/on fluoropolymer foils. Irradiated samples are then 

grafted in a monomer solution resulting in a transformation of the pre-formed radical patterns 

into polymer micro- and nanostructures. Synchrotron sources can provide a broad spectrum of 

ionizing radiations. While low penetrating Extreme Ultraviolet (EUV) light is used to induce 

grafting from the surface of the polymer film, exposure to hard x-ray radiation followed by a 

grafting reaction leads to modification of the bulk properties in the exposed regions. 

 

EUV interference exposures were performed at the Swiss Light Source (SLS) at the X-ray 

Interference Lithography (XIL) beamline to create periodic patterns of radicals on the surface 

of poly(ethylene-co-tetrafluoroethylene) (ETFE) films. The influence of the dose and of the 

grafting parameters such as solvent, monomer concentration and temperature on the structure 

height and resolution were investigated in detail by atomic force microscopy (AFM) and 

scanning electron microscopy (SEM). The thickness of the grafted layer increased with the 

dose, indicating the formation of a polymer brush. As a consequence surface relief structures 

can be generated by using grey-tone exposures. The grafting reactions were found to be 

highly dependent on the viscosity of the system. In low viscous polymerization solutions the 

height of the grafted layer increased with increasing viscosity due to a decrease of the 

termination rates, whereas in highly viscous solution the grafted layer thickness decreased 

caused by a diminution of the initiation rates. The grafted polymer chain lengths were very 

long so that living radical polymerization (LRP) techniques such as reversible addition-

fragmentation chain transfer (RAFT) polymerization were applied to reduce the growth speed. 

Finally, the best achieved resolution of 100 nm period line structures was obtained using the 

RAFT mechanism. Chemical modifications of the epoxide functions of grafted poly(glycidyl 

methacrylate) structures were performed to introduce specific functional properties e.g. for 

protein binding, metal sorption or to create hosts for cell growth studies. Finally, the phase 

transition at the lower critical solution temperature (LCST) of a grafted nanostructured 

thermo-responsive poly(N-isopropylacrylamide) hydrogel was nicely visualized by AFM. 

 

For bulk modification, selective exposure of ETFE films was performed at ANKA 

(Angströmquelle Karlsruhe) at the LIGA3 beamline with hard x-rays through high aspect 

ratio shadow masks. Irradiated samples were then grafted with styrene and sulfonated in order 

to obtain proton conducting properties in the exposed areas of the film. Proton conducting 

membranes showed increasing degree of grafting and proton conductivity with increasing 

absorbed dose. The degree of grafting, the proton conductivity as well as the mechanical 

properties of the proton conducting membranes were found to be independent of the 
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structuring. Due to the high photon absorption efficiency of nickel shadow masks, a high 

contrast between exposed and shaded parts was reached as observed with optical microscopy 

and SEM. The pattern was projected with high accuracy through the thickness of the polymer 

films. The performance of structured and un-structured proton conducting membranes was 

determined in polymer electrolyte fuel cell (PEFC) single cell tests. The structured 

membranes showed slightly lower performance due to the smaller active area, and higher 

contact resistance due to the uneven surface. However, they showed less degradation and 

longer life-time interpreted by the limited mobility of reactive degradation species. 
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Kurzfassung 

 

 

Die Kombination aus Synchrotronstrahl-Lithographie und Pfropf-Copolymerisation ergibt 

eine leistungsstarke Methode zur Herstellung polymerer Mikro- und Nanostrukturen. Durch 

selektive Bestrahlung können Muster aus stabilen Radikalen in und auf Fluoropolymer-Folien 

gebildet werden. Die bestrahlten Proben werden in einer Monomerlösung gepfropft, wodurch 

aus den vorab gebildeten Radikalen ein Muster aus Mikro- und Nanostrukturen resultiert. 

Mittels Synchrotronquellen kann ein weites Spektrum aus ionisierenden Strahlen erzeugt 

werden. Während weiche Strahlung im extremen Ultraviolettbereicht (Extreme Ultraviolet 

Light, EUV) zur Bildung von Radikalen und zur Pfropf-Copolymerisation an der Oberfläche 

führt, haben Bestrahlungen mit harten Röntgenstrahlen und anschliessender 

Pfropfungsreaktion eine Veränderung der Eigenschaften des gesamten bestrahlten Materials 

zur Folge. 

 

Interferenz-lithographische EUV-Bestrahlungen zur Erzeugung periodischer Strukturen aus 

Radikalen auf Folien aus dem Ethylen-Tetrafluorethylen-Copolymer ETFE wurden an der ’X-

ray interference beamline’ (XIL) der ’Synchrotron Lichtquelle Schweiz’ (SLS) durchgeführt. 

Mittels Rasterkraftmikroskopie (Atomic Force Microscopy, AFM) und Raster-

elektronenmikroskopie (Scanning Electron Microscopy, SEM) wurde der Einfluss der 

Strahlendosis sowie der Pfropfungsparameter Lösungsmittel, Monomerkonzentration und 

Temperatur auf die Höhe und Auflösung der gepfropften Stukturen im Detail untersucht. Die 

Dicke der gepfropften Schicht nimmt mit steigender Dosis zu, was darauf hinweist, dass die 

gebildeten Polymerketten eine „bürstenförmige“ Konformation einnehmen. Mit Hilfe von 

Graustufenmasken können deshalb mit diesem Verfahren Oberflächen-Reliefstrukturen 

erzeugt werden. Es stellte sich heraus, dass die Pfropfungsreaktion in hohem Masse von der 

Viskosität des verwendeten Lösungsmittel-Systems abhängt. In niedrig viskosen Lösungen 

nimmt die Dicke der gepfropften Schicht mit zunehmender Viskosität aufgrund der Abnahme 

der Terminierungsrate zu. Im Gegensatz dazu nimmt bei hoch viskosen Lösungen die Dicke 

der gebildeten Schicht aufgrund einer verminderten Initiierungsrate ab. Die gepfropften 

Polymerketten waren sehr lang, weshalb die sogenannte RAFT - Polymerisationstechnik 

eingesetzt wurde, um die Wachstumsrate reduzieren zu können (RAFT steht für „Reversible 

Additions-, Fragmentierungs-, und Kettenübertragungspolymerisation“, eine kontrollierte 

Form der freien radikalischen Polymerisation). Letztlich konnte durch den Gebrauch des 

RAFT-Mechanismus eine Auflösung von Strukturen mit 100 nm Periodizität erreicht werden. 

Um spezifische Funktionalitäten z.B. für Proteinbindungen, Sorption von Metallen oder zur 

Bildung von Modelloberflächen für Zellwachstumsstudien herstellen zu können, wurden 

Strukturen aus Poly(glycidyl methacrylat) hergestellt, die sich durch chemische Reaktionen 

an den Epoxidgruppen funktionalisieren lassen. An gepfropftem nanostrukturiertem Poly(N-
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isopropyl-acrylamid) Hydrogel wurde der Phasenübergang bei der unteren kritischen 

Löslichkeitstemperatur (engl. LCST) mittels AFM visualisiert. 

 

Selektive Bestrahlungen von ETFE-Filmen im vollen Volumen wurden an der ANKA 

(Angströmquelle Karlsruhe) an der LIGA3 Strahllinie mit harten Röntgenstrahlen unter 

Verwendung von Nickel-Schattenmasken mit hohem Aspektverhältnis durchgeführt. 

Bestrahlte Proben wurden mit Styrol gepfropft und sulfoniert, um Protonen leitende 

Eigenschaften in den bestrahlten Bereichen zu erhalten. Mit zunehmender absorbierter Dosis 

erhöhten sich der Grad der Pfropfung und auch die Protonenleitfähigkeit. Es konnte gezeigt 

werden, dass der Pfropfgrad, die Protonenleitfähigkeit und die mechanischen Eigenschaften 

unabhängig von der Strukturierung sind. Aufgrund der hohen Absorptionseffizienz der 

Nickelmasken konnte ein hoher Kontrast zwischen belichteten und unbelichteten Stellen 

erreicht werden, was mit optischer Mikroskopie und SEM nachgewiesen wurde. Das Muster 

wurde mit hoher Genauigkeit über den vollen Querschnitt des Polymerfilms projiziert. Die 

Effizienz von strukturierten wie auch unstrukturierten Protonen leitenden Membranen wurden 

in Brennstoffzellen-Tests in Einzelzellen bestimmt. Die strukturierten Membranen zeigten 

aufgrund der geringeren aktiven Fläche eine niedrigere Effizienz und einen durch 

Unebenheiten begründeten höheren Kontaktwiderstand. Allerdings zeigten sie geringere 

Verschleisserscheinungen und somit längere Lebenszeiten, begründet durch die niedrigere 

Mobilität reaktiver Abbauprodukte. 
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Symbols 

 

 

Symbol Description Unit 

a Kuhn length [nm] 

A Surface area [nm
2
] 

d Distance between two polymer chains [nm] 

DO Density required to get overlapping coils [chains/nm
2
] 

DPh Average absorbed photon density [Ph/nm
2
] 

E Reversible cell voltage [V] 

E0 Equilibrium cell voltage [V] 

f Efficiency of a thermal initiator [-] 

F Faraday constant = 96487 c/mol [coulomb/mol] 

∆G Gibbs free energy [J/mol] 

∆H Reaction enthalpy [J/mol] 

h0 Equilibrium height [nm] 

I0 Incident intensity of a beam [W/m
2
] 

I(x) Residual intensity of a beam at a distance x [W/m
2
] 

IEC Ion-exchange capacity [meq/g] 

k1 constant depending on the material and process [-] 

kd Decomposition rate for thermal initiators [l, mol, s] 

kp Propagation rate coefficient [l, mol, s] 

ktc Rate coefficient for the combination termination [l, mol, s] 

ktd Rate coefficient for the disproportionation termination [l, mol, s] 

Mn Molecular mass, number average [g/mol] 

Mw Molecular mass, weight average [g/mol] 

n Number of electrons [-] 

nR Refractive index [-] 

N Degree of polymerization [-] 

NA Numerical aperture of the projection camera [-] 

OCV Open circuit voltage [V] 

P Partial pressure [Pa] 

R Gas constant = 8.314 J/K mol [J/K mol] 

RF Flory radius [nm] 

Rg Radius of gyration  [nm] 

RH Relative humidity [-] 

RM Minimum size feature [nm] 
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∆S Reaction entropy [J/mol⋅K] 

T Temperature [°C] 

Tg Glass transition temperature  [°C] 

Wel Electrical work [J/mol] 

W
max

el Maximum electrical energy [J/mol] 

 

η Yield [-] 

λ Wavelength [nm] 

µ Specific mass absorption coefficient [cm
2
/g] 

ν Swelling exponent [-] 

θ ½ angle between the propagation [°]  

directions of the two beams 

Θmax Maximum angle subtended by the objective lens [°] 

ρ Density [g/cm
3
] 

σ Grafting density [chains/nm
2
] 

 

 

Abbreviations 

 

 

Abbreviations Description    

AIBN α, α’ – azo-isobutyronitrile 

AFM Atomic Force Microscopy 

ANKA Angströmquelle Karlsruhe 

ATRP Atom transfer radical polymerization 

CCD Charge coupled device 

CPDB Cyanoisopropyl dithiobenzoate 

CTA Chain transfer agent 

DMFC Direct methanol fuel cell 

DVB Divinyl benzene 

EG Ethylene glycol 

ETFE Poly(ethylene-co-tetrafluoroethylene) 

EUV Extreme ultraviolet 

FEP Poly(tetrafluoroethylene-co-hexafluoropropylene) 

FTIR Fourier transform infrared 

GMA Glycidyl methacrylate 

GDL Gas diffusion layer 

GPC Gel permeation chromatography 

HEMA 2- hydroxyethyl methacrylate 

LCST Lower critical solution (or solubility) temperature 
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LIGA Lithography, galvanoforming, and plastic moulding 

LRP Living radical polymerization 

MEA Membrane electrode assembly 

MEK Methyl-ethyl-ketone 

MEMS Microelectromechanical systems 

MMA Methyl methacrylate 

MOEMS Micro-opto-electromechanical systems 

NASA National Aeronautics and Space Administration 

NBT 4’-nitro-1,1’-biphenyl-4-thiol 

NIPAAm N-isopropylacrylamide 

NMP Nitroxide-mediated polymerization 

PAAc Poly(acrylic acid) 

PBI Poly(benzimidazole) 

PE Polyethylene 

PEEK Poly(aryl ether ketone) 

PEFC Polymer electrolyte fuel cell 

PES Poly(aryl ether sulfone) 

PFSA Perfluorinated sulfonic acid 

PEG Polyethylene glycol 

PHEMA Poly(2-hydroxyethylmethacrylate) 

PGMA Poly(glycidyl methacrylate) 

PLL Poly-L-lysine 

PLL-g-PEG Poly(L-lysine)-g-poly(ethylene glycol) 

PMMA Poly(methyl methacrylate) 

PNIPAAm Poly(N-isopropyl acrylamide) 

PP Polypropylene 

PPO Poly(phenylene oxides) 

PPZ Poly(phosphazene) 

PQP Poly(phenylquinoxalines) 

PTFE Polytetrafluoroethylene 

PVDF Polyvinylidene fluoride 

RAFT Reversible addition-fragmentation chain transfer 

SEM Scanning electron microscopy 

SAM Self-assembled monolayer 

SLS Swiss Light Source 

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl, free radical 

UV Ultraviolet 

XPS X-ray photoelectron spectroscopy 

µCp Microcontact printing
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1. Introduction 

 

A discovery always opens a door for more innovation possibilities than ever expected before 

it happened. This is true when researchers are sharing their knowledge of their newly 

established invention with people who are completely out of their sphere of interest. A 

brainstorming of people form different horizons and research fields at the Paul Scherrer 

Institut (PSI) is the origin of this PhD work. From a knowledge symbiosis between the 

Laboratory for Micro- and Nanotechnology and the Electrochemistry Laboratory coupled 

with the construction of the “Swiss Light Source” (SLS) synchrotron facility at the PSI 

emerged a novel technique to structure polymeric substrates by synchrotron radiation induced 

grafting [1]. This un-explored research field consisted of selective exposure of polymeric 

materials with Extreme Ultraviolet light (EUV, 92.5 eV). Periodic arrays of radical patterns 

were generated on the top of polymer foils by interference of two or more diffracted beams by 

gratings. Those radicals were then used as initiators in a subsequent grafting reaction. 

Creation of a thick polymer brush layer revealed the interference nano-patterns.  

 

The success of this first trial to create nano-structured polymer features at the surface of 

polymeric substrates by synchrotron induced grafting, combined with another brainstorming 

sparked the idea of irradiating selectively polymeric substrate with higher energy photons. 

The main goal was to create a structured proton conducting membrane, to be used in a 

polymer electrolyte fuel cell (PEFC), with better mechanical properties than the 

corresponding un-structured one. Fluoropolymer foils were selectively irradiated with high-

energy photons from a x-ray laboratory source through a metal absorption mask to induce the 

creation of patterns of radicals all along the film thickness. The grafting of styrene occurred 

only in exposed areas and all through the film. And by a further sulfonation step, proton 

conducting groups were introduced on the styrene rings [2].  

 

This thesis is devoted to the exploration of the emerging field of micro and nano-structuring 

of polymeric films by synchrotron induced grafting onto or/and into fluoropolymer foils. It 

should be a multi-facet work that would help to find out and understand the major processes 

involved for the production of high resolution polymer micro- and nanostructures.  

 

The thesis consists of a theory part, divided in three sections. The first one focuses on the 

different methods to create surface grafted polymers and techniques to structure a polymer 

brush layer. The second chapter introduces the role of polymer electrolyte membranes in the 

fuel cell technology as well as the state art in radiation grafted membranes. The last section 

provides some additional details about two synchrotron radiation lithographic techniques 

(interference and absorption). 
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The results and discussion part is divided in three different parts and composed of a collection 

of already published or submitted publications. The first part deals with the influence of the 

exposure and grafting parameters to control the growth of polymer nanostructures. The 

second part gives an overview of several post-modifications and applications of grafted 

nanostructured polymer brushes. Finally, the third part deals with the synthesis and 

characterization of micro-structured proton conducting membranes and their applicability in 

fuel cell technology. 
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2. Surface grafting 

 

Surface grafting of polymers has acquired increasing attention during the last decades as it 

allows to modify selectively the chemical and physical properties of a base material without 

any loss in bulk mechanical properties [3, 4]. Polymers were grafted onto different kinds of 

surfaces like metals, metal oxides, organic materials, polymer fibers or films. Surface grafted 

polymers are tethered to one end which allows easy chemical, thermal, and mechanical post 

treatments.  

 

The tethering of grafted polymers onto surfaces are done in two different ways; either by the 

“grafting to” method or by the “grafting from” technique [4] . The so-called “grafting to” 

technique consists of growing polymer chains in solution with a terminal function that can 

react chemically with surface functional groups [3, 4]. This results in a covalent bond between 

the polymer and the surface. Another method is to physisorb block-copolymers [5-7] where 

one block adsorbs onto the surface. An important example are the poly(L-lysine)-g-

poly(ethylene glycol) (PLL-g-PEG) copolymers, where the anchoring is done via electrostatic 

interactions of the PLL backbone and a negatively charged surface (metal oxides, mica), 

whereas the PEG layer acts as an efficient barrier against adsorption of protein molecules [8, 

9]. 

 

There are two main disadvantages of the “grafting to” technique. First, the grown polymers 

have to be end-functionalized to react with the surface. Although a huge variety of different 

polymers and copolymers can be synthesised in solution, it reduces drastically the choice of 

polymers. Second, the “grafting to” technique gives relatively low grafting densities due to 

steric hindrance of the already attached polymers. The distance (d) between two neighbour 

grafted polymer chains is in the order of Rg (Radius of gyration a polymer chain).  

 

The “grafting from” method consists of growing the polymer directly from the surface with 

help of surface bound initiators. Those initiators are then activated either chemically, by heat 

or radiation treatments. The graft polymerization can then be achieved by ring-opening [10-

12], anionic [13-15], cationic [16-18] or free-radical polymerization [1, 19-23]. 

The advantage of the “grafting from” method is that high grafting densities are obtained. The 

grafted polymers often reach a so-called brush state in which polymers are highly stretched 

(see 2.1). The drawback of the “grafting from” technique is in general the limited control of 

the polymerization reaction.  
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2.1 Polymer brushes 

 

Polymer brushes are polymer chains that are attached on one end to a solid substrate, which 

adopt a particular conformation wherein the individual coils overlap [3, 4]. The polymer 

chains adopt a stretched brush conformation when their diameter of gyration (2Rg) is larger 

than the average distance between two polymer chains (d). The stretching of surface grafted 

polymers changes drastically their physical properties (Tg, conformation, polymer-polymer 

interactions, adhesion). In addition to the changes in surface properties of the base material, 

the extension of the polymer chains towards the bulk of the solution produces an 

interconnecting network with very high specific surface area, that can be used for instance for 

sorption of metals or (bio)molecules [3]. 

 

2.1.1 Theory of the grafted brushes 

 

The most favourable conformation for a polymer chain in a solvent is the coiled shape 

characterized by R0 = a N
1/2

, where R0 is the end-to-end radius of an ideal chain according to 

the freely-jointed chain (FJC) model, a is the Kuhn length and N is the number building units. 

The FJC model does not take into account the interactions between the building blocks, such 

as short-ranged repulsion or long-ranged attraction. This model is only valid for polymer 

chains immersed in bad/theta solvents (solvents in which the excess chemical potential of 

mixing between a polymer and the θ solvent is zero) and at a special θ temperature. In this 

case only, the attraction between the building blocks cancels their steric repulsion. The end-

to-end radius, R is usually described as R ≅ a N
ν
, where ν is the swelling exponent which 

depends on the interactions between the monomers of the polymer chain, the solvent, the 

pressure and the temperature. For a polymer chain immersed in a θ solvent, ν = ½. The 

swelling exponent for a polymer chain in a good solvent is ν ≅ 3/5 and represents the biggest 

coil size in solution. The Flory radius, RF ≅ a N
3/5

 is therefore the radius of a polymer chain 

immersed in a good solvent where the only interaction is the steric repulsion between the 

chain units.  

 

In order to model grafted polymer chains, the interactions between the building blocks of 

polymer chains and between neighbour polymer chains were taking into account. Alexander 

[24] was one of the first who calculated theoretically the properties of a polymer brush by 

considering a flat and nonadsorbing surface where monodisperse polymer chains were 

tethered. More complex models were created to simulate the density profile within a polymer 

brush, such as numerical and analytical self-consistent field calculations [25-29] or by 

computer simulations [30]. For all those cases, the main idea was to minimize F, the free 

energy of the grafted chains which depends on the contribution of the interaction energy 

between the building blocks of the polymer chains (Fpoly) and the energy difference (Fstrech, 
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entropic losses) between stretched and un-stretched polymer chains: F = Fpoly + Fstrech. All 

these models converged to a similar result stating that the equilibrium height (h0) should 

increase linearly with the number of polymer units. This was assigned as a statement for 

strong stretching. 

 

For the case of a polymer brush immersed in good solvent (only steric repulsion), h0 ∝ Nσ1/3
, 

where σ represents the grafting density. For low density polymer chains (distance between 

two chains, d >> RF) grafted onto a nonadsorbing surface, and immersed in a good solvent 

(only steric repulsion), the measured equilibrium height h0 does not increase with increasing 

density since polymer chains do not “feel” each other: h0 ≈ 2RF. The equilibrium height 

increases similarly to the Flory radius of an un-tethered polymer chain immersed a good 

solvent. In this case, surface grafted polymer chains adopt a mushroom-like conformation 

(Fig. 2.1). 

 

 

Figure 2.1: Morphology of grafted polymer chains as function of the grafted density. 

 

As soon as d ≤ 2RF, the polymer chains should overlap. However, due to chain repulsion 

between the segments of the neighbouring grafted polymer chains, polymers tend to stretch 

away from the surface. Generally a “semi-diluted” state is reached when the grafting density 

is rather low, whereas a “brush regime” is attained at high grafting density (Fig. 2.1). 

Numerous studies reviewed by Tsujii et al. [31] have shown a transition between a 

mushroom-like conformation and a brush-like conformation by progressively increasing the 

number of initiating sites on the host surface. For example, Wu et al. [32] demonstrated for 

poly(acryl amide) (PAAm) end-tethered chains that at low grafting densities, h0 ∝ σ0
 and was 

equal to 2Rg of the grafted polymer. In addition they showed that at high grafting density over 

the overlapping threshold (≥ 0.065 chains/nm
2
), h0 scaled with σ1/3

. Yamamoto et al. [33, 34] 

demonstrated by preparing poly(methyl methacrylate) PMMA by surface initiated atom 

Graft density σσσσ 
[chains / nm2]  

Semi-dilute Brush High-density Brush 

< 0.01 - 0.07  >  0.3 - 0.6 

ho  ∝∝∝∝ σσσσ1/3  h0  ∝∝∝∝ σσσσ0  h0 ∝∝∝∝ σσσσ    ≥≥≥≥1/3  

d 

d 

d 
d >> RF d ≈≈≈≈ 2RF 

Mushroom Structure 

d << 2RF 

h0  

h0  

h0  



Chapter 2: Surface grafting   

6i 

transfer radical polymerization that at high grafting density (> 0.3 chains/nm
2
), h0 did not 

scale with σ with an exponent of 1/3 but with 1/2, which was predicted by previous theories 

taking into account the higher-order interactions between the grafted polymers [35-37]. 

Furthermore they showed that an almost fully stretched conformation of the polymer brush is 

achieved at very high grafting density (0.7 chains/nm
2
). The height of the grafted polymer 

brush was ≈ 90% of the contour length of the polymer chains. 

 

In general, models were used to simulate and describe the behaviour of a polymer brush 

immersed in good or θ solvent or in the molten state. The dry thickness of a polymer brush is 

usually much smaller than h0. None of those models is capable to describe a brush in the dry 

state where the polymers cannot move freely. However, by measuring both dry and 

equilibrium thickness, Jordan et al. [13] could extract the degree of polymerization of grafted 

polystyrene (PS)  

 

2.2 Surface-initiated free radical polymerization 

 

The best way of tailoring high dense polymer brushes is to grow polymer chains unit by unit 

from an initiating or an anchor group present on the surface host by the “grafting from” 

technique. Surface-initiated free radical polymerization is a versatile and simple technique to 

produce polymer brush, since it allows the grafting of a wide range of radically polymerizable 

monomers onto surfaces where thermal initiators or photo-initiators are located (Fig. 2.2).  
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Figure 2.2: General reaction path for free radical graft polymerization using a thermal 

initiator.  
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The polymer growth is very fast, since it is primary controlled by the propagation constant kp 

(P, T) and the concentration of the monomer unit. The polymerization speed can be reduced 

by using lower concentrated monomer solutions, or lower polymerization temperatures. The 

latter has more effect has it allows to decrease also the initiation and termination rates. 

 

The requirement for starting a grafting polymerization following the free radical “grafting 

from” mechanism is that free radical initiators are located on the surface. An easy method 

developed by Rühe and co-workers [19, 21, 22] for (metal)oxide surfaces was to bind on the 

surface silanes with diazo moieties end-functions. The diazo end-groups were then used as 

thermal initiators. Another way developed by the same research group [20] was the coating of 

a thin layer of a photoinitator (benzophenone) that can be activated by UV radiation.  

 

Radiation (x-ray, UV, gamma or beta), electrons [38] or treatment in plasma [4] is used to 

activate polymeric surfaces and create surface radicals, since the immobilization of an 

initiator layer by chemisorption or physisorption onto a polymeric material is rather complex. 

The radicals are either directly processed or transformed into hydroperoxides [1, 23, 39]. 

These hydroperoxides are then used as thermal free radical initiator. These peroxide 

molecules can still induce initiation of a polymerization reaction years after the initial 

irradiation when stored at temperature below -60°C. 

 

2.3 Surface-initiated living radical polymerization 

 

Since several decades the need of low polydisperse polymeric compounds with controlled 

length and architecture forces the scientists to create new routes to control free radical 

polymerizations. Living radical polymerization (LRP) techniques such as, atom transfer 

radical polymerization (ATRP), nitroxide-mediated polymerization (NMP) and reversible 

chain addition-fragmentation chain transfer polymerization (RAFT) were applied to get a 

control in time of the grafting reactions. This control was done by drastically decreasing the 

rates of propagation and termination. The resulted produced grafted chains would have a 

narrow size distribution. They can be applied either to control solution polymerizations [40, 

41] or for surface-initiated polymerizations [42-44]. The basic concept shown in Figure 2.3, is 

based on an equilibrium between a free radical growing chain and a capped chain.  

 

P Cap P Monomer
activation

deactivation
Propagation

Dormant
Species  

 

Figure 2.3: Basic idea of living radical polymerization 
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The polymer chain length can be controlled by the reaction time, since the propagation rates 

are very slow. Due to high switching frequencies between propagating and dormant species, 

the polymer chains grow simultaneously unit per unit and at the same speed, leading to very 

low polydispersity [41]. Ideally in LRP the termination reactions are close to zero and the 

molecular mass of the grown chains increases linearly with the conversion until total 

depletion of the monomer units. An advantage of LRPs compared to uncontrolled free radical 

polymerizations is that the growth can be stopped at anytime and restarted again, due to the 

ability of the capping agent to be an initiating as well as a terminating agent. This allows the 

creation a huge variety of block-copolymers [45]. 

 

2.3.1 Nitroxide mediated polymerization (NMP) 

 

The first pioneers in the field of using nitroxide molecules to control radical polymerizations 

were Rizzardo [46] and Georges [47] in the early 90’s. NMP uses 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO)-like molecules to control the polymerization reactions 

of styrene or acrylate based monomers [48-50]. The key idea of surface nitroxide-mediated 

polymerization is the stabilization of an active radical by a reversible radical recombination 

with a nitroxide function. This allows the formation of an equilibrium between radically 

growing chains and the end-capped radicals with nitroxides molecules. 
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Figure 2.4:  General reaction path for surface-initated NMP 

 

The first attempt of NMP-mediated polymerization on a substrate was reported by Husemann 

et al. [51] where styrene was grafted using a surface bound TEMPO moiety (Fig. 2.4). 

Polymers were grafted either from silane functionalized molecules with nitroxide initiator end 

functions or from nitroxide functionalized chemisorbed molecules tethered to silica surfaces 

[52], to magnetite [53] or to titanium oxide nanoparticles [54]. Attempts were also made with 

success to graft styrene onto gamma irradiated polyethylene and polypropylene via a NMP 

process [55-58]. 

 

In general the use of TEMPO-like molecules in LRP is limited to relatively high 

polymerization temperatures (>100°C) in order to reach an acceptable propagation speed. 

Those high temperatures are not appropriate to graft on every substrate, especially not on 

polymeric ones. 
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2.3.2 Atom transfer radical polymerization (ATRP) 

 

ATRP was introduced simultaneously in 1995 by Matyjaszewski [59] and by Sawamoto and 

co-workers [60]. Matyjaszewski et al. polymerized styrene in solution using a 1-phenylethyl 

chloride as initiator and with the famous couple CuCl /2,2’-bipyridine (bipy), as the redox 

transition metal activator and ligand. Sawamoto et al. polymerized methyl methacrylate using 

a ruthenium complex. The living mechanism is possible through a reversible redox process 

catalyzed by an activator transition metal complex (m
n

t-Y/ligand), where Y can be either a 

ligand or a counter ion. This transition metal complex is oxidized (Hal-mt
n+1

) with 

simultaneous abstraction of a halogen atom. The oxidized form of the metal complex acts as a 

deactivator for the growing radical, reforming the metal activator complex (m
n

t-Y/ligand) and 

the dormant species [61, 62].  
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Figure 2.5: General reaction path for surface-initiated ATRP from an oxide surface  

 

Ejaz et al. [63] first transposed in 1998 the ATRP mechanism to surface graft-polymerizations 

to control the growth of methyl methacrylate onto a silicon substrate (Fig. 2.5). They used the 

Langmuir-Blodgett technique to immobilize a self-assembled monolayer (SAM) of silane 

functionnalized ATRP initiators from which they grew slowly a poly(methylmethacrylate) 

brush using a copper complex. Since then lots of efforts have been done to immobilize ATRP 

initiators onto flat or curved oxide surfaces and their amplification into dense polymer 

brushes [45, 64, 65]. Synthesis routes have also been explored to use ATRP on polymeric 

surfaces, by chemical modification of polymer surface groups to introduce ATRP initiators 
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[66, 67], e.g. : by simultaneous irradiation and bromination of iso-tactique polypropylene[68], 

or using a reverse ATRP method starting form surface peroxides [69]. 

 

Usually the growth of graft-polymers (molecular mass, polydispersity) was characterized by 

growing simultaneously homopolymers in solution. ATRP grown chains lead to narrow size 

distributed polymer chains (polydispersity <1.5). Surface-initiated ATRP is the most used 

mediated graft polymerization scheme to create polymer brushes since it allows creating 

highly dense grafted polymers with low polydispersity. The main problem of ATRP which 

was evocated in the literature, are the contaminant traces of the metal catalyst trapped in the 

grafted polymer layer.  

 

2.3.3 Reversible addition-fragment chain transfer (RAFT) polymerization 

 

RAFT-mediated polymerization is based on the transfer of dithioesther groups between 

radical growing ends of polymer chains and dormant polymer chains. This transfer reaction 

regulates the growing speed of the polymers and diminishes their termination reaction. RAFT 

polymerization is the most recently discovered mediated process. It was first demonstrated by 

Chieferi et al. [70] in 1998, who successfully polymerized different monomers by the use of 

dithioester compounds with conventional thermal initiators. RAFT-mediated polymerization 

received high attention, since it is a versatile technique that can be applied to grow a wide 

selection of monomers by using different types of chain transfer agents (CTA) [71-74]. 

 

Baum et al. [75] first applied RAFT-mediated polymerization to control the grafting reactions 

of styrene, methyl methacrylate and N,N-dimethylacrylamide from silica modified surfaces 

with immobilized azo initiators. They achieved a control over the thickness of the grafted 

layer with the time and were able to tailor copolymers by sequential polymerization of 

different monomers. Surface-initiated RAFT-mediated polymerization is based on a different 

concept than ATRP and NMP-surface mediated polymerization schemes (Fig. 2.6). The 

exchange of a transfer agent between two growing polymer chains is the fundamental idea of 

the RAFT-mediation, whereas for NMP and ATRP the capping agent is exchanged with the 

solution. Exchanges of chain transfer agents are therefore strongly dependent on the growing 

chain concentration. Tsjuii et al. [76] showed that at high grafted density, the RAFT reaction 

happens more frequently on the surface than in the bulk solution. Since polymer chains within 

a polymer brush are highly stretched, the concentration of radicals at the growing front is very 

high. RAFT chain transfer reactions therefore occur among the polymer brush growing front 

as a migration process. This surface migration of graft radicals increases slightly the 

termination reactions among them.  
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Figure 2.6: General reaction path for surface-initiated RAFT-mediated polymerization  

 

RAFT-mediated polymerization was also applied to control grafting onto/into polymeric 

substrates. Radical initiator layers were either bound chemically onto the polymeric surface 

[77], or peroxides moieties were generated upon surface treatments with oxygen or argon 

plasma [78, 79] or ozone [80], or by surface irradiation [81]. For example, Yoshikawa et al. 

[78] synthesised via RAFT-mediated polymerization a highly dense poly (2-

hydroxyethylmethacrylate) (PHEMA) brush by pre-irradiating fluoropolymer films with O2 

plasma to introduce peroxide moieties. They achieved to graft a ~10 nm PHEMA layer with a 

grafting density of 0.3 chains/nm
2
. 

 

In general, RAFT-mediated polymerization applied to grafting can be used to control the 

polymerization of most of the radically polymerizable monomers. The growing speed of the 
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graft layer can be boosted by addition of radical initiators inside the polymerization solution 

in order to increase the probability of exchange of RAFT chain transfer agents. 

 

2.4 Structured polymer brushes 

 

Polymer brush layers were structured in the micro or nanometer range, by combining LRP 

techniques to control surface-initiated polymerization and lithographic methods. Structured 

polymer brushes are of increasing interest, because of their high swelling behaviour and 

designed shape. They are excellent candidates for the sorption and modification of 

(bio)molecules, for allowing easy access of chemical reactants and products and for short time 

stimuli-response systems. Structuring a polymer brush is not as simple as structuring a spin-

coated film. To obtain structured polymer brushes, one has generally to structure first their 

initiator layer before the grafting, or modify selectively an already grafted brush [3]. 

 

2.4.1 Imprint lithography 

 

The principle of the imprint lithography technique is to deposit selectively a self assembled 

monolayer of initiators or inert molecules on top of metals, oxides or polymeric surfaces. The 

most common method developed by Whitesides and co-workers [82] is the deposition a 

patterned SAM by the so-called “microcontact printing” (µCp) technique. The method 

consists of a selective deposition of alkanethiol molecules by using a PDMS stamp. Large 

surfaces of structured initiator patterns can be created using this method, since µCp allows a 

step and repeat procedure. Another method to create a structured initiator layer is to deposit a 

self assembled monolayer by “Dip-pen” lithography. The technique developed by Piner et al. 

[83] was used to immobilize a patterned layer of self assembled alkanthiol molecules on a 

gold surface with an AFM tip equipped with a dipping capillary. Compared to µCp technique, 

the method of direct writing with a SAM ink is not as suitable to cover large areas but it 

allows the creation of very narrow features (>30nm).  

 

Husemann et al. [84] first produced a structured polymer brush by amplification of a 

deposited patterned SAM of initiators followed by grafting of ε-caprolactone by ring opening 

polymerization. LRP techniques were also applied to control grafting starting from µCp 

immobilized SAM of initiators on silicon surfaces [85, 86]. Similar approaches were used to 

graft structured polymer brushes in the nanometer scale by “Dip-pen” lithography [87, 88]. 

A similar way of immobilizing a patterned SAM of initiators on a polymeric substrate was 

applied by Fahran et al. [89]. They first placed poly(ethylene terephthalate) (PET) and 

poly(ethylene naphthalate) (PEN) in an oxygen plasma to introduce OH moieties.  Then, 

patterns of SAM containing ATRP initiators where attached to the hydroxy groups by a µCp, 

followed by grafting. Unfortunately, lower grafting densities were reached as when running 

the same process on a silicon substrate. 
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2.4.2 Chemical lithography 

 

Chemical lithography consists of a selective exposure of a SAM to induce modification of its 

end groups. Depending on the self-assembled molecules used, their end-groups can be 

activated into a reactive end-function or deactivated into an inert molecule. Rühe and 

coworkers [90, 91] first explored the patterning of a polymer brush using a self-assembled 

silane monolayer with an azo-initiator end-group combined with UV lithography. They used 

three different approaches to pattern the surface: 

 

- Deep UV-light ablation to remove selectively parts of an already grafted brush. 

 

- Selective destruction of the SAM of initiators by UV light exposures through an 

absorption mask. The grafting reaction was then started from the remaining SAM 

azo-initiators. 

 

- Selective irradiatiation of the SAM of initiators with UV light through a shadow mask 

and simultaneous grafting. This leads to selective photoactivation and dissociation of 

the azo-initiators induced by the UV radiation. The polymerization occurs only in the 

opened areas of the mask. 

 

A similar chemical lithography technique using a focused electron beam was developed by 

Grunze and coworker [92-94] for nanopatterning polymer brushes. Selective exposure of 4’-

nitro-1,1’-biphenyl-4-thiol (NBT) SAM resulted in selective and quantitative reduction of the 

nitro functionalities into amino groups, while the aromatic biphenyl layer was dehydrogenated 

and cross-linked [95]. The created amino moieties were then bound with initiator molecules 

from where they could start locally the grafting polymerization. This e-beam lithographic 

technique allows creation of nanostructures with high resolution (>10 nm). 

 

Another method explored by Husemann et al. [96] was the use of sacrificial layer coated onto 

a already grown polymer brush, followed by selective exposure to modifiy locally the 

chemical composition of a grafted brush. They grafted a poly(tert-butylacrylate) polymer 

brush onto a silicon oxide surface by LRP techniques and coated the brush with a layer of 

polystryene containing photo-acid generator. Selective exposure through a mask under UV-

light resulted in the photogeneration of acid in specific areas of the polystyrene overlayer. 

Elevated temperatures were used (130°C) to promote the diffusion of the photoacid through 

the polymer brush layer in order to deprotect the tert-butyl ester groups. This resulted in a 

selective conversion of the poly(tert-butyacylate) chains into poly(acrylic acid) chains. 
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2.4.3 Direct writing of radical patterns 

 

Direct writing of radical initiator patterns onto polymeric substrates is performed usually by 

selective exposure with electrons or photons. The subsequent grafting of another monomer 

allows the creation of structured polymer brushes. While chemical and printing lithographic 

structuring techniques were predominantly developed for flat metal(oxide) surfaces, the direct 

writing method is more suitable to polymeric substrates. Selective exposure through UV or 

EUV radiation, electrons or plasma particles that are enough ionizing to break chemical bonds 

is used to create radicals in defined areas, by producing damages onto the polymeric 

substrates [1, 2, 97]. The grafting occurs then selectively in the exposed regions, from the 

produced radicals or from a stabilized peroxide form. An interesting technique developed by 

Brack, Padeste and co-workers [1, 23] is the use of EUV inference lithography [98] to create 

upon exposure radical patterns onto poly(ethylene-co-tetrafluoroethylene) ETFE films. This 

method of tailoring nanostructure polymer brushes was studied thoroughly in this PhD. 
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3. Bulk grafting  

 

Modification of the bulk of polymeric material by chemical reactions, heat treatments or 

irradiation and grafting is a way to obtain specific chemical bulk properties with conventional 

polymers. Radiation grafting is an attractive method to modify chemical properties of 

polymer films. The grafting can be initiated by exposure to high-energy photons or electrons 

by simultaneous irradiation and grafting or by using the pre-irradiation method [99]. In the 

pre-irradiation method, grafted samples are prepared by irradiation of the base material to 

create polymer radicals all through the film thickness, followed by the graft polymerization on 

another monomer solution. In the ideal case, the grafted material possesses then the 

superposition of mechanical and chemical properties related to the backbone and the grafted 

chains. Recently, a lot of efforts have been done to prepare low-cost polymer electrolyte 

membranes using the radiation grafting method, because of their potential application in fuel 

cells [100]. 

 

3.1 Hydrogen polymer electrolyte fuel cell 

 

Polymer electrolyte fuel cells (PEFCs) are promising candidates in mobile, automotive and 

stationary applications as green and alternative energy converters to replace combustion 

engines [101-103]. Developed in the early 60’s by General Electric, the PEFCs were not 

directly thought for any commercial or civilian application because of high production costs, 

but they were built as efficient energy supplies for the earth-orbiting Gemini missions [104]. 

The Gemini fuel cell was based on a sulfonated polystyrene resin proton exchange membrane 

and was composed of three stacks of 32 cells providing 1kW power. The National 

Aeronautics and Space Administration (NASA) abandoned the hydrogen PEFC concept for 

the Apollo missions, because of unsatisfactory achieved lifetime (~500 hours @ 60°C), water 

management problems in PEFC stacks and higher performance of alkaline fuel cells. The 

invention of Nafion


 in 1962, a perfluorosulfonic acid ionomer, and its solubilization in 

water/alcohol mixtures for casting thin films and coating of electrodes by DuPont de Nemours 

[105] and Martin et al. [106] in the early 80’s relaunched the interest in PEFCs.  

 

3.1.1 Fundamentals 

 

A hydrogen polymer electrolyte fuel cell (PEFC) is an electrochemical device which converts 

directly the chemical energy of hydrogen fuel and oxygen into electrical energy [103]. Anode 

and cathode sides of the fuel cell are separated by a membrane barrier, which acts as a proton 

conductor and as an electrical insulator (Fig. 3.1). The direct methanol fuel cell (DMFC) is a 

special case of PEFC. It produces power (electrical energy) by direct conversion of 
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methanol/water mixtures to hydrogen ions on the anode side of the fuel cell. Since the 

polymer electrolyte membranes used in DMFCs are very similar with those used in hydrogen 

PEFCs, the discussion will be focused only on latter ones. 

 

 
Figure 3.1: A single PEFC unit 

 

Hydrogen, which is fed to the anode side of the fuel cell, is separated into protons and 

electrons in contact with the catalyst. The electrons are then flowing via an external circuit 

from the anode to the cathode. On the cathode side oxygen gas is reduced by the electrons 

delivered from the electric circuit and the charge is neutralized by the protons diffusing 

through the membrane to create water [103] : 

 

Eq. 3.1  Half cell and overall reactions involved in hydrogen PEFC 

at standard conditions. 

 

Anode: H2  2H+ + 2e-

Cathode: 1/2 O2 + 2H+ + 2e- H2O

Overall reaction : H2 + 1/2 O2
H2O

0 [V]

1.23 [V]

1.23 [V]
 

 

Only part of the reaction enthalpy (∆H) can be converted by a PEFC into electrical energy due 

to creation of entropy (∆S). The maximum electrical energy (W
max

el) generated in hydrogen 

PEFCs corresponds to the Gibbs free energy (-∆G):  

 

Eq. 3.2  - W
max

el l = ∆G = ∆H - T∆S = 237.3 [J/mol] 
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The theoretical efficiency (η) for the electrochemical conversion of hydrogen and oxygen into 

water is as high as 83% at 25°C : 

 

Eq. 3.3  η = ∆G/∆H 

 

The electrical work (Wel) is defined by: 

 

Eq. 3.4  Wel = nFE  

 

where: 

 n =Number of electrons/molecule of H2 consumed or generated = 2 

 F = Faraday constant = 96485 [coulomb/mol] 

 E = reversible cell voltage [V] 

 

An equilibrium cell voltage (E0) of 1.23 V can be theoretically reached at 25°C, when 

assuming that all the Gibbs free energy is converted into electrical work. The reversible cell 

voltage for a fuel cell with operating temperatures and pressures different than 25°C and 1 

atm for the oxygen and hydrogen gas is given by the Nernst equation: 

 

Eq. 3.5  
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where: R = gas constant = 8.314 [J/K mol] 

 P = partial pressure of the reactants and products [Pa]  

 

At higher operating temperature, the cell voltage (U) decreases, since the thermodynamical 

equation 3.2 is temperature dependent. An ideal reversible cell voltage (E) of 1.18 V is 

reached at 80°C working temperature. However in reality, the reached cell voltage is much 

lower. The open circuit voltage (OCV, cell voltage obtained when no current is flowing) is 

typically around 1V at 80°C and 1 bar H2/O2 pressure. Irreversible kinetics losses at the 

cathode, due to complex oxygen reduction reactions, cause this difference [103]. When 

current is flowing through the cell, the cell voltage diminishes with increasing current (Fig. 

3.3) due to:  

 

 

1. Activation losses, caused by activation overpotentials (charge transfer reactions at the 

electrode-electrolyte interface): A larger contribution is coming from the cathode part, 

as the kinetics of oxygen reduction are rather slow and need more intermediate steps 

compared to the hydrogen oxidation.  
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2. Ohmic losses, caused by the ohmic resistance of the cell components. The major loss 

is coming from the polymer electrolyte membrane, as other components have much 

higher conductivities.  

 

3. Mass transport losses, caused by slow mass transport (reactant supply) compared to 

chemical transformation of hydrogen/oxygen into water.  

 

4. Cell operation losses, caused by gas cross-over through the membrane or gas leaks. 

 

0 500 1000 1500 2000

0.0

0.4

0.8

1.2

Concentration polarization

losses

Activation polarization

losses

Ohmic losses

Open circuit voltage (T, P, C)

Reversible cell voltage E (T,P)

C
e
ll 

v
o

lt
a
g

e
 [
V

]

Current density [mA/cm
2
]

 
Figure 3.3: Typical polarization curve of a PEFC single cell 

 

Hydrogen PEFCs are usually operated between 0.4 and 0.6 mA/cm
2
 resulting in cell voltage 

of 0.6 - 0.7 V for an electrochemical yield (U/E0) around 50 %. 

 

3.2 Hydrogen PEFC: components 

 

PEFCs (Fig. 3.4) are composed of a polymer electrolyte membrane core sandwiched between 

two anode and cathode electrodes [107]. The membrane with the two electrodes is commonly 

denominated as the membrane electrode assembly (MEA). The MEA is pressed between two 

gas distribution flow field plates, to obtain a homogenous distribution of the gases as well as 

to ensure collection and removal of the generated water.  
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3.2.1 Membrane electrode assembly  

 

The MEA is the heart of the fuel cell (Fig. 3.4), as described in 3.2, it is composed of two 

electrodes and a proton carrier (ion-exchange membrane). The electrode consists of a porous 

conducting sheet, the gas diffusion layer (GDL) which supports a catalyst layer [103]. The 

GDLs and catalysts of the anode and cathode sides are separated by the polymer membrane. 

The half cell reactions (Eq. 3.1) take place at the interface between the catalyst and the 

membrane, at so-called “3 phase (gas-liquid-solid) boundary layer” [108]. A 3 phase 

boundary layer is established where the reactant gases (hydrogen and oxygen) and liquid 

(solubilized protons) react on the solid catalyst surface (platinum).  

 
Figure 3.4: The membrane electrode assembly (MEA), and the 3 phase boundary layer [109]  

 

The catalyst decomposes the hydrogen fuel into protons and electrons on the anode side and 

boosts the reaction of oxygen with protons and electrons at the cathode side (Eq. 3.1). It is 

usually composed of platinum nanoparticles with size varying from 2-4 nm, supported by 

carbon powders (~40 nm) with high mesoporous area (>80 m
2
/g). High amounts of Pt were 

used in the early stage of the hydrogen PEFC development (10-28 mg/cm
2
), whereas the 

novel carbon supported platinum catalysts uses much less platinum (0.15-0.4 mg/cm
2
) with 

similar performances [110]. The size or surface area of the Pt particles, and the Pt/C ratio are 

the relevant parameters to control and maximize the transformation of gases. Furthermore, to 

maximize the contact area of the 3 phase boundary layer, an ionomer was incorporated in the 

catalyst layer and partially recovers the surface of the catalyst [111]. According to Gasteiger 

et al. [112] the main improvement in the catalyst technology to create cost-effective fuel cells 

is to first increase the catalytic activity of platinum, with a minimum platinum content and 

second, to create specific cathode catalysts for the oxygen reduction. This can be done by 
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using platinum-alloys (Pt-C-Co, Pt-C-Cr) compounds [113-115] with low platinum content, 

or by creating low-cost catalysts without any platinum [116-118].  

The GDL material bridges the catalyst with the flow field plate. It is made out of carbon fiber 

base materials like carbon filter papers or carbon cloths [119]. Its thickness varies between 0.1 

and 0.4 mm, with a porosity around 80%. This porous material provides a pathway for the 

gases and for the product water from the flow field channels to the catalyst [103]. The GDL is 

electrically and thermally conductive in order to transport the electrical current and excess 

heat between the catalyst and the bipolar plate. In addition, the GDL provides mechanical 

stability to the MEA in semi-flexible way. It is often impregnated with a hydrophobic 

polymer like Teflon to force the produced water to leave the GDL and therefore avoid 

accumulation of water in its pores. The actual research in the field of GDL materials is 

concentrated on reducing its thickness in order to diminish the production costs, the mass 

transport and ohmic losses and to increase its thermal conductance [120].  

 

3.2.2 The proton conducting membrane 

 

The proton conducting membrane is the core of the MEA, it transports the protons and acts as 

well as a gas and electrical charge barrier. The first Gemini proton conducting prototype 

membrane which was composed of crosslinked sulfonated polystyrene embedded in a 

fluoropolymer matrix was chemically susceptible to oxidative degradation, resulting in 

lifetime of only a few hundered hours. Nafion


 (Fig. 3.5) membranes introduced in the mid-

1960 and other types of perfluorinated sulfonic acid (PFSA) membranes produced by DuPont, 

Gore, Asahi Glass, Asahi Kasei, Solvay and 3M companies, showed better oxidative stability, 

excellent physical properties and are used nowadays as standard components in PEFCs [121].  
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Figure 3.5: The Nafion


 chemical structure 

 

PFSA membranes are usually prepared by copolymerization of tetrafluoroethylene with a 

perfluorinated vinyl ester sulfonyl fluoride. Sulfonyl fluoride groups are then hydrolyzed into 

sulfonic acid groups to obtain the proton conductivity [122]. PFSA membranes have a good 

mechanical integrity, are resistant towards oxidizing and reducing conditions, they are highly 

acidic and exhibit a proton conductivity around 120 mS/cm @ 80°C. Furthermore, fuel cells 

operated with Nafion


-like membranes showed unsurpassed longevity of several thousand 

hours. 
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3.3 Hydrogen PEFC: membrane issues 

 

 3.3.1 Membrane degradation 

 

The chemical degradation of the PEFC membrane is principal cause of failure of the MEA. 

The chemical degradation is caused by reaction of OH radical species to the membrane 

backbone. OH radicals are formed upon reduction of H2O2 species by traces of metal 

impurities. The formation of H2O2 molecules is assigned to 2 different mechanisms [123-127]: 

 

- Cross-over (diffusion) of oxygen molecules from the cathode to the anode side. The 

oxygen molecules are then reduced at the anode Pt catalyst to form hydrogen 

peroxides. 

 

- Reduction of adsorbed oxygen on the cathode catalyst with permeating hydrogen 

molecules. 

 

Even though PFSA membranes are generally stable in highly concentrated H2O2 solution 

without any metal contaminants, Fe
2+

 impurities present in very low concentration in the 

membrane accelerate its degradation by reducing H2O2 into 
•
OH and 

•
OOH radicals [128]. 

The effect of reactions of OH-based radicals with PFSA backbones is the decomposition of 

PFSA network by the so-called “unzipping mechanism” starting for residual hydrogen 

containing terminal bonds or by main chain scissions caused by the rupture of weak ether 

bonds [125, 127]. PSFA chains decomposed into low molecular weight and polluting 

compounds leave then the membrane with the produced water.  

 

Degradation tests are nowadays performed as accelerated tests because standard tests last 

more than thousand hours. The accelerated degradation is either achieved by using high 

temperatures, low humidity, open circuit voltage, Fenton reactants or by cycling conditions 

(temperature, humidity, potential and start/stop cycles) [127].  

 

In general, high operating temperature (>100°C) are of interest because of higher activity of 

the catalyst, better tolerance of the electrode to CO contaminants and simplification of the 

cooling system [129]. However, operation at high temperatures in PEFCs increases the 

oxidative degradation of the membranes [130, 131]. Furthermore mechanical weakness of low 

humidified PFSA membranes at high temperature due to their low Tg (<70°C) constrains their 

use to low temperature (<100°C). To overcome this issue, PFSA membranes with shorter side 

chains resulting in higher Tg were synthesised. Hyflon


 (Solway Solexis) (Tg ~127°C) or 

PFSA composite membranes (GORE and Asahi Glass) are now potential PFSA candidates for 

operation at higher temperature and with low humidity gases.  
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3.3.2 Water management 

 

Water management is a key issue for membranes operated in low temperature PEFCs. On the 

one hand water is needed to get sufficient proton mobility and conductivity but on the other 

hand it decreases the mechanical integrity of the membrane because of swelling [132]. 

Differences in relative humidity between the dry anode and the wet cathode and in the plane 

direction of the membrane create local mechanical stress due to changes of dimensions of the 

membrane. This induces fatigue for the membrane and increases the probability of crack 

formation in membranes and of “short-circuits” (direct hydrogen-oxygen reactions). Theses 

issues are partially solved by (costly) humidification of the inlet gases. For Nafion


 

membranes ~20 molecules of water per sulfonic acid group in the swollen state (100% 

relative humidity, RH) are needed to get a maximal proton conductivity. A decrease in 

humidity of 50% RH increases tremendously the membrane resistance and diminishes the 

overall proton conductivity by a factor of 5 [133]. Therefore high proton conductivity can 

only be obtained with membranes that are highly swollen. However, operation with highly 

swollen membranes leads always to a higher probability of membrane ruptures during fuel 

cell operation and performance losses when the gas humidification is slightly lowered. 

 

3.4 Alternative proton conducting membranes 

 

3.4.1 Hydrocarbon membranes 

 

Fluorine chemistry is a rather difficult technology, it is not environmentally friendly and 

generates high production costs. In comparison, polyaromatic or polyheterocylic hydrocarbon 

based materials are easy to synthesise and inexpensive. These alternative supports were 

chosen to replace fluorinated polymers first because of their temperature stability above 80°C 

and second because of their high chemical resistance in an oxidative environment and low gas 

permeability. The base film was then sulfonated to obtain the proton conductivity. Sulfonated 

poly(aryl ether ketone) (sPEEK), poly(aryl ether sulfone) (sPES), poly(phenylquinoxalines) 

(sPQP), poly(phenylene oxides) (sPPO), poly(phosphazene) (sPPZ) or poly(benzimidazole) 

(sPBI) were successfully used as proton conducting membranes [134, 135]. 

 

These hydrocarbon membranes can reach a sufficient conductivity (~100 mS/cm), only when 

highly sulfonated (ion-exchange capacity, IEC >1.5meq/g). This high degree of sulfonation 

induces a huge swelling of the material: Up to 50-100 water molecules were bound to one 

sulfonic acid group [121]. Highly swollen hydrocarbon membranes have comparable 

conductivity to Nafion


. However this extended swelling softens the membrane. In addition, 



Chapter 3: Bulk grafting   

23i 

the proton conductivity of these highly swollen membranes is much more affected than 

Nafion


 by slight changes in humidity of the reactant gases [134]. 

 

Hence, hydrocarbon membranes with lower degree of sulfonation (IEC<1.5) were synthesised 

to avoid high swelling and to reduce the effects of small humidity differences in the gas 

supply. Additionally, cross-linked membranes were synthesized to increase the chemical 

stability and to further decrease the swelling. The cross-linking treatment as well as the use of 

lower degree of sulfonation generates membranes with lower conductivity as PFSA 

membranes, due to a less facilitated proton transport through the membrane. However the 

performance (proton conductivity) can be enhanced by operating at higher temperatures 

[134]. 

 

3.4.2 Radiation grafted membranes 

 

Irradiation of common polymeric films performed by electrons [136], x-rays [2] or γ-rays 

[137], followed by grafting of another polymer and chemical addition of a cationic exchange 

group is an other alternative to produce less expensive proton conducting membranes. The 

base polymer gives the good mechanical (strength and flexibility) and chemical stability, 

while the grafted polymer provides the proton conductivity [100]. Different types of 

hydrocarbon, fluorinated and partially-fluorinated base materials have been used because of 

their ability to form radicals and/or stabilized radicals (peroxides) upon irradiation (Fig. 3.6) 

[138].  
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Figure 3.6: Polymeric base films used for the preparation of radiation grafted membranes 
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Styrene or substituted styrene monomers were primarily grafted into pre-irradiated 

fluoropolymer base materials, since styrene monomer solutions are inexpensive and widely 

available [139]. Grafted polystyrene chains are easily chemically modified by electrophilic 

substitution reactions of their aromatic rings to attach ion-exchange groups. Functional groups 

such as sulfonic, phosphoric or acetic acid groups were thus attached to provide the proton 

conductivity. The sulfonic acid group is widely chosen since it is one of the most acidic 

groups and can be easily obtained by attaching chlorosulfonic acid to the styrene ring 

followed by hydrolysis.  

 

In general life times of radiation grafted and sulfonated polystyrene membranes are very short 

(several hundered hours) because of weak chemical resistance in harsh fuel cell operation 

conditions [100]. The reason is that alpha position of polystyrene chains is poorly compatible 

with an oxidative environment. The mechanism of chemical degradation of sulfonated 

aromatic rings by OH radicals was investigated by Roduner and coworkers [140]. They 

showed multiple hydroxylations of aromatic rings principally on their ortho positions, which 

increase the probability of abstraction of hydrogen atoms placed in the α position of the 

polystyrene side chains. The loss of α-H atoms induces chain scissions (reverse 

polymerization) in the polystyrene network. This effect was found to be more pronounced for 

styrene grafted onto FEP or ETFE backbones than for aromatic hydrocarbons such as PEEK 

which do not have any α-H atoms. In order to avoid degradation of grafted styrene 

membranes, two strategies have been applied: 

 

- Addition of a crosslinker, such as divinyl benzene (DVB) to reduce the effect of the 

degradation, to prevent high swelling and to diminish the gas crossover through the 

membrane [141-143]. Scherer and co-workers demonstrated that simultaneous 

grafting of styrene with DVB into FEP [144] or ETFE [145, 146] backbones, 

increased tremendously lifetime of the grafted membranes (>4000 hours) in real fuel 

cell operations with a negligible decrease in fuel cell performance. 

 

- Protection of the α position of styrene by using alpha-substituted styrene monomer, 

like methyl-, fluoro- or trifluoromethyl- styrene to reduce oxidative chemical 

degradation by the cracking mechanism at the alpha position. For example, 

trifluorostyrene derivatives were synthesized and grafted to create BAM membranes 

(Ballard Advanced Materials Co.) [147]. Good fuel cell performance was achieved, 

but the different multistage synthesis of fluorinated monomers increases the 

production costs of these membranes.  

 

An alternative cheap method is the use of alpha-methylstyrene as a monomer, where the alpha 

position is protected by a methyl-group. Unlike styrene, alpha methylstyrene has a very slow 

homopolymerization rate and starts to depolymerize at a temperature (ceiling temperature) 

above 61°C [148]. A simple method developed by Becker et al. [149, 150] was to 

copolymerize alpha-methylstyrene with second monomer (acrylonitrile) to enhance the 
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grafting rates of α-methylstyrene into a FEP backbones. A similar approach was used by 

Scherer and co-workers [151] by co-grafting α-methylstyrene with methylacrylonitrile 

monomers. The synthesized membranes were found to be very stable against radical attack, 

due to steric protection of the α-position of the grafted chains by the methyl groups of the 

methylacrylonitrile and of the α-methylstyrene units, which resulted in lifetimes in the 

thousand hours range.  

 

In general, grafted membranes, even though protected on the alpha position have a chemical 

degradation slightly higher than PFSA membranes. However, the low cost of the raw 

materials used to produce grafted membranes and their low pollutant rejections in the waste 

product water make them very suitable candidates for mobile applications. Nevertheless some 

optimization work have to be performed in order to reach a required reliability around 5000 

hours of continuous fuel cell operation with very low decrease of the fuel cell performance 

(<10%) [127].  

 

3.4.3 Structured membranes. 

 

Structured grafted membranes or so-called “mosaic” membranes were first described by 

Chapiro et al. [97]. Fluoropolymer foils were partly covered by a metal grid during a γ-

irradiation and subsequently grafted with acrylic acid or vinyl-4-pyridine. They came to the 

conclusion that structured membrane could be interesting for selective ion-exchange 

membranes. Rager [152] and Scherer and co-workers [2] at the PSI, relaunched the idea of 

creating structured sulfonated-polystyrene grafted membranes by selective exposure of FEP 

or ETFE films with electrons or x-rays films through a metal grid. The aim was to create a 

mechanical re-enforcement of the proton conductive membranes by leaving parts of the film 

un-grafted. For a similar reason, the combination of grafting with a synchrotron x-ray 

radiation lithographic technique was explored in this PhD work. 
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4. Synchrotron radiation lithography  

 

Light produced by synchrotron is an electromagnetic radiation emitted by relativistic charged 

particles curving in magnetic or electric fields. It was first seen in the 40’s as a “technical 

nuisance” when operating elementary particle accelerators [153, 154]. During the 50’s and 

60’s scientists demonstrated that this “technical nuisance” could be used as an analytical tool 

in biology, condensed matter and micro-engineering [155]. Synchrotron sources developed 

are mainly used as powerful instruments (“super microscopes”) to improve our knowledge on 

precise structure of matter from biology to physics. However, increasing synchrotron 

radiation activity is connected to the development and fabrication of nanostructure patterns 

using x-ray lithography. There are nowadays more than 50 synchrotron light sources in 

operation all around the word [156].  

 

4.1 Synchrotron radiation 

 

Electrons are generated and pre-accelerated up to a relativistic speed (Ekinetic > electron rest 

mass energy of 511keV) by the linear accelerator (linac) in order to obtain an intermediate 

energy of ~100MeV. The electrons are then transferred to the booster ring, where they are 

again accelerated to get their final energy (1-6 GeV). Each synchrotron facility is designed to 

operate at a single or very narrow range of electron kinetic energies. The accelerated electrons 

are then transferred to an outer storage ring, where they circulate for hours and generate the 

synchrotron light (from infrared to x-rays) upon deviation in magnetic fields. The loss of 

energy of electrons when moving in circular motion is replenished with radiofrequency 

accelerators [157].  

 

Three typical magnetic devices are used to produce synchrotron radiations: bending magnets, 

undulators, and wigglers [158]. While electrons are deflected by bending magnets in a 

uniform magnetic field, electrons passing through undulator and wiggler insertion devices are 

diverted in a periodic magnetic field. This periodic magnetic field is weak for undulator 

insertion devices, and strong for wigglers. Bending magnets and wriggler insertion devices 

deliver continuous x-ray spectrums, while the radiation produced by undulator insertion 

devices are very intense and concentrated in narrow energy bands. 

 

4.2 Interaction of x-rays with polymeric materials 

 

Interaction of ionizing radiation (electrons, gamma or x-rays) with polymeric materials 

modify their mechanical and chemical properties [159, 160]. X-rays and electrons are of 

particular interest because of their specific penetration into (polymeric) materials is highly 
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dependent on the photon or electron energy. Synchrotron radiation facilities are interesting 

tools to produce different types of x-rays for polymer lithography and grafting. Due to their 

high brightness (high photon flux per unit area and per solid angle), synchrotron sources 

allow much quicker exposures (100-1000x) than conventional laboratory x-ray sources based 

on electron bombardment on a metal target. 
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Figure 4.1: Transmission of 25 µm ETFE (density = 1.73 g/cm
3
) and polypropylene (PP, 

density = 0.9 g/cm
3
) thick films, and attenuation length of ETFE and PP films as a function of 

the photon energy [138]. 

 

Penetration of x-rays into polymeric materials is depending mostly on their photon energy 

(Fig. 4.1) and on the chemical and physical properties of the polymer. The latter effect is even 

weaker, due to the narrow density range of polymeric material (0.7-2 g/cm
3
) and to the very 

similar chemical composition of polymers, primary composed of carbon and hydrogen atoms 

(Fig. 4.1). 

 

While EUV or soft x-ray photons are completely absorbed in the top layer (few nanometers) 

of the polymeric material, hard x-rays are much less absorbed and have a huge penetration 

depth (several micro- or millimeters). The exponential decay of the photon intensity along the 

thickness of a polymeric material can be expressed by the following equation:  

 

Eq. 4.1      

xe
I

xI ρµ−=
0

)(

 

 

Where:  I0  = incident intensity of the beam 

I(x)  = residual intensity of the beam at a distance x in the polymer material 

ρ = density of the polymeric material 

µ  = specific mass absorption coefficient which varies as a function of the 

   photon wavelength and the molecular weight of the material. 
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The irradiation process of a polymer material can be described as 4 crucial reaction steps: 

 

1. Formation of free and secondary electrons upon absorption of photons in the 

polymeric material 

2. Chain-scissions 

3. Creation of stable radicals 

4. Recombination of radicals and creation of novel bond(s) 

 

The polymeric material is either cracked and/or cross-linked, depending on the absorbed dose, 

the temperature, the gas atmosphere composition in the exposure chamber and the polymer 

composition. Selective cracking and cross-linking processes are the working principles of 

most lithography techniques where areas of polymer layers are exposed to UV or x-ray 

radiation or electrons. Irradiated samples are then usually developed in solvent mixture in 

order to wash away selectively either the exposed or the un-exposed parts of the polymer.  

 

During the cracking process radicals are generated and can be used directly as initiation sites 

for the grafting of another polymer. Another method is to transform them in stable peroxides 

by bringing the exposed samples into contact with the oxygen of the ambient air. Those 

peroxides are then used as thermal initiator for a subsequent grafting reaction. The advantage 

of this technique is that the grafting reactions can take place from the peroxide species, still 

years after the initial exposure if samples are conserved at low temperatures (< -50°C) 

 

4.3 Deep x-ray (micro) lithography 

 

Hard x-rays have a high penetration depth in polymeric materials due to their short 

wavelength. The probability of interaction between a polymer chain and a photon is therefore 

very low. They are usually produced by bending magnet devices. A typical bending magnet 

radiation spectrum is shown in Figure 4.2 and exhibits a maximum of fluency for a photon 

energy of 1.5keV.  
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Figure 4.2: Simulated emission spectra for 2.4 GeV electrons deflected by a 1.4 Tesla 

bending magnet at 100 mA current in the storage ring [161].  
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High energy synchrotron radiation such as deep x-ray lithography is nowadays used to create 

very high aspect ratio polymeric structures with extremely sharp, smooth and vertical 

sidewalls [162, 163]. Resist layers with typical thickness from 100 to 3000 µm are patterned 

using masks with structured metal absorbers (usually gold) to shade off the hard x-rays with 

wavelength down to 0.3 nm. The produced structures are characterized by straight walls with 

a typical roughness of approximately 50 nm [163] and a feature width down to 300-400nm 

[162]. With this technique structures with aspect ratios up to 100 could be generated.  

 

 

Figure 4.3: Experimental set-up at ANKA [100] 

 

The samples are mounted on a scanning stage and scanned through the x-ray photon beam 

(Fig. 4.3). The absorbed dose is controlled by the number of times the sample passes through 

the x-ray beam. The scanning stage has to be cooled down because of the huge amount of heat 

produced by such a process. Several minutes or hours are needed to expose 10-30 cm
2
 area of 

millimeter thick layers of polymers and get a homogenous cracking along the depth of the 

polymer layer. 

 

4.3.1 The LIGA process 

 

The LIGA (lithography, galvanoforming, and plastic moulding) technique was developed in 

the early 80’s at the Institute for Nuclear Process Engineering (now, Institute for 

Microstructure Technology) at the Karlsruhe Nuclear Research Center (now, Forschungs 

Zentrum Karlsruhe), and was originally aimed for producing extremely small separation 

nozzle systems for uranium enrichment [164]. The LIGA-based procedure is a sequence of 

micro-fabrication steps including with a step of deep x-ray lithography. The process is 

composed of 3 crucial steps [165]: 
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- Selective exposure through a metal shadow mask of a thick polymer layer (several 

hundreds of µm thick) induces cracking of the polymeric chains. The exposed regions 

of the resist layer are removed by a suitable solvent and the high-aspect 

microstructures are revealed. 

  

- The spaces generated by the removal of the irradiated polymer material are filled with 

a metal by an electroforming process. A microstructure of metals, such as nickel, 

copper, gold or alloys is therefore generated as the negative pattern of the plastic 

structure. 

 

- The polymer layer is stripped away and the metal microstructures are used as a 

moulding tool for mass production of replicas of the primary microstructure.  

 

4.3.2 Applications 

 

The LIGA process is a flexible and powerful technology to fabricate components, systems or 

moulds using deep x-ray lithography. This is at the moment the most precise batch technique 

available for the manufacture of 3 dimensional micro-objects with high structure features and 

high aspect ratios. Most of the interest in the LIGA technique is associated with the ability to 

provide these microstructures in a large selection of materials, in particular in metals or 

polymers, through replication techniques [166].  

 

One of the primary applications of the LIGA technology was the production of high aspect-

ratio metal structures for microelectromechanical systems (MEMS). Those high-precision 

parts were used as actuators and mechanisms [167, 168]. Another application of the LIGA 

technology is the production of micro-opto-electromechanical systems (MOEMS), such as 

micro-spectrometers, interferometers, distance sensors, polarization sensors or x-ray optical 

components [169, 170]. Due to the size of the produced microstructures, the LIGA process 

was also used to fabricate micro-fluidic channels, reactions chambers or micro-pumps [171, 

172].  

 

4.4 EUV nanolithography 

 

4.4.1 Projection photolithography 

 

Challenges of the microelectronic industry are to decrease the dimension and increase the 

density of the circuit elements. The primary aim is to produce low-cost chips with increasing 

calculation speed. Nowadays cost effective printed circuits are produced by lithographic 

processes using deep ultra violet laser light [173], allowing resolution down to 45 nm node. 



Chapter 4: Synchrotron radiation lithography   

32i 

The minimum resolution or size feature (RM) achievable with projection lithography is given 

by the equation 4.2:  

 

Eq. 4.2:   
NA

kRM

λ
1=  

 

Where:  k1  = constant (< 1) depending on the material and process  

λ  = wavelength 

NA  = numerical aperture of the projection camera 

 

While NA is given by the equation 4.3:  

 

Eq. 4.3   )sin( maxθ⋅= RnNA  

 

Where:  nR  = refractive index of the surrounding medium (~1 for air) 

   Θmax  = maximum angle that is subtended by the objective lens of the system. 

 

The limit of conventional photolithographic system were pushed down by immersion 

techniques to produce nanostructures with feature sizes less than 30 nm [174, 175]. The secret 

is the increase of the parameter NA by performing the exposure step in a high refractive index 

liquids [176]. Since λ is the major parameter that limits the resolution of the produced 

features, lithographic techniques using shorter wavelengths were used, such as x-rays or EUV 

light. 

 

4.4.2 EUV-interference lithography 

 

Holographic or interference lithography has attracted recently special attention as it allows to 

go beyond the maximum resolution of projection lithography. The principle is based on the 

formation of a standing wave with a period p by interference of two plane waves: 

 

Eq. 4.4   
θ

λ

sin2
=p  

 

where θ is equal to half of the angle between the propagation directions of the two beams. The 

ultimate resolution (half pitch of the pattern) in interference lithography is equal to λ/4. Since 

modern synchrotron sources (with undulator insertion devices) can provide fully coherent 

radiation up to about 100eV, EUV-interference exposure schemes were applied for high 

resolution structuring. Mainly two systems were use to create interfering EUV beams: 
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- Lloyd mirror interferometers [177, 178]. 

 

- Grating interferometers [179, 180]. 

 

The x-ray interference beamline built at the Swiss Light Source (SLS) uses the interferometer 

grating set-up which is shown in Figure 4.4. Focused and coherent EUV light (92.5 eV) 

generated by an undulator insertion device is diffracted by a grating mask. The first order 

diffracted beams overlap and interfere to form the interference pattern of half of the period of 

the grating.  

 
 

Figure 4.4: X-ray interference lithography setup at the SLS [181]. 

 

Samples are mounted on a moving stage and an exposed through the interferometer grating 

set-up using a fast beam shutter allowing a very fast step and repeat process. EUV-

interference lithography is on of the more powerful techniques developed for the production 

of periodic nanostructures with resolution below 20nm [177, 181], with a theoretical 

achievable resolution around 5nm (λ/4). The technique is not restricted to the interference of 

two plane waves, it is used also in multiple-beam interference lithography exposure schemes 

to create two-dimensional structures such as arrays of holes, dots or grids. Typical exposure 

times are in the seconds to minute range depending on the used polymeric resist.  

 

4.4.3 EUV interference lithography: applications 

 

X-ray interference lithography beamlines have been generally dedicated in testing new resist 

materials and generating of nanostructured periodic materials. The nanostructure resolution is 

highly dependent on the mask design, the interference optic and the resist material. 

Applications are mainly driven by the size of the developed structures. For example, 

Grüzmacher and coworkers [182, 183] used regularly patterned templates to grow three-

dimensional quantum dot crystals containing germanium dots in a silicon host crystal, for 

photonics and new nanoelectronic devices. Heyderman et al. demonstrated the potential of 

EUV lithography to fabricate magnetic arrays [184]. Ekinci et al. produced a novel type 

broadband and high-performance polarizer that combines two metal wire-grids with precise 



Chapter 4: Synchrotron radiation lithography   

34i 

control of the gap and the alignment of the two gratings [185]. Nealey and coworker used the 

self assembly of block-copolymers to form ordered structures at length scale of 10-50 nm 

[186]. Finally, Brack and coworkers used fluoropolymers to trap long life time radical species 

and used them as initiators for a subsequent grafting reaction. They showed that X-ray 

interference lithography is a great tool to produce functional nanostructures of polymer 

brushes [1]. The close study of the synthesis of these nanostructured polymer brushes will be 

presented in this PhD work. 
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5. Surface grafting: structuring technology 

 

5.1 Influence of solvent viscosity on surface graft polymerization 

reactions  

 

5.1.1 Abstract 

 

Solvent viscosity was found to be a predominant parameter to control free-radical surface 

graft polymerization. Poly(ethylene-co-tetrafluoroethylene) foils were lithographically 

exposed to 92.5 eV photons in order to create patterns of radicals at their surface, which react 

with the oxygen of the ambient air to produce peroxides. Glycidyl methacrylate was then 

radically polymerized from these peroxide initiators. We discovered that increasing the 

viscosity of the grafting solution by addition of polyethylene glycol boosts the grafting 

reaction, leading to an order of magnitude increase in the height of the grafted layer. Further 

increasing the viscosity leads to thinner layers of grafted material. The increase of the grafted 

layer thickness in the low viscosity range is interpreted to be due to a diminution of the 

termination rate while for higher viscosity, the reduction of the initiation rate causes the 

observed decrease of the grafted thickness. This interpretation is in agreement with observed 

morphological and structural differences of nanostructures grafted at different viscosities. We 

conclude that viscosity is an essential and very easily controllable parameter for grafting 

reactions. 

 

5.1.2 Introduction 

 

Interest in grafting of polymers brushes onto surfaces has been growing in the last two 

decades for its high versatility in tailoring surfaces [3, 4]. Polymer brushes are end-tethered 

polymers, which stretch away from the surface when densely grafted. Inorganic oxide 

surfaces, such as oxidized silicon wafers or mica, are used as hard flat surfaces, whereas 

polymer foils are used as flexible substrates for the grafting reactions. In the case of oxides, 

initiators are usually bound to surface hydroxyl groups for further grafting reactions. For 

grafting onto polymer substrates, the surface can be either treated chemically to attach 

initiators or exposed to radiation (photons or e-beams) or plasma in order to create radicals, 

which serve as initiators for free radical graft-polymerizations [187]. 

 

 

* 



Chapter 5: Surface grafting: structuring technology  d 

 34 

Since many years the work in polymer grafting is concentrated on irradiated polyethylene 

(PE), polypropylene (PP), and various types of fluoropolymers [159]. The latter polymer 

family is appreciated for its high melting point, low thermal degradation, and high strain and 

shear stress resistance as well as for its low surface energy. 

 

Radiation grafting of hydrophobic fluoropolymer base films can, for example, convert 

fluoropolymer surfaces into highly hydrophilic surfaces or functional surfaces [38]. Such 

chemical modifications have been traced by contact angle measurements, x-ray photoelectron 

spectroscopy (XPS), and fourier transform infrared (FTIR) spectroscopy. Numerous 

publications have demonstrated the great advantage of surface grafted polymers, for example 

for sorption of heavy ions [188, 189], to bind specific sites for protein immobilization [190, 

191] or as building blocks for smart materials [192] or for biomedical applications [193]. 

 

For solution polymerization, the choice of the appropriate solvent is crucial as the final 

product characteristics depend on the solvent viscosity and polarity as well as on its ability to 

solubilize the monomer, the initiator, and the synthesized polymer. A well known example for 

the importance of solvent viscosity in solution polymerization reactions is the Trommsdorff 

effect [194], an auto-accelaration effect induced by increasing viscosity due to polymer chain 

growth. This effect is explained by the lower mobility of the propagating chains in viscous 

media, resulting in lower termination rates.  

 

Surface graft polymerization differs substantially from solution polymerization as the growth 

takes place at solid-liquid interfaces, where diffusion and mobility play an even more 

important role. As for solution polymerization, a comparable solvent evaluation has to be 

performed in order to obtain reproducible chain growth. In radiation grafting, radiation 

penetration and the deposited dose have to be considered for the upstream process to optimize 

the number and the depth distribution of initiating sites. Monomer concentration, solvent, 

reaction time, and temperature are the downstream process parameters control the growth of 

graft polymers.  

 

EUV interference lithography based radiation grafting is a newly developed polymer 

patterning technique, which is suitable to study fundamental aspects of graft polymerization 

[1]. In the EUV exposure step performed at the Swiss Light Source (SLS), various radical 

patterns are produced on polymer foils. These stable radicals react with ambient oxygen to 

from peroxides and hydroperoxides, which serve as initiators for the subsequent graft-

polymerization to form structured polymer brushes. On each sample, defined fields can be 

written, i.e. microstructures to study the dose-height dependence and nanoscale interference 

patterns to study the resolution and morphological changes with the dose. The low penetration 

depth of the 92 eV photons used for exposure limits the formation of radicals to near-surface 

region of the film (< 100 nm). In this study, the influence of EUV exposure dose and of 

solvent viscosity for grafting of glycidyl methacrylate onto ETFE foils was investigated by 
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varying the concentration of the polyethylene glycol (PEG) added to the initial monomer 

solution. 

 

5.1.3 Material and Methods 

 

Extruded 100 µm thick films of ETFE poly(ethylene-co-tetrafluoroethylene), Nowoflon ET-

6235 (Nowofol GmbH, Siegsdorf, Germany) were placed between two polished 4’’ silicon 

wafers and heated for 5 min at 230 ºC in a hot press under a pressure of 200 N/cm
2
 in order to 

obtain flat surfaces with roughness below 5nm. 

 

Glycidyl methacrylate (GMA, Fluka, p.a) was vacuum distilled before use. Methyl-ethyl-

ketone (MEK, Merck), isopropanol (Fischer), acetone (Fischer), toluene (Fischer), dioxane 

(Merck), polyethylenglycol (~400 g/mol, PEG, Fluka), Etylene glycol (EG, Fluka), 2- 

Hydroxyethyl methacrylate (HEMA, Fluka), Methyl methacrylate (MMA, Fluka) were used 

as received. 

 

Exposure 

 

EUV exposures were done in vacuum (< 10
-5

 mbar) at the "X-ray Interference Lithography" 

beamline of the Swiss Light Source. The beamline uses undulator light with a central 

wavelength of 13.4 nm (92.5 eV) and ~3% spectral bandwidth. The incident EUV power on 

the sample was several mW/cm
2
 and the delivered dose was controlled in the range of 1-360 

mJ/cm
2
 using a fast beam shutter. The samples were irradiated using interfering beams 

according to the methods described earlier [98]. Silicon nitride masks with gratings of various 

periods were used to create interference patterns with periods in the range of 100 to 1000 nm. 

The irradiated samples were stored in air in a deep freezer (-80 °C) until further processing. 

 

Polymerization of GMA 

 

Sample grafting was carried out under inert atmosphere in glass reactor tubes placed in an oil 

bath preheated to 70°C. The used monomer solutions contained 10 – 30%vol of GMA in 

PEG/solvent mixtures degassed with N2. Typical reaction time was 30 minutes. The grafted 

samples were washed for 30 minutes with acetone in an ultrasound bath. 

 

Characterization 

 

Atomic Force Microscopy (AFM) was performed using a Digital Instrument Nanoscope 

IV/Dimension 3100 in the tapping mode using silicon nitride cantilevers. Samples were 

mounted on glass slides without any prior treatments.  

 

Viscosity measurements were done using a PHYSICA MCR 300 rheometer. 
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5.1.4 Results  

 

Viscosities of GMA/PEG/solvent mixtures 

 

Viscosity of mixtures depends on the temperature and concentration, as well as on viscosity 

and molecular interactions of the different components. During polymerization reactions an 

increase in viscosity due to chain growth is generally observed. In our systems, the monomer 

conversion in the bulk solution is low. It is therefore reasonable to assume little change in 

solvent viscosity during the reaction. However, the viscosity within the surface-grown 

polymer brush is expected to be higher than that of the solution. 

 

Modelling of polymer-solvent mixture viscosities is one of the current challenges in physical 

property estimation of liquid mixtures [195]. Most theoretical, semi-theoretical or empirical 

models – as reviewed by Monnery et al. [196] - deal with mixtures of low molecular weight 

components and always require experimentally determined correction terms.  

A simple approach is to estimate the viscosity from the mole fractions of the liquids forming 

the mixture through: 

 

Eq. 5.1    ηmix  = x1 η1 + x2 η2  + x3 η3 

 

where ηi is the viscosity of the component, and xi is their mole fraction. As an alternative, the 

logarithmic model, as proposed by Eyring and coworkers for “not too imperfect solutions” 

[197] could be adapted for ternary mixtures: 

 

Eq. 5.2   ln ηmix  = x1 ln η1 + x2 ln η2 + x3 ln η3 

 

The comparison of these models with our experimentally determined values for the system 

PEG/Dioxane/GMA with varying PEG content are displayed in Fig. 5.1a for 20ºC and in Fig. 

5.1b for 70ºC. The calculations according to equations (5.1) and (5.2) were based on 

experimentally determined values for the pure components. Note that for the range of 0-

90%vol PEG the GMA content was set to 10%vol, which corresponds to the content used in the 

polymerization experiments, while for 90-100%vol PEG the GMA content was 10-0%vol. It 

was found that the calculation based on mole fractions in general underestimates the influence 

of low viscosity components, while the logarithmic calculation overestimates it. 
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Figure 5.1: Fig. 5.1a and Fig. 5.1b measured (□) and calculated dynamic viscosity of 

PEG/dioxane/GMA(10%vol) solutions for different PEG ratios. For 20°C (a), 70°C (b), for 

two different models: ■ the molecular fraction model; ● the logarithmic model.  

Fig.5c and Fig.5d measured dynamic viscosity of PEG/solvent/GMA(10%vol) solutions for 

different PEG ratios. For 20°C (c), 70°C (d), for different solvents: ■ ethylene-glycol; □ 

dioxane; ● methyl-ethyl-ketone; ○ toluene. 

 

As none of these simple calculations yields satisfying data, we used experimentally 

determined dynamic viscosities for all the mixtures and components in this study. Data of 

these measurements are displayed in Fig. 5.1c and 5.1d. Viscosities of GMA/PEG mixtures 

with toluene and MEK as the third component are very similar to the dioxane mixtures 

discussed above, despite the very different chemical structure and polarity of the molecules. 

For the PEG/EG/GMA system, the higher viscosity of EG compared to dioxane, toluene or 

MEK results in general higher viscosity values in the low PEG concentration range, while at 

high concentration of PEG, the influence of the GMA content is predominant over the 

influence of EG.  

(c) (d) 

(a) (b) 
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In summary a broad range of viscosities of GMA solutions can be covered by PEG addition to 

low viscosity solvents. The temperature dependence of the viscosity is high in the investigated 

range. This means that temperature has to be controlled carefully to allow conclusions on the 

influence of the viscosity on the graft polymerization.  

 

Grafting in PEG/Dioxane solutions 

 

The exposure process with the EUV interference lithography setup enables to determine the 

height-dose relation of grafted microstructures in direct exposed areas, where the dose is very 

precisely defined [23]. We previously investigated the dose-height dependence of poly-

glycidyl methacrylate (pGMA) grafted onto ETFE films in different alcoholic solvents and 

observed two different ranges. First, at low dose the height increases with the square root of 

the dose caused by the increased coverage density, forcing the polymer chains to stretch away 

from the surface to form polymer brushes. Second, at high dose the grafting height decreases 

with the dose, assigned to high termination rates of polymer chains growing in close vicinity 

and radiation damage in the base polymer film [198]. In the present study we concentrated on 

the low dose range, where the influence of radiation damage is minimized. In low viscosity 

solvents (isopropanol, ethanol, MEK, tetrahydrofurane, dimethyformamide, toluene and 

dioxane) and low monomer concentration (~10%) we generally observed poor reproducibility 

of the grafting reaction. A minimum concentration of monomer (~30%) is needed to obtain 

reproducible grafting for those low viscosity solvents. Furthermore, no gradual increase of the 

grafting height with GMA concentration was observed below 30% of concentration. In 

contrast, when GMA was grafted in more viscous media such as EG and PEG, we obtained 

well defined structures and reproducible results even for low GMA concentration (< 10%vol), 

as well as gradually increasing polymer growth with increasing monomer concentration. We 

deduced that viscosity might be the key parameter for a good polymer growth and we 

therefore investigated GMA grafted in various dioxane/PEG mixtures with viscosities 

adjusted between 1 and 12 mPaּs. 

 

Two different types of dose-dependency were found for the low and high viscosity ranges, 

respectively (Figure 5.2). For clarity, the data of the whole viscosity range are displayed in 

two different charts. 
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Figure 5.2: Dose-height curves for different PEG fractions in dioxane-GMA solution. 

Curves: (a) 0 %; (b) 17%; (c) 33%; (d) 43%; (e) 47%; (f) 60%; (g) 73%; (h) 90%. Grafting 

conditions: 30min at 70°C in GMA(10%vol)/dioxane/PEG solutions. 

 

In a solution of 10% GMA in pure dioxane, grafting was achieved only for the highest doses 

included in this study. By addition of 17%vol of PEG, the viscosity increases by ~50%, which 

boosts the grafting reaction such that a dose-dependence typical for a brush-regime is reached, 

where grafted height increases proportionally with the square root of the dose. The grafting 

height further increases with the same dose dependence with increasing PEG load, until a 

maximum is reached for ~50%vol PEG (viscosity 3.3 mPaּs) (Fig. 5.2, curves b-e).  

 

Further increasing the PEG load (> 50%vol) results in lower grafting heights (Fig 5.2 curves f-

h). Surprisingly, very low dose dependence was obtained in the investigated range, i.e. the 

height is now hardly affected by a dose difference of one order of magnitude.  

 

Solvent dependence 

 

The effect of dynamic viscosity on the grafted height was explored for different solvent types 

(MEK, toluene, dioxane, and EG) mixed with PEG and 10%vol of GMA. The chosen solvents 

had to be soluble in PEG for any dilution ratio, and had to have lower dynamic viscosity than 

PEG in order to allow the tuning of the viscosity with the addition of PEG. Note that for 

EG/PEG mixtures dynamic viscosity lower than 4 mPaּs could not be obtained as the initial 

value of 10%GMA in pure EG at 70°C was 4.19 mPaּs. Charts representing the evolution of 

the graft-height with the dynamic viscosity for all exposure doses are shown in Figure 5.3. 

For toluene/PEG (Fig. 5.3b) and MEK/PEG (Fig. 5.3c) mixtures two ranges similar to the 

dioxane mixtures (Fig 5.3a) discussed above were observed: 

 



Chapter 5: Surface grafting: structuring technology  d 

 40 

0 2 4 6 8 10 12 14
0

400

800

1200

1600

2000

2400

(a)H
e

ig
h

t 
[n

m
]

dynamic viscosity @ 70 °C [mPas]

 1.4 mJ/cm
2

 2.74 mJ/cm
2

 3.84 mJ/cm
2

 7.53 mJ/cm
2

 14.76 mJ/cm
2

 

0 2 4 6 8 10 12 14
0

400

800

1200

1600

2000

2400

(b)

 1.4 mJ/cm
2

 2.74 mJ/cm
2

 3.84 mJ/cm
2

 7.53 mJ/cm
2

 14.76 mJ/cm
2

H
e

ig
h
t 

[n
m

]

dynamic viscosity @ 70°C [mPa s]

 

0 2 4 6 8 10 12 14
0

400

800

1200

1600

2000

2400

(c)

 1.4 mJ/cm
2

 3.84 mJ/cm
2

 14.76 mJ/cm
2

H
e

ig
h

t 
[n

m
]

dynamic viscosity @ 70°C [mPa s]

 

0 2 4 6 8 10 12 14
0

400

800

1200

1600

2000

2400

(d)

dynamic viscosity @ 70°C [mPa s]

 1.4 mJ/cm
2

 2.74 mJ/cm
2

 3.84 mJ/cm
2

 7.53 mJ/cm
2

 14.76 mJ/cm
2

H
e
ig

h
t 
[n

m
]

 

 

Figure 5.3: Viscosity height dependence for different solvents mixed with 10%vol of GMA: (a) 

dioxane; (b) toluene; (c) Methyl-Ethyl-Ketone; (d) Ethylene-glycol and at different doses: ● 

1.4 mJ/cm
2
; ○ 2.74 mJ/cm

2
 ; ■ 3.84 mJ/cm

2
 ; □ 7.53 mJ/cm

2
; ♦ 14.76 mJ/cm

2
. Grafting 

conditions: 30 min at 70°C. 

 

First, a steep increase of the height with increasing viscosity was noticed for all solvent 

mixtures, demonstrating that a slight increase of the dynamic viscosity favored the grafting 

reaction. Furthermore, an increase of the graft-height with the square root of the exposure 

dose was again observed for all solvent mixtures in this viscosity range. A maximum of the 

grafting height was found in all the curves showing viscosity dependence, for dioxane at ~3 

mPaּs, for toluene at ~2.8 mPaּs and for MEK at ~2 mPaּs.  

 

Second, in the higher viscosity range a decay of the grafting height with the viscosity was 

detected for all PEG/solvent mixtures, including PEG/EG. In this viscosity range the curves 

show no increase of grafted height with exposure dose; the solvent could be chosen 

arbitrarily.  

 

Parallel experiments were carried out using HEMA and MMA instead of GMA using the 

MEK/PEG solvent system. A similar strong increase of graft layer thickness was observed for 

all these monomers when 50% PEG was added to a 10% monomer solution. These results 
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indicate that the chemical reaction of the epoxy group of GMA with the hydroxyl function of 

PEG molecules is not the reason for the found effects. 

 

Nanostructures 

 

In the performed EUV exposures nanopatterns of radicals are formed by interference of 

beams diffracted by the gratings of the mask. In this region the average dose cannot be 

directly measured, but it is estimated as 1/10 of the dose deposited in the directly exposed 

area. 
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Figure 5.4: AFM micrographs and average profiles of 200 nm period line structures exposed 

with 2.74 mJ/cm
2
, grafted 30min in dioxane/GMA(10%vol) solutions with (a) 17% PEG, 

dynamic viscosity 1.31 mPaּs; (b) 46.7% PEG, dynamic viscosity 3.24 mPaּs; (c) 90% PEG, 

dynamic viscosity 12.49 mPaּs. 

 

Effects of viscosity for growth of nanostructured GMA brushes were investigated with the 

AFM in the dry state. Figure 5.4 shows AFM height pictures and average profiles of 200 nm 

period line nanostructures of pGMA grafted in PEG/dioxane mixtures, for low, medium and 

(a) 

(b) 

(c) 
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high dynamic viscosities. At low dynamic viscosity (fig. 5.4a) small dots are observed, which 

can be assigned to coiling of polymer chains in a mushroom-like configuration when the 

packing density is not sufficiently high to get into the brush regime. For medium viscosity 

(Fig. 5.4b) much more material is grafted, assigned to a good initiation and rapid chain 

growth. However, the grafted material showed irregular growth and high poly-dispersity 

resulting in domains of varying thickness. For high viscosity the best pattern definition was 

found for 90% of PEG (Fig. 5.4c). The hairy structure of the grafted material indicates that 

long polymer chains were grafted. 

 

5.1.5 Discussion 

 

Viscosity is a parameter that evolves during polymerization in solution, which influences 

dynamically the growth rate. In solution or bulk polymerization the viscosity changes with the 

conversion or with the polymer growth, respectively. In our system, due to low conversion in 

the bulk solution, the viscosity is assumed to be constant during the grafting reaction at the 

value determined by the composition of the grafting solution. For the interpretation of the 

results of this heterogeneous system, we will distinguish two different time periods for the 

grafting reaction: 

 

(a) t ~ 0, initially the reaction rates are supposed to be similar to solution polymerization 

reaction rates at low conversion. Peroxide initiators and short growing chains are not affected 

by each other and are only surrounded by the polymerization mixture. 

 

(b) t >> 0, the reaction rate is no longer comparable with the solution polymerization 

reaction rate. Each polymer chain influences its neighbours and therefore changes the 

surrounding viscosity for the remaining initiators and growing chains.  

 

Initiation 

 

Due to the strong absorption of 92.5 eV photons, peroxide initiators are formed in the top 

~100 nm of the polymer films, with concentration decreasing exponentially with depth. It is 

necessary to distinguish the surface peroxides, which are in direct contact with the 

polymerization solution and the sub-surface peroxides which come in contact with the 

monomer only after its diffusion into the polymer film. Kulik and al. [199] demonstrated that 

molecules can scarcely penetrate the polymer network and get access to the peroxides 

embedded in the sub-surface due to the hydrophobicity of the base polymer. Once the 

properties near the surface of the base film are modified by the grafting, sub-surface peroxides 

become more likely to react with the monomer. 

 

Due to the low concentration of peroxides at the accessible surface of the substrate, a good 

initiation is a key issue to obtain high and dense growth of grafted polymers. The importance 
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of the initial phase of the reaction is nicely illustrated by the fact that we were not able to graft 

even in a highly concentrated monomer solution, in an experiment where we pre-heated 

exposed ETFE films in a monomer-free solvent mixture for 15 min. This means that thermal 

treatment destroys most of the surface peroxides within that period of time. This observation 

is in good agreement with the results of Kulik and al. [199], who revealed that the surface 

concentration of peroxides decreases by an order of magnitude within 15 min at 65°C 

independent of the nature of the polymer.  

 

In solution polymerization, initiation rates are characterized by two parameters, which are kd 

and f, the dissociation constant of the initiator and the initiator efficiency. The decomposition 

of initiators in solution produces a pair of radicals in a solvent cage, which can recombine or 

separate by diffusion. The radicals react then with the monomer to form polymer chains. The 

initiation as a combination of these two processes is characterized by the product kdf, which is 

highly dependent on the conversion or viscosity of the system, respectively. The higher the 

viscosity the higher is the geminate radical recombination (cage effect) [200-203] and the 

lower the probability to initiate a polymer chain. The initiation parameter kdf is almost 

constant for low viscosity, but it is strongly decreasing at high viscosity [204-206]. 

 

In our grafting reaction for t ~ 0, similar assumptions as for solution polymerization at low 

conversion can be made: With higher viscosity the overall initiation rates are lowered due to 

the caging effect. For t >> 0, the close vicinity of grafted polymer chains locally increases the 

viscosity near the remaining initiation sites, leading to a diminishment of initiation rates due 

to a decrease of kd. The diffusion of the geminate radical out of the cage as well as the 

probability to match with a monomer diffusing into the polymer brushes then control the 

initiation. Therefore, the number of initiating chains further diminishes with the reaction time 

and with the viscosity, leading to less dense structures in viscous solutions. 

 

Propagation  

 

We assume that in the initial phase the living ends of the grafted polymers stay in direct 

contact with the solution and that no diffusion controlled state is reached. However, the 

reaction of subsequently dissociated peroxides is controlled by the diffusion-limited feed of 

monomers to their growing ends embedded in the bulk.  

 

Propagation rates of solution polymerization are characterized by their propagation constant 

kp, which is known to be constant at low monomer conversion and drastically decreases at 

high conversion (> 70%) or at high viscosity, respectively [207-209]. In our system the 

conversion in the bulk solution is assumed to be very low and therefore the temporal change 

in propagation rates is low for surface grafting. 

 

For t ≈ 0, kp of the heterogenous system is similar to the one in solution, i.e. lower at high 

viscosity. The same assumption is valid for t >> 0, as we suppose that propagation mainly 
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occurs at the interface between the growing ends of the chains and the liquid solution. Only 

for chains growing either from subsurface peroxides or in a late state of the reaction inside a 

densely packed brush, kp decreases with time, due to restricted chain mobility. 

 

Termination  

 

Main termination reactions in radical polymerizations are radical-radical recombinations and 

disproportionations, which are both diffusion controlled processes. The termination constant 

kt is highly dependant on conversion or viscosity, respectively [206-208, 210, 211]. As a 

consequence of lower mobility of longer polymer chains in the system kt steadily diminishes 

during polymerization in solution. 

 

Also for surface graft polymerization, for t ≈ 0, kt is lower at higher viscosity. The polymer 

chains should therefore grow longer at higher viscosity. However, we need to consider that at 

high exposure dose polymer chains are growing in close vicinity; therefore radical-radical 

termination is more probable than for solution polymerization, which results in a higher kt 

than in solution polymerization. 

For t >> 0, kt decreases with the solution viscosity and with the grafting height (mobility).  

 

In summary, for t ≈ 0, kd f and kt can be assumed to be lower at high viscosity whereas kp is 

independent of the viscosity in a wide range and only decreasing at very high viscosity. For t 

>> 0, kd f and kt decrease drastically with increasing viscosity in the system, whereas kp stays 

constant during the reaction. 

 

With these considerations the experimental data are interpreted as follows: The prominent 

increase of the grafting height with the viscosity in the range below 4 mPaּs for all 

PEG/solvent mixtures (Fig. 5.3) is assigned to a decrease of the termination rates of the graft 

reaction, whereas the decrease of the grafting height for viscosities higher than 4 mPaּs is 

correlated with the decrease of the initiations rates. The overall reaction is given by a balance 

of those two opposite effects: On the one hand, the addition of PEG in the system avoids 

quick recombination of the growing chains. On the other hand the increase of the solution 

viscosity diminishes the grafted density. 

 

For viscosity below 4 mPaּs, the height is proportional to the square root of the dose, due to 

increasing numbers of grafting sites. This coverage increase forces the grafted polymer to 

form a polymer brush. In highly viscous media (> 4 mPaּs), the height is more or less dose 

independent, due to accidental balance of the anyway low initiation and termination rates.  

As a general rule, we deduced that short and dense brushes are grown in the low viscosity 

range whereas and long polymer chains with low grafting density are grown in viscous media. 

 

This interpretation of the influence of viscosity on surface grafting is supported by the 

observed effect on the formation of nanostructures (Fig. 5.4). The structures grown at low 
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viscosity (1.3 mPaּs) show the formation of small dots (Fig. 5.4a), which indicate that most of 

the growing chains died within few monomer additions due to high termination rates. The few 

longer grown polymer chains are organized in bundles or collapse due to affinity interactions. 

By increasing the viscosity (3.2 mPaּs; Fig 5.4b) termination rates are lowered and denser 

brush-like structures are formed. Due to the high growth rates, local variations in viscosities 

are provoked resulting in domains of slower and faster growth (“local Trommsdorff effect”) 

and with that to poor structure definition. For the highest viscosity (12.5ּmPa s) lines are 

better defined because of lower initiation and termination rates, leading to a limited number of 

relatively long chains. Due to generally high viscosities, local viscosity variations have very 

little influence, resulting in a more homogeneous appearance of the structures. 

 

5.1.6 Conclusion and outlook 

 

Viscosity is an important parameter to control surface graft polymerization. By increasing the 

viscosity of the initial polymerization solution, it is possible to sequentially lower, first, the 

rate of termination and, second, the rate of initiation of the graft reaction. In the intermediate 

viscosity range these reaction determining rates are balanced such that the highest polymer 

growth is reached. The change in initiation and termination rates with solvent viscosity 

furthermore influences the morphology of grafted micro- and nanostructures. From the same 

exposure dose, polymer layers with different chain length distributions and with morphologies 

ranging from mushroom to brush-like configurations are obtained by grafting in media of 

different viscosities. The influence of viscosity is basically independent of the chemical 

properties of the solvent, and, as first experiments demonstrated, transferable to other 

monomers used for radical graft polymerizations. The influence of viscosity on 

polymerizations from initiators bound to oxide surfaces is currently under investigation. 
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5.2 EUV-radiation grafting of glycidyl methacryate nanostructures 

onto fluoropolymer foils by RAFT-mediated polymerization  

 

5.2.1 Abstract 

 

Periodic nanostructures of poly-(glycidyl methacrylate) (pGMA) were grafted onto 

poly(ethylene-alt-tetrafluorethylene) (ETFE) films by reversible addition-fragmentation chain 

transfer (RAFT) polymerization. ETFE samples were first irradiated in an interference 

lithographic set-up using EUV (Extreme Ultraviolet) light followed by exposure to air to 

introduce surface peroxide groups serving as thermal initiators for the graft polymerization. 

The dependence of height and morphology of the grafted pGMA structures on the exposure 

dose and on the grafting parameters such as time and concentration of RAFT chain transfer 

agent was studied with atomic force microscopy (AFM) and scanning electron microscopy 

(SEM). RAFT-mediation reduces the grafted layer thickness by a factor of 5-10 compared to 

uncontrolled free radical polymerization and significantly improves the spatial resolution into 

the 50 nm range. A mushroom to brush transition was observed for low absorbed doses. This 

transition was found to occur at ~1.5±0.7⋅10
-3

 and ~3±1.3 ⋅10
-3

 chains/nm
2
 for the free radical 

and RAFT-mediated polymerization, respectively. The grafting density increased with 

increasing absorbed dose up to a maximum of 0.1-0.2 chains/nm
2
. The data interpretation is 

supported by simulations based on photon statistics. 

 

5.2.2 Introduction 

 

Polymer brushes are dense arrays of end-tethered polymer chains attached to a surface, which 

are forced to stretch away from the surface due to dense packing [3]. During the last several 

decades the interest in  theoretical understanding [24, 26, 27, 30, 33, 34, 36] as well as 

practical applications of such systems has grown steadily. Polymer brushes enable the tuning 

of the surface properties, by physical and/or chemical modification in order to get specific 

surface characteristics [4, 39, 42, 43] or by controlled morphological changes induced by 

external stimuli induced by changes in solvents, pH or temperature [212, 213]. The usual 

ways to create polymer brushes include polymerization from an initiator bound to oxide 

surfaces [22, 45, 65], or from initiating sites created by radiation on polymer surfaces [38, 44, 

214]. Radiation grafting with X-rays, UV, e-beam, or with plasma particles to create initiating 

sites in defined area has been performed on many different types of polymers, but only in 

recent years the attention was focused on fluoropolymers [38]. This polymer family is of 

interest because of its low surface energy, its bio-inactivity and its high chemical and 

mechanical stability.  

* 
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Controlled living radical polymerization (LRP) based on the equilibrium between dormant 

species and growing ends, such as nitroxide mediated polymerization [51, 55, 57, 58], atom 

transfer radical polymerization (ATRP or reverse ATRP) [45, 63, 68, 69] and reversible 

addition-fragmentation chain transfer polymerization (RAFT) [75, 76, 78] enable better 

control on the absolute length and length distribution of polymer chains compared to free 

radical polymerization. Among these LRP, one of the most versatile is RAFT polymerization 

because of its ability to polymerize a large range of monomers and to reach a controlled 

molecular weight and architecture. Addition of defined quantities of a chain transfer agent 

(CTA) into the polymerization solution allows controlling the length of the grafted chain, due 

to the high frequency of CTA transfers between growing ends and dormant polymer chains. 

Furthermore, polymer chains end-capped with CTA can be isolated from the solution and 

used to start the grafting of another polymer, eventually resulting in block-copolymers. 

Combining the recent advances in LRP methods and in patterning technology is a promising 

way to obtain well-defined micro- and nano-structured polymer brushes for future 

applications in optics, (bio)sensorics, fluidics and organic electronics [83, 84, 86, 89, 91, 92, 

215]. 

 

Radiation grafting based on extreme ultraviolet (EUV) interference lithographic exposures is 

a novel technique to create micro or nano- patterns of polymer brushes on fluoropolymers. 

This lithographic grafting process can be applied to many combinations of polymer supports 

and grafted monomers enabling the preparation of a great variety of functional polymer 

structures with selected properties [1]. EUV-light with an ionizing photon energy in the range 

of 100 eV has a low penetration (attenuation length <100nm) in polymeric materials and is 

utilized to create high-resolution patterns [181].  
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Figure 5.5: Diagram showing the structure formation: Fluoropolymer substrates are exposed 

to extreme ultraviolet (EUV) radiation. The subsequent RAFT-mediated graft polymerization 

of glycidyl methacrylate is performed with α,α’–azo-isobutyronitrile (AIBN) as the initiator 

and cyanoisopropyl dithiobenzoate (CPDB) as the chain transfer agent. 
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In this work, this ionizing radiation is used to perform lithographic exposures of polymer 

samples, in order to create radical patterns near the polymer surface. Radicals are then 

transformed into peroxides and hydroperoxides when they are brought into contact with air 

and used as thermal initiators for the subsequent graft-polymerization. Here we report on 

grafting nanostructures of poly(glycidyl methacrylate) (pGMA) by RAFT-mediated 

polymerization onto flexible films of poly(ethylene-alt-tetrafluorethylene) (ETFE) using the 

pre-formed peroxides as thermal initiating sites (Fig. 5.5). 

 

The reactions of PGMA epoxy moieties enable the synthesis of nanostructures with desired 

functionalities [191]. The aim of this work is to show the effect of RAFT-mediated 

polymerization and the effect of the exposure dose on resolution of grafted nanostructure 

patterns. The experimental data are supported by simulated EUV intensity profiles to explain 

the main processes involved, such as grafting density and critical mushroom to brush 

transition. 

 

5.2.3 Experimental 

 

Materials 

 

Extruded 100 µm thick films of ETFE, Nowoflon ET-6235 Nowofol GmbH, Siegsdorf, 

Germany) were placed between two polished 4’’ silicon wafers and hot pressed for 5 min at 

230 ºC with a pressure of 200 N/cm
2
 in order to obtain flat surfaces. 

 

Glycidyl methacrylate (GMA, Fluka, p.a) was vaccum distilled before the grafting reactions. 

α,α’–azo-isobutyronitrile (AIBN, Fluka, purum), methyl-ethyl-ketone (MEK, Merck), 

isopropanol (Fischer) and acetone (Fischer) were used as received.  

 

The RAFT agent, cyanoisopropyl dithiobenzoate (CPDB) was synthesized according to the 

method described by Duréault et al.[216], by reacting phosphorus pentasulfide (Aldrich), 

AIBN and benzoic acid (Fluka) in toluene (Merck). The product was purified by 

chromatography. All the reactants for the synthesis of CPDB were used without any prior 

treatments. 

 

Exposure 

 

EUV exposures were performed in vacuum (<10
-5

 mbar) at the XIL beamline of the Swiss 

Light Source. The beamline uses undulator light with a central wavelength of 13.4 nm (92.5 

eV) and ~3% spectral bandwidth. The samples were irradiated using diffraction grating masks 

according to methods described earlier [23]. The gratings on the mask diffract EUV light into 

various orders. Zeroth order diffraction (directly transmitted beam) is used to expose areas of 

the sample with uniform intensity whereas interference fringes formed by first order 
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diffracted beams are used to expose areas of the samples with a sinusoidaly varying intensity 

distribution. The beam intensity is measured by a photodiode places before the mask. 

Exposure dose is controlled by a fast beam shutter. The dose delivered to the sample (polymer 

foil) is calculated using data obtained from diffraction efficiency measurements and the dose 

delivered to the mask. Irradiated samples were exposed to air and stored in a deep freezer (-

80ºC) until further processing. 

 

Diffraction efficiency 

 

The diffraction mask that was used in this study contained multiple gratings in order to be 

able to simultaneously expose interference patterns of different periodicity on the same 

polymer sample. The relative diffraction efficiency of these gratings into zeroth and first 

orders was measured using a charge coupled device (CCD) camera. The mask was placed at a 

distance of 5 cm to the CCD camera, in order to get well-separated diffracted beams. The 

relative intensity of the diffracted beams was obtained from CCD images. 

 

Reactions 

 

Free radical polymerization 

 

A 1 cm
2
 ETFE sample  was exposed  at the XIL beamline  to create 9  fields with  various 

patterns and  different  EUV  exposure dose . The sample was then  immersed in a 3 ml glass 

reactor tube containing 2.93 mol/l of glycidyl methacrylate in methyl-ethyl-ketone. The glass 

rector was sealed and the solution was degassed with N2 for 15min. The reactor was placed in 

a preheated oil bath at a temperature of 70°C for 30min. The reactor was then opened and the 

sample was removed. The sample was transferred into a cold acetone solution and sonicated 

for 1 hour.  

 

Ananlogous grafting experiments were carried out using 5 to 40 % (v/v) of glycidyl 

methacrylate in isopropanol or methyl-ethyl-ketone. Reaction times were  30  to 120 min.  

 

RAFT polymerization 

 

A 1 cm
2
 sample exposed to EUV was immersed in a 3 ml glass reactor tube containing 2.93 

mol/l of glycidyl methacrylate, 1 mmol/l of azobisisobutyronitrile and 15.1 mmol/l of 

cyanoisopropyl dithiobenzoate in methyl-ethyl-ketone. The glass rector was sealed and the 

solution was degassed with N2 for 15min. The reactor was placed in a preheated oil bath at a 

temperature of 70°C for 120min. The reactor was then opened and the sample was removed. 

The sample was transferred into a cold acetone solution and sonicated for 1 hour, whereas the 

polymerization solution was cooled down and the homopolymer formed in solution was 

precipitated using cold isopropanol for SEC analysis purposes (Number average molecular 

mass: 7000 g/mol, polydispersity: 1.4).  
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In analogous experiments  we varied the concentrations of  CPBD between  3.4   and 15 

mM and  the  monomer concentration of  between  30  and  40%  (v/v). The reaction times of 

30-180 min  were explored. 

 

Characterization 

 

Atomic force microscopy (AFM) was performed using a Digital Instrument Nanoscope 

III/Dimension 3100 in the tapping mode. Samples were mounted on glass slides or silicon 

wafers without any prior treatment. The height of the grafted layer was measured in the 

uniformly exposed areas [98].  

 

Scanning electron microscopy (SEM) was performed in a field-emission microscope (Zeiss 

SUPRA 55VP). The samples were sputter-coated with ~10 nm of gold to obtain sufficient 

conductivity.  

 

The molecular weight distributions of homopolymers in the grafting solution were determined 

by Triple Detection Size Exclusion Chromatography on a Viscotek TDA300 using two mixed 

bed columns (PSS (Germany) linear M SDV 8x300 5µm) at a column temperature of 35ºC 

and at a flow of 1 ml /min of tetrahydrofuran (THF, GPC Grade). The light scattering 

detection was performed at two scattering angles (7º and 90º), whereas the refractive index 

detection was done at a wavelength of 670nm. Polymer samples were first dissolved in THF 

at a concentration of 10-20 mg/l and then injected in the SEC (sampling volume 100µl). 

 

PMMA standards (PSS ReadyCal PMMA standards (series) (800 - 1’180’000 g/mol)) were 

injected for calibration and a specific refractive index increment (dn/dc) of 0.0935 ml/g [217, 

218] was used to calculate the absolute molar mass of pGMA polymers.  

 

5.2.4 Results 

 

Hot pressed 100 µm thick ETFE films were exposed at the EUV interference beamline in 

vacuum [98]. This irradiation step allows simultaneous writing of a series of uniformly 

exposed fields as well as nanostructures from the interference of the 1
st
 order diffracted beam 

on each sample. Irradiated samples were taken out of the vacuum chamber to allow the 

formation of stable peroxides from the radicals formed during the exposure on contact with 

the ambient air. Samples were then grafted with glycidyl methacrylate in methyl-ethyl ketone 

following a “grafting from” process, where the polymer is grown step by step from 

dissociated peroxides, either by free radical polymerization or using the RAFT mechanism. 

The reaction temperature was brought to 70°C within 2 minutes and induced polymerization 

by quick peroxide dissociation. In order to obtain well-resolved nanostructured patterns, 

grafting times were limited to 30 min for free radical and 2 hours for RAFT-mediated 
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polymerization. The grafting concentration was set to 30-40 % of GMA to avoid substantial 

depletion at the growing ends of the grafted chains and to induce a homogeneous growth in all 

exposed areas of the film.  

 

Dose-height dependence 

 

(a) Free radical polymerization 

 

First, the dose-height dependence of the grafted GMA in MEK by free radical polymerization 

was investigated (Fig. 5.6). The height of the grafted structures was measured by AFM in the 

uniformly exposed microstructured areas. We explored the dose range of 4-120 mJ/cm
2
, as 

measured on the photodiode before the diffraction grating. The thickness of the grafted layer 

increases with the dose, assigned to an increase of the density of the brush, until a maximum 

of ~2.3µm is reached at 50 mJ/cm
2
 (Fig. 5.6, curve a). Further increasing the dose decreases 

the brush thickness due to increased termination probability caused by the higher density of 

growing neighboring chains, or due to radiation damage of the base polymer [219]. 
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Figure 5.6: Dose – Height chart for graft-polymerization of glycidyl methacrylate (30%vol) 

in methyl ethyl ketone onto ethylene-co-tetrafluoroethylene foils exposed with extreme 

ultraviolet light. ▲(a): free radical polymerization for 0.5hours; * (b) free radical 

polymerization for 1 hour with 1mM α,α’–azo-isobutyronitrile (AIBN); ♦ (c) RAFT-mediated 

polymerization in 1mM of AIBN and 7.5mM of cyanoisopropyl dithiobenzoate (CPDB) for 1 

hour; ×××× (d) with 15mM of CPDB for 1 hour and ■ (e) for 2 hours. 

(a) 

(c) 

(e) 

(d) 

(b) 
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(b) RAFT mediated polymerization 

 

The fast grafting reaction of GMA by the free radical mechanism impedes a good control over 

the height of the grafted layer with the reaction time. In order to reduce the grafted layer 

thickness and to control the polymerization, we investigated the RAFT-polymerization of 

GMA, mediated by CPDB as the chain transfer agent. The main idea of RAFT-mediated 

polymerization is based on the equilibrium between the growing chains and dormant species. 

In the investigated heterogeneous system, such an equilibrium can only be established if the 

polymerization takes place both at the surface and in the bulk solution. Therefore, AIBN was 

added in low concentration to the system to induce polymer chain growth also in the bulk 

solution. As an advantage of this parallel surface and bulk solution polymerization the length 

of polymer chains grown in solution can be analyzed by GPC and can give an indication on 

the length of polymer chains grown on the ETFE surface. 

 

AIBN (1mM) was first added to the system without any RAFT agent in order to create a 

reference. The measured grafted thickness (Fig. 5.6, curve b) was substantially higher than for 

the “grafting from” method (Fig 2, curve a). The molecular mass (Number average (Mn)) of 

the polymer formed in solution was 196000 g/mol for a 1 hour grafting reaction (Table 5.1). 

The grafted layer should form by combination of “grafting from” and “grafting to” due to the 

fact that growing polymers created in solution can bind to the substrate or to already grafted 

polymer chains. 

 

Table 5.1 : Size exclusion chromatographic analysis of the homopolymers in solution 

produced during the graft-polymerization of glycidyl methacrylate. RAFT mediated produced 

homopolymers (samples a, b, c and d) from a solution of methyl-ethyl-ketone (MEK) 

containing 2.93 mol/l of glycidyl methacrylate (GMA), 1 mmol/l of azobisisobutyronitrile 

(AIBN) and cyanoisopropyl dithiobenzoate (CPDB). Free radical polymerization produced 

homopolymers (samples e and f) from a solution of methyl-ethyl-ketone containing 2.93 mol/l 

of glycidyl methacrylate (GMA) and 1 mmol/l of azobisisobutyronitrile (AIBN). 

 

Sample 
Grafting time 

t[h] 
 

[CPDB]0  
[mmol/l] 

 

Number average 
 Molecular mass 

Mn
 
[g/mol] 

Polydispersity 
Mw/Mn [-] 

 

Average 
number of 
monomer 

units /chain 

a* 1 3.4 9 x 10
3
 1.6 64 

b 1 7.5 10 x 10
3
 1.4 68 

c 1 15.1 6 x 10
3
 1.4 38 

d 2 15.1 7 x 10
3
 1.4 46 

e 1 - 196 x 10
3
 2.0 1380 

f 2 - 229 x 10
3
 1.9 1620 
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The concentration of AIBN was set to 1mM in further experiments and the RAFT chain 

transfer agent was set to 7.5mM and 15mM, respectively. The results are impressive, as by 

addition of RAFT chain transfer agent at low concentration (7.5 mM) the grafted thickness 

was diminished by a factor of 7 for a similar grafting time (Fig. 5.6, curve c), compared to the 

one without RAFT chain transfer agent (Fig. 5.6, curve b). The molecular mass of polymer 

formed in solution was drastically diminished by a factor of 20 (Table 5.1). When more 

RAFT chain transfer agent (15mM) was added to the system (Fig. 5.6, curve d), the effect was 

even more pronounced; the grafted thickness was again reduced by a factor of 4 for a similar 

reaction time. The molecular mass of the homopolymer formed in solution also diminished 

with the amount of RAFT chain transfer agent added to the system, but this effect was much 

less pronounced. The thickness of the grafted brush increased linearly with the grafting time, 

i.e. for a doubled reaction time twice thicker layers were measured (Fig. 5.6, curves d and e). 

However, the molecular mass of polymers produced in solution increases only by ~20%. 

 

 

Resolution of Nanostructures 

 

Nanopatterns of radicals on ETFE films were created by the interference between 1
st
 order 

diffracted beams from the chromium gratings. Since the uniformly exposed areas and 

interference fields were simultaneously generated and grafted at identical conditions, similar 

molecular weight of the grafted polymer can be assumed in all exposed areas of the sample. 

RAFT-mediated polymerization should give shorter and less polydisperse polymer chains 

and, as a consequence, better-defined polymer nanostructures.  

 

Three different line patterns with sinusoidal intensity distribution were investigated: a high 

resolution one (100nm period lines, Fig. 5.7a), a medium resolution one (200nm period lines, 

Fig. 5.7b) and a low resolution one (500nm period lines, Fig. 5.7c). The radical patterns were 

written in one single exposure where the incident delivered dose measured on the photodiode 

was 6 mJ/cm
2
. This dose was observed to be the optimum to get the best structure resolution. 

As measured with a CCD camera, the effective real absorbed dose in the interference areas 

was significantly lower due to photon absorption of the Si3N4 membrane and low diffraction 

efficiencies of the chromium grating (Table 5.2). 
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Figure 5.7: Atomic force microscopy images and line profiles of samples exposed with 

6mJ/cm
2
 incident dose on the mask and grafted without (index 1) and with (index 2) the help 

of RAFT-mediated polymerization (2h, with 15mM of cyanoisopropyl dithiobenzoate and 

1mM of α,α’–azo-isobutyronitrile). (a) 100 nm lines, (b) 200 nm lines, (c) 500 nm lines 

period. The upper part represents AFM pictures of samples grafted by free radical 

mechanism. 

 

(a1) 

(a2) 

(b1) 

(b2) 

(c1) 

(c2) 
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The average doses delivered to the sample were 52.6% of the incident beam for the direct 

exposed area and 6-10 % for the interference areas. These are average values for the 

interference region. Due to sinusoidal intensity distribution of the photons, the absorbed dose 

is twice higher at the amplitude maximum and near zero at the minimum amplitude.  

 

 

Table 5.2: Diffraction efficiency of the Si3N4 membrane/chromium gratings and heights 

 

 Diffraction 

efficiency of 

the mask 

[%] 

Absorbed 

dose 

[mJ/cm
2
] * 

Average 

photon 

density 

[ph/nm
2
] 

Average 

height[nm] 

Free radical 

polymerization* 

Average 

height[nm] 

RAFT-mediated 

free radical 

polymerization* 

Background 

noise 

0.07 0.004 0.003 - - 

0
th

 order 52.6 3.16 2.14 1040 ± 50 150 ± 10 

1
st
 order      

100 nm 

period lines 

6.1 0.37 0.25 n.d 4 ± 1 

200 nm 

period lines 

8.5 0.51 0.35 15 ± 4 8 ± 2 

500 nm 

period lines 

10.2 0.61 0.41 60 ± 10 40 ± 5 

* For 6mJ/cm
2
 incident dose on the mask 

 

 

For a similar deposited dose (6mJ/cm
2
, incident dose), the height measured in the uniformly 

exposed area (Fig. 5.6) of samples grafted with RAFT-mediated polymerization were only 

15% of the free radical grown ones (Table 5.2). In contrast the height of features measured in 

the 1
st
 order diffraction area (Fig. 5.7) was very similar (≈4nm) for 100nm period lines (Fig. 

5.7a) grown by the RAFT mechanism and by the free radical mechanism (Table 5.2). The 

main difference was that lines were only detected for RAFT grown samples, while grafted 

free radical grown polymer chains were scattered all over the sample. In both cases, polymers 

appear to be in a coiled state. The average coil diameter, presumably consisting of single 

grafted polymer chains, was determined from AFM measurements. The determined values 

were 29±5 nm for the free radical polymerization and 21±4 nm for RAFT-mediated 

polymerization. 

 

The 200nm and 500nm patterns appear well resolved in both cases. For the 200nm period 

lines (Fig. 5.7b), free radical grown nanostructures were twice higher than RAFT ones (Table 

5.2), whereas for the 500nm period lines (Fig. 5.7c), the height of the free radical grown lines 

were 50% higher than those fabricated by RAFT-mediated polymerization (Table 5.2). 
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Polymer chains grafted in the 500nm period lines (Fig. 5.7c) appears to be in a brush regime 

whereas grafted chains in the 200nm period lines picture (Fig. 5.7b) are in a mixed 

mushroom/brush state.  

 

A 283nm dot period pattern (Fig. 5.8) of poly-GMA nanostructures synthesized via RAFT-

mediated polymerization was investigated by SEM. The topographic picture taken with the 

secondary electron detector (Fig. 5.8a) shows that the grafted polymer is composed of very 

long polymer chain bundles. Additionally, it reveals that the difference in grafting density 

between constructive (dots arrays) and destructive interferences is leading to a good 

topographical contrast. In the constructive inference areas the chains adopt a low-density 

brush-like structure, while in the destructive ones only scattered isolated polymer chains are 

found.  

 

 

   
 

Figure 5.8: Scanning electron microscopic picture of a 4 beam interference pattern leading 

to 283nm period dot pattern recorded (a) with the secondary electron detector (topographic 

contrast) and (b) with the inlens detector (material contrast). The sample was exposed with 6 

mJ/cm
2
 incident dose and grafted for 2 h according to the RAFT-mechanisms in 40% glycidyl 

methacrylate in methyl-ethyl ketone containing 15mM of cyanoisopropyl dithiobenzoate and 

1mM of α,α’–azo-isobutyronitrile. 

 

The picture taken with the inlens detector (Fig. 5.8b), which is more sensitive to differences in 

chemical composition, reveals a good material contrast between the base fluoropolymer 

(bright) and the grafted poly-GMA (dark).  

(a) (b) 
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5.3.5 Discussion 

 

Grafted uniformly exposed areas showed an increase of the grafted layer thickness with the 

dose. Assuming that initiation, propagation and termination rates of surface grown chains are 

similar for all the investigated densities of pre-formed radicals, the regular height increase of 

the grafted layer thickness with increasing dose must be caused by a strong stretching of the 

grafted chains. Polymer chains grafted in the uniformly exposed areas are therefore in a 

highly stretched brush state, for both, free radical and RAFT-mediated polymerization. 

 

RAFT-meditated polymerization gave, as expected from literature, lower grafted thickness 

compared to surface free radical polymerization (Fig. 5.6). But, in contrast to literature reports 

on grafting from immobilized initiators [76], the polymer chains grown from the surface are 

longer than those formed simultaneously in the solution. For example, for the case of the 1 

hour grafting experiment with 7.5 mM of RAFT chain transfer agent in the solution, Mn of the 

polymer formed in the bulk solution was 10000 g/mol, which corresponds to about 70 

monomer units. Considering that the distance between two monomer units is ~2.5Ǻ, the graft 

layer thickness should not exceed 18 nm when grafted polymer chains are in a fully stretched 

conformation. In our case, the grafted layer thickness is on the order of 1µm (Fig. 5.6, curve 

c). We therefore assume that the kinetics of RAFT-mediated reaction is different on the 

surface and in solution. We previously discovered that the initiation rates and termination 

rates of the grafting reactions are highly affected by the viscosity of the system [219]. The 

higher the viscosity in the initial polymerization solution, the lower the termination rates and 

the thicker the grafted layer is. The production of homopolymer in the solution and their 

affinity for the grafted layer implies that the viscosity within the grafted layer is much higher 

than in solution. These highly viscous regions create very local Trommsdorff effects where 

termination rates are reduced by the lack of mobility of surface grown chains [219].  

 

A mushroom to brush transition was observed at the AFM between grafted chains in the 100 

nm and the 500 nm period lines nanostructures. We assumed that for low, medium and high-

resolution lines, polymer chains possess a similar molecular weight for a single grafting 

batch. From the height of the 100nm period lines of less than 5nm it is concluded that 

polymers are in a typical coiled state, for both RAFT-mediated and free radical 

polymerization (Fig. 5.7a). In the free radical polymerization, long polymer chains are 

grown at a low surface density, leading to poor structure definition. RAFT-mediated grafting 

of 100nm period lines lead to shorter polymer chains that adopt a coiled conformation with 

4nm in height. Since the measured average coiled diameter of a single surface grown polymer 

chain was around in the range of 20-30 nm for both polymerization mechanisms with an 

average height of ~4 nm at low grafting density, the molecular mass of surface grown 

polymer is expected to be in the million Dalton range. Interestingly, this high molecular mass 
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matches the measured grafted height obtained in the uniformly exposed areas at high dose 

(Fig. 5.6) and the SEM observations (Fig. 5.8).  

 

In AFM images of 200nm period lines, patterns appear nicely resolved for both 

polymerization schemes. Following similar assumption as for the 100nm period lines the 

difference in height (≈7nm) between free radical and RAFT grown polymer is then primarily 

explained by higher molecular weight of free radical grafted polymers. For the 200nm line 

pattern, it appears that polymers are in a transition state between the mushroom and the brush 

regime, where the radius of gyration of grafted polymer chains and the distance between two 

grafted chains are of very similar value. 

 

For the 500nm period lines, patterns are very well resolved. The grafted height is 10 times 

higher than for the 100nm period lines, with a 1.7 times higher absorbed dose. For both 

grafting paths, the grafted polymer chains appear to be sufficiently dense packed to adopt a 

stretched brush conformation. 

 

The requirement to obtain a stretching of surface grafted polymers is that the individual coils 

overlap. From our measurements of the coiled size of single polymer chains (29±5nm, free 

radical and 21±4 nm, RAFT) we calculated the density (DO) required to get overlapping coils 

according to eq. 5.3, where A is the planar surface area of a single coiled chain.  

 

 

Eq. 5.3     

 

 

A minimum density (DO) of 1.5±0.7⋅10
-3

 and 3±1.3 ⋅10
-3

 chains/nm
2
 should be reached to 

obtain overlapping coils for the free radical case and RAFT-mediated polymerization, 

respectively. The calculated lower density onset of free radical polymerization is compensated 

with a higher molecular weight of the grafted polymers, so that the transition 

mushrooms/brush occurs at a lower grafted density than for shorter polymers produced by 

RAFT-mediated polymerization. Since a typical polymer brush is observed for 500nm lines 

period (Fig. 5.7c) as a mixed mushroom/brush state is reached for the 200nm line period (Fig. 

5.9b), the transition from mushrooms to brush appears to occur for an absorbed dose between 

0.5 and 0.6 mJ/cm
2
 corresponding to an average absorbed photon density (DPh) between 0.35 

and 0.41 ph/nm
2
 (Table 5.2). An overall photon conversion efficiency (η) can be defined as 

the ratio between the calculated minimum overlapping density (DO) and the absorbed photon 

density (DPh) at the observed corresponding mushroom to brush transition (eq. 5.4). 

 

A
DO

1
=
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Eq. 5.4     

 

 

The ratio η also denotes the fraction of photons absorbed by the polymer backbone that starts 

a polymer chain. It was calculate to be as low as 0.4±0.2 % for the free radical polymerization 

mechanism and 0.8±0.5 % for the RAFT-mediated case. 

  

The absorbed dose in the uniformly exposed area was much higher than those in the 

interference areas for a similar incident dose on the mask (Table 5.2). Assuming that η stays 

constant with increasing dose and within a reaction batch, an average chain density of 8.8⋅10
-3

 

chains/nm
2
 and 16.4⋅10

-3
 chains/nm

2
 can be calculated for the uniformly exposed area (6 

mJ/cm
2
), which is far beyond the mushroom to brush threshold. Grafted polymers are forced 

to stretch away from the surface resulting in a thickness of the brush layer as high as 1 µm for 

the free radical case and 200 nm for the RAFT-mediated case. The maximum height of the 

grafted layer is therefore also the maximum achievable grafting density. For the free radical 

case ~0.1 chains/nm
2
 were packed at 50 mJ/cm

2
 incident dose on the photodiode (Fig. 5.6), as 

for RAFT-mediated polymerization ~0.2 chains/nm
2
 were grafted at 50 mJ/cm

2
. 

 

Simulation of sinusoidal line profiles 

 

The utilizable dose range to get well-resolved interference patterns is low compared to 

uniformly exposed samples (Table 5.2). At such low dose, single photon events have to be 

considered for the formation of the nanostructures. A simulation was performed to determine 

the effect of photon statistics on the resolution of 100nm nanostructure pattern. It was realized 

using a Poisson distribution, to create sinusoidal intensity profiles. To match with our 

experimental data we had to make some assumptions. 

 

i) The dose delivered in the 100nm interference pattern was corrected according to 

the measured efficiency of the mask (Table 5.2). 

 

ii) For the free radical polymerization it was assumed based on our calculation that η 

was 0.4%. For RAFT polymerization the initiation is more efficient: η = 0.8 % 

was used for the simulation.  

 

iii) The diameter of one coiled polymer chain based on our AFM measurements is 29 

nm when grown by free radical mechanism and 21 nm when grafted by RAFT-

mediated polymerization. The shape of each coil was approximated with a 

rotationally symmetrical Gaussian curve.  

Ph

O

D

D
=η



Chapter 5: Surface grafting: structuring technology  d 

 61 

 

 

 

Photon statistical simulations were performed for an incident delivered dose on the mask of 

6mJ/cm
2
 (Table 5.2). The simulated results for 100nm are shown in figure 5 and match 

perfectly with the AFM measured 100nm period lines (Fig. 5.7a). The effect of photon 

statistics is much more pronounced for the free radical polymerization, due to the lower 

initiation efficiency. The big coil size of surface grown polymers, in the order of the line 

feature width, limits the resolution of the pattern by merging the lines together. This effect is 

more pronounced for free radical polymerization (Fig. 5.9a) where the size of the coiled 

polymer is bigger than for the RAFT-mediated polymerization (Fig. 5.9b). 

 

     

 
 

 

Figure 5.9: Simulated pictures and line profiles of 100 period lines for an incident dose on 

the mask of 6 mJ/cm
2
, for grafting from (Fig. 5.9a) and RAFT-mediated graft polymerization 

(Fig.5.9b). 

 

The limited resolution of the 100nm period lines is determined by the poor photon statistics at 

low dose as well as by the huge size of the grafted chains. Increasing the number of photons 

could be used to improve the statistics, however, it decreases the pattern resolution because of 

merging polymer chains. 

 

 

(a) 

(b) 
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5.3.6 Conclusions and outlook 

 

RAFT-polymerization is a versatile method to control grafting of polymers onto EUV 

exposed fluoropolymers as it allows to control the polymer chain length and to enhance the 

resolution of nanostructured line patterns into the 50nm range. The sensitivity of the grafting 

process is rather high compared to standard EUV lithographic methods; however, less than 

1% of the pre-formed radicals can start a polymer chain. A high density polymer brush with 

0.1-0.2 chains/nm
2
 was obtained from high dose exposed samples. However, low doses had to 

be applied to avoid bridging of the nanoscale features by the high molecular weight grafted 

polymer chains. As a consequence, the ultimate resolution limit is determined by photon 

statistics. In order to increase the resolution, higher dose has to be delivered on the 

interference pattern and more effort has to put into grafting even shorter polymer chains to 

avoid bridging between the line features.  
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5.3 Surface relief polymer structures grafted onto polymer films  

 

5.3.1 Abstract 

 

Graft polymerization of glycidyl methacrylate was used to produce surface relief structures on 

polymer substrates that were exposed with EUV light in a gray-scale exposure. In contrast to 

conventional lithography, which is in general tuned to be a binary process with a sharp 

discrimination of exposed and non-exposed areas, different exposure doses are directly 

transferred into a height profile in the grafting reaction. The high dynamic range of the 

process enables production of structures from a few tens of nanometers in thickness up to the 

micrometer level in one grafting step. 

 

5.3.2 Introduction 

 

The development of photolithographic structuring technologies is mainly driven by the 

requirements of the microelectronics industry which usually uses silicon substrates. Due to 

the fact that the patterns generated in the photoresist have to be transferred into the substrate 

by etching or deposition processes, strong non-linear behavior of the photo-structuring 

process is required resulting in binary patterns. The binary behavior of resists is achieved 

through their drastic change in solubility in the developing solvent at a certain exposure 

threshold level. Therefore, surface relief structures are hard to produce with such photoresist 

techniques and require multiple exposure, development and deposition or etching steps. 

Polymer micro- and nanografting [1, 23] is an interesting alternative for the production of 

such surface relief structures (Fig. 5.10). In this method, polymer substrates, e.g. films of 

fluoropolymers, are first exposed to radiation with photon or particle energy high enough to 

create radicals near the surface of the polymer. 

 

 

Figure 5.10: Polymer grafting as a means to create three-dimensional micro- and 

nanostructures on polymer surfaces. In the grey-tone exposure a pattern of radicals is created 

serving as initiators for the graft polymerisation. The density of grafted polymer chains 

determines the height of the structure. 
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Patterns can be defined by scanned focused beams, interference exposures or by using masks. 

The radicals created in the exposure react with ambient air to form stable hydroperoxides. In a 

subsequent step the exposed polymer substrates are immersed into a degassed solution of 

monomers such as styrene, acrylates or methacrylates. Upon heating the hydroperoxides are 

cleaved to re-form the radicals which then initiate radical polymerization of the dissolved 

monomer. The process yields patterns of polymer chains tethered to the substrate surface. 

Since the density of the grafted chains and with that the thickness of the grafted layers is 

related to the exposure dose, areas of different grafting thickness can be produced by selecting 

different exposure doses. In this paper we focus on the capabilities of this technology to 

produce surface relief structures in the micro- and nanoscale. 

 

5.3.3 Experimental 

 

Pieces of 100 µm thick films of poly(ethylene-co-tetrafluoroethylene) (ETFE), Nowoflon ET-

6235; Nowofol GmbH, Siegsdorf, Germany) were placed between two polished 4’’ silicon 

wafers and heated for 5 min at 230 ºC in a hot press under a pressure of 200 N/cm
2
 in order to 

obtain flat test surfaces. 

 

EUV exposures were done in vacuum (< 10
-5

 mbar) at the "X-ray Interference Lithography" 

beamline of the Swiss Light Source. The beamline uses undulator light with a central 

wavelength of 13.4 nm (92.5 eV) and ~3% spectral bandwidth. The incident EUV power on 

the sample was several mW/cm
2
 and the delivered dose was controlled in the range of 5-60 

mJ/cm
2
 using a fast beam shutter. Exposures were performed using two different schemes. In 

the first one, a TEM-grid was used as a shadow mask in proximity to the sample to obtain 

structures with micrometer level resolution. In the second scheme, the samples were irradiated 

using interfering beams according to the methods described earlier [98]. Silicon nitride masks 

with gratings of various periods were used to create interference patterns with periods in the 

range of 100 to 1000 nm. The irradiated samples were stored in air in a deep freezer (-80 °C) 

until further processing. 

 

Sample grafting was carried out under inert atmosphere in glass reactor tubes placed in a 

water bath preheated to the desired reaction temperature. The used monomer solutions 

contained 5 to 20 % (v/v) of glycidyl methacrylate (Fluka, p.a., vacuum-distilled) in 

isopropanol. Typical reaction times were 30-60 minutes at temperatures of 60 to 70°C. 

 

Atomic Force Microscopy (AFM) was performed using a Digital Instrument Nanoscope 

III/Dimension 3100 in the tapping mode. Samples were mounted on glass slides and sputter-

coated with a few nanometer thin Au film to reduce electrical charging during the 

measurements. 
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5.3.4 Results and Disscusion 

 

Dose thickness relation 

 

We investigated a large range of exposure doses for the combination of glycidyl methacrylate 

grafted onto ETFE films. The complex dependence of structure thickness on the exposure 

dose is shown in Fig. 5.11.  
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Figure 5.11: Dose dependence of the thickness of pGMA structures grafted in 20% GMA in 

isopropanol onto EUV-exposed ETFE substrates. 

 

At both grafting temperatures investigated, there is a linear region at low dose, followed by a 

saturation of the thickness. The initial increase is due to fact that with increasing exposure 

dose greater a density of radicals is created on the surface, which leads to the grafting of a 

higher number of polymer chains. This higher density of grafted chains results in a 

proportionally thicker grafted film. At still higher doses the thickness decreases and stabilizes. 

The stabilization can be explained as equilibrium of formation and annihilation of radicals 

due to the recombination of radicals created in close vicinity at high exposure doses. 

However, the decrease in grafting thickness is not explicable with the same interpretation and 

is subject of further investigations. 

 

Surface relief microstructures 

 

A TEM-grid with 10 µm wide squared openings was used as a shadow mask at 0.5 mm 

distance from the sample. Due to the coherence of the EUV beam and the chosen distance 

between the mask and the sample, intensity fluctuations are found both in the “bright” and the 
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“dark” regions of the exposed area. As shown in Fig. 5.12 the grafting process is able to 

transform these intensity fluctuations into a surface relief.  

 

 

a) 

 
b) 

      
c) 

 
 

 

 

Figure 5.12: Microstructures of glycidyl methacrylate grafted onto an ETFE substrate 

exposed at (a) low and (c) high dose. (b) Measured height map of the structure shown in (a). 

The inset in the lower right shows a calculated intensity map of the EUV exposure. 

 

At low dose (Fig. 5.12a) the intensity in the “bright area” is in the dynamic range of the 

process resulting in pronounced structures with Fresnel interference fringes from the edges of 

the mask. The structure height is well matched with the calculated intensity profile for the 

used mask-sample distance (Fig. 5.12b). At higher dose, the “bright” area is in the dose-

independent range resulting in a flattening of the structures. At the same time the “dark” areas 

obtain now enough intensity to induce substantial polymer growth. Interference structures are 

now visible in between the square structures. 
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Integration of nano- and microstructures 

 

The possibility of integration of nanostructures in microstructures such as channels is 

demonstrated in figure. 5.13. In this case a EUV interference exposure through 1 µm period 

grid structures was used resulting in 500 nm period line structures. The shown area of the 

sample includes the interference region of the EUV beam, surrounded by areas directly 

exposed by the non-deflected beam (0
th

 order). A calculated intensity profile is shown in 

figure. 5.13b. Since the intensity of the direct beam is about one order of magnitude higher 

than the 1
st 

order deflection, a pronounced difference in grafting height results. 

 

 
 

Figure 5.13: Grafted micro-channel with integrated line nano-structures. (a) AFM image of a 

structure exposed at low dose; (b) calculated intensity profile; (c-f) line profiles of structures 

exposed at increasing dose. The inserts show details of the interference region 

 

This intensity profile is again well transferred into a height profile. The plots in Figs. 5.13a 

and 5.13c demonstrate the ability of the grafting process to create relief structures with vastly 

different height scales in a single process. The height of the highly grafted areas on the edges 

(~400 nm) is more than an order of magnitude higher than that of the 500 nm period lines 
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(~25 nm). The dose dependence of the structures produced is shown in the AFM profiles (Fig. 

5.13 c-f). Over the whole dose-range investigated the interference region remained in the 

dynamic range of the process, and the 500 nm period structures are well resolved. In contrast, 

the regions of direct exposure are in the dynamic range only for the low dose exposures. At 

higher doses, when the dose-independent range is reached, the total height of these parts of 

the structure slightly decreases and the wave-shaped profiles which result from diffraction 

phenomena at the boarder of the mask are leveling out. 

 

5.3.5 Conclusion 

 

The capability of the micro- and nanografting process to form surface relief structures on 

polymer substrates in a fully additive process has been demonstrated. The dynamic range of 

the process allows producing structures from several tens of nanometers in thickness up to the 

micrometer level. The nanostructures integrated into micro-channels would be very hard to 

produce with conventional photoresist techniques, in particular with such few process steps. 

One potential application of the technique is the production of micro-optical elements with 

defined profiles such as micro-lenses or blazed gratings. Other forms of radiation (e.g. e-

beam, deep-UV) could be used instead of EUV radiation that we used in our demonstration 

experiments. Furthermore, the grafted pGMA can easily be chemically modified to achieve 

specific chemical properties. 
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6. Surface grafting: application-focused work 

 

6.1 EUV lithographic radiation grafting of thermo-responsive 

hydrogel nanostructures  

 

6.1.1 Abstract 

 

Nanostructures of the thermoresponsive poly(N-isopropyl acrylamide) (PNIPAAm) and of 

PNIPAAm block poly(acrylic acid) copolymers were produced on poly(tetrafluoroethylene-

co-ethyelene) (ETFE) films using extreme ultraviolet (EUV) lithographic exposure with 

subsequent graft-polymerization. The phase transition of PNIPAAm nanostructures at the 

lower critical solution temperature (LCST) at 32ºC was imaged by Atomic Force Microscopy 

(AFM) phase contrast measurements in pure water. Results show a higher phase contrast for 

samples measured below the LCST temperature than for samples above the LCST, proving 

that the soft PNIPAAm hydrogel transforms into a much more compact conformation above 

the LCST. EUV lithographic exposures were combined with the reversible addition-fragment 

chain transfer (RAFT)-mediated polymerization using cyanoisopropyl dithiobenzoate (CPDB) 

as chain transfer agent to synthesize PNIPAAm block-copolymer nanostructures. 

 

6.1.2 Introduction 

 

Surface grafting of polymers [4, 187] has attracted great interest in the past decades, as it 

allows tailoring surface properties of polymer materials and obtaining specific functionalities 

for (bio)sensing, and for optical or electrical devices without loosing the specific bulk 

properties [3]. Numerous publications, as reviewed by Dargaville et al. [38], report on using 

UV, EUV, or x-rays, as well as argon or oxygen plasma treatments to create initiators on 

fluoropolymers for the graft-polymerization process. Interest has been growing in recent years 

to use surface grafting for the production of biocompatible surfaces and of “smart” materials 

[192]. Those materials have the ability to modify their structure when they come into contact 

with specific molecules in their environment. Poly (N-isopropylacrylamide) (PNIPAAm) is a 

prominent example for a polymer with such function since it behaves in water as a thermo-

responsive hydrogel [220, 221]. Because of its lower critical solution temperature (LCST) of 

around 32°C, it could be used as on-off switch for drug release systems [222, 223] or for the 

reversible immobilization of (bio)molecules, such as proteins.  

 

* 
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Homo-polymerized PNIPAAm hydrogels are very soft materials and exhibit very low 

mechanical strength, limiting their application in many cases. This problem can be solved by 

grafting PNIPAAm onto supports to bind the soft hydrogel covalently onto a chemically and 

mechanically robust material [212, 224, 225]. Tuning the LCST of grafted PNIPAAm is of 

great interest for the incorporation of thermo-responsive devices in biological systems. For 

this purpose, random- or block-copolymerization of PNIPAAm with other monomers are 

successfully used [226, 227]. 

 

Micro- or nano-structuring of PNIPAAm [228, 229] is of interest for a wide range of 

application in tissue engineering, for cell growth studies [230], (bio)sensing [231] or in micro-

fluidic devices [232, 233]. In this paper we report on graft polymerization of PNIPAAm 

nanostructures on a poly(ethylene-co-tetrafluoroethylene) (ETFE) support using an extreme 

ultraviolet (EUV) interference lithography based grafting process [23]. In this process patterns 

of radicals with nanoscale resolution are created by exposure with 92.5 eV photons in an 

interference lithography set-up at the Swiss Light Source (SLS) [98]. In contact with the 

ambient atmosphere, the radicals react into hydroperoxides and peroxides, which are used as 

initiators in the subsequent graft polymerization. In addition to free radical polymerization of 

PNIPAAm structures, reverse addition fragmentation chain-transfer (RAFT) polymerization 

[71, 72, 74] was used to graft block-copolymer nanostructures in this study. This controlled 

free radical polymerization technique usually leads to short chain-length polymer brushes 

with low poly-dispersity [70, 78]. Block-co-polymer brushes can be obtained by exchanging 

the monomer solution after a certain reaction time and re-starting the polymerization from the 

polymer chains end-capped by the RAFT-agent [234, 235]. 

 

6.1.3 Material and Methods 

 

Extruded 100 µm thick films of poly(ethylene-co-tetrafluoroethylene) (ETFE), Nowoflon ET-

6235 Nowofol GmbH, Siegsdorf, Germany) were placed between two polished 4’’ silicon 

wafers and heated for 5 min at 230 ºC in a hot press under a pressure of 200 N/cm
2
 in order to 

obtain flat surfaces. 

 

Acrylic acid (Fluka, p.a) was vacuum distilled before use. α, α’ – azo-isobutyronitrile (AIBN, 

Fluka, purum), methyl-ethyl-ketone (MEK, Merck), isopropanol (Fischer), acetone (Fischer) 

and N-isopropylacrylamide (Aldrich) were used as received.  

 

The RAFT agent, cyanoisopropyl dithiobenzoate was synthesized and purified according to 

Duréault et al. [216], by the reaction of  phosphorus pentasulfide (Aldrich), AIBN, and 

benzoic acid (Fluka) in toluene (Merck). All the reactants for the synthesis of CPDB were 

used as received. 
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Exposure 

 

EUV exposures were done in vacuum (< 10
-5

 mbar) at the "X-ray Interference Lithography" 

beamline of the Swiss Light Source. The beamline uses undulator light with a central 

wavelength of 13.4 nm (92.5 eV) and ~3% spectral bandwidth. The incident EUV power on 

the sample was several mW/cm
2
 and the delivered dose was controlled in the range of 1-360 

mJ/cm
2
 using a fast beam shutter. The samples were irradiated using interfering beams 

according to the methods described earlier [98]. Silicon nitride masks with gratings of various 

periods were used to create interference patterns with periods in the range of 100 to 1000 nm. 

The irradiated samples were stored in air in a deep freezer (-80 °C) until further processing. 

 

Free radical polymerization of NIPAAm 

 

Sample grafting was carried out under inert atmosphere in glass reactor tubes placed in an oil 

bath preheated to 70°C. The used monomer solutions contained 30-40 %w of NIPAAm in 

isopropanol. Typical reaction time was 1 hour. 

 

RAFT-mediated block-copolymerization 

 

RAFT-mediated polymerization was carried out under similar conditions as reported in the 

literature [234, 236]. Exposed ETFE samples were placed in a glass reactor in a solution of 

40% acrylic acid in methyl-ethyl-ketone, containing 15 mM CPDB. After degassing for 15 

min with N2, the glass reactor was sealed and put into an oil bath at 70°C for 8 hours. 

Afterwards, the glass tube was cooled down in ice water. Samples were washed with acetone.  

For the copolymerization reaction, samples are transferred into a degassed solution of 40%w 

NIPAAm in isopropanol, containing 0.1mM of AIBN and placed in an oil bath at 70°C for 18 

hours. The samples were then washed with acetone during 2 hours and immersed overnight in 

distilled water to remove remaining PNIPAAm homopolymer. 

 

Characterization 

 

Atomic Force Microscopy (AFM) was performed using a Digital Instrument Nanoscope 

IV/Dimension 3100 in the tapping mode. Samples were mounted on glass slides without any 

prior treatments.  Liquid measurements were done using a Veeco tapping mode fluidic device 

mounted on a heating stage; temperature was controlled with a thermocouple. 
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6.1.4 Results and discussion 

 

Grafting of PNIPAAm nanostructures 

 

Typical dependences of the grafting height on reaction parameters such as temperature, 

reaction time, and exposure dose using free radical polymerization with numerous monomers  

has been described earlier [23, 198]. In the experiments with NIPAAm, we used different 

exposure doses, and reaction conditions previously optimized for pGMA. Compared to other 

reported surface grafting techniques, we generally obtain relatively high brush structures, i.e., 

in the range of several hundred nanometers, indicating a very fast growth of the polymer 

chains. However, PNIPAAm structures only reached a height of about 150 nm, which might 

be due to lower polymerization rates, higher termination rates, or to a lower number of 

radicals that eventually initiate chain growth. As already described for other monomers 

grafted via the same process, the grafting height in the lower dose range scales roughly 

proportional to the square root of the dose, which is an indication for the formation polymer 

brushes, where the polymer chains are forced to elongate perpendicular to the surface. 

 

 
 

Figure 6.1: AFM micrograph a 500 nm period line PNIPAAm nanostructure measured in the 

dry state for exposure doses of 23 mJ/cm
2
 (a) and 76 mJ/cm

2
 (b). 

 

The influence of the dose on the growth of 500 nm period line nanostructures is shown in 

Figure 6.1. A topographic image acquired in the dry state of a low dose sample (23 mJ/cm
2
, 

Fig. 6.1a) revealed a low grafting height of about 30 nm and a low grafting density. The 

results displayed in Fig. 6.1b demonstrate that for a higher dose (76 mJ/cm
2
) a higher grafting 

height in the range of 80 nm is obtained, with higher density and broader line shape. By 

(a) 

(b) 

23 mJ/cm
2
 

76 mJ/cm
2
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increasing the dose, we increase the number of initiating sites available for the grafting 

reaction, resulting in a higher density and broadening of the lines. 

 

Thermoresponsive behavior of PNIPAAm nanostructures 

 

We studied the temperature-dependent morphology changes of PNIPAAm nanostructures 

grafted onto ETFE in aqueous solutions. AFM micrographs of the height and phase 

topography for a 707 nm period dots of PNIPAAm polymer brushes in pure water at 26°C and 

at 36°C are displayed in Figure 6.2.  

 

  

  

  
 

Figure 6.2: AFM topographic micrographs (a, b, d and e) and phase contrast images (c and 

f) of a 707 nm period dot PNIPAAm nanostructure measured in water at 26°C (a, b and c ) 

and at 36°C (d, e and f). 

(b) 

(c) 

(e) 

(f) 

(a) (d) 



Chapter 6: Surface grafting: application-focused work  

 74 

 

The AFM measurements were done in a continuous way without any changes in settings 

during the temperature rise. Compared to measurements in air, the structures appear softer. In 

the first place, topography images at both temperatures reveal very little disparity, the height 

difference between “hills” and “valleys” in both cases being in the range of 40 – 60 nm (Fig 

6.2a and d). The picture taken at low temperature (Fig. 6.2a) appears slightly more blurry than 

the high temperature one (Fig. 6.2d). However, analysis of the height profiles (in Fig 6.2b and 

e shown as surface contour plots) clearly showed a contraction of the structures in lateral 

dimensions, interpreted as contraction of the PNIPAAm upon release of bound water.  

 

Even more pronounced effects were found in phase contrast images, in which changes in 

affinity interactions of the AFM tip with the surface are recorded. At low temperature a clear 

contrast between hills and valleys is found. From a physical point of view the phase 

information (Fig. 6.2c and f) tells us that the grafted material and the ETFE substrate exhibit 

completely different interaction behavior with the tip, assigned to the softness of the grafted 

brushes and the much harder surface [237]. Upon contraction of the brush at the elevated 

temperature, the brush gets harder leading to much lower image contrast. 

 

  

  

  

 
 

Figure 6.3: AFM phase contrast images of a 707 nm period dot PNIPAAm nanostructure 

measured in water at 26°C (a), 31°C (b), 32°C (c), 36°C (d). 

 

In order to study the dynamics of the phase transition, we ran several temperature cycles in 

the range of 25 to 40°C.  A sequence of images recorded during one heating cycle is shown in 

Figure 6.3. Within 1°C, the phase contrast picture changes totally form the typical appearance 

of the low-temperature to the high-temperature state. Both, in the topographic and in the 

phase contrast images the transition was found to be completely reversible. 

 

 

 

(a) 

(b) 

(c) 

(d) 

26°C 

31°C 

32°C 

36°C 
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NIPAAm copolymers 

 

The use of the RAFT polymerization to graft polymer nanostructures on EUV exposed 

polymer films is currently under investigation [238]. In brief, it is found that the addition of 

RAFT agents lowers the polymerization rate and leads to better structure definition due to the 

lower poly-dispersity of the polymer. Here, we used the possibility to temporarily stop and 

restart a polymerization after monomer exchange to obtain block-copolymer nanostructures. 

As the first block we grafted poly-acrylic acid using the RAFT-mediated polymerization.  

 

       
      

0 2 4 6 8 1 0
- 3 0

- 2 0

- 1 0

0

1 0

2 0

3 0

H
e

ig
h
t 

[n
m

]

X  [ µ m ]

 

0 2 4 6 8 1 0
- 3 0

- 2 0

- 1 0

0

1 0

2 0

3 0

H
e

ig
h

t 
[n

m
]

X  [ µ m ]

 

 

Figure 6.4: AFM micrographs and average height profiles of 500 nm period line structures of 

PAAc (a and b) and of PAAc-block-PNIPAAm (c and d). 

 

An AFM micrograph of a periodic 500 nm line structure is shown in Fig. 6.4a. The RAFT 

process yields in a relatively low structure height of only about 20 nm. The second block was 

then obtained in a NIPAAm solution without addition of the RAFT agent. The structure 

height was considerably increased (Fig 6.4b), indicating the copolymer formation. However, 

we also denoted more local height differences for the PNIPAAm block copolymers compared 

to the PAAc brushes. This effect is assigned to a less controlled chain growth in the RAFT-

free polymerization solution. 

 

 

 

(a) 

(b) 

(c) 

(d) 



Chapter 6: Surface grafting: application-focused work  

 76 

 

6.1.5 Conclusion 

 

Radiation grafted nanostructured polymer brushes are good model systems for the study of 

the morphology of grafted material, as well as for their morphological changes due to 

environmental influence. AFM phase contrast imaging is a powerful tool for the local study of 

mechanical characteristics of soft materials, such as PNIPAAm hydrogels. RAFT-mediated 

polymerization can be used to graft micro- and nanostructured random or block-copolymers 

onto fluoropolymer surfaces with a wide choice of different monomers. Block-

copolymerization can be used to tune the LCST of NIPAAm copolymer hydrogels for smart 

materials and drug release applications. 
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6.2 Nanostructured bio-functional polymer brushes  

 

6.2.1 Abstract  

 

Structured brushes of poly-(glycidyl methracrylate) (pGMA) have been grafted onto flexible 

fluoropolymer films using a radiation grafting process. The reactive epoxide of pGMA 

provides the basis for a versatile biofunctionalization of the grafted brushes. Structure 

definition by extreme ultraviolet (EUV) exposures allowed nanometer scale resolution of 

periodic patterns. By variation of the exposure dose the height of the grafted structures can be 

adapted in a wide range. Derivatization of the grafted brushes included reaction with various 

amines with different side chains, hydrolysis of the epoxide to diols to increase protein 

resistance and introduction of ionic groups to yield poly-electrolytes. As an example for 

biofunctionalization biotin was linked to the grafted brush and biofunctionality was 

demonstrated in a competitive biotin-streptavidin assay. In this article we also present a brief 

review of other approaches to obtain structured biofunctional polymer brushes.  

 

6.2.2 Introduction 

 

Polymer brushes are arrays of polymer chains attached at one end to a surface. Dense packing 

of the chains forces them to elongate perpendicular to the surface. These materials have 

attracted tremendous attention as they enable tailoring of physical, chemical and biochemical 

surface properties. The recent achievements in this field have been summarized in a number 

of reviews and books focusing on production and properties in general [3, 65], grafting of 

polymer chains to polymer surfaces [187], creation and characterization of structured brushes 

[239, 240], interactions with proteins [241] and of applications in bioscience and 

biotechnology [242].  

For bioscience applications polymer brushes are of particular interest because they extend 

from the surface to which they are bound into the adjacent liquid or gas phase. Due to the 

flexibility of the grafted chains the contacting phase can penetrate the brush, and molecules 

can interact with binding partners which are immobilized within the brush structure. This 

three-dimensional arrangement of binding sites allows designing model systems which much 

more resemble the biological environments compared to the direct immobilization on flat 

surfaces. 

Polymer “micro- and nanografting” based on extreme ultraviolet (EUV) interference 

exposures is a new technique to generate micro- and nanostructured polymer brushes directly 

on the surface of polymer substrates [1, 23]. 

 

* 
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The process sequence used to generate the brushes is schematically shown in Fig. 6.5. 

Polymer films are first exposed to EUV radiation, leading to a pattern of radicals near the 

surface of the polymer. Upon contact with ambient air, the radicals react to form peroxides 

and hydroperoxides. 

 

 
 

Figure 6.5: Process scheme for grafting patterned polymer brushes onto polymer substrates. 

The samples are first exposed to photons or particle beams with high enough energy to crack 

bonds near the surface, leading to a pattern of radicals. These serve as initiators in the 

subsequent graft polymerization of the polymer brushes. 

 

The samples are then immersed into degassed solutions of monomers such as styrene or 

methacrylates. Heating leads to cleavage of the hydroperoxides and the resulting recovered 

radicals initiate the graft polymerization of the polymer brush. The stable covalent bonds 

between the support and the brush allow chemical post-treatments including various types of 

bio-functionalization. 

The goal of this article is to discuss the recent development of our micro- and nanografting 

technology towards applications in biosciences in the context of other approaches to obtain 

structured bio-functional polymer brushes. These are first briefly reviewed in the following. 

 

Formation of Polymer Brushes on Surfaces 

 

Polymer brushes on solid surfaces can be obtained by using “grafting-to” or “grafting-from” 

techniques. “Grafting-to” means that preformed polymer chains are bound at one end via 

chemical reactions to the surface or to surface-bound linker molecules. One intrinsic problem 

of grafting-to methods is that the bound polymer restricts the diffusion of further chains to the 

surface, resulting in generally low grafting densities.  In the “grafting-from” approach the 

polymer chains are grown from initiators bound to the surface. Typical initiators for free 

radical polymerizations are azo and peroxide compounds [243], which are cleaved to reactive 

radicals under the conditions of the polymerization reactions. In grafting-from processes, only 

relatively small monomer molecules have to diffuse to reaction sites at the end of the growing 
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chains. As a consequence a higher density of grafted chains can be reached. A drawback of 

grafting-from techniques based on free radical polymerizations is the low homogeneity in the 

obtained chain length, caused by difficulties to control propagation and termination of the 

polymerization reaction. In order to circumvent this problem, living radical polymerization 

schemes such as nitroxide mediated polymerization [244], atom transfer radical 

polymerization (ATRP) [65, 245, 246], reverse ATRP [247, 248] or reversible addition-

fragmentation chain transfer (RAFT) [78, 79] have been used resulting in a significantly 

lower polydispersity. 

 

Grafting polymer brushes onto polymers 

 

To bind initiators to the surface of a polymer, pretreatment is usually necessary. This may 

include rather reactive conditions since many polymers – and in particular most 

fluoropolymers – are chemically inert. Usually the surface is oxidized chemically or in radio 

frequency plasma to obtain surface hydroxides, oxides and carboxylic acid functionalities, 

which can be further derivatized and used to bind initiators [79, 243, 248, 249]. Treatment of 

fluoropolymers in argon or oxygen plasma followed by exposure to air leads to formation of 

peroxides and hydroperoxides at the surface. These can directly be used as initiators for 

thermally or UV-induced graft polymerizations [78, 249, 250]. 

 

“Radiation grafting” involves the direct creation of radical species in the polymer by cracking 

chemical bonds in the polymer by high energy photons or particle beams. The graft 

polymerization is either carried out simultaneously with the exposure or in a subsequent step.  

This method has been used for many years to obtain bulk-grafted materials, e.g. for the 

production of ion-conducting membranes for fuel cell applications [144]. To apply this 

method to grafting of brushes the graft polymerization has to be limited to the surface of the 

polymer which can be achieved in two ways.  

 

- The polymerization reaction itself is limited to the surface if the grafting times are 

short, since polymerization starts at the surface of the exposed base polymer. If the 

monomer is insoluble in the base polymer, surface grafting is further favored. 

 

- The creation of radicals is limited to the surface if photons or particles are efficiently 

absorbed in the top few nanometers of the polymer. 

 

The 92.5 eV photons used in our interference beamline match the energy criteria perfectly to 

produce radical initiators in a high density near the surface of the base polymer. 
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Patterned brushes 

 

The usual way to obtain patterned brushes is to limit the polymer growth to predefined areas 

on a substrate, for which many different sorts of micro- and nanopatterning methods can be 

used [239]. Photolithography combined with lift-off or etching techniques results in a 

chemical contrast between exposed and non-exposed areas. This contrast is then chemically 

transferred into patterns of polymerization initiators [240]. Alternatively, deposited initiator 

layers can be locally activated or deactivated by exposures with a focused electron beam [93, 

251, 252]. Deposition of polymerization initiators by microcontact printing was employed to 

directly deposit patterns of initiators on surfaces [86, 89, 253]. 

 

To anchor locally deposited of initiators on polymers, chemical pre-treatments of the inert 

polymer surface is necessary, e.g. by oxygen plasma as outlined above [89]. This leads to a 

relatively complicated process sequences. 

 

In our process the patterns of radicals are directly written with EUV beams into the base 

polymer. Pretreatments or intermediate steps to convert a photoresist structure into a starter 

layer are therefore not necessary. 

 

Biofunctional brushes 

 

The discrimination between specific and non-specific binding on surfaces is a key issue in 

most biotechnological applications. Poly (ethylene-glycol) (PEG) is successfully used for 

years to suppress the non-specific protein binding, e.g. in bioanalytical systems. In most 

applications PEG is applied as a thin film with random orientation of the chains. PEG brushes 

provide a more ordered arrangement on the surface. They are usually formed by grafting-to 

processes, since PEG itself cannot be synthesized by radical polymerization. An interesting 

approach is to employ block-copolymers of poly-L-lysine (PLL) and PEG, of which the PLL 

blocks are strongly bound to selected oxides, and the PEG blocks form the protein-resistant 

brushes [190]. By combination with patterning techniques and binding of bio-functional 

molecules such as RGD-residues as end-groups to the PEG chains, this self-assembly process 

was used to form biofunctional patterns within the protein-resistant PEG-brush. 

 

Grafting-from methods were used to produce brushes of oligo-ethyleneglycol-methacrylates. 

The resulting branched brushes showed protein resistance similar to PEG-brushes [253]. This 

technique was also combined with patterning methods as outlined above to obtain structured 

biofunctional surfaces.  
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Figure 6.6: Examples of pGMA functionalization: a) hydrolysis, b) and c) reaction to poly-

electrolytes, d) and e) reaction with amines. H2N-Bio = biotin-amino-pentylamine. 

 

In contrast to the hydrophilic PEG layers which are protein resistant, strong binding of 

charged proteins is observed on polyelectrolytes and polyelectrolyte brushes, which consist of 

polymers carrying ionic groups. The extent of binding is dependent on the sign of charge of 

the protein and of the polyelectrolyte as well as on the ionic strength of the solution [254, 

255]. Using oppositely charged poly-cations and poly-anions multilayerd systems can be 

generated in which biofunctional molecules can be incorporated. End-capping of such 

structures with PLL-PEG copolymers was used to suppress non-specific protein binding 

[256]. Thickness gradients in brushes of poly (2-hydroxyethly-methacrylate) (poly-HEMA) 

produced via ATRP were used to fine-tune the absorption of fibronectin, which in turn had a 

strong influence on cell adhesion and growth [257]. 

 

Since bio-active molecules are rather delicate and may inhibit polymerization reactions, it is 

often advantageous to covalently bind them to polymer chains after the polymerization step. 

PGMA is a particularly interesting polymer for such purposes since it carries an epoxide 

group in every monomer unit. Nucleophiles binding to the epoxides allow a versatile 

derivatization of pGMA brushes in order to obtain brushes that bind proteins based on ion 

exchange, hydrophilic or affinity interactions [241, 258, 259]. Such systems have been widely 

explored for chromatography applications. Oriented immobilization of proteins bearing His-

Tags was achieved via nickel-iminodiacetic acid complexes coupled to pGMA [260]. 

Furthermore, proteins and peptides can also be bound directly to pGMA, e.g. via lysine 

residues. Epoxides left after the biofunctionalization can be hydrolysed to diols resulting in 
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lower non-specific binding of proteins. This resistance to non-specific binding can further be 

increased by replacing the pure pGMA by a co-polymer of GMA and HEMA [261].  

 

The versatility of GMA-functionalizations was the main reason of using this monomer also in 

this study to grow brushes followed by derivatizations as summarized in Fig. 6.6. This 

strategy has the advantage that the polymerization has to be optimized only for one monomer, 

while maintaining the ability to obtain a variety of different functionalities. 

 

6.2.3 Experimental 

 

Poly(ethylene-co-tetrafluoroethylene) (ETFE) substrates: extruded Nowoflon ET-6235 films 

with thicknesses of 100 µm were purchased from Nowofol GmbH, Siegsdorf, Germany. To 

obtain flat surfaces, pieces of ETFE film were placed between two polished 4’’ silicon wafers. 

This sandwich was hot-pressed for 5 min at 230 ºC under a pressure of 200 N/cm
2
. The 

procedure results in 5-10% reduction of film thickness, and a drastic reduction in surface 

roughness. No evidence of thermal degradation of the polymer was observed after this 

treatment [1]. 

 

EUV exposures were done in vacuum (< 10
-5

 mbar) at the "X-ray Interference Lithography" 

beamline of the Swiss Light Source. The beamline uses undulator light with a central 

wavelength of 13.4 nm (92.5 eV) and ~4% spectral bandwidth. The incident EUV power on 

the sample was several mW/cm
2
 and the delivered dose was controlled in the range of 1-100 

mJ/cm
2
 using a fast beam shutter. Sample irradiation by means of EUV interference 

lithography was carried out according to the methods described in our earlier publication [98]. 

Silicon nitride masks with gratings of various periods were used to create interference 

patterns with periods in the range of 100 to 1000 nm. The irradiated samples were stored in 

air in a deep freezer (-80 °C) until further processing. 

 

Argon plasma treatments of ETFE films to create radicals on large areas were done in a 

reactive ion etching system (Oxford Plasmalab 100) at an Ar pressure of 50 mTorr and a 

plasma power of 33 W. After 30 seconds of plasma treatment the samples were either stored 

at 80 °C, or further processed after 30min exposure to the ambient.  

Sample grafting was carried out under inert atmosphere in glass reactor tubes placed in an oil 

bath preheated to 70 °C reaction temperature. The oxygen-free monomer solution contained 

30-40% (v/v) of freshly vacuum distilled glycidyl-methacrylate (Fluka, p.a.) in methyl-ethyl 

ketone (MEK). After 45 minutes reaction time, the grafted samples were thoroughly washed 

with acetone and dried in a stream of nitrogen.  

 

Functionalization of pGMA brushes was done according to the reactions in Fig 6.6 using the 

following reaction conditions. a) Hydrolysis: 2h in 1M NaOH at 70 °C. b) Reaction to 

phosphate: 2h at 70 °C in 50% (v/v) H3PO4 in H2O. c) Sulfonation (according to [258]): 48h 
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at 70 °C in a 2:7:3 mixture (weight ratio) of NaHSO3, H2O and DMF. d) Biotinylation: over 

night incubation with 50 mM 5-(biotin-amido)-pentylamine (Pierce) in 50 mM phosphate 

buffer, pH 7.4. e) Reaction with dodecylamine: 2h at 60 °C in 50 mM dodeclyamine in 

toluene. 

 

Sample characterization: Atomic Force Microscopy (AFM) measurements were done in the 

tapping mode using a Digital Instrument Nanoscope III/Dimension 3100. Advancing water 

contact angle measurements were performed on a G2 goniometer system from Krüss GmbH. 

 

Poly-allylamine deposition: 10 mg poly-(allylamine hydrochloride) (Aldrich, MW ca. 70’000) 

was dissolved in 5 mL TRIS/HCl buffer (100 mM, pH 8.0). 2.5 mg fluorescein-5(6)-

carboxyamidocaproic acid N-hydroxysuccinimide ester (Aldrich) were dissolved in 250 µL 

methanol and added in 50 µL aliquots in 5 minute intervals. After 2 h incubation the solution 

was dialyzed over night against 100 mM acetate buffer (pH 4.8).The coupling ratio as 

determined by UV/vis spectroscopy was about 2 fluorescein moieties per polymer chain. 

Sulfonated pGMA brushes were incubated for 20 minutes with the dialyzed solution, then 

washed extensively with water and analyzed using fluorescent microscopy. 

 

Streptavidin assay: Biotinylated brush structures were incubated for 1h with 50 mM 

phosphate buffer, pH 7.4 containing 100µg/mL 568-alexa-fluor labeled streptavidin 

(Molecular Probes), 0.5% (v/v) Tween 20 (Fluka), and biotin (Merck) in concentrations of 0, 

0.005, 0.05, 0.5, 5, and 50 µg/mL. The samples were then washed with phosphate buffer and 

characterized using a fluorescent microscope equipped with a digital camera. 

 

6.2.4 Results and Discussion 

 

Grafting of PGMA onto ETFE supports 

 

The rate of radical polymerization depends on a series of parameters including temperature, 

monomer and initiator concentration, additives such as chain transfer agents and solubility of 

the monomer and the polymer in the used solvent.  

In this work we concentrated on free radical polymerization as the simplest way of obtaining 

grafted structures. This means that the grafting is controlled mainly by the reactivity and 

concentration of the monomer, reaction time and temperature, and the available 

polymerization-initiators, i.e. the surface hydroperoxide species cleaved to radicals upon 

heating.  

The dependence of height of grafted pGMA on exposure dose was determined with AFM 

measurements in the dry state (Fig. 6.7). We used methyl-ethyl-ketone as the solvent for graft 

polymerization in which the pGMA is readily soluble. This eliminates the risk of precipitation 

of the grafted polymer which can limit the growth of the brush leading to a more complex 

dose-dependence [198].  
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Figure 6.7: Height of grafted pGMA brushes depending on the applied EUV dose. 

 

In the low dose range, the grafting height rapidly increases with dose, because the number of 

grafted chains increases with the number of radicals at the surface. This increase levels out at 

higher doses, probably because the density of radicals is no longer proportional to the dose 

due to recombination of radicals. Furthermore depletion of the monomer solution may in this 

range lead to a slower chain growth. At still higher dose the thickness of the grafted brush 

decreases again, probably caused by the cracking of the polymer chains into short pieces 

which dissolve in the grafting solution, leading to a decrease rather than an increase in 

initiators available for the grafting. This interpretation supported by the observation of 

increased surface roughness of ungrafted ETFE samples exposed with such high EUV dose, 

also assigned to polymer cracking. 

We used the low dose-range (up to 10 mJ/cm
2
) for formation of nanostructures and the 

intermediate range (up to 40 mJ/cm
2
) to graft 3-dimensional surface relief structures.  

 

Formation of Nanostructures 

 

We exposed polymer samples at the “Swiss Light Source” synchrotron radiation facility with 

extreme ultraviolet light (EUV, λ=13.4 nm, E=92.5 eV). In some of the exposures we used 

shadow masks to define patterns with micrometer-scale resolution. For the definition of 

higher resolution structures, we used EUV interference at the same facility to create periodic 

1D (e.g. lines and spaces) or 2D (e.g. arrays of dots) patterns. The EUV interference 

technique has been demonstrated to produce extremely high-resolution structures in 

photoresist films with periods below 50 nm [98].  

In this work the EUV exposures were used to write the patterns of radicals directly into the 

base polymer ETFE. Fig. 6.8 shows an example of a periodic nanopattern obtained by 

exposure with four interfering beams and grafting with GMA. The 280 nm period patterns are 

nicely resolved over the whole area. However, it appears that there was some surface 

roughness superimposed to the periodic structure which exceeds the roughness of the flat-
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pressed base material [1]. This roughness becomes more dominating as the grafted structures 

get smaller. We assume that inhomogeneities in the semi-crystalline base polymer are 

responsible for local differences in radical formation and stability. This limitation should be 

avoidable with completely amorphous polymers, preferentially in the form of spin-coated 

films of well-controlled thickness. 

 

 
 

Figure 6.8: Large area nanopattern of pGMA brushes grafted in MEK. The structure 

definition was obtained with 4 interfering EUV beams. The line indicates the position of the 

cross-section. 

 

A further limitation of the process is the high rate of the polymerization reaction leading to a 

length of the individual polymer chains in the micrometer range and a wide size distribution. 

Therefore, we are currently investigating living radical polymerizations to slow down the 

polymerization reaction, in order to reach a higher number of growing chains per surface area 

and a lower polydispersity of the grafted material. According to our first experiments 50 nm 

structures appear to be feasible with living polymerization schemes.  

 

PGMA brush functionalization 

 

A summary of the different functionalizations used in this work is given in Fig. 6.6. Contact 

angle measurements can give a first indication on the success of the reactions. For this 

purpose we prepared larger areas of grafted brushes using ETFE activation in argon plasma. 

Measured advancing water contact angles are given in Table 6.1. 
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Table 6.1: Advancing water contact angles measured on ETFE with grafted and 

functionalised pGMA brushes 

 

 

Sample Contact angle (
o
) 

ETFE  106 ± 3 

ETFE-pGMA  91 ± 3 

ETFE-pGMA-dodecylamine   100 ± 5 

ETFE-pGMA; hydrolysed (NaOH)  71 ± 5 

ETFE-pGMA-phospate  10 ± 5  

ETFE-pGMA-sulfate  < 10 

 

 

Fluoropolymers are well known for low surface energy resulting in water contact angles 

higher than 90º. The surface energy of the pGMA brush is slightly higher as seen from the 

lower contact angle. Derivatization with a long chain amino-alkane reduced the surface 

energy to values similar to the pristine ETFE. Hydrolysis of the epoxide with NaOH resulted 

in more hydrophilic surfaces. The most drastic decrease in contact angle, however, was 

observed when the brushes were turned into poly-electrolytes by binding strong ionic groups 

such as phosphates and sulfonates.  

 

Polyelectrolyte brushes 

 

Sulfonation of the GMA brushes turns them into strong polyelectrolyte brushes. According to 

the literature [258] this process is slow, since the ionic reagents are only slowly diffusing into 

the weakly polar GMA brush. Reflection IR measurements on our samples confirmed that a 

48h reaction time was necessary to completely sulfonate the epoxide. Since conditions of this 

sulfonation reaction are quite harsh, it was interesting to see its effect on the integrity of the 

brush structures. Indeed very little difference was observed between samples before and after 

sulfonation: nanostructures remained well resolved (Fig. 6.9 (a) and (b)) demonstrating the 

stable anchoring of the brush on the surface. 

 

The observed slight swelling of the structures is consistent with the increased molecular 

weight and the increased water uptake of ionic polymers. As outlined above, polyelectrolyte 

brushes show strong interaction with charged proteins. We used poly-allylamine as a model to 

test the adsorption on sulfonated pGMA. In order to detect the adsorption, the poly-allylamine 

was first labeled with fluorescein. In a fluorescent micrograph (Fig. 6.9c) of a microstructure, 

the distribution of the fluorescent dye indicated the selective adsorption onto the sulfonated 

brush. Further studies to assemble polyelectrolyte multilayers on polyelectrolyte brushes in 

which biofunctional molecules could be incorporated are currently in progress. 
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Figure 6.9: AFM images of grafted pGMA nanostructures (a) before and (b) after 

sulfonation. (c) Fluorescent micrograph of a sulfonated microstructure after adsorption of a 

fluorescently labeled poly-allylamine. 

 

Biotin-Streptavidin Assay 

 

Due to the robustness of streptavidin, its low non-specific adsorption and its high binding 

constant to biotin the streptavidin-biotin system is a popular test-system for biofunctional 

structures. But it exceeds the importance of a simple test-system because streptavidin can be 

employed as universal anchor molecule for biotin-labeled compounds. 
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Figure 6.10: Fluorescence micrographs of grafted and biotinylated microstructures after 

incubation with fluorescently labeled streptavidin and increasing concentrations of biotin in a 

competitive assay. Biotin concentrations from a-d: 0, 0.005, 0.05, 0.5, 5 and 50µg/ml. 

 

For our biotin was first coupled to the epoxides of microstructured pGMA brushes via a linker 

with an amino end-group. After binding fluorescently labeled streptavidin, the microstructures 

became clearly visible in the fluorescent microscope (Fig 6.10). To demonstrate the 

specificity of the streptavidin binding we used a competitive assay with free biotin added to 

the streptavidin solution before incubation of the biotin-functionalised brushes. At increasing 

biotin concentration streptavidin binding was increasingly suppressed. The biggest decrease 

in fluorescence intensity was found between samples (c) and (d), i.e. in the range of about 

equimolar concentration of biotin and streptavidin.  

 

In the next steps the dependence of the sensitivity of such assays on the height of the grafted 

structures shall be investigated. It is expected that high signal to noise ratios could be obtained 

in relatively short incubation times, due to the high number of binding sites per surface area 

available in brush layers and their good accessibility in the flexible brush structure. 

Furthermore, substrates with patterned areas of grafted brushes could be used as templates for 

fabrication of analytical devices, such as protein or DNA chips. For example, each site on a 

patterned brush sample like the one show in Fig. 6.9 can be used to bind different chemicals, 

through a process like inkjet deposition or light-directed chemistry [262]. In this approach the 

template would provide additional degree of control over the site where the desired chemical 

modification is achieved. 
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3D-Structuring 

 

In biological applications micro-structuring is often needed to create three-dimensional 

structures, such as the channels of a microfluidic device or the cavities of a micro-reactor. 

Moreover, one often needs to integrate patterned functional areas into these 3D devices. Such 

systems are currently in the stage of transfer from basic research to routine analytical use. The 

grafting technology offers two approaches to obtain such integrated systems with potential 

advantages. First, micro/nanopatterned brushes can be directly grafted into certain areas (i.e. 

channels) of an already structured device. Secondly, the high dynamic range of structure 

height achievable by grafting can be used to fabricate relief structures with the ability to 

control height and slope, i.e. channels and cavities. 

 

a) Grafting on pre-structured substrates. 

 

There are well developed techniques such as injection molding and various forms of imprint 

lithography to fabricate microfluidic structures [263]. However the achievement of bio-

functionality inside such devices is a challenging task. Soft-lithography techniques are not 

easily applicable due to the large topography present in these devices. Coating and structuring 

with photoresist films is also complicated due to the same reason. We propose radiation 

grafting to overcome these problems and to provide a versatile route to functionalization. 

EUV (or UV) exposures and subsequent grafting could therefore be done specifically inside 

several micrometer deep cavities, e.g. formed by micromolding techniques. The formation of 

interference patterns is insensitive to topography but if projection systems are used to expose 

the pattern, one needs to be careful about depth of field limitations. Another issue that needs 

to be considered in this approach is the suitability of the base polymer for the creation of 

initiators through exposure. 

 

b) Grafting of surface relief structures. 

 

The grafting of surface relief structures based on grey-tone exposures has recently been 

described in detail [198]. We take advantage of the large dynamic range of the grafting 

process which is seen in the height versus dose plot in Fig. 6.7. This plot shows the ability to 

achieve structure heights from a few tens up to several hundreds of nanometers in one 

grafting step by variation of the exposure dose.  
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Figure 6.11: AFM image of grafted nanostructures (500 nm period) integrated in a 

simultaneously grafted micro-cavity. The width of the channel is 50 µm, the height of the 

sidewalls 0.5µm. 

 

To demonstrate the feasibility of nanostructures embedded into micro-channels we combined 

EUV interference exposure to define the nanostructures with uniform exposures to define the 

microcavities. In this experiment the areas adjacent to a micro-channel was exposed 

uniformly with EUV light while the channel itself was illuminated with an interference 

pattern. In the uniform exposure the intensity was about a factor of 10 higher than that of the 

interference pattern. The resulting grafted structure reflects these intensity relations in an 

impressive way (Fig. 6.11). While 25 nm high nanostructures were grafted in the interference 

region, the surrounding side-walls reached half a micrometer in thickness, i.e. high enough to 

define channels in a microfluidic system.  

 

6.2.5 Conclusion and outlook 

 

Grafting of polymer brushes onto polymer substrates is a promising route to obtain bio-

functional nanostructured materials. Formation of pGMA brushes on ETFE substrates with 

nanoscale resolution has been achieved using EUV interference exposures and free radical 

polymerization. In on-going experiments we obtained promising results indicating the 

structure definition could be significantly improved by using different living radical 

polymerization schemes. The covalent anchoring provides the basis for chemical modification 

and bio-functionalization of the grafted chains as demonstrated in the presented examples. 

Compared to end-functionalized polymers a higher density of binding sites per surface area 

can be achieved. Due to the flexibility of the brush, also the binding sites immobilized within 

the brush are relatively easy to access. Nanostructuring increases this accessibility in a 

controlled way and is potentially useful to fabricate test surfaces for cell growth studies. The 

high number of active sites per surface area obtainable inside a brush as well as the possibility 

of integrating nano-structures into micro-systems may be beneficial for future bio-analytical 

systems. Recently, smart surfaces reacting to environmental influences based on polymer 

brushes have been demonstrated [239, 264-266]. Triggering such smart reactions by 

biorecognition events could provide the basis for new bioresponsive surfaces and biosensors 

with inherent signal amplification. 
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7. Bulk grafting: PEFC membranes 

 

7.1 Microstructured proton conducting membrane by synchrotron 

induced grafting 

 

7.1.1 Abstract 

 

Selective exposures of poly(ethylene-alt-tetrafluoroethylene) (ETFE) films with hard x-rays 

through high aspect ratio Ni-masks were performed at the LIGA3 beamline of the “Angström 

Quelle Karlsruhe” (ANKA) to create patterns of radicals used as initiators for the grafting of 

styrene into the bulk of the ETFE films. Grafted films were then sulfonated to obtain proton 

conducting membranes. The structure definition, as investigated by scanning electron 

microscopy (SEM), showed a perfect discrimination between exposed and shaded areas 

through all the film thickness. Structuring results in a more homogeneous appearance of the 

membrane without affecting the degree of grafting and proton conductivity in the grafted 

areas. In fuel cell tests the structured membranes showed slightly lower performance due to 

10 % lower active area, but had a significantly higher lifetime.  

  

7.1.2 Introduction 

 

Exposure of polymeric material to ionizing radiation, such as x-ray, γ-ray or electrons is a 

versatile method to tailor their physical and chemical properties. [267] Depending on the 

radiation energy, on the applied dose, and on the polymeric material, the latter can be cross-

linked, degraded or chemically modified via grafting processes. Chain scission and cross-

linking processes change properties of polymer materials without changing their overall 

composition and are widely used in the industry for applications, such as wire insulations 

[268], heat shrink products [269], sterilization treatments [270], and for enhancing the 

processing characteristics of polymers [271]. In contrast, the chemical modification process 

via a grafting reaction allows introducing special characteristics of one polymer into another 

[38]. Upon exposure with high energy ionizing radiation, radicals are created in the bulk of a 

polymer material and are transformed into stable radicals when in contact with oxygen of the 

ambient air. Those radical are then used as radical initiators for the grafting of a second 

polymer, to create for example ion-exchange membranes [272]. 

 

 

* 
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Radiation grafted membranes are considered to be low-cost alternatives for Nafion
®
 

membranes that are commonly used in fuel cells [100, 136, 144, 273-275]. However, during 

the grafting process the mechanical stability of the base polymer deteriorates, limiting the use 

of these membranes. Using lithographic x-ray exposures to limit the grafting to defined areas 

in the fluoropolymer base film while leaving other parts of the film intact can offer a solution 

to this problem [276]. With this approach, the grafted areas can provide the required ionic 

conductivity while the remaining areas maintain the mechanical stability.  

 

In deep x-ray lithography, high energy synchrotron radiation is used to create high aspect 

ratio polymer structures with extremely sharp, smooth and vertical sidewalls [162]. Exposure 

of thick spin-coated polymer films though a metal absorption mask is used to crack the 

polymer in the exposed areas into soluble pieces removable by a solvent (developer). The so-

called LIGA process [164, 165] combines a deep x-ray lithographic irradiation with galvanic 

filling of the structures and subsequent replication steps and is used to manufacture micro- 

and micro-opto-electromechanical systems (MEMS and MOEMS) or micro-fluidic systems 

[166].  

 

The LIGA process requires long exposure times, i.e. in the range of minutes to hours to reveal 

a pattern by cracking a polymer film into soluble pieces.  In contrast exposure of a polymer 

film in the range of a few seconds by such high flux x-ray sources is expected to be sufficient 

to create patterns via graft-polymerization, since every radical formed inside the film can lead 

to the formation of a polymer chain. 

 

To our knowledge, this work is the first report on the combination of high energy synchrotron 

lithographic exposures of polymer films with subsequent bulk grafting reactions. The work 

addresses the question whether high aspect ratio structures grafted inside polymer foils could 

be obtained with accuracy similar to established deep x-ray lithographic processes. 

Furthermore, we investigated the effect of the structuring on the achievable degree of grafting, 

the proton conductivity, the mechanical properties, and on the membrane performance in 

single H2/O2 cell tests. 
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7.1.3 Experimental 

 

Materials 

 

Extruded 25µm and 100µm thick films of poly(ethylene-alt-tetrafluoroethylene) (ETFE, 

Nowoflon ET-6235 Nowofol GmbH, Siegsdorf, Germany) were washed in isopropanol and in 

acetone.  

Styrene (Fluka), divinyl-benzene (Fluka), isopropanol (Fischer), toluene (Fischer), acetone 

(Fischer), caesium chloride (Fluka), dichloromethane (Fischer) and chlorosulfonic acid 

(Fluka) were used as received. Pure water with a resistance of 18.1 MΩ/cm was utilized.  

 

Fabrication of high aspect-ratio Nickel masks 

 

High aspect ratio Nickel grid micro-structures were fabricated by a lithographic procedure 

(Fig. 7.1). A 100µm thick SU8 resist layer was spin-coated on a silicon wafer on which a 

100nm thick titanium layer was evaporated. The resist layer was then exposed using UV light 

(λ = 365 nm) through a quartz mask with chromium grid structures. After development of the 

exposed SU8 resist, Nickel was electroplated in the SU8 mould. The Ni-SU8 membrane was 

then separated from the wafer by sonication in acetone, which resulted in a 150µm periodic 

grid Nickel structures with 15µm wide and 85µm high features embedded in a 100µm thick 

SU8 layer. 

 

Exposure 

 

ETFE films were exposed at the LIGA3 beamline of the “Angströmquelle Karlsruhe” 

(ANKA) through the high aspect ratio nickel shadow masks (Fig. 7.1) with hard x-ray 

photons produced by a bending magnet. The incident radiation was first filtered through 225 

µm of Beryllium, 83 µm of Aluminium and 696 µm of Carbon foils in order stop most of the 

low energy photons (< 8 keV) of the beam (Fig. 7.2).  
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Figure 7.1: Production process scheme of the nickel shadow masks 

 

 

The Ni-grid was packed between two 25µm thick Kapton foils, to trap secondary electrons 

produced during the exposure. Either six pieces of 25 µm or two pieces of 100µm thick 

ETFE, with dimension of 6x6cm
2
, were placed as close as possible to the Nickel grid to avoid 

blurring of the shadow image. The films were placed such that their machining direction was 

parallel to the grid structure. The same number of films was also placed in front of the mask 

to get uniformly exposed areas. This stack (membranes-Ni-grid-membranes) was then fixed 

onto the scanning stage. The exposure chamber was closed, pumped down and filled with 

100mbar of Helium. The stack was scanned several times through the x-ray beam to obtain 

defined exposure doses in the range of 0.7-4.5 kGray. After the exposure the films were 

cooled with dry ice to prevent the deactivation of the radicals and stored in a deep freezer 

(−80 °C) until further processing. 

 

Grafting reactions 

 

The irradiated ETFE films were grafted using a solution of styrene (19%vol) as a monomer 

and divinyl benzene as a crosslinker (1%vol) in an isopropanol (70%vol) and water (10%vol) 

mixture. The grafting reactions were performed under inert atmosphere at 60 °C. Grafting 

times were 1h45min, 2h15min and 2h45min for the 25µm films and 16h for 100µm films. 

The films were thoroughly washed with toluene after the grafting reaction to dissolve excess 

monomer and formed homopolymer. 
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Sulfonation 

 

The grafted polystyrene was sulfonated for 5 hours at room temperature using 2% (v/v) 

chlorosulfonic acid in dichloromethane, which is typically leading to sulfonation of more than 

95% of the grafted styrene rings [274]. The formed chlorosulfonate groups were next 

hydrolyzed and ion-exchanged using sodium hydroxide (0.5M). The resulting sulfonate 

groups were then treated in a sulfuric acid (2M) solution to obtain the acid form of the 

membrane, and finally the membrane was swollen in deionised water for 2 h at 80 °C to yield 

a water-swollen proton-conducting membrane. 

 

Characterization 

 

The conductivity through the thickness of the membranes was recorded at room temperature 

by impedance spectroscopy using a Zahner IM6/IM6e equipment, following a previously 

published procedure[10]. 

 

Tensile-stress measurements were performed with a Universal Testing Machine (Zwick Roell 

Z005) with a maximum test load of 5kN. Pieces of membranes with a length of 60mm and 

width of 10mm were clamped in the fully wet state between two pressured metal clamps and 

were elongated parallel to the machining direction of the original ETFE film with a constant 

speed of 100mm/min.  

 

Scanning electron microscopy was done in a field-emission microscope (Zeiss SUPRA 

55VP). Prior to analysis, samples were immersed in a saturated caesium chloride solution and 

vacuum dried to increase the contrast between the grafted part and the base polymer film. 

 

Fourier transform infrared spectroscopy (FTIR) measurements of the grafted films were 

performed with a Perkin Elmer FTIR System 2000 spectrometer with a spot size of 1 mm
2
. 

The curve fitting was performed using GRAMS/386 software (version 3.02) from Galactic 

Industries. 

 

Fuel cell tests 

 

Fuel cell characterization was carried out in 30cm
2
 single cells using ELAT


 electrodes (type 

LT140EWSI, E-TEK / BASF Fuel Cell, Inc.) with a Pt loading of 0.5 mg/cm
2
 as anode and 

cathode. The membranes were hot-pressed between the two electrodes (110°C / 5MPa / 180s) 

to form the membrane electrode assemblies (MEA). MEAs were assembled into single cells 

comprising a serpentine flow field machined into graphite plates. The cells were operated at 

80 °C and at ambient pressure using pure H2 and O2 in the counter-flow mode at a 

stoichiometry of 1.5 for each reactant with a minimum flow of 60 (H2) and 30 (O2) ml/min. 

Both, H2 and O2 feed streams were humidified using bubblers. The tests were carried out until 
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failure of the MEA occurred. Performance of the cells was determined in 160 hours intervals 

via polarization curves and ac impedance spectra recorded at a current density of 0.5 A/cm
2
 

[277]. The ohmic resistance of the MEA was also determined using a fast auxiliary current 

pulse method [278], yielding values similar to those obtained via ac impedance.  

 

Post mortem analysis was performed by FTIR to determine the extent of chemical 

degradation of the membranes by comparing the difference in the aromatic plane deformation 

peak area (1494 cm
-1

) of aromatic compounds at the end of test with the initial value at the 

beginning stage.  

 

7.1.4 Results and Discussion 

 

Exposures 

 

The light spectrum of the LIGA3 bending magnet is continuous (Fig. 7.2, curve a) and covers 

an energy range up to 30keV. A 100µm thick ETFE foil placed in the beam would absorb a 

significant part of the overall delivered energy (Fig. 7.2, curve b). At photon energies below 

about 8 keV, the attenuation length of the photons is shorter than the film thickness, which 

would lead to concentration gradients of radicals in the ETFE foils upon irradiation. 

Therefore, the low energy part was filtered out of the spectrum using aluminium, carbon, and 

beryllium filters.  
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Figure 7.2: Emitted energy spectrum from the bending magnet (a, ─) and absorbed energy by 

a 100 µm ETFE foil (b, ---). Filtered beam (c, ····) and absorbed energy by a 100 µm ETFE 

foil placed after the filters (d, filled curve, ─).  
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The remaining high energy photons (Fig. 7.2, curve c) have a high transmission in polymeric 

materials and allow the formation of a homogenous distribution of radicals all through the 

ETFE films. As a consequence, only a small fraction of the overall radiation energy is used to 

create the radicals (Fig. 7.2, curve d). Nevertheless only very short exposure times, i.e. in the 

second range, are needed to create enough radicals in the ETFE foils for the subsequent 

grafting reaction. 

 

For structure definition, high aspect ratio Nickel-grid structures were used as shadow masks, 

which absorbed nearly 100% of the incident radiation (Fig. 7.3). Upon irradiation, radicals 

were formed selectively in the regions that were not shaded by the Nickel mask. Samples 

were then immersed in styrene/DVB mixtures and heated to induce polymer growth in the 

exposed areas of the films. 

 

Figure 7.3: Experimental exposure setup. 

 

Dose – degree of grafting dependence 

 

We first investigated the effect of the exposure dose on the degree of grafting for both 

structured and un-structured irradiated 25µm thick films. A dose range of 0.5-4 kGray was 

selected based on previous studies performed with electron-beam pre-irradiated 

fluoropolymer foils [279]. The degree of grafting (DG) was determined by weighing 

irradiated films before (M0) and after (M1) the graft polymerization reaction. The DG 

expresses the amount of polystyrene incorporated in the ETFE films according to: 

 

   Error! Objects cannot be created from editing field codes. 
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The DG increases with the absorbed dose and with the grafting time (Fig. 7.4a). The linear 

increase of the DG with the dose is assigned to an increasing number of primary radicals 

(initiators) created allowing the formation of larger number of grafted polymer chains.  
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Figure 7.4: (a) Degree of grafting as a function of the absorbed dose; (b) water uptake and 

(c) proton conductivity as a function of the degree of grafting, measured for grafting times of, 

1h45min (■), 2h15min (▲), and 2h45min (•). Structured and unstructured membranes are 

represented by empty symbols and filled symbols, respectively. The values of the structured 

membranes were corrected by 10% representing the area which was shaded by the mask. 
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The increase of the DG with increasing grafting time is first due to an increase of the polymer 

chain length with the time and second to the formation of new polymer chains from the 

remaining peroxides. These two effects are less and less pronounced during the course of the 

reaction, because the termination reactions among growing chains decrease their number with 

increasing grafting time, and because the amount of peroxides left diminishes exponentially 

with time. 

 

The structured membranes appeared to be more homogeneously grafted than the un-structured 

ones, however no influence of the structuring on the local DG was observed: To allow direct 

comparison, the DG of the structured films was corrected by 10% representing the ratio of un-

exposed area. The DG values of structured and un-structured films are well in line indicating 

that grafting of structured films occurred exclusively in the exposed areas (Fig. 7.4a). 

 

Degree of grafting – conductivity 

 

Grafted films were sulfonated in a chlorosulfonic acid solution and hydrolyzed to obtain 

sulfonic acid groups attached to the styrene rings. The insertion of sulfonic acid groups 

transformed the hydrophobic polystyrene-grafted films into polyelectrolyte membranes. The 

membranes were swollen at 80ºC in water for two hours resulting in a water uptake of up to 

43% (wt) (Fig. 7.4b). We then investigated the influence of the DG on the proton 

conductivity. Stacks of membranes were always measured at room temperature and in the 

fully wet state in order to get comparable data. The proton conductivity increases linearly 

with the degree of grafting (Fig. 7.4c), due to increasing density of sulfonic acid groups 

present in the membrane facilitating the proton transport. For the chosen dose range, a 

minimum DG of ~20% is needed to get any proton conductivity. At lower DG the grafted and 

sulfonated polystyrene domains, formed from the front and the rear of the film most probably 

do not overlap, leaving a volume in the middle of the film which is neither grafted nor 

sulfonated and which blocks the proton transport [136, 280, 281]. Beyond this DG threshold 

the front and rear grafted domains overlap and an interconnecting proton conducting network 

is created all through the film thickness, allowing the protons to be transported through the 

membrane. Since similar proton conductivities were measured for structured and un-

structured membranes, it is assumed that structuring does not influence the sulfonation 

process.  

 

Resolution of micro-structures 

 

Structured membranes with a thickness of 100µm and with a DG of 50-60% were investigated 

by scanning electron microscopy (SEM). Protons of the sulfonic acid functions were 

exchanged with caesium ions in order to get an increased material contrast between grafted 

areas and areas which were shaded by the mask. In the SEM images the grafted parts are 

revealed in dark, whereas un-grafted areas appear bright (Fig. 7.5). A good discrimination 
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between exposed and shaded areas was observed for the structured membrane (Fig. 7.5a and 

b). The grid shape was preserved along the film thickness (Fig. 7.5a), confirming that grafting 

only occurred in the exposed areas of the film.  

 

A difference in thickness between the grafted and shaded areas of 2-10µm was measured on 

both sides of the structured membrane (Fig. 7.5a), which is due to swelling of the ETFE base 

material upon grafting and sulfonation. Hence, this difference is not directly observable for 

the un-structured membrane (Fig. 7.5c), measurements of the ETFE film thickness before and 

after the grafting reaction revealed very similar values. 

 

 

  

  

 

Figure 7.5: Cross-section (a, c) and top view (b, d) of 100 µm thick structured (a, b) and 

unstructured (c, d) membranes after immersion CsCl observed by scanning electron 

microscopy. 

 

The surface of the structured membranes appears very homogenous in the grafted areas (Fig. 

7.5b), whereas on the un-structured membranes, micro-cracks of 5-10µm in depth were 

formed all over their surface (Fig. 7.5d). We assume that the un-exposed grid structure of the 

structured membrane provides a lateral barrier to the expansion of the grafted parts during the 

grafting reaction and during the swelling/drying cycles. This is not the case for un-structured 

membranes that can expand laterally and in the orthogonal direction, causing the ripping of 

their weakest parts. 
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Mechanical tests 

 

Strips of structured and un-structured proton conducting membranes with degrees of grafting 

varying from 20% to 80% were strained with a constant load until breaking in order to 

determine their tensile strength and their elongation at break. The membranes were stretched 

in the fully wet state, which is characteristic during the fuel cell operation. Structured 

membranes were stretched parallel to their grid structure. We found a decrease of the maximal 

force at break (Fig. 7.6a) and the maximal elongation at break with increasing degree of 

grafting (Fig. 7.6b). The same trend was also observed for the Young’s modulus. The 

incorporation of more grafted chains and, as a consequence, more sulfonic acid groups in the 

membrane decreases tremendously the overall mechanical properties of the membranes. 

Structured membranes showed qualitatively more flexibility than their respective un-

structured ones; however no evidence of better strain properties were revealed by the 

measurements. 
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Figure 7.6: Maximal force at break (a) and maximum elongation at break (b) as a function of 

the degree of grafting reported for different grafting time, ■ 1h45, ▲ 2h15, • 2h45. 

Structured and unstructured membranes are represented by empty symbols and filled 

symbols, respectively. The degrees of grafting of structured membranes were corrected by 

10% representing the area which was shaded by the mask. 

 

SEM investigation of broken structured membranes showed a preference to break along the 

interface of grafted and ungrafted material. It appears that on the one hand the structuring 

increased the mechanical strength of the membrane, but on the other hand it created an 

interfacial tension due to the swelling of the grafted areas. Those two effects cancelled each 

other so that no benefit in strain properties could be measured.  

 

 

 

(a) (b) 
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The overall degree of grafting is therefore the key parameter that controls the strain properties 

of proton conducting membranes. Similar findings were reported earlier by Rager [152] for 

structured proton conducting membranes produced from FEP films by selective irradiation 

with electrons through a metal mesh. 

 

Fuel cell performance 

 

A structured and an un-structured membrane with a local degree of grafting of 35 % were 

mounted in single cells. The cells were operated at a cell temperature of 80°C until total 

failure of the MEA due to excessive gas crossover. The relatively high degree of grafting was 

chosen on purpose in this experiment to induce higher chemical and mechanical stress on the 

membrane and, as a consequence decrease the time needed for durability tests. Single cell 

performance after 24 hours and 320 hours of continuous operation are shown in Figure 7.7 for 

the structured and un-structured grafted membranes as well as for a Nafion 112 reference 

membrane. The un-structured grafted membrane showed a resistance slightly lower than the 

Nafion 112 membrane after 24 hours of operation, whereas the resistance of the structured 

membrane was substantially higher.  
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Figure 7.7: Single cell performance after 24 and 320 hours of a structured and an un-

structured membrane and a reference Nafion 112 membrane. Electrodes: E-TEK 0.6 mgPt 

cm
−2

, cell temperature: 80 °C, reactants: H2/O2 at a stoichiometry of 1.5/1.5, gas pressure 1 

bar, gases fully humidified. 
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The difference in cell resistance between structured and un-structured membranes is partly 

assigned to a difference of membrane resistance, since the un-modified ETFE features do not 

contribute to the proton transport. In addition the not completely planar structured surface 

may cause a higher contact resistance between the electrode and the membrane. Although the 

structured membrane showed 40% higher resistance than the un-structured one after 24 hours 

of operation, their performance differed only by ~10%, which is assigned to the shaded area 

fraction. Furthermore, gas permeation measurements of the MEAs after 24 hours showed 

values close to zero for both membranes (< 0.08 ml/min) indicating that the MEAs were 

hermetically sealed and that the membranes were gas-tight. 

 

After 320 hours of continuous operation the resistance and performance of the structured 

membrane remained un-changed, whereas the resistance of the un-structured one increased by 

~20% with a performance loss of 10%. Hydrogen gas permeation measurements showed that 

the structured membrane was almost impermeable to the H2 gas (0.24 ml/min) after 320 hours 

of operation whereas the un-structured membrane had a H2 gas cross-over of 16 ml/min. 

Therefore, the observed increase of the membrane resistance with increasing time was 

assigned to the chemical degradation of the membrane, whereas the difference in cell voltage 

is mainly due to the gas cross-over through the membrane. 

 

 

Durability and post-mortem analysis 

 

A tremendous loss in cell performance just before the total MEA failure occurred at 360 hours 

for the un-structured membrane and at 580 hours for the structured one. Optical pictures of 

both structured and un-structured membranes taken after the failure of the MEA (Figure 7.8a, 

b) showed a number of pinholes close to the oxygen inlet. The observed pinholes showed 

brownish edges indicating that exothermic reactions occurred and burned the polymer 

membrane. The black colour appearing on the membranes (Fig. 7.8) are remaining catalyst 

particles sticking to the membrane. 
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Figure 7.8: Optical picture (a, b) (contrast enhanced) and degradation contour plots of a 

structured membrane (a, c) and un-structured membrane (b, d) after failure of the MEA.  

 

Measurements of the aromatic plane deformation peak (1494 cm
-1

) by FTIR analysis in 

defined areas of the tested membranes compared to an initial value allowed the calculation of 

a relative degree of degradation (Fig. 7.8c, d) [146]. For both tested membranes >80% of the 

polystyrene was lost in their cathodic part (the oxygen inlet), whereas at the anode side much 

lower chemical degradation was measured (10-20%). The area of high degradation of the 

structured membrane was confined at the inlet of the oxygen gas, whereas a much wider 

degradation area was measured for the un-structured membrane (Fig. 7.8c, d). One reason for 

this effect could be that the un-grafted ETFE features inhibited the diffusion of oxidative 

chemical degradation species found in the grafted areas. 
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(c) (d) 
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7.1.5 Conclusions and outlook 

 

Lithographic exposure of fluoropolymers with hard x-rays produced by synchrotron facilities 

is a convenient way to create micro-structured ion-exchange membranes. Structured 

membranes were found to be more homogenously grafted and to have a higher flexibility than 

the un-structured ones, although micro-structuring does not improve the macroscopic strain 

properties of these membranes. Furthermore, it appears that structured membranes last longer 

in fuel cell tests. However the abrupt change in chemical composition at the interface between 

the ETFE features and grafted areas weaken these membranes. This might be avoided by 

using exposure through grey-tone masks to get a gradual change in the chemical composition 

at the interface and therefore decrease the interfacial mechanical stress.
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8. Conclusions and outlook 

 

In this PhD thesis, the grafting of polymer micro- and nanostructures onto/into selectively 

irradiated ETFE films with coherent synchrotron radiation was investigated. 

 

8.1 Surface grafting 

 

EUV radiation lithography is a powerful and practical method to write periodic patterns of 

radicals onto surfaces of fluoropolymers. The produced patterns of radicals or of radicals 

stabilized as peroxide moieties are then chemically amplified during the grafting process, and 

result in micro- and/or nanostructured polymer brushes. The close study of the dynamics of 

the grafting of glycidyl methacrylate nanostructures enabled us to find, understand and 

control the major parameters that influence the grafting reactions and the resolution of the 

nanostructures: 

 

- Absorbed dose. The height of the grafted layer increases regularly with the absorbed 

dose. Micrometer thick polymer brushes were grafted with relatively low dose (<10 

mJ/cm
2
) exposed samples, due to the high sensitivity of the process. The nanostructure 

resolution was found to be dependent on the photon statistics, since low doses were 

required to obtain high-resolution patterns.  

 

- Solvent viscosity. Fine-tuning the solvent viscosity of the polymerization solution 

enables to control the growth of the grafted polymer chains. A slight increase of the 

solvent viscosity increases tremendously the height of the grafted layer due to a 

diminution of the termination rates, while at higher viscosity a decline of the rates of 

initiation causes a decrease of the grafted thickness. The influence of the solvent 

viscosity occurred independent of the monomer unit and the solvent composition. 

 

- RAFT chain transfer agent concentration. Addition of RAFT chain transfer agent in 

very low concentration (< 15 mM) allows controlling the height of the grafted layer 

over the time. This improved the nanostructured resolution down to 50 nm periodic 

line features and allows the tailoring of block-copolymers. Polymer chains grafted via 

RAFT-mediated polymerization were though much shorter than the uncontrolled 

grown ones, but were much longer than the chains produced in solution. The long 

grown polymer chains limit the nanostructure resolution because of merging and 

bridging beyond the structure features. 

 

 

 



Chapter 8: Conclusions and outlook   

 108 

Since the resolution is limited by the size of the grown polymer chains, more effort should be 

put in the further reduction of the grafting reaction speed by:  

 

- Exploring different LRP techniques such as NMP or ATRP. 

 

- Grafting of other monomers with smaller propagation rate constants (kp), i.e: styrene 

or styrene derivatives. 

 

Another interesting alternative would be to increase the spacing between the lines to avoid the 

bridging. Although it would not directly increase the resolution, it would make possible to 

resolve smaller individual features. 

 

 

Modification of the epoxide moieties of the grafted PGMA was found to be a versatile 

method to tune the surface energy as well as to obtain functional sensing or storage surfaces. 

The benefits of the grafted micro/nanostructure are: 

 

- Study of stimuli-responsive systems. AFM phase contrast measurements showed high 

potential to trace the morphology changes of thermo responsive grafted hydrogels. 

 

- Easy access to chemical reactants. The synthesis of a nanostructured biofunctional 

brush demonstrated the selective binding of strepatvidin molecules to covalently 

attached biotin moities on a grafted brush. Biofunctional nanostructured polymer 

brushes are interesting substrates for cell growth studies.  

 

- Creation of surface relief structures. Grafted nanostructures embedded in grafted 

micro-channels showed features heights suitable for application in micro-fluidics and 

micro-optics. 

 

Only selected examples of applications of nanostructured polymer brushes were explored in 

this PhD thesis. More research work should be done to investigate the field of nanostructured 

functional polymer brushes, because of this unique opportunity offered by EUV radiation 

grafting to tailor 3 dimensional sensing or host surfaces onto flexible polymeric substrates.  
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8.2 Bulk grafting 

 

Lithographic exposure of fluoropolymers through high-aspect ratio metal masks with high-

energy X-rays produced by synchrotron sources followed by grafting is a novel technique to 

change selectively the chemical and mechanical bulk properties of polymeric films. The 

grafting occurs all through the films thickness and selectively in the exposed regions of the 

films. The relatively high expense of synchrotron exposures is compensated with the high 

production throughput of the micro-structured grafted films or membranes, since: 

 

- Relatively low dose is required. Since synchrotrons sources have a great brilliance, 

exposures in second range are needed to produce radicals all through the film 

thickness. 

 

- Relatively large area (up to 36 cm
2
) is irradiated. 

 

- Polymeric films have high transmission to hard x-rays. A stack of polymer films can 

therefore be irradiated in one single exposure.  

 

A close analysis of micro-structured proton conducting membranes produced by the exposure 

through a nickel shadow grid (15 µm features width, 90% opened area) followed by grafting 

of styrene and sulfonation of the grown polystyrene backbones showed that: 

 

- The grafting occurred only in the areas that were not shaded by the mask. A good 

discrimination between grafted and un-grafted parts was revealed with optical and 

scanning electron microscopy.  

 

- The surface quality of the micro-structured membranes was better than their respective 

un-structured ones, since the un-exposed parts provide a stabilization structure to 

avoid extensive swelling of the exposed areas during the grafting reaction and the 

swelling procedure. 

 

- The structuring did not influence the local proton conductivity of the membranes.  

 

- The mechanical properties of proton conducting membranes were only dependent on 

the overall degree of grafting, independent of the structuring. 

 

Micro-structured and un-structured proton conducting membranes showed very similar 

performance as explored in PEFC single cell tests. However, PEFCs operated with structured 

membranes lasted twice longer than those without structures and showed much lower 
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degradation. This was assigned to the confinement of the chemical degradation in finite areas 

delimited by the un-grafted stabilization features. 

 

Even though little evidence of better mechanical properties of the structured proton 

conducting membranes were shown, the mechanical properties of the grafted proton 

conducting membrane could be improved by: 

 

- Changing the geometries of the metal absorption masks, since the membrane showed 

a preferential breaking direction along the grid features. Exposure through honeycomb 

or random metal shadow masks as well as the use of grey-tone masks could be of great 

interest. 

 

- Increasing slightly the feature width of the shaded areas. This would decrease even 

more the proton conductivity, however a benefit could appear at a particular ratio 

between shaded and grafted parts.  

 

This novel synchrotron radiation based micro-structuring process is not restricted to the 

creation of micro-structured proton conducting membranes. Since this method allows the 

creation of large areas of arrays of grafted microstructures in polymer films, it could be of 

great interest for separation, filtration or sensing applications.  
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