


MULTIFUNCTIONAL, COMPLEX 

POLYMERS FOR FUNCTIONAL AND 

STIMULI-RESPONSIVE COATINGS 

Marco Cirelli 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

MULTIFUNCTIONAL, COMPLEX 

POLYMERS FOR FUNCTIONAL AND 

STIMULI-RESPONSIVE COATINGS 

 

 

 

 

DISSERTATION 

 

 

 
 

to obtain  

the degree of doctor at the University of Twente,  

on the authority of the rector magnificus, 

prof.dr. T. T. M. Palstra, 

on account of the decision of the graduation committee,  

to be publicly defended  

on Friday, the 10th of January 2020 at 16.45 

 

 

 

 

by 

 

 

 

 

Marco Cirelli 
 

born on the 17th June 1986 

in Prato, Italy 



This dissertation has been approved by: 

Promoter:

Co-promoter:    

Co-supervisor: 

Prof. dr. G. J. Vancso 

Prof. dr. R. Akkerman 

Dr. J. Duvigneau 

The work described in this Thesis was carried out at the Materials 

Science and Technology of Polymers (MTP) group, MESA+ Institute for 

Nanotechnology, Faculty of Science and Technology, and at the 

Production Technology (PT) group, Faculty of Engineering Technology, 

University of Twente, the Netherlands. 

This research was financially supported by the European Commission 

through the Marie Skłodowska-Curie initial training network: “Complex 

wetting phenomena” (MC-ITN-CoWet-607861) and by the MESA+ 

Institute for Nanotechnology. 

Title: Multifunctional, complex polymers for functional and stimuli-

responsive coatings 

Copyright © Marco Cirelli, Enschede, the Netherlands, 2020 

All rights reserved. No part of this publication may be reproduced by 

print, photocopy or any other means without the permission of the 

copyright owner. 

Cover designed by Liliana Parcesepe, Prato, Italy 

ISBN: 978-90-365-4931-8 

DOI: 10.3990/1.9789036549318 



Graduation Committee 

Chairman/secretary prof.dr. J.L. Herek 

Supervisors prof.dr. G.J. Vancso  

prof.dr.ir. R. Akkerman 

Co-supervisor dr. J. Duvigneau 

Committee Members: prof.dr.ir. R.G.H. Lammertink 

prof.dr. F.G. Mugele 

prof.dr. R. Simonutti 

prof.dr. X. Sui 

prof.dr.ir. P. Jonkheijm 



 

 

 

 

 



 

I 

 

 

Contents 

Contents…………... ......................................................................................... I 

Chapter 1 General Introduction .......................................................................1 

1.1 Introduction ......................................................................................................... 3 

1.2 Concept of this Thesis ......................................................................................... 4 

1.3 References ........................................................................................................... 7 

Chapter 2 Design and Engineering of Functional and Smart Surfaces 

using Polymers ..................................................................................9 

2.1 Introduction: Polymer-based films coating ........................................................11 

2.2 Synthesis of polymers with controlled molecular architectures .........................13 

2.2.1 Controlled radical polymerization techniques ........................................14 

2.2.2 Atom transfer radical polymerization .....................................................17 

2.3 Surface engineering by polymer brushes. ..........................................................18 

2.4 Surface engineering by inkjet printing. ..............................................................23 

2.5 Anticorrosion polymer coatings .........................................................................26 

2.6 Stimuli-responsive polymer films. .....................................................................29 

2.6.1 Temperature-responsive polymer films ..................................................30 

2.6.2 Solvent-responsive polymer films. .........................................................31 

2.6.3 Redox-responsive polymer films............................................................32 

2.6.4 Multi-stimuli-responsive polymer films .................................................35 

2.7 References ..........................................................................................................35 

Chapter 3 Swelling and Collapse of PNIPAM Brushes in Response to 

Temperature and Co-Non-Solvents Unveiled by Neutron 

Reflectivity ......................................................................................45  

3.1 Introduction ........................................................................................................47 



 

II 

 

3.2 Results and Discussion ...................................................................................... 51 

3.3 Conclusions ....................................................................................................... 61 

3.4 Experimental Section ......................................................................................... 63 

3.5 Supporting information ...................................................................................... 69 

3.6 References ......................................................................................................... 70 

Chapter 4 Tunable Friction by Employment of Co-Non-Solvency of 

PNIPAM Brushes ............................................................................ 73 

4.0 Abstract.............................................................................................................. 75 

4.1 Introduction ....................................................................................................... 75 

4.2 Results and Discussion ...................................................................................... 77 

4.3 Conclusions ....................................................................................................... 84 

4.4 Experimental Section ......................................................................................... 85 

4.5 Supporting Information ..................................................................................... 87 

4.6 References ......................................................................................................... 91 

Chapter 5 Effect of Lateral Deformation by Thermo-Responsive 

Polymer Brushes on the Measured Friction Forces .................... 95 

5.0 Abstract.............................................................................................................. 97 

5.1 Introduction ....................................................................................................... 98 

5.2 Results and Discussion. ..................................................................................... 99 

5.3 Conclusions ..................................................................................................... 109 

5.4 Experimental Section ....................................................................................... 109 

5.5 Supporting Information ................................................................................... 112 

5.6 References ....................................................................................................... 114 

Chapter 6 Protective Coatings for Complex Aluminum Substrates ........ 119 

6.0 Abstract............................................................................................................ 121 

6.1 Introduction ..................................................................................................... 121 

6.2 Results and Discussion .................................................................................... 123 



 

III 

 

6.3 Conclusions ......................................................................................................128 

6.4 Experimental Section .......................................................................................129 

6.5 References ........................................................................................................131 

Chapter 7 Grafting-To and Grafting-From Approaches to Obtain 

Stimuli-Responsive Patterned Fluorescent Polymer Films 

by Combining ATRP and Inkjet Printing ......................................133 

7.0 Abstract ............................................................................................................135 

7.1 Introduction ......................................................................................................136 

7.2 Results and Discussion ....................................................................................138 

7.2.1 Preparation of polymer films ................................................................138 

7.2.2 Co-solvency behavior of fluorescnet end-tethered PMMA grafts obtained 

both via GF and GT approaches in IPA-W mixtures ...........................................144 

7.2.3 Preparation of fluorescent patterns .......................................................147 

7.3 Conclusions ......................................................................................................152 

7.4 Experimental Section .......................................................................................153 

7.5 Supporting Information ....................................................................................159 

7.6 References ........................................................................................................161 

Chapter 8 Printing “Smart” Inks of Redox-Responsive 

Organometallic Polymers on MicroElectrode Arrays for 

Molecular Sensing ........................................................................167 

8.1 Abstract ............................................................................................................169 

8.1 Introduction ......................................................................................................170 

8.2 Results and Discussion ....................................................................................172 

8.3 Conclusions ......................................................................................................180 

8.4 Experimental Section .......................................................................................181 

8.5 Supporting Information ....................................................................................187 

8.5 References ........................................................................................................200 



 

IV 

 

Chapter 9 Synthesis and Design of Bio-Inspired ATRP Functional 

Macro-Initiators Applicable to a Broad Range of Surface ........ 205 

9.0 Abstract............................................................................................................ 207 

9.1 Mussel-inspired ATRP functional macro-initiator, ATRP-MIs ....................... 207 

9.2 Results and Discussion .................................................................................... 210 

9.3 Outlook ............................................................................................................ 216 

9.4 Conclusions ..................................................................................................... 216 

9.5 Experimental Section ....................................................................................... 218 

9.6 References ....................................................................................................... 220 

Summary…. .................................................................................................. 221 

Samenvatting…............................................................................................ 225 

Acknowledgements…. ................................................................................ 231 

List of Publications ....................................................................................... 235 

 

 

 

 

 

 

 

 

 



 

1 

 

 

Chapter 1 

General introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 1 

2 

 

1 
Contents 

Chapter 1 General introduction ......................................................................... 1 

1.1 Introduction ..................................................................................................... 3 

1.2 Concept of this Thesis ..................................................................................... 4 

1.3 References ....................................................................................................... 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

General Introduction 

3 

 

1 
1.1 Introduction 

As far as commercial applications are concerned, polymers are the most important 

class of synthetic materials because of their incredible range of physical, chemical, and 

biological properties. Polymer coatings have been largely studied for the development of 

functional, reactive, and stimuli-responsive films for biomedical, protective, decorative, 

adhesive applications.1-6 The surface properties of these layers depend on the intrinsic 

properties of the polymer, as well as on the interactions of the coating with the 

surrounding environment. Recent advances in macromolecular engineering have led to 

the development of molecular coatings capable to precisely tune the interfacial physical 

and chemical properties of a variety of metallic and non-metallic materials.7-11 Synthetic 

polymers can be prepared with the accurate design of every detail of the macromolecules 

topology, chain architecture, chemical composition, and functionality.8-10 Originally, only 

living anionic polymerization could be used to produce functional complex 

macromolecules and the “suppression” of the chain termination reaction could only be 

achieved at the expense of elimination of any impurities from the polymerization 

medium.12-13 Living polymerization was subsequently expanded in different strategies to 

form polymers such as reversible deactivation radical polymerization techniques 

(RDRP).8-10, 13-14 In particular, atom transfer radical polymerization (ATRP) has been 

extensively studied and used as a versatile, cheaper, and robust technique to synthesize 

complex polymer systems.10, 15-17 The conditions of the ATRP method, in comparison 

with the anionic polymerization, are milder (it is necessary only to work in oxygen-free 

environment), cheaper (because a small amount of catalyst is needed to achieve high 

control over the physical and chemical properties of the polymer), and a wider range of 

monomers can be employed.10, 17 Moreover, the development of the ATRP methods 

allows the fabrication of interfaces/coatings capable to improve, or exapand the surface 

properties of a material.16 Several strategies have been developed to fabricate polymer 

film “brush” coatings grafted onto a surface including grafting-to and grafting-from 

approaches.1, 10, 18-20  In the grafting-to approach, a pre-synthesized polymer is 

immobilized on the surface,19-20 while in the grafting-from approach the polymer chains 

grow from polymerization initiating sites on the surface.1, 10, 17-19 Depending on the 

physical and chemical properties of the immobilized polymer, the number of anchoring 

points, grafting density, topology, chemical composition, and functionality, the properties 

of the coating can be tuned and improved.3  

Functional and reactive coatings are characterized by specific physical and chemical 

properties constant in the application conditions.21-22 Stimuli-responsive coatings, also 

called smart or intelligent materials, are capable to reversibly change their physical and/or 

chemical properties when exposed to a specific stimulus which dramatically affects the 

surface properties of a material.7 The changes in the physical and/or chemical surface 

properties can be induced by one or more stimuli.5-6 For all coatings, the key factor of the 
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application is the effect of the interaction between the polymer coating and the 

surrounding environment on the peculiar properties of the coating.23-24 In order to 

understand structure-property relationships for further development and design of new 

functional and smart coatings, we have investigated the properties of the functional and 

stimuli-responsive coatings in complex fluids (e.g., alkaline corrosive aqueous solutions, 

solvent mixtures). We note that the coating layer can be also patterned.25-29 Various 

patterning methods have been developed to permit the fabrication of spatially controlled 

functional or stimuli-responsive coating patterns on various materials as sensing, cell 

adhesion, nanoelectronics.25, 30 Inkjet printing technique is a well-studied and well-known 

deposition and patterning technique capable to deposit a variety of complex solutions on 

the material surfaces.31-34 This method requires no physical contact, no mask and no 

master are needed, and is efficient and cheap.31-34 The formulation of the complex 

fluid/ink is a pivotal factor for the inkjet printing process.33, 35-36 The applicability of the 

process, as well as the quality of the polymer coating, are strongly affected by 

rheological/mechanical properties of these solutions which can be tuned and controlled 

by choosing the type of solvent, the solid content of the functional component, and 

presence of additives.33, 35-36 A better understanding of the relationship between the 

formulation of the ink and the deposition, spreading, and evaporation processes of the 

complex fluid on solid substrates was achieved in this Thesis.  

In our studies, we have aimed at exploring the combination of inkjet printing, with 

various functional and smart coatings for metal and metal oxide surfaces. These coatings 

were obtained via various grafting to and grafting from approaches permitting the design 

and optimization of new coatings that could be used in chemical sensing, tribology control, 

drug delivery, and protection of metal surfaces.  

1.2 Concept of the Thesis 

This Thesis describes the preparation and characterization of tailored polymer 

coatings with various architectures and patterns developed for specific applications. 

Functional and stimuli-responsive coatings, including poly(methyl methacrylate) 

(PMMA) and poly(ferrocenylsilane) (PFS), were prepared via “grafting-from” and 

“grafting-to” approaches on various materials and were patterned via inkjet printing. 

Hereby, we demonstrate the synergy of these techniques to fabricate corrosion-resistant 

coatings for aluminum surfaces and devices for chemical sensing and fluorescent patterns. 

Furthermore, a deep understanding of the co-nonsolvent-induced and temperature-

induced conformational transition mechanisms of stimuli-responsive poly(N-

isopropylacrylamide) (PNIPAM) brushes was achieved by investigating the distribution 

of the solvent molecules through the polymer film layer as well as via the analysis of 

the tribo-mechanical properties. 
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In Chapter 2, an overview of the general topics addressed in this Thesis is provided. 

Firstly, the RDRP techniques are discussed focusing on the ATRP process. Then, the 

most relevant strategies to chemically graft polymer chains to a surface are discussed. A 

description and comparison between the physical and chemical properties of the classical 

coatings, characterized by multi anchoring points, and of the more sophisticated single 

end-tethered polymer chain brush coatings are provided. A general overview of the 

patterning techniques is presented focusing on the fundamentals and the principles of the 

inkjet printing method. Finally, various examples of protective functional (anticorrosion 

and anti-biofouling) polymer coatings and stimuli-responsive (temperature-, solvent, and 

redox-responsive) polymer coatings are introduced and discussed.   

In Chapter 3, the temperature- and the solvent-responsiveness properties of single 

end-tethered PNIPAM layers with different grafting densities are investigated via neutron 

reflectivity (NR) measurements. The PNIPAM brush layers were synthesized via surface-

initiated atom transfer radical polymerization (SI-ATRP) and the control over the grafting 

density was achieved controlling the ratio between active and inactive ATRP initiator 

compounds. Moreover, the PNIPAM layers were characterized via AFM and ellipsometry 

analysis. The “from the top” mechanism of co-nonsolvency conformational transition of 

PNIPAM brushes in 3:1 v:v water:ethanol mixture was demonstrated.  

In Chapter 4, tunable friction by co-nonsolvency of PNIPAM brushes is investigated. 

This chapter explores the enhanced friction and dissipation of PNIPAM brushes due to 

the co-non-solvency effect. Both in water and in ethanol, low friction is obtained due to 

the high osmotic pressure of good solvents in the brush. However, in 10 vol.% fraction 

of ethanol-water composition, a maximum friction is observed. The highest friction is 

about two orders of magnitude larger than the lowest friction.  

In Chapter 5, the effect of lateral deformation on PNIPAM brushes is investigated 

via friction loops recorded using an atomic force microscopy-based lateral force 

microscopy. The measurement of friction between polymer brush coating and an AFM 

colloidal probe consists of different contributions to the frictional energy dissipation such 

as lateral bending and stretching of the polymer brushes. They are regulated by the 

mechanical/conformational properties of the polymer chains which are strongly 

dependent on the conformation of the polymer chains which depend on the temperature 

of the medium. In this work, the lateral deformation of the two PNIPAM layer with 

different thicknesses (thin layer with a dry thickness around 10 nm and the thick layer 

around 420 nm) was analyzed below and above the lower critical solution temperature 

(LCST). 

Chapter 6 describes the joint collaboration with Tanatex and Verosol, members of 

the ITN-MC-CoWet on the formulation and application of anti-corrosive polyurethane-

based coatings for aluminum and its alloys. Various inks for a piezo-inkjet printing 

process were prepared and printed with different patterns on porous textile substrates. The 
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anti-corrosion performance of the coatings was verified with a model alkaline dissolution 

experiment. The quality of the coated materials was investigated via optical, laser 

confocal and scanning electron microscopy.  

In Chapter 7, the fabrication of solvent-responsive fluorescent patterns by inkjet 

printing combined with ATRP is reported. Firstly, the synthesis of a fluorescent and acid 

terminated telechelic PMMA-containing polymer chain is described. It is composed of 

ARGET-ATRP in solution, halogen exchange reaction and Cu-catalyzed azide-alkyne 

cycloaddition (CuAAC) click chemistry to couple the fluorescent dye to the polymer 

chain. Then, the fabrication of reactive coatings on glass and silicon was achieved via 

vapor chemical deposition of (3-aminopropyl)triethoxysilane (APTES) followed by 

chemical coupling reaction between the acid extremity of the fluorescent-modified 

polymer and the amino-functionalized reactive surface via dip coating. Secondly, the 

stimuli-responsive fluorescent coatings were obtained combining chemical vapor 

deposition of APTES and SI-ARGET-ATRP of MMA. High grafting density single end-

tethered polymer chains were obtained. Then, the halogen exchange at the free end of the 

PMMA brushes with an azide moiety and the CuAAC click chemistry were performed to 

obtain the fluorescent coatings. Thirdly, the co-solvent-induced effect of the PMMA-

containing brush layers was investigated for both the fabrication approaches. Finally, 

inkjet printing was employed to fabricate the i) APTES-reactive patterns from where the 

telechelic PMMA polymer chains were immobilized (grafting-to approach) and ii) the 

active surface for the SI-ARGET-ATRP of MMA. A discussion of the comparison 

between the two approaches is presented.   

In Chapter 8, the synthesis of a new redox-responsive poly(ferrocenylsilane) (PFS) 

with disulfide side groups is described and employed to fabricate a sensing device for a 

model analyte (e.g., ascorbic acid). A new random PFS copolymer was designed and 

synthesized to carry a tailored number of disulfide moieties able to covalently bind onto 

gold electrode surfaces. Various piezo inkjet printable inks were prepared and fully 

characterized. The best ink with respect to the inkjet printability properties was used to 

modify a microelectrode array (MEA) with different redox-active PFS-based pattens. The 

PFS-modified MEAs were tested as amperomerometric ascorbic acid sensing device 

demonstrating the enhanced sensitivity due to the PFS coating. 

In Chapter 9, is an outlook chapter that is expected to inspire the synthesis of new 

stimuli-responsive polymers for more complex and sophisticated applications. A facile 

approach to fabricate ATRP macroinitiator containing catechol-based groups via free 

radical polymerization (FRP) is reported. Catechol-derivates have a strong affinity for a 

wide range of materials and can be considered an universal adhesive group. Firstly, we 

reported the synthesis of the catechol-based monomer, in particular dopamine 

methacrylamide (DOMA). Then the copolymerization of three components via FRP 

composed of DOMA as adhesive group, 2-(2-bromoisobutyryloxy)ethyl methacrylate 
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(BIEM) as ATRP initiating group, and the methyl methacrylate (MMA) monomer as 

solubilizing agent. The activity of the ATRP moieties was confirmed by synthesizing 

molecular bottle brushes with poly(acrylonitrile) (PAN) side chains and then the adhesive 

property of the catechol-derivatives was tested by grafting the ATRP-macroinitiator on 

silicon oxide followed by the SI-ATRP of the AN.  
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In this chapter, the general concepts and most relevant developments concerning 

functional and smart coatings, controlled radical polymerization, ink jet printing, and 

polymer brushes are provided.  
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2.1 Introduction: Polymer-based film coatings 

Functional and smart polymer-based coatings provide specific and/or sophisticated 

surface properties with minimal influence on the composition and the properties of the 

bulk materials. Therefore, they play an important role in a diverse range of application 

areas such as corrosion protection, medical, biomedical, separation, electronics, 

diagnostics, sensing, and tissue engineering.1-25 Following major developments in 

macromolecular synthesis and engineering, there is a continuously growing interest in the 

development and utilization of designer functional and smart coatings by scientists and 

industry.1-19, 21-28  

Polymer coatings can be divided into structural, functional, reactive, and smart. 

Structural coatings are capable to provide structural support to a material. Reactive 

coatings bear reactive groups that form strong and chemoselective coupling reactions 

with the surface, and can provide complementary options for the attachment of additional 

functions.13, 19, 29-31 Functional coatings exhibit specific physical intrinsic properties, e.g., 

optical, electrical, thermal or magnetic, which must be maintained during typical 

application conditions.13, 15, 19, 30-34 Smart coatings are materials that are able to adapt their 

properties dynamically to respond to an external stimulus.1-12, 14-18, 21-25, 35-39 These stimuli-

responsive coatings possess one or more adaptive chemical or physical properties, which 

respond rapidly, reversibly, predictably, and in a controlled fashion to one or more applied 

stimuli, as is shown in Figure 2.1. The response to the applied stimuli may manifest itself 

a change in shape, surface characteristics, solubility, or it may lead to the formation of a 

molecular assembly/network or to a sol-to-gel transition.6, 19, 21, 23, 25 

 

Fig. 2.1: Different stimuli may be used to cause changes in the chemical and/or physical properties of 

polymers resulting in a change of their bulk or surface polymer properties. Adapted from reference.25  
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Smart materials can respond to various stimuli such as i) physical e.g., temperature, 

light, mechanical force, magnetic field, and electrical fields, or ii) chemical e.g., pH, ionic 

strength, solvent quality, and signaling chemical molecules, or iii) biological e.g., DNA 

and proteins.9, 17, 40 From a chemical point of view, the nature of the monomers to 

constitute stimuli-responsive polymers plays an important role in the design of stimuli-

responsive polymers. Figure 2.2 lists some of the smart molecules described in the 

literature.41 

 
Fig. 2.2: Examples of molecules that are responsive to (a) temperature, (b) glucose concentration, (c) pH, 

(d) light and (e) electric field. Adapted from reference.9, 41 

From a physical point of view, the properties of stimuli-responsive polymers are 

strongly affected by their physical confinement and state, e.g. free chains in solution, 

network gels and surface grafts.2, 4, 9, 12, 42-46 In fact, the intrinsic properties, i.e. the 

response to an external stimulus, the speed of the transition, and the surface properties of 

functional and smart coatings (e.g., stiffness, wetting, adhesion, and friction) can be 

designed and tuned by controlling the physical constraints of the polymer chains. In fact, 

adding a constraint to polymer chains, like for single end surface-attached polymer 
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brushes, the stimuli-responsiveness may change substantially depending on the distance 

from the surface and the freedom of movement of the polymer segments. This 

phenomenon is presented and discussed in detail in Section 2.3. Obviously, the 

fabrication of stimuli-responsive brush coatings with tailored responsive behavior 

requires unambiguously synthetic processes with good control over the macromolecular 

composition and architecture and therefore this is presented and discussed in more detail 

in the next section.  

2.2 Synthesis of polymers with controlled molecular 

architectures 

In 1956 the anionic polymerization of dienes and styrenes was the first successful 

example to synthesize well-defined macromolecules by so-called living polymerization 

reactions.47 The living nature of the reaction is explained by the absence of termination 

reactions, resulting in a constant concentration of growing polymer chains.47-48 Thus, 

living anionic polymerization allows the growth of uniform chain lengths as well as it 

provides control over chain compositions, end groups, and architectures.48 However, it 

requires very stringent conditions, i.e. high purity of the used reagents, as well as 

complete exclusion of moisture and air, which severely limits its widespread use.48  

More recently, a number of essentially living radical polymerization methods were 

developed and introduced, i.e. the so-called reversible deactivation radical polymerization 

(RDRP) mechanism.27, 49-58 These polymerization methods conserve the important 

characteristics of living polymerization reactions, that is termination reactions are 

minimized allowing the synthesis of polymers with a narrow PDI and good control over 

chain-end functionalization. In addition, RDRP allows the synthesis of polymers with 

good control over the composition, architecture, functionality, and even molecular 

composites, as is shown in Figure 2.3.27 Furthermore, RDRP methods require cheaper 

catalysts, less stringent reaction conditions, and they have a high tolerance towards 

functional groups of common vinyl-based monomers compared to living anionic 

polymerization.27, 48, 50-58 This resulted in a continuously growing interest in utilizing 

corresponding chemistry at industrial scale and today the first successful commercial 

examples exist, such as Nanostrength®.59 We have used RDRP chemistry in this research 

work, hence in the next section, the fundamental features of the main RDRP mechanisms 

are briefly introduced focusing on the atom transfer radical polymerization (ATRP).  
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Fig. 2.3: Addressable polymer composition and architectures by RDRP processes. Modified from 

reference.27 

2.2.1 Controlled radical polymerization techniques 

 The most frequently used RDRP techniques are nitroxide-mediated polymerization 

(NMP),56 atom transfer radical polymerization (ATRP),26, 52-53, 58, 60 and reversible 

addition-fragmentation chain transfer radical polymerization (RAFT).57 These techniques 

were employed to synthesize homopolymers and copolymers with complex topologies, 

compositions and chain end functionalities with targeted molar mass, and narrow molar 

mass distributions.55, 57-58 Their reaction mechanisms are shown in Figure 2.4. As is 

shown in Figure 2.4, the essence of a RDRP process is based on an equilibrium between 

active and dormant states of a growing polymer chain, which is controlled by a reversible 

activation-deactivation mechanism.52-54, 61 In contrast to conventional free radical 

polymerization (FRP) reactions, in which the typical radical lifetime is about 1 s before 

termination events occur, in RDRP the active growing chains add to only a few monomers 

before being converted back to the dormant state. Thus, by alternating between short 

periods of activity and longer dormant periods the radical lifetime of the growing chain 

in RDRP is extended from seconds to days or even weeks.53, 58  
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Fig. 2.4: General mechanisms for the most commonly used RDRP techniques. Modified from reference.58 

In NMP and ATRP, the equilibrium between the active and the dormant states of the 

polymer chains is established through a mechanism of reversible termination of the 

propagating chain (Figure 2.4A and B) in which the equilibrium strongly favors the 

dormant state through either nitroxide capping (NMP) or via a redox process with a metal 

halide salt (ATRP). This significantly reduces irreversible termination. RAFT, on the 

other hand, proceeds via a degenerative chain transfer process, in which the propagating 

species equilibrate with dormant species (Figure 2.4C). As the degenerative chain 

transfer does not create radicals, the reaction requires addition of an external source of 

radicals to maintain a constant rate of polymerization. This is performed commonly in the 

form of an azo initiator, such as 2,2’–Azobis(2-methylpropionitrile) (AIBN). 

Table 2.1 summarizes a comparison of ATRP, NMP, and RAFT considering the 

range of monomers suitable for the specific polymerization, the typically required 

reaction conditions, the nature of transferable end groups/atoms, and necessary additives 

for the control of the polymerization kinetics.27 The results reported in this Thesis mainly 

relied on the use of ATRP for the synthesis of diverse brush architectures and therefore 

in the next section, we will introduce this technique and its evolution in more detail.  
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Table 2.1: Comparison of ATRP, NMP, and RAFT polymerizations. 

 RDRP techniques 

 NMP ATRP RAFT 

M
o

n
o

m
er

 

 Styrenes with TEMPO; 

 Acrylates and acrylamides 

using new nitroxides 

 Nearly all monomers 

with activated double 

bonds 

 Nearly all monomers 

with activated double 

bonds 

↓ No vinyl acetate 

↓ No methacylayes 

↓ No vinyl acetate 
 

C
o

n
d
it

io
n

s 

 Waterborne systems  Waterborne systems 

 Large range of 

polymerization 

temperature (from RT to 

150 °C) 

 Waterborne systems 

↓ Elevated temperature 

↓ Sensitive to oxygen 

↓ Sensitive to oxygen, 

however new techniques 

have been developed to 

minimize it 

↓ Elevated temperature 

for less active 

monomers 

↓ Sensitive to oxygen 

E
n

d
-g

ro
u

p
s/

 

In
it

ia
to

rs
 

Alkoxyamines Alkyl (pseudo)halides Dithioesters, iodides, and 

methacrylates 

May act as stabilizer 

Thermally unstable 

Relatively expensive 

For transformation: requires 

radical chemistry 

Thermally and photostable 

Inexpensive and available 

For transformation: Sn, E, 

or radical chemistry 

Halogen exchange for 

enhanced cross-

propagation 

Odor/color 

Less thermally stable and 

less photostable 

Relatively expensive 

For transformation: 

radical chemistry 

A
d

d
it

iv
es

 

NMP may be accelerated with 

acyl compounds 

Transition metal catalyst 

(should be removed 

and/or recycled) 

Conventional radical 

initiator which may 

decrease end 

functionality or 

produce too many new 

chains 
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2.2.2 Atom transfer radical polymerization, ATRP 

ATRP was independently reported by Mitsuo Sawamoto and coworkers62 and 

Krzysztof Matyjaszewski and coworkers60 in 1995 as a new, versatile and robust 

polymerization mechanism to prepare polymers by radical polymerization with control. 

As mentioned in the previous section, in ATRP an equilibrium between a small amount 

of growing free radicals and a large amount of dormant species, resulting from a smaller 

rate of activation compared to the rate of the deactivation, leads to the establishment of a 

persistent radical effect.63-64 Thus, the growth of the chains occurs in a stepwise fashion 

like for the living polymerizations. Generally, the main components of an ATRP process 

encompass the organic halide initiators (usually acyl halide derivates), a redox-active 

transition metal complex (e.g. copper-, ruthenium- or iron based) often coordinated by a 

nitrogen based ligand, and the monomer(s).53, 58 Figure 2.5 shows the ATRP mechanism 

and the equilibrium reactions in more detail. The main ATRP equilibrium is between 

activation (ka) and deactivation (kd) of the growing chain established by the cleavage of 

the metal complex in its lower oxidation state (CuIL+) by the halogen atom from the 

iniator or the dormant polymer chain (Pn-X). After the extraction of the halogen atom 

from the iniator, or from the dormant polymer chain, the radical growing chain radical 

(Pn
●) will propagate for a short period until the back-transfer process of the halogen atom 

occurs forming again the polymer chain in the dormant state.26, 51-53, 58 

 
Fig. 2.5: General mechanism for ATRP. From references.53, 58 

As a result of the high tolerance of ATRP to functional groups present in monomers, 

such as hydroxy, amino, amido, ether, and ester groups, a variety of monomers, e.g., 

styrenes, (metha) acrylates, methacrylamides, vinyl pyridine, and acrylonitrile, have been 

successfully polymerized by ATRP.53, 58 

Few disadvantages of ATRP have so far limited the large scale industrial use, which 

are mainly related to the requirements of employing oxygen-free conditions and the high 

amount of copper catalyst required. These drawbacks result in upscaling issues and 
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relatively high costs. Recently, new ATRP techniques were developed that are capable to 

continuously regenerate the catalyst, resulting in lower required amounts, and that require 

less stringent oxygen-free conditions, as is summarized in Figure 2.6.50, 61, 65-72 For 

example, Zhang and coworkers73 reported the synthesis of poly(styrene) and poly(4-

vinylpyridine) brushes grafted from cellulose nanocrystals via surface-initiated (SI) 

ATRP and surface-initiated activators regenerated by electron transfer ATRP (SI-

ARGET-ATRP) for which the required amounts of Cu catalyst were of 2.000 ppm and 

25 ppm with respect to the monomer concentration, respectively.73 Clearly from the 

amount of Cu catalyst, the SI-ARGET-ATRP was more environmentally friendly 

compared to the conventional SI-ATRP method. Interestingly, as a result of the higher 

propagation rate for SI-ARGET-ATRP the corresponding brushes prepared by the 

conventional SI-ATRP, leading to different film properties.73 In the next section, the 

grafting of polymer chains to solid surfaces and the subsequent impact on the surface 

properties is presented. We will, in particular, introduce single and multiple tethered 

polymer chain based coatings and the critical parameters that affect the physical and 

chemical properties of the resulting coatings.  

 

 
Fig. 2.6: New ATRP techniques capable of continuously regenerate the catalyst in various ways resulting 

in lower amounts of required catalyst and less stringent reaction conditions. From reference.72 

2.3 Surface engineering by polymer brushes 

Polymer brushes are among the most interesting polymer-based coatings to control 

wettability, friction, and adhesion of surfaces.20, 24, 74-75 There are two main approaches 

that can be employed to fabricate polymer film grafted coatings, i.e. “grafting-to” (GT),76-

77 and “grafting-from” (GF).39, 42, 44-45, 78-80 The GT approach consists of a chemical 

reaction between the reactive moieties of functionalized pre-synthesized polymers with 

surface-exposed reactive groups on the substrate.76-77 GF typically yields higher grafting 

densities compared to GT, which is ascribed to the relatively easy control over the 

surface-active initiator density and subsequent polymer growth in GF, while for GT steric 

hindrance by already grafted polymer chains limits the attachment of neighboring 
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polymer chains in close proximity.42, 44-45, 76-78 GT has the advantage that the pre-

synthesized polymer chains are easy to characterize, which is not a trivial task for polymer 

chains prepared by the GF approach.42, 44-45, 76-78 

Depending on the interaction of solvent molecules with polymer segments, we can 

distinguish three quality regimes for free polymer chains in solution, i.e. good (well 

swollen), poor (essentially collapsed) and theta (unperturbed, between good and poor) 

solvent conditions.81 For surface grafted polymers the mobility of the chain segments 

depends on the anchoring structure, the grafting density and the overall amount of the 

surface-bound polymer.9, 21, 25, 39, 52, 82 The grafting density, defined as the number of 

anchoring points per unit area, strongly affects the conformation of the polymer chains 

and as such the properties of the corresponding polymer films both in dry and wet 

conditions.83-87 If we consider single end-tethered polymer chains as the simplest case of 

surface grafted polymers, Figure 2.7 shows the three conformational regimes of single 

end-grafted polymer chains as a function of their grafting density, i.e. the collapsed coil, 

“mushroom-”, and “brush”-like conformations.42, 45, 83, 85, 88 

 
Fig. 2.7: Schematic representation of surface-immobilized polymers in brush, mushroom and collapsed 

coil conformation in a good or poor solvent. Adapted from references.83 

In the mushroom regime in a good solvent, the polymer chains maximize the contact 

between the polymer segments and the solvent molecules while keeping chain stretching 

to a minimum, by adopting a conformation similar to that of a free polymer chain in a 

good solvent. Upon increasing the grafting density, the osmotic pressure among the 

chains increases as a result of the steric hindrance between polymer chains in close 

proximity to each other. This leads to stretching of the polymer chains in both a good 

solvent, as well as in the dry state. Thus, the wet thickness of the swollen polymer brush 

layer is larger than the radius of gyration of the swollen free polymer chain and of the 

polymer chain in the mushroom regime.89 In poor solvent conditions, the polymer chains 

tend to collapse by forming a collapsed globule conformation (or even place themselves 

flatly at the substrate in form of a “pancake” shaped molecular precipitate) in the 

mushroom regime, while upon increasing the grafting density the chains start to feel each 

other (strong steric hindrance/repulsion) resulting in the formation of collapsed 

aggregates.39, 90  
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Figure 2.8 shows different geometries of polymer films grafted on a surface 

depending on the number of anchoring points. In good solvent conditions, the physical 

and chemical properties of the grafted polymer chains is tunable by controlling the steric 

hindrance around the polymer chains, for instance by incorporation of loops, using 

cylindrical molecular grafts or branched architectures.83-87 This allows one to control 

properties like antifouling, lubricating or particle stabilization performance of a polymer 

film.43, 91-94 For example, Yakushiji and coworkers93 reported the effect of 

macromolecular architecture on the thermoresponsiveness of surface grafted poly(N-

isopropylacrylamide) (PNIPAM) films. They showed that the lower critical solution 

temperature (LCST) of loop-grafted PNIPAM decreased significantly compared to 

PNIPAM singe end-tethered chains. This significant decrease in LCST was ascribed to 

the restricted segmental dynamics of the PNIPAM segments between the multiple 

anchoring points.93 

 
Fig. 2.8: Schematic representation of the different geometries of polymer films immobilized onto a 

substrates. On the left, the number of anchoring points per chains is one and on the right multiple anchor points 

per chain exist. 

Next to homogenous surface engineering with polymer brushes one can readily 

obtain brush patterns and/or gradients by combining existing lithography approaches and 

controlled polymerization techniques.95 Recent advances in these fields opened new 

avenues for the preparation of advanced, sophisticated and more complex brush based 

applications at reduced cost and time.78, 83, 96-98 99-102  

For a comprehensive overview of various patterning technologies, the interested 

reader is directed to Geissler et al.103 and Hill et al.104 Utilization of the well-known 

patterning techniques allows one to prepare brush patterns with lateral dimensions 
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ranging from the macromolecular up to the macroscopic length scale. Figure 2.9 

summarizes the most popular approaches to fabricate polymer brush patterns by surface-

initiated polymerization.45, 105-108 

As patterning was used in our research by employing inkjet printing, we provide a 

brief account of some representative examples. For example, switchable adhesive patterns 

were fabricated on gold by combining the synthesis of thermo-responsive PNIPAM 

brushes utilizing patterned, initiator self-assembled monolayers as was reported by Jones 

and co-workers.99 Similarly, Edmonson et al.109 and Emmerling et al.105 employed inkjet 

printing either to directly prepare initiator patterns109 or to selectively etch 

homogeneously deposited initiator layers for the subsequent SI-P of polymer brush 

patterns.105, 109 Furthermore, recent progress in photoinduced RDRP methods opened a 

straightforward alternative route to photopatterning of polymer brushes by spatially 

controlled polymerization through a photomask.107-108  

 
Fig. 2.9: Overview of common strategies used for the preparation of polymer brush patterns. 

(Abbreviations: SIPGP: self-initiated photografting and photopolymerization; SIP: surface-initiated 

polymerization; CT: carbon templating; PL: photolithography; SA: self-assembly; EBCL: electron beam 

chemical lithography; SPL: scanning-probe lithography; SL: soft lithography; NIL: nanoimprinting lithography; 

CFL: capillary force lithography; CL: colloidal lithography; IL: interference lithography; EBL: electron beam 

lithography). From reference.106 

Furthermore, some applications, such as microfluidic devices, biological sensors, 

tissue engineering, and antifouling, require the fabrication of more complex coatings 

based on a gradient film.95 The gradient can be in physical and chemical coating 

properties, e.g. in polymer chain length, grafting density, functionality, composition or a 

combination of any of these parameters, as well as in the spatial dimensions, e.g., in lateral, 

transversal or orthogonal direction with respect to the direction of the surface. Figure 

2.10 shows a few examples of gradient brush layers.83  
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Fig. 2.10: Schematic representation of various gradient architectures of single end-anchored polymer 

chains. I) Physical and II) chemical composition gradients for polymer brush films. Physical gradient: a) 

orthogonal grafting density gradient and b) orthogonal polymer length gradient of a single end- tethered polymer 

chains. Chemical composition gradients: c) mixed homopolymer with orthogonal grafting density of the two 

homopolymers, d) grafted diblock copolymers with a constant total length of the polymer chains and an opposite 

gradient direction in polymer composition, and e) grafted diblock copolymer with a gradient in the polymer 

length for the first block and a constant length for the second block. Modified from reference.83 

Among all the available techniques to create a gradient, SI-P is an interesting strategy 

that is capable of easily create gradients over the thickness of the film and/or in the surface 

chemistry (so-called gradient surfaces). The first to report an orthogonal film gradient 

was Chaudhury et al.97 They reported the fabrication of an uni-directional chemical 

gradient on a silicon substrate via the spatially controlled vapor deposition of self-

assembled monolayers (SAMs) of a silane compound. With this method, the authors 

reported a first application of a surface tension gradient over a surface that was capable 

to make water run uphill.97 Wu et al.110 reported the synthesis of a gradient film of single 

end-tethered polymer chains synthesized via SI-ATRP reporting and demonstrating the 

mushroom-to-brush transition crossover along the polymer film surface.110 Moreover, a 

gradient in the polymer brush length is readily obtained by simply varying the spatially 

controlled polymerization conditions (e.g. time, monomer concentration, temperature, 

solvent quality, etc.) as was reported by Zhang et al.83, 111-112 Furthermore, really 

interesting gradient architectures were reported by Tomlinson et al.113 They reported a 

simple method to prepare molecular weight and composition gradients via the SI-ATRP 

of PHEMA and PMMA block copolymers with spatially controlled polymerization times 

for each block.113 Later the same authors reported the fabrication of gradient of block 

copolymers grafted on 2-D surfaces with an orthogonal variation of the lengths of both 

blocks.114 
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2.4 Surface engineering by inkjet printing 

In several chapters of this Thesis (see Chapter 6, 7, and 8), we focus on the 

formulation of functional inks that are readily deposited by inkjet printing for surface 

functionalization, as well as on the fabrication of functional, reactive and stimuli-

responsive patterns for electrochemical sensing applications. Therefore, this section will 

introduce inkjet printing as a tool for surface engineering in more detail. 

In the 20th century, industrial printing techniques tremendously evolved as deposition 

and patterning technique. This is ascribed to the fact that it is a contact-free deposition 

method that does not require the use of masks or masters and it allows spatially controlled, 

targeted delivery of inks.103, 115-120 Furthermore, it is a versatile technique that can be used 

to functionalize any type of material, e.g liquid, rigid, planar surfaces as well as flexible, 

curved substrates, and soft or hard materials can all be employed.106-110, 120 An overview 

of the properties and the challenges of inkjet printing is provided in Figure 2.11.  

 
Fig. 2.11: Schematic representation of the characteristics, requirements, possibilities, and challenges of 

the inkjet printing process. From reference.121 

Inkjet printing can be performed in continuous or in Drop-on-Demand (DoD) modes. 

In the continuous mode, the ink solution is pumped through a nozzle to form a liquid jet. 

This mode is mainly used in high-speed graphical applications since it allows high 
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throughput production. In the DoD mode, an acoustic pulse generated by a piezoelectric 

or thermal trigger is used to generate and eject droplets from a reservoir through a nozzle 

to print with high placement accuracy.120 Employing the DoD mode minimizes the 

amount of ink used for the deposition (few tens of pL) and as such it minimizes waste and 

consumption of the functional compound. Some requirements and recent challenges faced 

by inkjet printing processes are listed in Figure 2.11 and more in detail in Figure 2.12.116, 

121-125  

 
Figure 2.12: Factors affecting the inkjet printing process. 

The ideal ink for functional and/or smart coatings would be of low cost, easy to 

prepare, store and jet, and would yield a homogenous coating layer after deposition and 

eventual post-processing. Depending on the inkjet printer system, there is a specific 

window for useable surface tension, viscosity, and density of the ink.121 The main 

parameter for inkjet printing is the ink chemistry and overall formulation because it 

strongly affects the printability/drop ejection of the ink, as well as the quality of the 

printed films.122-123, 126 In terms of ink formulation, the choice of solvents is extremely 

important. Recently, there is a growing tendency to replace the traditional organic 

solvents with water due to the strict environmental regulations, and health and safety 

concerns.116, 123, 126-127 However, the development of suitable water-based inks for inkjet 

printing suffers from certain challenges (e.g. pinhole formation and lack of adhesion) in 

particular when the water-borne ink is not wetting properly the substrates, due to the 

difference between the surface energy of the material and the surface tension of the ink.122-

123, 126 Furthermore, the rheological, surface tension, and the density are the main 

parameters which affect the performance of the inkjet process. The viscosity should be 

low enough to refill the nozzles in time but sufficient to prevent tailing with the formation 

of satellite droplets. The surface tension should be sufficient to avoid the flow of the ink 

through the nozzle, but enough to form spherical droplets. 

In a piezo inkjet printer, the droplets are formed by the pressure impulse generated 

by the deformation of a piezoelectric element in the nozzle when a voltage is applied. In 

the simplest case, a trapezoidal voltage waveform is used for the droplet formation as is 

shown in Figure 2.13.  
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Figure 2.13: (a) A schematic structure of a piezoelectric nozzle for inkjet printing and (b) a trapezoidal 

voltage waveform used to generate the drops. From reference.120 

The understanding of the droplet formation process is the key factor to control the 

drop deposition, through avoiding satellites, trajectory deviation, splashing, and tails, as 

is shown in Figure 2.14. 

 
Fig. 2.14: Various jetting behavior of polymer-containing inks in DoD inkjet printing which can be 

obtained varying the rheological properties of the inks and the inkjet printing conditions. From reference.123 

Demonstrating the readily applicability of inkjet printing as a versatile tool to coat 

and pattern substrates with polymer coatings, Edmonson and coworkers109 reported the 

deposition of a polyelectrolyte based macroinitiator that phase-separated in the dried 

printed droplet to form a sub-micrometer pattern of surface-active initiators ready for 

subsequent brush growth.109  

Research is needed to better understand the interactions between the complex fluid 

and the surface, as well as the role of the surface morphology and surface chemistry.123 

Despite the fact that the printed film size and thickness can be easily varied by changing 
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the number of deposited droplets, the drying control of different film sizes is very 

complicated.121 

2.5 Anticorrosion polymer coatings 

In Chapter 6 the anti-corrosion performance of inkjet deposited polyurethane-based 

coatings on aluminum-metallized fabrics is presented and discussed. The performance of 

the protective coatings in alkaline environments is evaluated. In this section, the 

characteristics of aluminum corrosion and strategies to prevent it are provided, followed 

by a more in-depth overview of the use of complex fluids as promising protective coatings.  

Aluminum (Al) and its alloys are known for the high strength-to-weight ratio. Al is 

an excellent heat and electrical conductor, highly reflective, ductile, nontoxic, and is 

therefore widely used in construction, chemical, food, electronics, transportation, 

aerospace, and packaging applications.128-129 However, due to the high chemical activity 

and potentially poor corrosion resistance the application of aluminum and its alloys is 

limited by environmental exposure, such as humidity and salty milieu.34, 130-132 

 When exposed to oxygen in the air, aluminum surfaces develop a thin layer (5 to 10 

nm thick) of aluminum oxide/alumina (Al2O3) that provides a very good dry “self-

protective” corrosion barrier. However, when exposed to aqueous environments the 

aluminum oxide layer is vulnerable to pH- and salt-induced corrosion processes.34, 130-132 

In neutral and mildly acid solutions (pH 4 to 8), the aluminum oxide layer is quite stable. 

However, aluminum is an amphoteric material which dissolves in more acidic (pH below 

4) and more alkaline solutions (pH above 8) forming Al3+ and AlO2
− ions, respectively, 

as is shown in the Pourbaix diagram presented in Figure 2.15.132  

 
Fig. 2.15: Pourbaix diagram for aluminum in aqueous environments.From reference.132 
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Moreover, the presence of aggressive electrolytes (such as chloride and bromide 

anions) promote the electrochemical reactions, such as corrosion of the protective 

layer.133 Based on the appearance/morphological properties of the corroded metal surface, 

several forms of wet corrosion can be identified as is shown in Figure 2.16.33, 134-135 

 
Fig. 2.16: Schematic summary of the various forms of wet corrosion.135 

Among these processes, uniform corrosion of aluminum is the most dominant type 

of wet corrosion that occurs on aluminum in aggressive alkaline/acid conditions. This 

electrochemical process is diffusion-controlled and leads to the formation of nanoscale 

voids and hydrogen bubbles.34, 130-132, 136-137  

Although the absolute prevention of corrosion is not possible, a coating system can 

be employed in order to delay or slow down the diffusion-controlled interfacial corrosion 

prosses of the exposed surface.22, 32-34, 133-135, 138-139 The coatings can be divided into active 

or passive depending if the coating components interact with the corrosion environment 

and/or shifting the corrosion reaction. Various active and passive mechanisms of anti-

corrosion coatings are summarized in Figure 2.17.15, 22, 33-34, 135, 140-141 
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Fig. 2.17: Overview of the different modes of corrosion inhibition, including barrier protection, cathodic 

protection, anodic passivation, active corrosion inhibition, and ‘self-healing’. From reference.142 

Many coating formulations still rely on toxic components like chromate-derivates as 

inhibiting compounds and on volatile organic compounds (VOCs) to help the drying 

process of the coating.34, 127, 130, 139, 143  The inhibiting pigments employed in anti-corrosion 

coatings are often inorganic, slightly water-soluble salts of which chromate-derivates are 

the most frequently used. This is ascribed to their outstanding anti-corrosion performance, 

i.e. they are capable to form a barrier against the aggressive electrolyte species by forming 

a bipolar bilayer as well as they are known to self-heal.140 However, chromate derivatives, 

in particular, hexavalent chromium species, have been banned because they are 

considered to be highly toxic.144  

In recent years, the application of waterborne polymeric coatings combined with 

barrier and/or inhibitive pigments has been widely adopted as alternative approaches to 

chromate based coatings due to i) its ease of application, ii) good anti-corrosion 

performance, iii) lower toxicity compared to the inorganic alternatives, and iv) the fact 

that they are considered to be more environmentally friendly by avoiding harmful VOC 

emissions.15 However, there are still some differences between the water-borne and the 

solvent-based coatings in the anti-corrosion performance as well as in the chemical 
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resistance, which demonstrates the need to further improve water-borne anti-corrosion 

coatings.33, 145  

The physical properties and protective performance of water-borne coating systems 

depend on the film formation mechanism, the choice of the binder and the type of 

corrosion inhibition.33 The presence of an active protection mechanism, like the addition 

of a corrosion inhibitor, represents an effective and reliable approach to obtain durable 

effective coatings. Common types of binders used in coatings are acrylic, alkyd, 

polyurethane, and epoxy-based polymers.34, 139, 146 Compared to epoxy based coating 

technology, the advantage of using polyurethane-based coatings is their excellent 

resistance to weathering and their self-healing behavior.147-153 However, the major 

drawbacks of most polyurethane-based coatings are their poor resistance towards 

mechanical strains and deformation, and their degradation at high temperatures (above 

110 °C).154 Recently, Noreen et al.149 have reviewed various formulations of 

environmentally friendly water-borne polyurethane-based coating systems and their 

application in the coating and paint industry.149 More recently, Zhou et al.148 reported the 

preparation and the application via inkjet printing of several water-borne polyurethane-

based coatings from renewable resources.148 Furthermore, polyurethane-based coating 

systems can contain carbon derivatives, such as carbon nanotubes, graphene, and 

graphene oxide as anti-corrosion additives to organic coatings.150-153 For instance, Li et 

al.152 reported that the anticorrosion properties of a polyurethane based coating was 

significantly enhanced by the addition of only 0.4 wt.% of graphene oxide. This suprising 

anti-corrosion performance was ascribed to the extraordinary electrical and physical 

properties of the reduced graphene oxide.152  

The replacement of the chromates as active inhibitor is a challenge and a large 

number of studies focused on the design and application of new corrosion prevention 

polymers as well as on finding new potential alternatives.139 Regarding the applications 

of inhibitors, we finally note that organic-based corrosion inhibitors are a promising and 

effective class of chromium–free alternatives.155 Other types of inhibitors encompass 

surfactants with hydrophilic and hydrophobic molecular moieties containing nitrogen, 

oxygen, sulfur and phosphorus atoms with lone electron pairs, triple bonds, and aromatic 

moieties.156-159 For example, straight chain aliphatic carboxylates posses good inhibition 

characteristics toward a number of metals, including aluminum.160 

2.6 Stimuli-responsive polymer films 

Inspired by stimuli-responsive biomacromolecular systems (such as proteins), 

stimuli-responsive polymer (SRP) materials have attracted wide interest in the past two 

decades.4, 7, 9-10, 12, 17, 37-38 In this section, we will describe first the physical and chemical 

aspects of few “classical” stimuli-responsive films focusing on thermo-, solvent-, and 

redox- responsive materials that constitute the film platforms used throughout the work 

presented and discussed in this Thesis.  
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2.6.1 Temperature-responsive polymer films 

Temperature is the most widely used stimulus in smart polymer systems because a 

change of temperature is not only relatively easy to control but is also easily applicable.2, 

161 This physical stimulus affects the equilibrium of conformations as well as the 

thermodynamical equilibrium of chemical reactions. Therefore, in this section we 

describe the temperature-induced phase transition of polymer chains and the temperature-

triggered reversible covalent bonding of dynamic self-healing films. Thermo-responsive 

behavior can be induced in a variety of settings, including in vivo, and potential benefits 

have been envisioned for a range of biologically relevant applications, including 

controlled drug delivery, bioseparation, filtration, and smart surfaces.2, 4, 6, 14, 25, 40, 161-163  

Temperature-induced conformational transition in water is related to solution-phase 

diagrams, in particular to lower critical solution temperature (LCST) and upper critical 

solution temperature (UCST) behavior. A polymer with UCST exists in dissolved state 

in solution when the temperature is above the critical temperature, while a phase transition 

occurs when the temperature is below the critical temperature. Oppositely, the polymers 

with LCST are in solution when the temperature is below the critical temperature and 

precipitate when the temperature is above the critical temperature. 

Poly(N-isopropylacrylamide) (PNIPAM) is a stimuli-responsive smart polymer that 

responds to a wide range of external stimuli, such as temperature, quality of the solvent, 

ionic strengths, and pressure.86-87, 163-164 PNIPAM is the most studied temperature-

responsive polymer with a LCST (around 32 °C) which is close to the physiological body 

temperature.86-87, 163 Below LCST and at ambient pressure PNIPAM is soluble in water 

owing to the H-bonding interaction between the amide group and the water molecules. 

The polymer chains and solvent molecules are in one homogenous mixed phase. Above 

the LCST the inter-molecular H-bonding interactions dominate resulting in a coil-to-

globule conformational phase transition. While free PNIPAM has an abrupt coil-to-

globule transition at 32.5 °C, PNIPAM end-tethered in a brush regime displays a broad 

swollen-to-collapsed transition spanning as much as 25 °C.93, 163 Moreover, the LCST is 

further dependent on the chain length, tacticity, and incorporation of co-monomers, 

pressure or even the chemical nature of the end groups.2, 163 As previously mentioned, 

many factors can be used to tune the LCST value of PNIPAM films (see also section 

2.3).84-87, 93, 165-166  

Regarding surface engineering applications with PNIPAM, for example, Sun and 

coworkers167 reported the reversible temperature-induced switching between 

superhydrophilicity and superhydrophobicity of silicon surfaces combining  

microgrooves and thermo-responsive films, as is shown in Figure 2.18.167  
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Fig. 2.18: Surface-roughness-enhanced wettability of a PNIPAM brush-modified surface. a) SEM images 

of a rough/structured substrate and a flat silicon surface. b) The temperature-induced transition of PNIPAM-

modified flat and rough surfaces. c) Heating-cooling cycles of the switching between superhydrophilicity and 

superhydrophobicity of PNIPAM brushes grafted on rough silicon surfaces induced by the change in the 

temperature versus reversible. d) The water-drop profile of the superhydrophilicity and superhydrophobicity of 

PNIPAM brushes grafted on the rough silicon surfaces. Modified from reference.167 

2.6.2 Solvent-responsive polymer films 

The interaction and the affinity of a solvent with polymer segments can be controlled 

by the quality of the solvent mixtures. These can be used to trigger the conformational 

transition of the polymer chains (see also section 2.3). Two possible scenarios can be 

distinguished: the co-solvent effect that occurs when a polymer is insoluble in the pure 

solvents but dissolves in a mixture of the two solvents, and co-non-solvency behaviour 

when the polymer is completely miscible in both solvents but precipitates in a mixture of 

the two solvents.  

As we discuss in a separate Chapter, PNIPAM has a co-non-solvent behavior in a 

mixture of water and alcohols such as methanol, ethanol or isopropanol.168-170 At room 

temperature, PNIPAM polymer chains are found to be swollen in water or one of these 

alcohols, while they become collapsed in a methanol-water mixture. The co-non-solvency 

behavior is affected by the physical constraints on the polymer chains; in fact, the 

conformational transition of PNIPAM chains occur in 10-20 vol.% methanol when the 

polymer is free in solution, and in 30 vol.% methanol in water for gels and brushes.171-173 

The origin of co-non-solvency is still under debate, as shown in Figure 2.19.174-177  

Irrespective of the exact explanation regarding its origin, the manifestation of the 

phenomenon of co-non-solvency is well established and has been widely observed for 
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different combinations of polymers, solvents and co-solvents.172, 178-181 Co-non- and co-

solvency of polymer brushes is of interest e.g., for surfaces with tunable friction and 

adhesion properties in smart drug releasing devices, for the pick-up and release of 

nanoparticles, regulation of channel permeability in fluidics, as well as sensing devices.12, 

182-185 For instance, Sun et al.185 reported the fabrication of a microchip with a nanogel-

containing smart membrane capable to undergo a reversible swelling-shrinking volume 

transition to control the permeability of the membrane in response to variations in ethanol 

concentration.185 

 

Fig. 2.19: Schematic representation of the competition between PNIPAM-water and PNIPAM-methanol 

hydrogen bonding. From reference.174 

2.6.3 Redox-responsive polymer films 

Redox-responsive polymers refer to macromolecules bearing redox-sensitive 

moieties that can change their oxidation state when a chemical or an  electrochemical 

stimulus is applied.35-36, 186-188 Due to the reversibility and easy external control of the 

redox process, these polymers are interesting for different applications covering the 

design of a number of electrochemical devices such as batteries, biosensors, 

electrochromic devices or biofuel cells, as is shown in Figure 2.20.35-36, 186-188 
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Fig. 2.20: Chemical structures of the most popular redox polymers for various applications. From 

reference.188 

Among redox-active materials, organometallic polymer bearing a transition metal-

based group, such as ferrocene, have attracted interest due to their unique chemical and 

physical properties.35-36, 186, 188-190 Several different ferrocene-containing polymers have 

been synthesized, investigated, and used in electrocatalysis and electrochemical 

sensing.35, 186-187 The ferrocene moieties can be positioned in the backbone of the polymer 

chain or in the side chains as a pedant group in various applications. Regarding pedant 

groups, for example Mazurowski et al.191 reported the fabrication of various electro-active 

stimulus-responsive architectures of single end-grafted polymer chains containing 

ferrocene moieties on crosslinked polystyrene particles via SI-ATRP as delivery systems, 

magnetic ceramic precursor, or as redox-responsive colloids, as is shown in Figure 

2.21.191  

 
Fig. 2.21: Ferrocene-ferrocenium transition of the ferrocene-containing brushes as pendant side groups 

grafted on polystyrene particles. From reference.191  

Polyferrocenylsilane polymers (PFSs) are an interesting class of materials that are 

composed of alternating ferrocene and alkylsiliane moieties in the backbone of the 

polymer chain. The ferrocene groups maintain their capability to be reversibly oxidized 
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and reduced by chemical or electrochemical stimuli and the silane groups can be 

functionalized with other moieties conferring additional properties.36, 186, 192  

 
Fig. 2.22: Redox-controlled release of molecular payloads from a PFS-based composite multilayers. 

Modified from reference.197 

PFSs can be incorporated into numerous polymer architectures as a homopolymer, 

block copolymers and random copolymers by using thermal, transition metal-catalyzed 

or living anionic ring-opening polymerization processes as extensively described by 

Hailes et al.187 Moreover, the chemical modification of the polymer allows tunability of 

the polymer properties via side group modification. Hempenius et al.193 have simplified 

the procedure to post-modified the PFSs by using halogenpropyl functionalized 

monomers (e.g. ([1]3-chloropropyl)methylsilaferrocenophane) which were largely used 

to introduce numerous groups as well as to prepare water-soluble PFSs (e.g. crosslinking 

moieties, anchoring moieties or functional/charged moieties).193-194 For example, Feng et 

al.195-196 reported the preparation of electrochemical sensing devices where the PFSs 

redox-active layer improved the sensitivity of the system to ascorbic acid as a model. The 

PFS layer was deposited via electrografting195 and Layer-by-Layer196 methods. The 

redox-responsiveness of the PFS based systems can also be used as drug delivery system 

as demonstrated and reported by Song et al.197  

Furthermore, Espada et al.198 reported the exploit of PFS-based coating in optical 

fibers enhancing the sensitivity for a NH3 and CO2 gas sensor owing to its optical 

properties. 199 The principle of operation of this optical-fiber device was based upon the 

changes in the transmitted optical signal caused by the exposure of the PFS-based film to 

redox-active gases, which changes the refractive index of the polymer layer.  
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2.6.4 Multi stimuli-responsive polymer films 

The right combination of responsive groups will allow the design of multi-functional 

polymers, which exhibits multifaceted behaviour when applying one or more external 

stimuli.18, 21, 41 For example, multi stimuli-responsive polymer coating layers can be 

obtained combining different stimuli-responsive polymer chains with various geometry 

and architectures. 

For instance, mixed brush polymer brush coatings were reported by Vyas et al.200 

They reported the preparation of dual-responsive mixed brushes containing polystyrene 

(PS) and poly(2-vinylpyridine) (P2VP) on silicon substrates. This coating was able to 

switch surface wettability by a reversible solvent-induced phase transition of the brush: 

toluene is a good solvent for PS and is a poor solvent for P2VP, while acidic water is a 

poor solvent for PS and a good solvent for the P2VP. Therefore, the PS swelled and the 

P2VP collapsed underneath when treated with toluene resulting in a hydrophobic surface. 

Vice versa, when the substrate was treated with acidic water, the P2VP chains solvated 

stretching away from the surface turning it in hydrophilic surface.200  

Finally, it becomes even more interesting when more than two responsive groups 

constitute one polymer chain. This leads to different, sometimes unexpected, scenarios 

because the combinatorial effects of different stimuli-responsive groups can results in a 

more pronounced, or more complex, response of the overall polymer coating potentially 

for tailoring materials for new applications.18, 21, 201-202 For instance, Li et al.202 reported 

the development of smart interfaces for electrochemical sensing devices via the in-situ 

electrochemical induced free-radical polymerization process based on polymer brushes 

of PNIPAM, polyacrylic acid (PAA), or P(NIPAM-co-AA) that were responsive to 

temperature, ionic strength, and pH stimuli, independently or simultaneously.202 

In conclusion, in this Chapter, we provided some insights into the broad range of 

scientific and technological challenges, into synthetic and materials chemistry-related 

issues, as well as the fundamentals of some applications to further enhance technologies 

related to surface engineering. Specific subject-related introductions will then be 

provided at the beginning of each Chapter for the different approaches and applications 

that have been tackled. 
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3.1 Introduction 

The phase diagram and thermal responsive behavior of poly(N-isopropyl acrylamide) 

(PNIPAM) in aqueous solutions have attracted tremendous interest since its discovery by 

Guillet and Heskins in 1968.1 PNIPAM and some derivatives show a lower critical 

solution (LCS) behavior in water at temperatures (LCST) near body temperature with 

little variation in LCST values in a broad composition range.2  

While a molecular level explanation has already been offered in early work 

discussing LCST behavior,1 interest in PNIPAM has never seized to exist due to lack of 

full explanations of challenging details of the thermal phase behavior and the coil-to-

globule transition,2-5 as well as due to the wide range of utilizing PNIPAM in biomedical 

technology, including drug release6 and responsive hydrogel applications. Numerous 

highly cited reviews have covered the state-of-the-art and captured the development of 

PNIPAM related research milestones.7-8 

An interesting observation was reported by Winnik et al.9 in 1990 describing the 

effect of solvent mixtures consisting of water and methanol, on the LCST behavior. 

Inspired by a report obtained by Schild and Tirrel10 they discovered a significant decrease 

of the LCST values with increasing amount of methanol (and other alcohols) in mixed 

solvents. The shape of the phase boundary in the phase diagram exhibited in mixed 

solvent systems of water and alcohol depended on the choice of the alcohol.5 The lowest 

LCST for methanol (MeOH) was reported for the composition of 0.35 mole fraction, 

reaching a value of -7.5 oC. This depression is followed by a steep elevation of LCST 

values with further increase of the MeOH concentration.9 Similar observations were 

simultaneously reported by Tirrell et al.10 with an added attempt to offer a theoretical 

explanation on the basis of the Flory Huggins (FH) theory. Comparisons were made 

between solution and hydrogel behavior and it was considered that perturbation of the FH 

χ parameter, reflecting an influence of water-MeOH complexes, causes the collapse by 

making this interaction with PNIPAM preferred instead of polymer-water bonds. This 

explanation however was rejected by the authors and instead formation of local contacts 

was proposed as the interaction relevant for the phase behavior causing LCST.  

Confinement can not only be introduced by cross-linking in gels, but is also present 

in polymer brushes.11 Brushes are composed of surface grafted chains where usually one 

chain end is free and is closed to the free surface of the brush layer, while the other end 

(for linear polymers) is bound to a substrate surface. Brushes are interesting candidates 

for surface engineering, although challenges (in particular regarding scale up issues) 

remain. Concerning PNIPAM brush applications for surface engineering, our interest was 

captured by the question whether a gradient of collapsed and swollen PNIPAM brush 

layers can form when the free surface of a water swollen n brush is exposed to a non-

solvent. We first monitored the collapse dynamics of PNIPAM brushes for different 

grafting densities with colloidal probe AFM indentation experiments by measuring 
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increase of mechanical stiffness of the layers during collapse and collapse dynamics as a 

function of the grafting density.12 In subsequent studies, we investigated the reversible 

swelling and collapse in detail by ellipsometry thickness measurements in-situ, as well as 

AFM based friction and adherence experiments and assessed the variation of friction 

properties upon exposure to solvents and co-nonsolvent mixtures.13 We postulated a 

structural model assuming that brushes immersed in co-nonsolvents collapsed from the 

top layer first exposed to a non-solvent, while the brush interior remains partially 

hydrated. The layer structure was fitted by ellipsometry analysis and the results assuming 

this model were consistent with the observed variations in adhesion, friction and brush 

thickness upon exposure to non-solvents. However, for ellipsometry modelling, 

assumptions need to be made for a model to be fitted, as the ellipsometric response does 

not directly yield segment (and density) gradient distributions. In order to provide 

independent support for our layer model, and to gain further insights and confirmation 

for layered brush collapse behavior, we decided to observe brush collapse upon crossing 

the LCST by neutron reflectivity (NR) using co-nonsolvent mixtures. We monitored the 

formation of the collapsed top brush layer of PNIPAM, exposing the brush to water-short 

chain alcohol mixtures (water-methanol in 3:1 v/v ratio). In order to inxrease the 

scattering contrast between the polymer and the background, and decrease incoherent 

background signal, deuterated (D2O) or partially deuterated (D2O-MeOH mixture) 

solvents has been used. By fitting the reflectivity profiles, we measure the amount of 

trapped D2O in the brush as a function of temperature variation, or following exposure to 

D2O and MeOH mixtures (co-nonsolvent). We prepared a library of brush layers with 

different grafting densities (grafted from silicon) to enable us the study of the influence 

of molecular crowding (grafting density) on the layer collapse. 

Brush graft preparation and characterization 

We employed standard ATRP surface initiated polymerization procedures to prepare 

brush layers utilizing the “grafting from” procedure.12, 14-15 The steps of surface 

modification and grafting are shown in Figure 3.1. In short, we used (3-

aminopropyl)triethoxysilane (APTES) functionalization, followed by coupling of the 

active initiator bromo isobutyrilbromide, BIBB, and 1-bromocarbonyl-1-methylethyl 

acetate, BMA, respectively. The ratio between the active and inactive BIBB/BMA was 

varied to obtain different grafting densities (see scheme on the right hand side of Figure 

3.1). Further details of the surface functionalization process are shown in the 

Experimental Section. 
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Figure 3.1: Preparation of the PNIPAM layers grafted on silicon surface: 1) cleaning and activation of the 

silicon surface via piranha treatment. 2) Immobilization of the ATRP initiator: a coupling agent on the surface 

via vapor deposition. 3) Coupling of the active ATRP initiators and inactive BMA, and 4) ATRP polymerization 

of NIPAM. The scheme on the right shows different grafting densities resulting from variations of the active 

initiator and inactive BMA. 

Four different brushes (labeled from A to D) were prepared with different grafting 

density and thoroughly characterized. The objective was to use the same polymerization 

time (thus attempt to have the same molar mass) and only vary the initiator concentration. 

The dry and swollen thickness values, as well as the grafting densities obtained from 

AFM experiments (see Experimental Section) are shown for these brushes in Table 3.1. 

The grafting density values were determined using the relationship between dry and wet 

layer thickness values for PNIPAM according to the following relationship:16-17 

hwet/hdry=1.03/σ2/3        (eq. 3.1) 

Here σ is the grafting density in chains∙Å-2 units.  

Table 3.1: AFM investigation of the PNIPAM brush layers: dry and swollen thicknesses and estimated 

grafting density. The swelling ratio (hwet-hdry)/hwet and the grafting densities hwet/hdry=1.03/σ2/3 obtained from the 

AFM measurements are summarized in the table. 

Wet state 
in D2O 

Active 
init. 

mol% 

ddry dwet Swelling 
ratio 

Grafting 
density 

Units of 
monomer 
per chain Å Å Chains∙Å-2 

Sample A 100 630 ±  10 1460 ± 70 1.32 0.0030 680 

Sample B 75 390 ± 30 1410 ± 140 2.62 0.0015 1020 

Sample C 50 420 ± 10 1830 ± 70 3.36 0.0011 1600 

Sample D 25 420 ± 10 1210 ± 100 1.88 0.0021 700 

 



 
 

 
Chapter 3 

 

 

50 
 

3 

Neutron reflectivity studies 

In neutron reflectivity NR (sometimes called reflectometry) the reflection of a beam 

of neutrons is measured from a flat surface as a function of the scattering vector q 

(momentum transfer vector) with a magnitude defined by the wavelength and angle of 

reflection of the neutrons. In simple reflectivity experiments we consider an ideally flat 

interface between medium “0 “ and medium “1 “ with neutrons hitting the interface with 

a wave vector k0; k0=│k0│= 2π/λ; with λ being the wavelength of the neutrons. The 

specular neutron reflectivity R is then defined for an ideal interface as follows using the 

reflection coefficient r0,1 for an ideal interface with the n wave amplitudes aout and ain: 

𝑟0,1 = 
𝑎𝑜𝑢𝑡

𝑎𝑖𝑛
=  

𝑘0− 𝑘1

𝑘0+ 𝑘1
       (eq. 3.2) 

R = ( 
𝑘0− 𝑘1

𝑘0+ 𝑘1
 )2        (eq. 3.3) 

For a single layer film with a thickness d1 (two interfaces, one homogeneous layer), 

this modifies to: 

R = 
𝑟0,1

2 +𝑟1,2
2 + 2𝑟0,1𝑟1,2cos (2𝑘1𝑑1)

1+ 𝑟0,1
2 𝑟1,2

2 +2𝑟0,1𝑟1,2cos (2𝑘1𝑑1)
      (eq. 3.4) 

Such formulas can then be generalized for multilayers and used for fitting the 

experimental reflectivity profiles. 

The reflectivity as a function of the z-component of the scattering vector  

qz =│ kout – k in │= 2k0(sin θout + sin θin)      (eq. 3.5) 

is measured and plotted in each of the Figures showing the directly observed 

experimental results. In general, from the specular reflectivity profiles, following fitting 

to the reflectivity formula chosen (like those displayed above), layer thickness values di, 

interfacial roughness and individual thickness values for multilayer films can be 

determined. 

We were also interested in compositional information in the normal direction of the 

brush-substrate (in particular in segment gradients and solvent distribution). Such 

experiments could be attempted as for co-nonsolvency studies we can benefit from the 

strong contrast between D and H scattering. Additionally, for previously collapsed films 

using co-nonsolvents following drying, the determination of the remaining retained 

(heavy) water in the brush, and its spatial distribution within the brush, was also of 

interest. To obtain relevant information, we determined scattering length densities (SLD) 

and their depth dependence (as a function of z values). 

Scattering (and reflection) of a neutron plane wave is described using a “Fermi 

pseudopotential”, which includes a parameter called neutron scattering length, bi , to 

characterize the interaction of neutrons with the nucleus of the element “i”. Its values are 
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element-specific, depend on the nuclear spin, and can be found in standard tables.18 The 

power of neutron scattering in soft matter science is provided by the great contrast 

between bi values for D and H, and also against the other elements of the periodic table. 

We make use of this contrast when we later selectively study the distribution of (heavy) 

water in the brush films.  

As in neutron scattering and reflectivity the scattered (reflected) intensity depends on 

the nuclear density of the element “i“ within a given layer fitted e.g. to the specular 

reflectivity profile, it is convenient to consider continuous scattering length density (SLD) 

functions averaged over a given volume: 

SLD = ρ(r) = ∑ 𝑏𝑖𝑁𝐴 𝛿/𝑀𝑉
𝑉
0       (eq. 3.6) 

where the average calculated over the volume V, 𝑀𝑉 is the molar mass, 𝛿 is the mass 

density, with Avogadro’s number 𝑁𝐴. We summarize the calculated SLD values in the 

table below (Table 3.2) as provided by the fitting program “MOTOFIT”19 of Institute 

Laue Langevin used for R reflectivity profile evaluation. 

Table 3.2: Calculated neutron scattering length densities (SLD or ρ) of the components used in neutron 

reflectivity measurements. 
 

SLD 
10-6 Å 

PNIPAM, C6H12.5NO 0.44 

D-PNIPAM, C6H9D2NO 2.25 

Water, H2O -0.56 

Deuterium oxide, D2O 6.36 

Methanol, CH3OH -0.37 

Silicon 2.07 

 

Regarding the differences between hydrogenated and deuterated PNIPAM please see 

Figure S3.1 and S3.2 in the Supporting Information, discussing D-H exchange. 

In the next section we first show our results based on experimental reflectivity curves 

and fitting to these data to gain insights for the different brush conformation scenarios 

studied (swelling, temperature collapse, co-nonsolvency collapse, re-swelling, solvents 

captured and retained in the films). We then provide a discussion describing the main 

findings, and conclusions. For a general introduction to NR see Torikai et al.18 

3.2 Results and discussion 

Neutron reflectivity results 

In this section we first describe NR experiments (R vs. qz profiles) on dry brushes at 

RT (Figure 3.2). We then consider D2O swollen brushes at RT (Figure 3.3) and then 
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display data obtained at the temperature of 40 oC, thus heated to above the LCST 

(collapsed PNIPAM) (Figure 3.4). We cool down the system to below the LCST to test 

swelling reversibility at RT (25 oC) (Figure 3.5). In Figure 3.6 we compare the 

reflectivity curves of the original swollen brush with the re-cooled swollen brush after 

heating to 40 oC to test (and establish) swelling reversibility. In Figure 3.7 we provide 

experimental data and their evaluation after exposing the brushes to a co-non-solvent 

system using a D2O/CH3OH solution mixed in the ratio 3:1. Finally, in Figure 3.8 we 

display NR results and their evaluation for the brushes exposed to air, following a collapse 

response to the co-nonsolvent mixture (to check whether D2O remains retained in the 

films). We provide short interpretations for each Figure, and at the end we offer a general 

discussion. For each case the experimental geometry and fitting conditions are displayed 

in separate panels.  

For dry (collapsed) brushes the specular reflectivity curves in panel (a) are vertically 

shifted by the values shown near the y axis (note the logarithmic scale, hence we used 

multiplicators of powers of 10) for better visibility. We note that we used similar shifting 

also in subsequent plots when several profiles are shown in one panel.  

The film thickness values can be compared with data shown in Table 3.1 (determined 

by the AFM film scratch method). We note that the NR reflectivity fits gave somewhat 

higher values for the film thickness in this case. A direct comparison between AFM and 

NR is not possible, as the two methods measure different physical parameters. During 

NR experiments the top brush layer does not experience any mechanical  stress (unlike in 

AFM) and the freely “dangling” chain ends could contribute to higher average film 

thickness values. Similar observations were made for free surfaces of amorphous thin 

films of bulk polymer, showing enhanced free volume and lowering of segment density 

at the free surface of polymeric solids.20  
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Fig. 3.2: NR measurements on dry (thus collapsed) PNIPAM brush layers with different grafting densities: 

(a) experimental reflectivity profiles (symbols) and the corresponding fitted specular reflectivity curves (lines). 

The curves are shifted vertically for clarify. Sample characteristics (initiator coverage, layer thickness, swelling 

ratio and estimated grafting density values are provided in Table 3.2. (b) Schematic representation of the 

experimental geometry used to fit the experimental reflectivity data (containing SiO2 surface / polymer layer / 

ambient air interfaces). The fitted scattering length densities (SLD) and the thickness values of the polymer 

layer as a function of the distance from the air interface are shown in (c) and (d), respectively. For example, in 

(c) the SLD profile Vs thickness graph of the sample A, the black dashed vertical lines indicate the location of 

the air/polymer and polymer/silicon interfaces, respectively. The red dashed horizontal line indicates the SLD 

of the silicon block. 

The orange (bottom) reflectivity curve shows a monotonous decay with increasing 

scattering vector, corresponding to reflections from a single interface. The other four 

reflectivity profiles show interference fringes resulting from a one layer (two interface) 

system. The fits to the measured points are in excellent agreement with the measured 

points. Data fitting resulted in film thickness and scattering length density values as 

shown in panels (c) and (d).  

For zero BIBB concentration the organic film (a combination of inactive BMA and 

APTES, see Figure 3.1) on the silicon substrate gives a small contribution to film 

thickness (note the non-zero BIBB/BMA ratio). The SLD values obtained from the fit 

show the same trend. We note that the distance values on the abscissa are measured from 
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the air/film interface. At zero distance we see a jump from zero SLD value to ca. 0.4 (with 

a thickness of ca. 20 Å) which corresponds to the organic film (BMA and APTES) just 

mentioned. Then the large step to the value of 2.07 corresponds to reaching the silicon 

substrate. For specimens D, B and A this occurs at the thickness values shown in Panel 

(c). PNIPAM has a scattering length density value of 2.25, which is not distinguishable 

from the BIBB + APTES organic film. 

 
Fig. 3.3: NR measurements on D2O swollen PNIPAM brush layers with different grafting density at 25 

°C. (a) Experimental reflectivity profiles (symbols) and the corresponding fitted specular reflectivity curves 

(lines). The curves are shifted vertically for clarity. (b) Schematic representation of the experimental geometry 

used to fit the experimental reflectivity data (containing SiO2 surface / polymer-rich layer / D2O-medium). Note 

that the entire film is immersed in D2O, and the neutron beam enters from the back side of the silicon substrate. 

The scattering length densities (SLD) of the polymer layer as a function of the distance from the silicon interface 

are shown in (c). The black dashed vertical line indicates the location of the silicon/polymer interface. The red 

dashed horizontal lines indicate respectively the SLD values for the SLD of the polymer film containing 95% 

and 100% of D2O. (d) Shows the calculated thickness and the D2O content in the polymer layer as a function of 

the grafting density.  

The reflectivity profiles do not show distinct oscillations characteristic for well-

defined films. We note that for higher scattering vector values the experimental noise 

increases as expected, but the fit quality becomes less good. This was to be expected due 

to less information included in the reflectivity data.  

The SLD profiles fitted from these data exhibit a step increase from silicon (SLD = 

2.07 to 4.1 10 -6 Å for 95 % D2O layer) with increasing distance from the substrate. A 
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layer can be observed at the substrate exhibiting a slight variation with the initiator 

concentration. At higher distances the layers exhibit a further increase of swelling with 

increasing distance for all four grafting densities but in a gradual manner. In the SLD fits 

we do not see the (expected) full brush thickness with a sharp interface (lack of oscillating 

reflectivity profiles). This can either be due to high thickness values difficult to capture 

experimentally, or to a low segment density, and high concentration of D2O in the films, 

which masks the SLD of the polymer. In any case, it is evident from the SLD data that 

the brushes contain substantial amounts of solvent. The SLD profiles merge at high 

distances and asymptotically reach 100 % D2O for thicknesses higher that 500 Å. We 

interpret these observations as a result of the presence of a dense layer in the vicinity of 

the substrate which is terminated on the solvent side by a diffuse top swollen layer 

(possibly dangling chains at low segment density) in D2O, as is shown in Figure 3.3, 

Panel (d). With increasing initiator content the segment crowding in the brush grafts 

increases (segment density increases) as indicated by the decreasing amount of solvent in 

the dense layers, as is shown in Figure 3.3, Panel (d).  

Brush conformational variations upon heating, following passing the LCST and chain 

collapse, measured at 40 oC can clearly be seen in Figure 3.4 when compared with the 

results displayed in Figure 3.3. The scattering length density plots depicted in Figure 

3.4. show again the presence of sharp interface, and good brush film definition, similar to 

the dry films initially measured (Figure 3.2). For all four grafting densities there is D2O 

retained in the films. SLD fits indicate the presence of two distinguishable diffuse layers. 

Close to the silicon substrate a dense layer can be seen, while in the vicinity of contact 

with the solvent, more solvent is present. The SLD fits show a somewhat unexpected and 

abrupt change between these two domains (probably due to fitting technical issues). The 

top layer thickness is estimated to vary around 40-50 Å and does not show variation with 

initiator density, as is shown in Figure 3.4, Panel (e). For the interface in contact with 

the solvent, there is a sharp jump from 80-85 % D2O to 100 % D2O indicating the presence 

of a well-defined polymer brush-solvent interface. The thickness of the compact first layer 

as a function of grafting density is shown in Figure 3.4, Panel (d). The thickness values 

here are comparable with the data obtained for the dry brush as shown in Figure 3.2. 
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Fig. 3.4: NR measurements on Temperature-induced collapsed PNIPAM brush layers after swelling at 

room temperature, following heating to 40 °C, to above the LCST. a) Experimental reflectivity profiles 

(symbols) and the corresponding fitted reflectivity curves (lines). The curves are shifted vertically for clarity. 

(b) Schematic representation of the experimental geometry used to fit the experimental reflectivity data 

(containing SiO2 surface / polymer-rich layer / D2O-rich polymer layer / D2O bulk). (c) Obtained scattering 

length densities (SLD) as a function of the distance from the silicon interface. In (d) and (e) the calculated 

thickness and the D2O content values in the bottom dense and top SLD-gradient polymer layers as a function of 

the grafting density are depicted, respectively. 

We display the main data in Table 3.3 below, allowing one to make direct 

comparisons for temperature and grafting density effects. 
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Table 3.3: Comparison of the properties of the PNIPAM brush layer measured via NR as a function of the 

grafting density between the swollen and collapsed conformation of the PNIPAM brush layers. The 

conformational transition is here temperature-induced LCST.  

Active 

initiator 

mol% 

In D2O at 25 °C In D2O at 40 °C 

d1 SLD D2O 

% 
d1 SLD1 

D2O % 

in dense 

layer 

d2 SLD2 
D2O % 

in grad 

layer 
Å 10-6 Å Å 10-6 Å Å 10-6 Å 

Sample A 100 41 2.61 76 730 2.51 76 46 3.29 85 

Sample B 75 - - - 620 2.84 80 34 3.05 82 

Sample C 50 48 3.63 87 480 2.62 78 61 3.11 83 

Sample D 25 46 3.44 85 440 2.94 82 54 3.37 86 

 
Fig. 3.5: Study of the temperature-switched conformational response of the PNIPAM. Comparison 

between the NR profiles obtained for specimen C in its swollen state (first time exposure to D2O) and following 

passing the LCST to collapse, and re-swelling.  

Following a detailed experimental study on our brush library comprising four layers, 

we tested the reversibility of the NR profiles on the specimen “C”. We compared specular 

reflectivity profiles obtained in the first swelling experiment, and following a 

temperature-induced collapse and re-swelling. As shown in Figure 3.5, both measured 

and fitted reflectivity curves for the two scenarios are indistinguishable, proving 

reproducibility. 

Next we turn our attention to LCST transitions triggered by exposing the brush films 

to the co-nonsolvent mixtures of D2O/CH3OH solution mixed in the ratio 3:1. This mole 

fraction value was chosen as the minimum of the LCST depression for MeOH-H2O co-

nonsolvent systems is found in this range (at 35 mol.%) at the value of -7.5 oC.9 Three 

brushes, including 25, 50 and 100 % initiator coverage (samples A, C and D) were 

investigated. The R profiles, the experimental geometry and the SLD profiles are shown 

in Figure 3.6. 
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Fig. 3.6: NR measurements of collapsed PNIPAM brush layers in D2O/CH3OH solution 3/1 v/v: a) 

Experimental reflectivity profiles (symbols) and the corresponding fitted reflectivity curves (lines). The curves 

are shifted vertically for clarity. (b) Schematic representation of the model used to fit the experimental 

reflectivity data. (c) Scattering length densities (SLD) of the polymer layer as a function of the distance from 

the silicon interface. The silicon substrate is depicted by the light blue colored rectangle in the left bottom corner 

as background. 

The NR measurements shown in Figure 3.6 were performed at RT (25 oC) where 

PNIPAM in pure water must exhibit a solubilized, swollen brush. However, interference 

maxima (in particular for samples C and D) are clearly visible in the NR patterns 

indicating the expected brush collapse due to immersion in co-non-solvent mixtures. 

From the SLD profiles it is clear that collapse and layer definition is not as well 

pronounced as it is for the T-collapsed PNIPAM layers at 40 oC (Figure 3.4). As shown 

by the SLD profiles, there is a thin D2O depletion layer near the Si interface, and a 

substantial amount of D2O in all three films. Interestingly, the SLD values for higher 

distances away from the substrate clearly decrease for all samples studied. This is a strong 

indication of a decreasing concentration of the solvent D2O moving towards the brush 

exterior within the collapsed brush. Instead of approaching the SLD of D2O we see lower 

D2O concentrations and a clear enhancement of the polymer segment concentration near 

the film interface in contact with the solvent. Additionally, substantial amounts of D2O 

are captured in the interior of the film. In other words, NR experiments provided further 

evidence, that collapse of PNIPAM brushes, when exposed to co-non-solvent mixtures, 

occurs first at the solvent-exposed interface, in agreement with our earlier reports.12-13 

In the next set of experiments we tackled the question, what happens when we expose 

the films collapsed by the co-non-solvent mixture again to a solvent at room temperature 

(where we expect a fully swollen brush). Results are shown in Figure 3.7. 
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Fig. 3.7: NR measurements on re-swollen PNIPAM brush layers in D2O at 25 °C after co-non-solvent-

induced transition. (a) Experimental reflectivity profiles (symbols) and the corresponding fitted specular 

reflectivity curves are shown by lines. The curves are shifted vertically for clarity. (b) Schematic of the 

experimental geometry used in data fitting. (c) Scattering length densities (SLD) as a function of the distance 

from the silicon interface. In (d) the calculated thickness and the D2O content values of the polymer-rich layer 

as a function of the grafting density are depicted.  

There are similarities between the SLD profiles for the re-swollen brush following 

co-non-solvency exposure, and the re-swollen brush following crossing the LCST for 

collapse, and then again for re-swelling by varying the temperature. Similar to Figure 3.3 

the interference patterns disappear, the film layer definition becomes fuzzy, and the SLD 

profiles can be interpreted by an effective two layer model. Close to the substrate the 

SLDs show high polymer density, and then similar to the film re-swollen after T collapse, 

we observe an asymptotic approach of the SLD to effectively approach the D2O value at 

ca. 500 Å distance from the substrate. There is however one striking difference between 

the two re-swollen films. Following exposure to co-non-solvents for collapse, and 

subsequent re-swelling, substantially more D2O remains retained in the films, as shown 

by the higher SLD values near the compactly packed-loose packed boundary (kink in the 

SLD-s both in Figure 3.3 Panel (c) and Figure 3.7. Panel (c).  

In order to make a direct comparison of these two cases easier, we replotted in Figure 

3.8 the SLD profiles and the modelled thickness values for the substrate-near dense layer, 

and the D2O content in the dense layer for the above discussed two cases of re-swollen 

brushes. The differences as described can clearly be seen.  
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Fig. 3.8: Comparison between the re-swollen PNIPAM brush layers in D2O at 25 °C after temperature-

induced and after co-nonsolvent-induced conformational transitions. (a) Shows the scattering length densities 

(SLD) of the polymer layer as a function of the distance from the silicon interface. In b) the calculated thickness 

and the D2O content values of the bottom polymer dense layers are depicted as a function of the grafting density 

(the closed symbols and the open symbols are the swollen thickness and D2O content values before and after 

the temperature-induced  and the co-non-solvent-induced transition).  

Finally, we took the brush following co-non-solvent collapsed and dried in air. Brush 

in this film in principle should have the same conformation as the initial dry PNIPAM 

brush. The NR results, along with the SLD plots and estimated D2O content are shown in 

Figure 3.9. 

Fig. 3.9: NR profiles of films following co-non-solvent collapsed and dried in air. (a) Experimental 

reflectivity profiles (symbols) and the corresponding fitted reflectivity curves (lines). The curves are shifted 

vertically for clarity.  (b) Schematic representation of the model used to fit the experimental reflectivity data 
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(containing SiO2 surface/polymer layer/ambient air). (c) Scattering length densities (SLD) as a function of the 

distance from the air/polymer interface. In (d) the calculated thickness of the dry PNIPAM  layers as a function 

of the grafting density are depicted.  

According to the SLD fits the layer thickness of film A has a value of ca. 440 Å 

(730 Å), film C is of 400 Å (480 Å) and D of 240 Å (440 Å) (in brackets the values of 

the initial dry film thickness are shown; see Table 3.3). We note that the initial film 

(prior to T and co-nonsolvent exposures) had a substantially higher film thickness for 

each cases. We speculate that the origin of this deviation might be related to some 

polymer degrafting of the brush chains during repeated swelling/collapse experiments, 

while we note that the agreement between experiments and fitted profiles is not as good 

as it was in the previous cases.21-23 

3.3 Conclusions 

We have prepared a library of thin PNIPAM brush films anchored on silicon surfaces 

with different grafting densities (grafted from silicon) over a range of and 0.0030 to 

0.0011 chains∙Å-2 with, in good approximation, the same molar mass via SI-ATRP.  

Neutron reflectivity was used to study the physical properties of the PNIPAM brush 

films with different grafting densities in temperature- and co-non-solvent-induced coil-

to-globule transition. The distribution of the solvent through the polymer films in the 

various conformations of the single end-tethered PNIPAM chins was investigated above 

and below the LCST, and in co-non-solvency conditions (D2O:CH3OH 3:1 v/v).  

From neutron reflectivity (NR) experiments of the dry PNIPAM films, the thickness 

and the SLD values of the PNIPAM brush layers were estimated with a mono-layer 

model. The thicknesses of the PNIPAM layers were affected by the amount of the ATRP-

initiator anchored on the silicon surface and the thickness increased by increasing the 

grafting density due to the steric hindrance between the neighbor chains. Moreover, from 

the measured SLD values of the PNIPAM brush layers (3.74*10-7 Å-2), the chemical 

composition of the films was estimated to be (C6H13NO)n which is in good agreement 

with the theoretical estimated composition of the polymer (C6H11NO)n. 

Then, the physical properties of the PNIPAM brush films were explored in D2O at 

25 °C. We observed no sharp interphase between the swollen polymer and the D2O 

medium but only an interphase between the silicon surface and the swollen polymer-rich 

layer. The absence of the sharp interphase between polymer and D2O can be due to high 

thickness values difficult to capture experimentally, or to a low segment density, and high 

concentration of D2O in the films, which masks the SLD of the polymer. Regarding the 

bottom polymer-rich layer (at the interface with the silicon oxide surface) for all the 

different grafting density PNIPAM brushes was observed a homogeneous 40-50 Å thick 

film containing approximately 20% of polymer. The thickness of this layer was 

independent on the amount of the initiator grafted to the surface. Thus, our PNIPAM 

brush layers in swollen state (in D2O at 25 °C) were described with a two-layer model 
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encompassing essentially two domains: a first polymer-rich domain at the silicon 

interface (80 % D2O amount in the layer and a thickness between 40-50 Å thick), and a 

second D2O-rich domain (containing more than 95 % of D2O which reached the D2O-

SLD already at distances of 500 Å. The full swollen thickness of the PNIPAM brushes 

was not measurable because the polymer layer was too thick and the SLD of the polymer 

was masked by the high concentration of D2O. Nevertheless, the swollen thickness of the 

PNIPAM brushes were measured to be thicker than 1000 Å for all the grafting densities 

via AFM and ellypsometry measurements which elucidates the absence of distinguishable 

diffuse layers from the NR data.  

As consequence of the temperature-induced conformational transition of the 

PNIPAM brushes (temperature was at 40 °C, far above the LCST of PNIPAM in D2O), a 

sharp interface between the PNIPAM brush layer and the D2O solvent was observed. For 

all the grafting densities, two layers model (i.e., with two distinguishable diffuse layers) 

was used to fit the NR data: i) at the bottom, close to the silicon substrate, a dense 

polymer-rich layer and ii) at the top, at the polymer-solvent interface, a D2O-rich layer. 

The thickness and the SLD values of the bottom layers varied with the grafting density, 

while the thickness and the SLD of the top layer did not show variation with the grafting 

density. The reversibility of the temperature-induced transition was confirmed.  

When the swollen PNIPAM brushes were collapsed by exposing the films to the co-

non-solvent mixtures (D2O: CH3OH 3: 1 v/v), interference maxima were clearly visible 

indicating the expected coil-to-globule transition of the PNIPAM chains.  

A clear difference between the reflectivity profiles of the temperature-collapsed and 

the co-non-solvent-collapsed PNIPAM was noted. The reflectivity profile of the 

PNIPAM brush layers with three different grafting densities were different: the PNIPAM 

with the highest grafting density did not show the typical oscillations in the reflectivity 

curve indicating a D2O-rich polymer film layer trapped between the PNIPAM brushes 

and confined by the silicon surface and the collapsed polymer film exposed to the co-non-

solvent mixture. At low grafting density, the sharp interface between the polymer and the 

medium was revealed from the reflectivity profiles. The D2O content in the polymer brush 

layer, as described by the SLD profiles, decrease of higher distance from the substrate. 

This phenomenon is due to the presence of a dense solvent-exposed collapsed PNIPAM 

layer which acted as a diffusion barrier of the D2O molecules into the medium. Also for 

these samples, a substantial amount of D2O is entrapped in the polymer layers but from 

the fitted SLD profile a lower concentration of D2O was present in the intermediate layer. 

This experiment provided further evidence, that collapse of PNIPAM brushes, when 

exposed to co-non-solvent mixtures, occurs first at the solvent-exposed interface and 

depending on the grafting density a different amount of D2O can be entrapped between 

the solid silicon surface and the collapsed polymer layer in contact with the co-non-

solvent mixture.  
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The reversibility of the co-non-solvent-induced transition was verified, like for the 

temperature-induced transition. However, we note that after exposure to the co-non-

solvency mixture more D2O remains retained in the films.  

From the NR measurements of the dry PNIPAM brushes after co-non-solvent-

induced conformational transition, a difference in the polymer layer thickness and of the 

SLD value were observed for all the grafting densities. We suggest that this phenomenon 

is due to the degrafting of the brush chains during the experiments.    

Finally, we have analyzed the co-non-solvent-collapsed PNIPAM films and dried in 

air and the de-grafting of the polymer chains during the repeated swelling/collapse 

experiments was observed.  

3.4 Experimental section 

Materials  

Substrates. Two different sizes of silicon substrates were used due to the technical 

requirements of the neutron reflectivity experiments: (5x5x1) cm and (1x1x0.05) cm. The 

substrates were purchased by CrisTec GmbH (Germany) and Okmetic (Vantaa, Finland), 

respectively. Technical details are shown in Table 3.4.  

Table 3.4: Technical requirements for the silicon samples used in this project.  

 

Silicon oxide sample 1 Silicon oxide sample 2 

used for N-Refl. 
used for CA, FTIR, AFM and 

ellipsometry 

 CrysTec, Germany Okmetic Oyj, Finland 

Orientation ( 1 0 0 ) ( 1 0 0 ) 

Tolerance < 0.5° < 0.5° 

Format 50x50mm (±0.2mm) 
Diameter 100mm (±0.2mm) 

Cut in square 10x10 mm  

Thickness 10mm (+0.3mm) 0.525mm (+0.3mm) 

Flat SEMI standard SEMI standard 

Type of conductivity, 

Dopand 
n-Type,  

Phosphorus 

n-Type,  

Phosphorus 

Resistivity > 1 Ohm·cm > 1 Ohm·cm 

 

Chemicals. Aminopropyl triethoxysilane (APTES), bromo isobutyrilbromide 

(BIBB), 1-bromocarbonyl-1-methylethyl acetate (BMA), trimethylamine (TEA), copper 

(II) bromide (CuBr2), and (N,N,N′,N′,N′′-pentamethyldiethylenetriamine) (PMDETA) 

were purchased from Sigma-Aldrich and used as received without purification. N-

(isopropylacrylamide) (NIPAM) and Copper (I) chloride (CuCl) were purchased from 

Sigma-Aldrich. NIPAM was purified twice by crystallization in toluene/n-hexane mixture 

at 1/1 v/v. The NIPAM was dissolved in the minimum volume possible of toluene at room 

temperature and crystallized overnight. The mixture was filtered, washed with n-hexane 

and dried under vacuum. CuCl was purified in concentrated acetic acid, filtered and 
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washed with ethanol three times, followed by drying under vacuum at room temperature 

overnight. Deuterium oxide (D2O, 99.9%) was purchased from Cambridge Isotope 

Laboratories, methanol (absolute), chloroform (AR) and Milli-Q water (Advantage A-10, 

Millipore, Merk, Darmstadt, Germany) was used throughout the experiments. 

Synthesis of PNIPAM grafts with different grafting densities.  

Activation of the silicon samples. The silicon wafers were cleaned with piranha 

solution (i.e., concentrated H2SO4: concentrated H2O2 3:1 v/v) at room temperature for 

30 min. Then, the samples were rinsed extensively with water and ethanol, followed by 

drying in a nitrogen stream and immediately used for the next step.  

Formation APTES self-assembly monolayer (SAM) on silicon surfaces. The 

clean silicon samples were placed in the desiccator around a vial containing 

approximately 0.1 ml of ATRP initiator coupling agent APTES. The desiccator was 

evacuated for 5 min with a rotary vane pump and subsequently closed. The vapor 

deposition was allowed to proceed overnight. Then, the samples were rinsed with toluene, 

ethanol and water ensuring the complete removal of the unreacted silane, and dried in a 

nitrogen stream. The APTES-modified silicon samples were immediately used for the 

next step of coupling with reactive and unreactive ATRP initiators.  

Formation various grafting densities of ATRP initiator on silicon surfaces. Five 

solutions containing 5.5 mL of TEA and 120 mL of chloroform were prepared in glass 

beaker (as summarized in Table 3.5) and subsequently, cooled in an ice bath. The 

APTES-modified samples were immersed into the solution and the solution was mixed 

under magnetic stirring. The ATRP initiator BIBB and the inert compounds BMA were 

added simultaneously and dropwise, under stirring in the right ratio. The molar ratio 

between the active and inert ATRP initiator agents, the complexant agent, and the solvent 

are summarized in Table 3.5.  

Table 3.5: Experimental procedure for the coupling of the active and inactive ATRP initiator to the 

APTES-modified silicon surfaces. 

Name 
Initiator molar 

ratio 

VBIBB VBMA Chloroform TEA 

mL mL mL mL 

Sample A 100% 3.0 0 120 5.5 

Sample B 75% 2.25 0.75 120 5.5 

Sample C 50% 1.5 1.5 120 5.5 

Sample D 25% 0.75 2.25 120 5.5 

Sample E 0% 0 3.0 120 5.5 

After the complete addition of the BIBB and BMA reagents, the flasks were warm 

up at room temperature and the coupling reaction was carried out for 1 h at room 

temperature. The samples were washed with chloroform, toluene, methanol and water, 

and dried in a stream of nitrogen. The ATRP-initiated silicon samples, with different 

grafting densities, were directly used for the SI-ATRP of NIPAM.  
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Surface initiated-atom transfer radical polymerization (SI-ATRP) of N-

isopropylacrylamide (NIPAM). The SI-ATRP of NIPAM was performed under a 

nitrogen or argon atmosphere with a molar concentration of NIPAM of 2.2 M in a 50:50 

water/methanol mixture, and an optimized ATRP recipe containing a molar ratio of 

NIPAM:CuCl:PMDETA:CuBr2 of 200:1:3:0.1, as is summarized in Table 3.6. In 

separate flasks, each component of the polymerization system (i.e. the solvents, the 

monomer, the ligand, and the catalyst) were purged/bubbled with argon to assure the 

oxygen free atmosphere and the control over the ratio of the ATRP polymerization 

reagents. In detail, more than 200 ml of water and methanol were placed in different 

flasks, as well as approximately 5 ml of PMDETA which were stirred and bubbled with 

argon for 5 h and 10 min, respectively. The NIPAM (87.2 g, 770 mmol) was added and 

purged in a round bottom flask of 500 ml with argon for more than 1 hour. The oxygen 

free solvents and ligand were added into the NIPAM flask in the right ratio as summarized 

in Table 3.6. 

The CuCl (380.8 mg, 3.86 mmol) and the CuBr2 (86.2 mg, 0.386 mmol) species were 

added and purged in a round bottom flask of 500 ml with argon for more than 1 hour. The 

solvents were transferred into the monomer/ligand flask via a 3 times purged syringe in 

the right ratio. The solution was stirred under argon atmosphere until the solids were 

completely dissolved. Then, with a three times purged syringe, the solution 

monomer/ligand was transferred into the flask containing the catalyst system. The 

mixture was kept in argon atmosphere, stirred for three hours until the copper salts were 

completely dissolved. 

Table 3.6: Experimental conditions for the SI-ATRP of NIPAM from silicon oxide surfaces. 

ATRP System 
Solvents Monomer Ligand CuI CuII 

Methanol Water NIPAm PMDETA CuCl CuBr2 

Conc. M   2.2 0.066   

Volume ml 175 175 - 2.4 - - 

Weight mg - - 87200 - 380.6 86.2 

Moles mmol 5147 9722 770 11.6 3.86 0.386 

Ratio  1333 2500 199 3 1 0.1 

 

Due to the size of the silicon samples used for NR experiments, the ATRP 

polymerization of NIPAM was performed in a Petri dish in glove box purged with dry 

nitrogen gas to assure the oxygen free atmosphere. The ATRP initiated samples were 

placed in the glove box and purged with nitrogen gas for at least 1 hour. The ATRP 

solution was transferred into the petri disk containing the ATRP surface initiated samples 

and the polymerization was carried out for 30 min.  

The ATRP polymerization reaction was interrupted using abundant amount of ATRP 

quenching solution composed of CuBr2 (0.05 M) and PMDETA (0.1 M) in Milli-Q water. 

The PNIPAM grafted silicon samples were washed in ethanol and dried in a stream of 
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nitrogen. The samples were stored in nitrogen box and transported to Grenoble in one 

week for the neutron reflectivity experiments.  

IR: 3400-3200 cm-1 (NH), 1650 and 1535 cm-1 (amide).  

Contact angle: static water contact angles: piranha-cleaned silicon surface < 20°, 

APTES-modified silicon oxide 48± 4°, ATRP-initiated surfaces 70-80°, and PNIPAM 

brush layer grafted on silicon 62 ± 3°. 

Device and methods 

IR spectroscopy. An Apha Brucker FTIR spectrometer (Bruker Optik GmbH, 

Ettlingen, Germany) was employed in transmission mode. 512 scans were collected in a 

scan of frequency range of 4000-400 cm-1 and a resolution of 4 cm-1. The background 

spectra was obtained using a freshly piranha-cleaned silicon oxide substrate. 

Contact angle. Static water contact angle measurements were performed by sessile 

drop technique using an optical contact angle device (OCA 15, Dataphysics, Germany) 

equipped with an electronic syringe unit and connected to a charge-coupled device (CDD) 

camera. The drop contour was fitted by Young-Laplace equation. At least three different 

measurements of each sample were performed using Milli-Q pure water.   
1H NMR. 1H NMR spectra were obtained on a Bruker Avance III 400 MHz 

instrument at 400.1 MHz and 1H chemical shifts were based on the solvent residual 

signals. 

Ellipsometer. Variable angle spectroscopic ellipsometer (VASE, J. A. Woollam) 

was used. Measurements were performed as a function of the photon energy in the range 

0.8-4.0 eV (276-1550 nm) with a step size of 0.1 eV. The dry measurements of the 

PNIPAM brush layers were performed at various angles of incidence (65°, 70° and 75°) 

and fitted between 250-900 nm. The wet measurements were performed at fixed angle 

(63°) using a dedicated custom-made temperature controlled custom-made liquid cell and 

fitted between 250-900 nm. The ellipsometry spectra were analyzed employing the 

package CompleteEASE (Woollam), using bulk dielectric functions for silicon, silicon 

dioxide, air and water. The analysis of the brush layers was performed on the basis of the 

Cauchy models. Regarding the ellipsometry models, the dry films were considered as a 

single homogenous dense layer above the thin (16 Å) silicon oxide and the bulk silicon 

layers. The thickness, A- and B-Cauchy parameters of the polymer layer were fitted 

between 250-1150 nm. The properties of the swollen polymer films (in water with T< 

LCST) were estimated considering a single A-graded layer model (composed of 50 

slices). The thickness, A-, B- Cauchy parameters and the A-gradient with 50 slices were 

fitted between 300-900 nm to the experimental data. The collapsed PNIPAM brush layers 

(water with T > LCST) were modelled as a single homogenous dense layer where the 

thickness, A and B-Cuachy parameters were fitted between 300-900 nm.  

Atom force microscopy, AFM. The thickness and the topology of the PNIPAM 

brush layers grafted on the big silicon were measured using Agilent 5100 AFM 
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instrument. The samples were gently scratched with Teflon tweezer to reveal the bare 

silicon wafer and measure the relative thickness of the polymer layer. The dry thicknesses 

of the polymer graft on the planar substrate were obtained by measuring the step height 

in intermittent-contact mode using silicon Olympus cantilevers with a spring constant of 

about 2 N/m and a resonance frequency of 70 kHz in air. The wet thicknesses of the 

polymer films were obtained by measuring the step height in water operating in contact 

mode with polystyrene colloids attached to soft silicon cantilevers (6 mm diameter, CP-

CONT-PS, sQube, NanoAndMore, Germany) characterized by a spring constant of about 

0.2 N/m. The spring constant of the cantilevers was estimated via thermal tune calibration 

method.24 

Neutron reflectometer, NR. Neutron reflectometry provided information about the 

film thickness, roughness, scattering length density (SLD), density profile normal to the 

surface by measuring the reflected neutron intensity (R) as a function of the incident angle 

(Δθ). The neutron reflectivity measurements were carried out with the superADAM 

(Advanced Diffractometer for Analysis of Materials)25-26 at the Institute Laue-Langevin 

(ILL, Grenoble, France) using a monochromatic beam with a wavelength λ of 5.18 Å.  

 
Figure 3.10: Layout of the SuperADAM for the (a) dry and (b) wet experiments.   

Figure 3.10 and Figure 3.11 show the scheme of the superADAM reflectometer and 

the sample orientation for the dry and the “in liquid” measurements, respectively.  

Dry samples have been measured in air, at the air/solid interface at room temperature, 

while the wet samples were measured in the liquid cell with different liquids (pure 

deuterium oxide and 33% v/v deuterium oxide-methanol mixture) and at different 

temperatures (25 and 40 °C). To ensure a total reflection of the neutron beam, the incident 

neutron path was going from air to the polymer brush layer to SiO2 to silicon for dry 

experiments. The liquid cell consisted of an O-ring made of poly(tetrafluoroethylene) 

(PFTE), a Teflon holder and  two aluminum plates. The liquid “reservoir” is confined 

between the silicon surface and the aluminum plate, inside the O-ring, as is shown in the 
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Figure 3.11. The temperature control was achieved by using an external thermostat-bath 

from which the water was continuously pumped to the cell. For the experiments in 

solution, the path was going from backside of the sample, i.e., from silicon to SiO2 to 

deuterated solvent-rich wet polymer brush layer to deuterated solvent. The isotopic 

contrast variation method was used to study the co-nonsolvent-induced transition. This 

method consists of using deuterated and hydrogenated solvent mixtures. By using the 

combination of hydrogenated and deuterated solvents, the measurement can give 

information about the distribution of the different solvent components with respect to the 

normal direction to the surface.  

 
Figure 3.11: Characterization via NR measurements of the PNIPAM brush . a) top view and b) typical 

layout for the dry experiments. c) top view and layout for the liquid measurements. d) typical cell used for 

reflectivity measurements at the solid/liquid interface.  

The SLD profile is directly related to the density and atomic composition normal to 

the surface. The SLD profiles were modelled by a stack of slabs; each slab was assigned 

an SLD, a thickness and a roughness described by a Debye-Waller factor. The volume 

density of intercalated molecules of each type of solvent through the polymer brush layers 

was obtained from the fitting of the NR data under the assumption of additivity of 

volumes.  

Data were analysed using the MOTOFIT software.19 
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3.5 Supporting Information 

In dorder to check whether any corrections for possible H-D exchange reactions are 

needed, the possible H-D exchange between the protons of the amide functional groups 

(N-H group) of PNIPAM and D2O was investigated. 1H NMR measurements were 

performed at various time of dissolution of the polymer in the deuterated solvent at room 

temperature. Figure S3.1 shows a typical 1H NMR spectra of amide of the PNIPAM free-

chains in D2O as a function of the time in solution. The 1H NMR analysis allows to 

distinguish the proton signal of the amide (chemical shift at approximately 7.6 ppm, see 

Figure S3.1 and Figure S3.2).27 Complete H-D exchange was observed, in fact the 

intensity of the N-H peak disappeared completely after 60 min, as is shown in Figure 

S3.2. 

As a consequence of this experiment, a better fitting of the NR data  can be obtained 

concerning the SLD and density profile evaluation.  

 
Figure S3.1: 1H NMR analysis of the H-D exchange for PNIPAM free-chain in D2O as a function of the 

time. Full  1H NMR (400 MHz, CDCl3) δ: 1.1 (CH3, 6H); 1.5 (CH2, 2H);  1.9 (O=CCH, 1H); 3.8 (CH3CH, H); 

7.6 (NH, H). 
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Figure S3.2: 1H NMR analysis of the H-D exchange for the amidic proton of PNIPAM in D2O as a 

function of the time.  
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4.0 Abstract 

 

TOC Chapter 4: Tunable friction by co-non-solvency of the PNIPAM brush layer in an ethanol/water 

mixture. Friction force and swelling ratio of PNIPAM brush layers as a function of the solvent quality. The 

friction force was evalutated using AFM between the gold colloidal probe and the brush coating as a function 

of the solvent mixture.  

We present a simple method to control the tribological properties of contacts between 

polymer brushes and a solid counter surface. We show, using atomic force microscopy 

(AFM) experiments, that the friction force, upon relative sliding of a poly(N-

isopropylacrylamide) (PNIPAM) brush and a gold colloid on an AFM cantilever, varies 

over two orders of magnitude when changing the composition of an ethanol-water 

mixture that solvates the brush. We achieve this large variation in friction via a co-non-

solvency effect: In pure water or ethanol, the PNIPAM brush is swollen and the friction 

is low, while in a 10-90 vol.% ethanol-water mixture, the brush is partly collapsed and 

polymer-stretching causes the friction to be high. 

4.1 Introduction 

The friction between surfaces in relative motion is generally required to be either 

high or low: When walking, braking or picking up material, sufficiently high friction is 

of critical importance, while smooth sliding is preferred in systems where friction results 

in major costs due to energy-loss. However, for some advanced applications, it is 

necessary to be able to switch between high and low friction. Examples include robots 

that can walk on walls1 and smart tweezers.2 Polymer brushes provide a versatile platform 

for controlling surface properties3-6 including tribomechanical properties4, 7-9 and, 
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therefore, hold great potential for applications as surfaces with variable (switchable) 

friction.10-11  

Polymer brushes can be created by end-anchoring polymers to a surface or interface 

at an adequately high density.12 When brushes are dry or kept in a poor solvent in their 

collapsed state, the polymers form a dense layer on the surface. The adhesion and friction 

between these dense polymer films and a solid counter-surface are generally high.13 When 

a polymer brush is kept in a good solvent, the polymers stretch out and absorb the solvent 

into the brush. Under these conditions, the friction and adhesion are typically low.14 By 

employing polymers that respond to an applied external stimulus (e.g. by changes in 

temperature,15 solvents,16 pH,17 electric18 and magnetic field19 etc.), the effective solvent-

quality can be readily changed such that friction and adhesion can be controlled.7, 14, 20-22 

A particularly easy method to change the solvent quality is the employment of the so-

called co-non-solvency of the polymers23-27 where a coil-to-globule transition of polymers 

can be triggered by simply adding a relatively small amount of co-solvent to the solvent. 

When polymers are in a swollen, coiled state in pure solvent or co-solvent, but form 

a collapsed globule in a mixture of the two solvents, it is called a co-non-solvency effect. 

A well-studied example is poly(N-isopropylacrylamide) (PNIPAM) in a mixture of water 

and alcohols such as methanol, ethanol or isopropanol.28-29 At room temperature, 

PNIPAM polymers are found to be swollen in water or one of these alcohols, while the 

polymers are collapsed e.g. for 10-20 vol.% methanol in a methanol-water mixture for 

polymers free in solution10 (at 30 vol.% for gels and brushes24, 30). The origin of co-non-

solvency is still under debate.25, 31-32 Koga et al.25 proposed that co-non-solvency is a 

result of competitive hydrogen bonding where bonds between water and alcohol-

molecules can be favored over hydrogen bonds between PNIPAM and the solvent-

molecules. In a different study, Sheng et al.31 conclude from their Fourier transform 

infrared spectroscopy experiments that the formation of “water-methanol clusters” 

(H2O)n(MeOH)m of concentration-dependent size (n = 1, 2, 3, 4, 5; m = 1) induces a coil-

globule-coil transition. Depending on their size, these clusters create either good or poor 

solvent conditions for PNIPAM. Recently, Mukherji et al.33 reported that the Flory-

Huggins theory cannot explain the co-non-solvency mechanism. They show using coarse-

grained molecular dynamics simulations32 that a possible explanation for the phenomenon 

might be that at low concentration of the better solvent, bridges are formed between parts 

of the PNIPAM polymer by the better solvent, which induces a collapse. Nevertheless, 

irrespective of the exact explanation for the origin, the manifestation of the phenomenon 

of co-non-solvency is well established and has been widely observed for different 

combinations of polymers, solvents and co-solvents.24, 26-27, 34-35 Moreover, it has been 

employed in the development of applications such as gating36 and in alcohol sensing.37 

However, for tuning friction, it has been relatively unexplored. 
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In this Chapter we show using friction force atomic force microscopy (AFM) 

experiments, that co-non-solvency of PNIPAM in ethanol-water mixtures can be used to 

tune friction over two orders of magnitude. In a recent publication Chen et al.14 reported 

on obtaining variable friction between PNIPAM and a silicon colloid using co-non-

solvency. They observe that, in a 50-50 vol.% methanol-water mixture, the friction 

coefficient is approximately 4 times higher than in pure water. We built on these results 

and study the frictional response upon sliding a gold colloid over a PNIPAM brush at 

room temperature, while we systematically vary the relative amount of ethanol in ethanol-

water mixtures. We find that for 10 vol.% of ethanol-water mixture, the friction is the 

highest. At this concentration the friction is 120 ± 10 times higher than in pure ethanol. 

Surprisingly, we find that the concentration for the highest friction force does not coincide 

with the concentration of minimal brush swelling at 30 vol.% of ethanol-water mixture. 

Thus, the observed frictional response cannot be explained by brush-swelling alone. 

Instead, we show, using AFM measurements in which the colloid probe is approached 

towards and retracted from the surface, that the partly collapsed polymers in 10 vol.% 

ethanol-water mixture have become strongly stretched when the colloid is moved away 

from its initial contact with the brush. This can explain the enhanced frictional response 

found at 10 vol.% of ethanol-water  mixture. Because our results show that the friction 

can be varied over two orders of magnitude, we propose that PNIPAM in these solvent-

co-solvent mixtures holds great potential for application in e.g. robots that can walk on 

walls or smart tweezers. 

4.1 Results and discussion 

Figure 4.1 shows in (a) a schematic representation of the effect of the solvent 

composition on the measured brush height and in (b) the measured swelling ratio of 

PNIPAM brushes as a function of ethanol-water mixture at various compositions. In the 

experiments, the brush height is measured by ellipsometry (triangles up and down) and 

by determining the vertical distance between brush-surface and the bare silicon surface 

using AFM (squares and circles), respectively. We cannot expect the swollen heights 

measured by the different techniques to be the same, since there is no well-defined height 

of a brush. Instead, the polymer-density gradually changes as a function of the distance 

from the substrate12 and, as discussed in more detail below, the different measurement 

techniques analyze different parts of this density distribution. 

For the AFM measurements, we gently scratch off part of the brush by Teflon 

tweezers. Next, we inject the solvent and equilibrate the system for at least 10 minutes. 

Then, we determine the swollen height of the brush by i) imaging under a small normal 

load of 1.6 nN, ii) performing force distance measurements (FD) upon approach of the 

colloid towards the brush. In the latter, we compare the (still arbitrary) separation where 

the force starts to deviate from 0 to the height of the brush imaged at a known applied 
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force. The difference in tip-surface separation between the two is added to the brush 

height. The swollen height is normalized by the dry brush height (close to 140 nm for the 

measurements shown in Figure 4.1)†1 to give the swelling ratio shown in Figure 4.1(b). 

We expect that we underestimate the brush height for the imaging method, as the brush 

is slightly compressed even under the lightest load applied. For the force distance 

measurements, we probably overestimate the brush height, because the force will increase 

as soon as the polymer density is high enough to bear a normal load, which can happen 

at larger distances than the brush height due to poly-dispersity.38 The difference in height 

for both measurements is most pronounced under good solvent conditions, where the 

brush stretches the most. This can be observed in pure ethanol, where the magnitude of 

the difference can be up to 250 nm. The ‘real’ brush height will probably be between 

heights measured using imaging and the FD method.  

Figure 4.1(b) also shows the swelling ratio measured with ellipsometry. A detailed 

explanation of the ellipsometry measurements can be found in the supporting information. 

In short, for the dry height measurements, the ellipsometry data is fitted to the traditional 

Cauchy model. For the swollen brush height measurements, we incorporate a gradual 

change in polymer density as a function of the distance from the surface. Such a gradual 

change is typically considered to be parabolic in the limit of dilute brushes,39-41 but 

approaches a step function for high density brushes47-48 and can become linear or even 

concave in the presence of polydispersity.49-50 Since we do not know the exact density 

profile of our brushes, we tested two different models to fit the ellipsometry data. Model 

1 (single graded layer, SGL) effectively fits the refractive index - and thus the density - 

to a power law function that can be tuned between concave and convex by changing the 

exponent.51 Model 2 (dense layer, DL), places this gradually changing refractive index 

on top of a layer of constant refractive index (density) close to the sample surface.14 Both 

models give comparable results, except in pure water where the single gradient layer 

seems to underestimate the swollen height by a factor 1.4 and at 60-70 vol.% ethanol 

where the double layer model overestimates the swollen height by a factor 1.3-1.8. For 

each individual measurement (AFM or ellipsometry), the new solvent-composition is 

applied to a cleaned and dried brush surface (i.e. the solvent composition is not 

continuously varied). We tested that our results were independent of previous solvent 

conditions by stepwise decreasing the vol.% ethanol after stepwise increasing it. 

Moreover, we found the same swelling ratios for all the tested samples within 15%. 

                                                      
† Please note that the measurements on Figure 4.1 were performed on different samples than the sample 

used for GPC and therefore the dry height is also different. 
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Fig. 4.1: Schematic of the co-non-solvency-induced conformational change of the PNIPAM brush (dry 

height 140 nm) (a) and the swelling ratio of a PNIPAM brush as a function of the ethanol volume fraction in 

the ethanol-water mixture. (b) The swelling ratio is calculated from the swollen height of the brushes and is 

normalized by the dry brush height as measured by AFM force distance (FD, black squares) or imaging (dark 

gray circles) using a normal load that is kept as small as possible (1.6 nN) over a scan size of 40 μm at a scan 

rate of 1 Hz or by ellipsometry measurements using either the double layer model (DL, gray upward triangles) 

or the single gradient layer model (SGL, light gray downward triangles). 

In pure water, we find that the swelling ratio is about 3, which is in agreement with 

the literature values reported for PNIPAM brushes with similar grafting densities.52-53 

When adding a small amount of ethanol to the water (10 vol.% ethanol in the ethanol-

water mixture), the PNIPAM brush strongly shrinks to reach a swelling ratio of around 2. 

By further increasing the ethanol volume fraction, the brush further collapses. At 30 vol.% 

ethanol, there is a minimum in the swelling ratio. Here the swelling ratio has, however, 

still a value of 1.25. The observation that the system is still partly solvated at minimum 

swelling is in agreement with results obtained by others. Dalkas et al.54 measured the 

cloud point of PNIPAM in water-dioxane mixtures, and the point of minimum swelling 

is obtained around 30-40 vol.% dioxane. Napper et al.30 find for PNIPAM on polystyrene 

latex particles that the minimum particle-diameter is obtained at 30 vol.% ethanol-water 

mixture, and the swelling ratio is calculated to be roughly 1.5. This is in direct agreement 

with our measurements. The presence of solvent in the collapsed brush is consistent with 

the bridging-model of Mukherji et al.,32 where the better solvent is expected to be between 

the collapsed polymers. However, this remains speculative, since from our results we 

cannot tell the partition of water and ethanol within the brush. We note that the presence 

of solvent in a collapsed brush is not observed for a temperature-induced conformational 
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change of a PNIPAM brush.55-56 For these systems, the swelling ratio has been found to 

be close to 1 above the lower critical solution temperature (LCST). This might indicate 

that the mechanism of collapse is different for a temperature-induced collapse compared 

to a co-non-solvency-induced collapse. 

At a 40 vol.% ethanol, the average swelling ratio is 1.3 and is slightly higher than at 

30%, which shows that the brush again absorbs more solvent molecules and re-swells. 

This is called the re-entrant phenomenon.31, 54, 57 By further increasing the ethanol content, 

the brush swells more until it reaches its maximum swelling ratio in 100 vol.% ethanol. 

In pure ethanol, the swelling ratio is larger than 3.5, which is close to the height expected 

for fully stretched polymers and is more than 20% times higher than in pure water. This 

higher swelling ratio shows that ethanol is a better solvent for PNIPAM than water.  

Fig. 4.2: Friction force between the PNIPAM brush (dry height 170 nm) and a gold colloid as a function 

of ethanol volume fraction measured at a relative velocity of 10 μm/s under a normal load of 25 nN, while 

moving over a scan size of 20 μm. The error bars denote the standard error of the mean with a 95% confidence 

interval. For most data points the error bars are smaller than the symbol size. The inset shows the friction at 10 

vol.% ethanol normalized by the friction at 30 vol.% ethanol between a PS probe (radius 7 μm) and the PNIPAM 

brush (dry height 115 nm) upon sliding at a velocity of 20 μm/s over a scan size of 20 μm.  

So far, most studies on PNIPAM have focused on investigating the change in 

chemical or physical properties by comparing the system for two states, the swollen state 

and the collapsed state.14, 58-61 In our recent publication,55 we show, however, that the 

tribomechanical properties of PNIPAM brushes change the strongest at the high 

temperature range of the coil-to-globule transition. In our previous work,55 we 

systematically vary the temperature and find that the friction just below the LCST is 

almost two orders of magnitude higher than the friction at lower or higher temperatures. 

Therefore, we expect that close to the coil-to-globule and globule-to-coil transition of 

PNIPAM in water ethanol mixtures, the friction will be high too. 

Figure 4.2 shows the variation of friction force between the PNIPAM brush and a 

gold colloid as a function of the volume fraction of ethanol in the ethanol-water mixture. 



 

Tunable Friction by Co-Non-Solvency of PNIPAM Bushes 

81 

 

4 

In water, the PNIPAM brush is swollen (see Figure 4.1) and the friction force is only 1.5 

nN (Figure 4.2). When the brush is water-swollen, it is very lubricious. However, when 

a small amount of ethanol (10%) is added, the friction force dramatically increases to 

about 21 nN, which is 14 times higher than the value observed in water. Such a strong 

variation of friction is also found for PNIPAM brushes in water close to the LCST.55 As 

shown in Figure 4.1 for a 10% ethanol, the PNIPAM brush height decreases by 36% 

compared to the height in water and, thus, the polymer density is higher. This allows for 

forming more interaction-sites between the gold colloid and the PNIPAM brush. When 

sliding over the partially collapsed brush, the colloid can stretch the chains in the brush, 

which would enhance friction. A schematic representation of this postulated effect is 

shown in Figure 4.3. At the given solvent composition, the friction increases 

logarithmically with the velocity, which is consistent with the observations in recent 

molecular dynamics simulations using attractive polymer-surface interactions.62 In these 

simulations, it was shown that the dissipation upon sliding is caused by the formation and 

rupture of physical polymer-surface bonds, which causes instabilities and, thus yields a 

logarithmic dependence of the friction on the velocity.  

 

Fig. 4.3: Schematic illustration of the proposed origin of friction between the gold colloid and the PNIPAM 

brush at various compositions of water (blue) and ethanol (yellow). 

Upon further increase of 20 vol.% ethanol, the PNIPAM brush-height shrinks by 40%. 

However, the friction now decreases. The reason for this might be that the more strongly 

collapsed brush at 20 vol.% ethanol resists stretching thus reduce the related energy 

dissipation, yielding a lower friction. The maximum collapse (minimum swelling ratio in 

Figure 4.1) occurs at 30 vol.% ethanol-water mixture. In the maximally collapsed state, 

the friction is a 1.05 ± 0.03 times higher compared to the friction at 20 vol.%. The mostly 

collapsed brush resists to be stretched due to the increased polymer-polymer interactions, 

and the friction is now mainly dominated by adherence interactions and viscoelastic 

deformations while sliding over the rough collapsed brush. Thus, a second, but smaller, 

maximum of friction is observed at this concentration.  

When the ethanol volume fraction is further increased to 50% ethanol, the brush re-

swells. An effective lubricant layer is formed again and, as a result, the friction decreases 
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to 0.8 nN. Chen et al.14 report that in a 50/50 (v/v) methanol/water solvent-co-solvent 

mixture, friction force between the PNIPAM brush and silicon colloid is 4.6 times than 

in water. In contrast, we find that in a 50 vol.% ethanol-water mixture the friction is lower 

than that in water. A possible explanation for this discrepancy might be that we measured 

at different temperatures. The solvation of PNIPAM brushes is very sensitive to the 

temperature, such that even a few degrees difference in temperature can alter the friction 

by orders of magnitude.55 Surprisingly, even though we have a re-entrance or globule-to-

coil transition at 50 vol.% ethanol, we do not observe a strong response in the friction. 

This asymmetry might indicate that the mechanism causing the coil-to-globule transition 

at 10 vol.% ethanol is different from the mechanism behind the globule-to-coil transition 

at 50 vol.% ethanol in the solvent mixture, which would be consistent with the bridging-

by-the-better-solvent picture of Mukherji et al.32 However, an alternative explanation 

could be that the presence of ethanol disrupts the PNIPAM-gold interactions. 

Above 60 vol.% ethanol in the ethanol-water mixture, the friction is almost constant 

at a low value of 0.2 nN. Because alcohol is a better solvent for PNIPAM than water,16, 63 

the PNIPAM brushes will preferentially interact with ethanol molecules instead of gold. 

Moreover, the high osmotic pressure in the ethanol also reduces the contact area between 

colloid and brush. Thus, very low friction forces can be obtained. In pure ethanol, the 

friction force is as low as 0.16 nN, which is two orders of magnitude smaller than the 

friction in 10 vol.% ethanol-water mixture. In pure ethanol, we find that the friction 

increases linearly with the velocity, which implies that the dissipation is dominated by 

hydrodynamic drag and not by polymer-colloid interactions. 

The observed variation in the friction is strongest at low normal load values, as 

depicted in the inset of Figure 4.2. Upon increasing the normal load, the ratio of the 

friction force at 10 vol.% ethanol compared to the friction at 30 vol.% ethanol decreases 

logarithmically with the load. In the limit of very high loads, the friction will become 

independent of the solvent composition. It is, however, difficult to say at what load this 

will happen, since different dissipation mechanisms would dominate the friction at high 

normal loads.  

Within a 15% uncertainty, we observe the same changes in friction as shown in 

Figure 4.2 by measuring 6 different samples using 4 different gold colloid probes. When 

a polystyrene colloid probe (colloid diameter 6 μm) is employed for the experiments, the 

variation in friction force reduces to a factor 72-95 (with variations around 25%). This 

observation implies that the change in friction force depends on the solvent-mediated 

interaction between the colloid and the PNIPAM brush. 

To study if polymer stretching could be at the origin of the enhanced frictional 

response at 10 vol.% ethanol-water mixture, we performed AFM experiments in which 

we measured the force on the colloid probe upon approach to and retract from the brush 

surface (displacement of 2 μm at a velocity of 10 μm/s). Figure 4.4 shows typical raw 
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force-separation curves of a PNIPAM brush in various compositions of the ethanol-water 

mixture.  

 

Fig. 4.4: Typical force versus separation curves at various ethanol volume fractions (0, 10, 30, 50, 100%). 

The approach and retract velocity of the gold colloid to and from the PNIPAM brush (dry height 170 nm) is 10 

μm/s. The arrows denote the direction of motion. The difference in force between the approach and retract 

curves is colored blue to clarify the adhesive interaction. The scale bar equals 50 nN.  

The maximum compression load was controlled to be 80 nN. As expected, in pure 

water we observe almost no adhesive interaction. When the brush is kept in a 10 vol.% 

ethanol-water mixture, the adhesive interaction is clearly stronger compared to what we 

found in pure water. The maximum adhesion force at 10 vol.% ethanol is 6 nN, which is 

3.4 times larger than the maximum adherence in water. Also, there is a pronounced long-

ranged adhesive interaction that vanishes only at distances larger than 1.32 ± 0.11 μm. As 

shown in our previous work on the adhesive interactions between PNIPAM and a gold 

colloid upon inducing a swelling transition using temperature,55 we attribute this long-

ranged adhesive interaction to stretching of the partly collapsed polymers. Similar 

stretching of polymers has been observed.64-65 Upon moving the colloid in the lateral 

direction, this stretching of the brush-polymers can increase friction (shown in Figure 

4.2). Stretching over such a large distance seems surprising considering our degree of 

polymerization, which is typically smaller than 2200. However, our polydispersity index 

is high (PDI is 3-5), such that the longer chains in the brush can still stretch over distances 

around 1.3 μm. We note that such a high polydispersity index could indicate cross-linking 

in the brush. However, crosslinking would counteract polymer-stretching as is, therefore, 

probably not the main cause for our high PDI. As shown in the supporting information 

Figure S4.4, thinner brushes (20 nm dry height) show significantly less polymer 
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stretching over only 650 nm. For an 30 vol.% ethanol-water mixture, the brush height is 

the smallest. At this concentration, the retract curve shows a sharp snap-off instability and 

a maximum adherence of 110 nN. No long-ranged adhesion is observed and thus chains 

would not become stretched. At a 50 vol.% ethanol volume fraction, the water-ethanol 

mixture solvates the brush such that the swelling ratio is 1.8. The sharp snap-off instability 

and adherence (40 nN) is less strong than for 30 vol.% ethanol. In pure ethanol, the snap-

off instability has completely vanished and we observe no significant adhesion interaction.  

Even though the swelling ratio is still 1.5 at maximum collapse of the brush at 30 

vol.% of ethanol-water mixture, we observe force curves that exhibit a sharp snap-off 

instability, which is typically only observed for fully collapsed brush. However, we note 

that in our experiments we probe the adherence between the colloid and the top of the 

brush. Therefore, we would like to argue that our results imply that the brush is collapsed 

at the top between 20-60 vol.% of ethanol, which would be in agreement with the 

observation of Chen et al.14  

4.3 Conclusions 

In summary, we have shown that tunable friction is provided by co-non-solvency of 

a PNIPAM brush in ethanol-water mixtures. In pure water, the PNIPAM brush is swollen 

and acts as a lubricant layer. For 10 vol.% ethanol-water mixture, the PNIPAM brush is 

partially collapsed and a large friction force is observed due to stretching of the partly 

collapsed brush chains when the colloid probe is moved away from the initial point of 

contact. The strongest collapse of the PNIPAM brush occurs in 30 vol.% ethanol-water 

mixture. As expected, when the brush is in this state, the friction is higher than in pure 

water. Its value is, however, smaller than at 10 vol.% ethanol, since the grafted chains do 

not stretch in this case during the sliding motion. At higher volume fractions of ethanol, 

the brush re-swells. At these solvent compositions, a lubricant layer is again formed. The 

friction in this case gradually decreases with increasing ethanol-content and reaches a 

minimum in pure ethanol. At this minimum, typical values of the friction force are two 

orders of magnitude smaller than the forces measured at 10 vol.% ethanol-water mixture. 

Our results show that friction can be tuned in a straightforward manner by varying the 

relative amount of ethanol. Such tunable friction by employing co-non-solvency of 

PNIPAM brush in ethanol-water mixtures has potential application in walking robots, and 

switchable tweezers.  
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4.4 Experimental section 

Materials 

N-isopropylacrylamide (NIPAM, Aldrich, 97%) was dissolved in toluene/hexane 

solution (50% v/v), and recrystallized twice in the refrigerator, then dried under vacuum 

for 48 h at room temperature. Copper (I) bromide (CuBr, Aldrich, 98%) was purified by 

stirring in excessive acetic acid and filtered until the suspension solution is light grey, and 

dried under approximate vacuum conditions at room temperature overnight. N,N,N',N',N'-

pentamethyldiethylenetriamine (PMDETA) (98%), (3-aminopropyl) triethoxysilane, 2-

bromo-2-methylpropionyl bromide (98%), triethylamine (TEA, ≥ 99%), copper (II) 

bromide (≥ 99%), ethylenediaminetetraacetic acid tetrasodium salt dihydrate (EDTA, 99-

102%) were purchased from Sigma-Aldrich, and used as received without purification. 

Methanol (absolute), sulfuric acid (95-97%), tetrahydrofuran (THF), hexane and toluene 

(AR) were purchased from Biosolve, and hydrogen peroxide (H2O2) and ethanol were 

purchased from Merck and used as received. MilliQ water was obtained from a MilliQ 

Advantage A 10 purification system (Millipore, Billerica, Ma, USA). 

Brush Preparation and Characterization  

The PNIPAM brushes were grafted from pieces of a silicon wafer (1 x 1 cm2) via 

surface-initiated atom transfer radical polymerization (SI-ATRP).7 First, the silicon wafer 

was cleaned by Piranha solution (H2SO4:H2O2 = 3:1, v/v). (Caution: Piranha is very 

dangerous, extreme caution should be taken when handling it).  

Next, a monolayer with an amine group ((3-aminopropyl)triethoxysilane) was 

attached through vapor deposition.  

Then, the initiator was attached to the surface using 2-bromo-2-methylpropionyl 

bromide by a one-step replacement reaction. The NIPAM solution mixed with PMDETA, 

CuBr and CuBr2 was degassed and injected into a vial containing pieces of Si wafer 

substrates to conduct the ATRP polymerization at room temperature. Finally, specimens 

featuring the polymer brush were soaked in EDTA solution overnight to remove the 

copper, and dried with nitrogen. More details on the sample preparation and a movie 

showing the sample preparation procedure can be found in our preivous works.55, 66 The 

grafting density and molar mass of the PNIPAM brush were estimated by the swelling 

ratio.4 For the specimens used the values of 0.45 ± 0.2 chains/nm2 and 2.5 ± 1.0 x 105 

g/mol were obtained, respectively. The absolute molar mass of PNIPAM brush-polymers 

from reference samples with a dry height of 120 nm was determined to be Mn = 1 x 105 

g/mol (typical PDI = 4 for the detached chains)67 by gel permeation chromatography 

(GPC) in THF after detachment from the silicon substrate using p-toluene sulfonic acid.68 

Contact angle. Static contact angle measurements were carried out on an optical 

contact angle device equipped with an electronic syringe unit (OCA15, Dataphysics, 
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Germany). Contact angle values of the modified substrates at each reaction step were 

measured, and at least three samples were assessed for each step. 

IR. Fourier transform infrared spectroscopy (FTIR) was employed to characterize the 

chemical composition of the polymer brush tethered on the silicon substrates. A Bruker 

Vertex 70v spectrometer was used to obtain the FTIR spectra with a spectral resolution 

of 4 cm-1. Background data was obtained by scanning a clean silicon wafer before sample 

measurement.  

Ellipsometry. Swelling and co-non-solvency properties were investigated by 

measuring brush thickness using a Variable Angle Spectroscopic Ellipsometer (VASE, J. 

A. Woollam). Measurements were performed as a function of photon energy (in ambient:

0.8-4.0 eV, corresponding to a wavelength range of 276-1550 nm; in ethanol-water 

mixture: 1.1-4 eV, i.e. 276-1127 nm) with a step size of 0.1 eV. In liquid, the accessible 

range is limited due to absorption of infrared light. The experiments were performed at 

room temperature (25 °C) in air and in different compositions of ethanol/water mixtures, 

as outlined in the Supporting Information. A dedicated custom-built liquid cell was used, 

which enables optical access at a fixed angle of incidence of 63°. Spectra on dry samples 

were performed at three different angles of incidence (65, 70 and 75°). The detailed 

analysis of the spectra is shown in the Supporting Information. 

AFM. AFM force measurements were conducted on a Multimode 8 AFM with a 

NanoScope V controller, a JV vertical engage scanner and a liquid cell (Bruker, San 

Barbara, CA). Polystyrene (PS) colloids attached to soft silicon cantilevers (6 μm 

diameter, CP-CONT-PS, sQube, NanoAndMore, Germany) were employed to determine 

the brush height at various ethanol-water compositions (typically k = 0.23 N/m ± 0.03). 

Cantilevers with gold colloids (6 μm diameter, CP-FM-Au, sQube, NanoAndMore, 

Germany) were used to obtain the force curves and friction data. The deflection sensitivity 

and spring constant values (typical spring constants were in the range of k = 2.42 N/m ± 

0.08) of the cantilevers featuring gold colloid probes were determined in liquid for each 

composition used. The friction was measured by sliding the gold colloid probe over the 

brush in the lateral direction (over 20 μm at a velocity of 10 μm/s), while measuring the 

torsional response of the cantilever. The torsional conversion factor (typically Sθ = 1.42 

x 10-7 N/V) was calibrated by using Vezenov’s noncontact method.69 The measurements 

were repeated on 3 different positions on the sample, where we found the same forces 

within 10%. Experiments were repeated on 3 different samples that were prepared in the 

same batch and 3 more samples prepared in a different batch. For all these samples we 

found qualitatively the same results (15% deviations in swelling ratios, 25% in the friction 

and 50% in the adhesion (hysteresis)). 
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4.5 Supporting Information 

Analysis of ellipsometry spectra 

For the determination of the optical constants and film thickness from ellipsometry 

spectra one needs to establish an optical model, which enables describing the 

experimental data in terms of actual physical parameters. The optical dispersion (n) can 

be modelled with the Cauchy dispersion model: 

n(λ) = A + B / λ2 + C / λ4  (eq. 4.1) 

where n is the refractive index, and A, B and C are the Cauchy parameters which may 

be obtained from the model to the data; λ is the wavelength in micrometers. The polymer 

film is considered to be a transparent “dielectric”, with the assumption that the absorption 

coefficient is close to zero (k = 0) and consequently, the refractive index is a real quantity. 

Silicon substrate and ambient. The optical properties of the substrate, consisting of 

bulk silicon with 2.0 nm of a native oxide, and the solvents (water and ethanol) were used 

as available in the CompleteEASE package (the refractive index at 600 nm of pure water 

and pure ethanol are 1.33 and 1.36 at 20 °C, respectively). The refractive indexes of the 

various ethanol/water mixtures were obtained by considering them as sum of the product 

between the volume fraction and the pure refractive index of the single components; the 

extinction coefficients were considered to be zero.  

Dry brush films. The experimental data obtained on dry films in air were fitted 

between 250-1150 nm with a model consisting of a single uniform Cauchy layer 

(representing the PNIPAM film) on top of the silicon substrate. The thickness d, and the 

Cauchy parameters A and B were used as fitting parameters; as the C Cauchy parameter 

does not yield improved fitting results, it was set to 0. 

The PNIPAM film was considered to be uniform, and the roughness of the polymeric 

layer was neglected; the material density is distributed evenly within the volume of film 

and consequently there was no gradient in the optical refractive index. 

Wet brush films. In liquid, the experimental data were fitted between 276-1127 nm 

with three different uniform layer models, each assuming the same silicon substrate (with 

native silicon oxide layer). The three models are schematically represented in Figure S4.1 

and details are summarized below: 

1. a dense Cauchy layer model, in which thickness d, and Cauchy parameters A

and B were varied; the Cauchy parameter C was set to 0.

2. a single gradient layer; the gradient in the optical density is described by an

exponential decrease of A, as a function of the distance from the substrate (layer

composed of 50 slices). Only the A-parameter was considered, mainly for two

reasons: in the Cauchy model of eq.1, the A parameter is the principal

contributor of the refractive index and secondly, keeping the number of fitting

parameters limited simplifies the analysis and the extraction of physical
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information. The thickness d, the Cauchy parameters A and B, the percentage 

variation of the A-parameter (%A) and the exponent of the exponential equation 

for the decrease of A-parameter (exp) were fitted to the experimental data; the C 

Cauchy parameter was set to 0.  

3. a double layer model; on top of the silicon substrate, a dense uniform layer 

(represented by a thickness d1 and Cauchy parameters A and B) is followed by 

a second diluted layer with a gradient of the A parameter. The latter is 

represented by a linear decrease of the optical density as a function of the 

distance from the substrate (layer composed of 50 slices). The outermost linear 

gradient layer was modelled by the thickness d2, Cauchy parameters A the B and 

the optical density variation %A. For both layers, the Cauchy parameter was set 

to 0. 

 
Fig. S4.1: Schematic representation of the ellipsometry models used for describing the optical properties 

of the polymer brushes in water. 

Comparison between swollen in water and in ethanol. Upon immersion of the 

PNIPAM brush film, swelling is observed, as shown in Figure S4.2. The swelling 

behavior is different depending on whether the polymeric layer is immersed in pure water 

or in pure ethanol. Consequently, the change of the optical parameters for each 

composition of medium (ethanol-water mixtures) were considered.  
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Fig. S4.2. In-situ ellipsometry spectra (symbols) and fit results (solid lines) for PNIPAM brush grafted on 

silicon swollen in water (open symbols) and in ethanol (filled symbols). For the fitting of the experimental data 

was used the double layer model described in the support information. 

For all experimental data, the curves were first fitted using the single uniform layer, 

subsequently the exponential single gradient layer, and finally the double Cauchy layer 

model.  

Figure S4.3 shows the dependence and the trend of the optical parameters on solvent 

composition at fixed room temperature. The change in Ψ and Δ is evident between the 

volume ratio of 0.20 and 0.50. The changes in Δ are more evident that the changes in Ψ. 

Fig. S4.3. Experimental ellipsometry spectra (symbols) and fit results (solid lines) for the in-situ PNIPAM 

films on silicon using the double layer model to describe the swollen state of the brushes between swollen in 

pure water and in volume ratio ethanol/water 0.1. 
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Table S4.1. Fit parameters using a double layer model for the optical modelling of PNIPAM brush layer 

in solvency and co-non-solvency. The sample was immersed in different volume ratio of ethanol-water mixture 

at room temperature. 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

TOT 

thickness 

(nm) 

396 247 222 156 154 238 406 409 426 413 414 

C
au

ch
y 

2
n

d
 la

ye
r,

  

G
ra

d
ed

 T
o

p
 

d2

nm 
271 151 160 - - 183 236 255 282 270 275 

A 1,312 1,360 1,405 - - 1,415 1,370 1,372 1,372 1,373 1,371 

B 

µm2 

0,001

73 

-

0,0003

82 

0,0025

9 
- - 0,00486 

0,0011

5 

0,002

44 

0,002

57 

0,002

24 

0,002

32 

%A -2,42 -5,73 -13,26 - - -1,86 -3,15 -2,61 -2,17 -2,04 -2,04

Exp 1 1 1 - - 1 1 1 1 1 1 

C
au

ch
y 

1
st

 la
ye

r,
 

d
en

se
 b

o
tt

o
m

 d1 

nm 
125 96 62 156 154 33 170 154 144 143 139 

A 1,395 1,408 1,435 1,447 1,452 1,423 1,411 1,401 1,403 1,402 1,401 

B 

µm2 

0,001

76 

0,002

84 

0,0025

9 

0,0039

3 

0,0041

0 

0,000921

77 

0,0035

6 

0,004

01 

0,002

71 

0,002

87 

0,002

52 

Ambient 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

In general, in the case of swollen PNIPAM brush films the double layer model 

provided the best description of the experimental data. This phenomena typically occurs 

when the PNIPAM film is immersed in solvent mixtures below 10 and above 60 vol.% 

ethanol-water mixture.  

In the other hand, the PNIPAM collapsed when the composition is between 2 and 50 

vol.% ethanol-water mixture. In this case, the dense uniform single layer model resulted 

in an adequate description of the experimental data. The fit parameter obtained with the 

double layer models are summarized respectively in the Table S4.1. 
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Fig. S4.4. Force-Separation curve of bare silicon substrate, 20 nm PNIPAM and 150 nm PNIPAM brush 

in 10 vol.% ethanol-water mixture. 
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Polymer Brushes on the Measured Friction Forces 
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Divandari, M., Benetti, E.M.; Langmuir. 2017, 33, 4164-4171.
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5.0 Abstract 

TOC Chapter 5: Schematic representation of the bursh deformation and sliding during lateral AFM force 

measurements is shown in a). The friction loops recorded on thin (light green lines) and thick PNIPAM brushes 

(black lines) in water at the temperature below LCST and above LCST, b) and c), respectively. 

The nanotribological properties of hydrophilic polymer brushes are conveniently 

analyzed by lateral force microscopy (LFM). However, the measurement of friction for 

highly swollen and relatively thick polymer brushes can be strongly affected by the 

tendency of the compliant brush to be laterally deformed by the shearing probe. This 

phenomenon induces a “tilting” in the recorded friction loops, which is generated by the 

lateral bending and stretching of the grafts. In this study we highlight how the brush lateral 

deformation mainly affects the friction measurements of swollen PNIPAM brushes below 

lower critical solution temperature (LCST) when relatively short scanning distances are 

applied. Under these conditions, the energy dissipation recorded by LFM is almost 

uniquely determined by stretching and bending of the compliant brush back and forth 

along the scanning direction, and it is not correlated to dynamic friction between two 

sliding surfaces. In contrast, when the scanning distance applied during LFM is relevantly 

longer than the brush lateral deformation, sliding of the probe on the brush interface 

becomes dominant, and a correct measurement of dynamic friction can be accomplished. 
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By increasing the temperature above the LCST, the PNIPAM brushes undergo 

dehydration and assume a collapsed morphology, thereby hindering their lateral 

deformation by scanning probe. Hence, at 40 °C in water the recorded friction loops do 

not show any tilting and LFM accurately describes the dynamic friction between the probe 

and the polymer surface. 

5.1 Introduction 

The lubricating properties of hydrophilic polymer brushes have been increasingly 

attracted the attention of materials scientists1-3 and tribologists4-10 during the last two 

decades. Due to a combination of osmotic force and conformational entropy, densely 

grafted, swollen brushes can act as efficient boundary lubricants within aqueous media. 

This distinctive feature provides to brush-coated surfaces a markedly low coefficient of 

friction (COF), when this is measured by micro- and nano-tribometers,11-16 surface forces 

apparatus (SFA)17-19 and atomic force microscopy (AFM).7,20-22  

The frictional dissipation mechanisms as well as the effects of solvent quality on the 

nanotribological properties of polymer brushes were intensively studied both 

experimentally23−28 and by simulation.29−33 In particular, AFM-based techniques, such as 

lateral force microscopy (LFM), have been applied to study nanoscale friction generated 

between identical tribopairs, usually fabricated by grafting-to34 of surface reactive 

copolymers.25,35,36 Alternatively, LFM coupled to grafting-from methods, such as surface-

initiated controlled radical polymerizations (SI-CRP), were employed to investigate the 

nanotribological properties of asymmetric tribopairs, concentrating on the interaction 

between sharp or colloidal AFM probes and relatively thick brush layers.37−40 

A particular interest was devoted to the nanotribological properties of stimuli-

responsive polymer brushes, and especially poly(N-isopropylacrylamide) (PNIPAM)-

based grafts, which across the lower critical solution temperature (LCST) of 30-33 °C in 

water undergo a transition from swollen to dehydrated.41,42 AFM methods were applied 

for measuring friction and nanomechanical properties with nano-Newton (nN) resolution 

between a well-defined asperity and PNIPAM brushes presenting different thicknesses 

and grafting densities.6,38,39,43−45 Although several studies helped dissecting the influence 

of these and other brush parameters on the nanotribological characteristics of PNIPAM 

brushes, a comprehensive and unambiguous understanding of the mechanics of 

interaction between the AFM probe and the brush surface across its LCST is still missing. 

In this work, we demonstrate that the tendency of the PNIPAM grafts to be laterally 

deformed by the shearing AFM probe, which varies over the temperature-induced 

transition, determines brush-probe interactions, while a thorough understanding of brush 

lateral deformability enables the correct measurement of friction by LFM. In particular, 
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we address these issues by analyzing the frictional properties of PNIPAM brushes 

presenting different thicknesses below and above LCST. 

We recently demonstrated that the measurement of friction between polymer brushes 

and an AFM probe includes different contributions originating from the reciprocal sliding 

of the two surfaces, plus the lateral bending and stretching of the tethered polymer 

chains.38,46 The impact of this latter term on the measurement of friction can be 

conveniently visualized through the analysis of the friction “loops” recorded using 

LFM.38,46 A tilted section of the loop is ascribed to the initial lateral deformation of the 

swollen brush, while a following, flat friction force trace is produced by the steady sliding 

of the probe on the polymer interface. 

For PNIPAM brushes immersed in water below their LCST the lateral deformation 

by the compliant brush affects the dissipation recorded via the friction loops, and thus the 

applied scanning distance must be accordingly tuned to obtain a reliable value of COF. 

In contrast, above LCST lateral deformability of the collapsed brush becomes irrelevant, 

and sliding of the probe on the brush interface uniquely determines the frictional 

dissipation. 

5.2 Results and Discussion 

PNIPAM brushes were synthesized from initiator-functionalized silicon substrates by 

surface-initiated atom transfer radical polymerization (SI-ATRP), varying the 

polymerization time and the catalyst/monomer mixture in order to obtain the desired brush 

thickness.38 In particular, our objective is to investigate the frictional properties of 

relatively thin and thick PNIPAM brushes. Thus, two types of PNIPAM brushes 

alternatively presenting ellipsometric dry thicknesses of 11 ± 1 and 417 ± 4 nm (Table 

5.1) were synthesized (named thin PNIPAM and thick PNIPAM, respectively). Fourier 

transform infrared spectroscopy (FTIR) and water contact angle (CA) confirmed the 

successful formation of uniform PNIPAM films from initiator-functionalized silicon oxide 

substrates (data reported in the Supporting Information, SI). The dry thickness values 

recorded by VASE were additionally confirmed by AFM step-height measurements, 

imaging the height difference between the brush surface and areas on the substrates where 

the films were mechanically removed by means of a plastic tweezer (Figure 5.1).52 In 

addition, an average PNIPAM grafting density of 0.43 chains nm-2 was estimated by 

detaching the grafts via HF treatments, and subsequently analyzing the polymer sample 

by gel permeating chromatography (GPC; see the SIn for details). 

The morphology of thin and thick PNIPAM immersed in water both below LCST 

(25 °C) and above the LCST (40 °C) were subsequently studied by tapping mode AFM 

(Figure 5.2). Below LCST, PNIPAM brushes showed smooth topographies, characteristic 

of swollen brushes, and presented a root mean square (RMS) roughness of 0.1 ± 0.02 and 
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1.5 ± 0.5 nm, for thin PNIPAM and thick-PNIPAM, respectively (RMS values were 

calculated over an area of 5x5 µm2).  

Above the LCST, a marked increase of roughness was observed, due to the 

aggregation between PNIPAM grafts coupled to their vertical collapse. The formation of 

globular aggregates constituted by collapsed grafts was clearly observed for both thin and 

thick PNIPAM, and produced an increase of RMS values that reached 2 ± 0.3 and 8 ± 1 

nm, respectively (calculated over an area of 5x5 µm2) (Figure 5.2).53 

 
Fig. 5.1: Tapping mode AFM micrographs (a,b) and corresponding section profiles (c,d) recorded over the 

“scratched” brush and silicon interface of thin PNIPAM and thick PNIPAM. The red lines highlighted in the 

micrographs in a) and b) indicate where the section profiles reported in c) and d) were measured. The dotted 

lines in c) indicate the average values of thickness. The images, were recorded under dry conditions, and in milli-

Q water at 25 and 40 °C. A cantilever (SNL-10, D triangular) from Bruker Corporation was used for recording 

all the micrographs. This presented a normal spring constant of approximately 0.06 N·m-1. The scanning speed 

was kept set at 1 Hz. The amplitude set point and the drive amplitude were set at 0.8 and 0.3 V, respectively.

The swelling properties of thin and thick PNIPAM in Milli-Q water were examined 

by VASE and AFM step-height measurements. The average thickness of PNIPAM 

brushes below LCST, was measured by VASE as 47 ± 6 and 1033 ± 22 nm, for thin and 

thick PNIPAM, respectively (Table 5.1). When compared to the corresponding dry 

thickness values, swelling ratios of 3.2 and 1.4 were calculated for the two polymer brush 

layers (calculated as the difference between swollen thickness and dry thickness, divided 

by dry thickness). Above the LCST, the temperature-driven collapse produced a marked 
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decrease of the ellipsometric thicknesses, which at 40 °C in water reached 13 ± 4 and 486 

± 2 nm for thin and thick PNIPAM, respectively.  

Table 5.1: VASE and AFM thickness data of thin and thick PNIPAM brushes in dry condition and in water 

at 25 ° and 40 °C 

Sample 

Ellipsometry AFM 

Dry 
Water 

25 °C 

Water 

45 °C 
Dry 

Water 

25 °C 

Water 

40 °C 

nm nm nm nm nm nm 

Thin 

PNIAPM 
11 ± 1 47 ± 6 13 ± 4 9 ± 3 33 ± 8 19 ± 10 

Thick 

PNIPAM 
417 ± 4 1033 ± 22 486 ± 2 390 ± 6 655 ± 15 440 ± 12 

Fig. 5.2: Tapping-mode AFM micrographs of PNIPAM brushes immersed in water. (a) and (b) thin 

PNIPAM brushes in water at 25 and 40 °C, respectively. (c) and (d) thick PNIPAM brushes in water at 25 and 

40 °C, respectively. The same cantilever (SNL-10, D triangular) from Bruker Corporation was used for recording 

all the micrographs. This presented a normal spring constant of approximately 0.06 N·m-1. The scanning speed 

was kept set at 1 Hz. The amplitude set point and the drive amplitude were set at 0.7 and 0.3 V, respectively. 

The thickness values obtained by VASE were subsequently confirmed by AFM step-

height measurements. As shown in Figure 5.1 and Table 5.1, thin and thick PNIPAM 

brushes immersed in water at 25 °C showed height values of 33 ± 8 and 655 ± 15 nm, 

respectively. In contrast, at 40 °C the height of the brushes dropped to 19 ± 10 and 440 ± 

12 nm, due to the collapse of the PNIPAM grafts. The deviation of these height values 
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from the swelling data obtained by VASE was probably due to the compression of the 

brush by the AFM tip while scanning over the brush surfaces.52 This effect resulted more 

marked at 25 °C in water, when the swollen and compliant brush can be compressed more 

easily by the AFM tip, originating an underestimate of the brush step-height. 

Normal and lateral AFM force measurements. 

The adhesive properties of thin and thick PNIPAM brushes, below and above LCST 

were examined by acquiring force-distance (F-D) curves by colloidal probe AFM (CP-

AFM). As shown in Figure 5.3a, at 25 °C in water both thin and thick PNIPAM brushes 

showed repulsive interactions during the approach of the colloidal probe, due to the 

repulsion against compression exerted by swollen and densely grafted brushes.53 Under 

these conditions, both thin and thick brushes displayed a slight hysteresis between the 

approaching and the retracting F-D profiles. This phenomenon was probably due to the 

stretching of the grafted chains up to several hundreds of nm from the grafting surface 

during the retraction of the colloidal probe, as recently observed for similar PNIPAM 

brushes by Yu et al.54  

Above the LCST, the dehydration of thin and thick PNIPAM brushes produced a 

marked steepening of the approaching F-D profiles (Figure 5.3b). In addition, the 

adhesive interactions recorded in the retracting F-D curve confirmed the presence of 

hydrophobic domains produced by the collapse of PNIAPM grafts above LCST.53 

Remarkably, an order magnitude increase in the adhesion force could be observed for thick 

PNIPAM grafts compared to thin ones. Namely, for thin-PNIPAM brushes an average 

adhesion force of 0.8 ± 0.1 nN was recorded, whereas thick PNIPAM brushes showed a 

much higher value of 6.3 ± 0.6 nN, as shown in Figure 5.3c. The higher adhesion force 

recorded on thick-PNIPAM brushes was due to the increased contact area between the 

AFM colloid and the compressed brush. In addition, the long-range interactions recorded 

in the retraction profiles of the F-D curves were presumably generated by the vertical 

stretching of long polymer grafts within thick brushes by the retracting probe.  

 
Fig. 5.3: F-D curves for thin and thick PNIPAM brushes at 25 °C (a) and 40 °C (b). The solid lines indicate 

the approaching curves, while the dashed lines indicate the retracting curves. In c) the distributions of adhesion 

forces recorded at 40 °C for thin (red) and thick PNIPAM (blue) brushes are reported. F-D curves were collected 



Effect of Lateral Deformation by  

Thermo-Responsive Polymer Brushes on the Measured Friction Forces 

103 

5 

at a speed of 1 µm·s-1 with a cantilever having normal spring constant of 1.57 N·m-1 and presenting a silica 

colloid of 8 µm radius. 

The nanotribological properties of the different PNIPAM brushes were subsequently 

investigated by colloidal probe LFM.  

Fig. 5.4: (a) Friction loops recorded by LFM on thin and thick PNIPAM brushes immersed in water at 25°C 

for the applied load of 10 nN. In (b) a typical friction loop recorded on thick PNIPAM brushes is reported; the 

tilted portion (Xd) and the sliding portion (Xs) of the loop are also highlighted. A schematic representing brush 

deformation and sliding during scanning is reported in (c). In (d) the lateral deformation of thin and thick 

PNIPAM brushes is plotted against the recorded lateral force. (e) Ff-L profiles for thin and thick PNIPAM 

brushes recorded in water at 25 °C, the solid lines indicate the fit to the linear regression. In the inset, Ff-L profiles 

are reported applying the same vertical scale of Figure 5.5b, where the frictional properties of the PNIPAM 

brushes above LCST are plotted. The scanning distance and the scanning rate applied during CP-AFM friction 

measurements were 9 µm and 1 µm·s-1, respectively. The radius of the colloid used was 9 µm. The normal and 

torsional spring constants of the cantilever used were 0.263 N·m-1 and 5.52E-9 N·m, respectively. 

In Figure 5.4a, typical friction loops recorded on thin and thick PNIPAM brushes at 

25 °C in water are reported. In the swollen state PNIPAM brushes present tilted friction 

loops. As previously described by us,46, 55 the tilted sections of the friction traces originate 

from the deformation (lateral bending and stretching) of swollen and compliant brushes 
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by the scanning probe (Xd in Figure 5.4b and 5.4c). When the shear stress exerted by the 

probe overcomes the spring force of the deformed brush sliding finally occurs (Xs in 

Figure 5.4b and 5.4c), until scanning direction reversal and the consequent deformation 

and sliding towards the opposite direction.  

Comparing the friction loops recorded for thin and thick PNIPAM brushes, a much 

lower contribution of tilting was observed for the thinner brushes with respect to the 

thicker ones. Namely, the lateral piezo extension corresponding to the tilted portion of the 

friction trace, Xd (or maximum lateral deformation) for thin PNIPAM brushes was 

estimated as 415 ± 30 nm, whereas thick PNIPAM showed a much higher Xd of 3010 ± 

55 nm, as shown in Figure 5.4d.  

Friction-vs-load (Ff-L) measurements further elucidated the frictional properties of 

thin and thick PNIPAM brushes. As reported in Figure 5.4e, at 25 °C the recorded friction 

force increased nearly linearly with the applied load. However, just a slight difference in 

COF was observed among thin and thick PNIPAM brushes (0.08 and 0.09 for thin and 

thick PNIPAM brushes, respectively).40 

It is noteworthy to mention that although no clear adhesion could be recorded between 

the colloid and the swollen PNIPAM brushes, the Ff-L profiles measured at 25 °C did not 

clearly follow Amontons’ law,40 i.e., the recorded friction force was not directly 

proportional to the applied load. We believe that the observed slight deviation was 

possibly due to the interaction between the AFM colloid and the PNIPAM grafts, which 

was recorded as a slight but visible hysteresis between the approaching and retracting F-

D profiles (Figure 5.3a). This interaction and the consequent stretching of the chains 

affected the measured lateral force and resulted in a small variation of the slope of the Ff-

L profiles. 

Fig. 5.5: (a) Friction loops recorded on thin- (green trace) and thick PNIPAM brushes (black trace) at 40 °C 

in milli-Q water by applying a normal load of 10 nN. (b) Ff-L profiles recorded on thin (green trace) and thick 

PNIPAM brushes (black trace) at 40 °C in milli-Q water. The scanning distance and scanning rate applied during 

LFM were 9 µm and 1 µm·s-1, respectively. The radius of the colloid used was 9 µm. The normal and torsional 

spring constants of the cantilever used were 0.263 N·m-1 and 5.52E-9 N·m, respectively. 



Effect of Lateral Deformation by  

Thermo-Responsive Polymer Brushes on the Measured Friction Forces 

105 

5 

At 40 °C, the friction loops recorded on thin and thick PNIPAM brushes displayed 

very similar profiles, and no tilting effects were observed (Figure 5.5a). This result 

indicates that collapsed PNIPAM brushes could not be laterally deformed by the shearing 

probe, irrespective of their thickness.  

As expected, the Ff-L measurements for thin and thick PNIPAM brushes at 40 °C 

showed relevantly higher friction compared to 25 °C. However, as displayed in Figure 

5.5b, thick PNIPAM brushes presented a steeper Ff-L profile if compared to the one 

recorded on thin PNIPAM analogues, with COF values of 0.9 and 0.5 for thick and thin 

PNIPAM brushes, respectively. The higher friction and COF observed for thick PNIPAM 

brushes in the collapsed state was likely due to the high adhesion force and increased 

surface roughness recorded above LCST for relatively thick PNIPAM brushes with respect 

to thinner ones.  

Effect of scanning distance on friction measurements. 

In order to investigate the effect of brush lateral deformation on the friction 

measurements and on the determination of COF, we firstly analyzed the friction loops 

recorded on thick PNIPAM brushes at 25 °C, applying scanning distances of 1, 5 and 9 

µm, and maintaining a constant scanning speed of 1 µm·s-1. As displayed in Figure 5.6a, 

at the smallest scanning distance tested of 1 µm, the friction loop showed a completely 

tilted shape, as the lateral deformation of the swollen brush dominates brush-colloidal 

probe interaction, and sliding is never attained. Under these experimental conditions, the 

dissipation recorded via the friction loop (green trace in Figure 5.6a) is solely due to the 

back and forth bending and stretching of the swollen brushes. It is important to underling 

that at not slipping the apparent friction force induced by the cantilever torsion was due to 

the resistance by the PNIPAM grafts to bend and stretch along the lateral direction. An 

increase of the scanning distance to 5 µm causes the brushes to be initially deformed and 

stretched until static friction is overcome and sliding is finally gained (brown trace in 

Figure 5.6a). In this case, the dissipation measured via the friction loop originates from a 

combination of both brush stretching and sliding of the colloidal probe. A further increase 

of the scanning distance until 9 µm, which is a considerably larger distance than the 

maximum lateral stretching of the grafted chains, produces a friction loop presenting a 

tilted section after scanning direction reversal, followed by steady sliding of the colloid 

over several µm of piezo displacement. Thus at relatively large scanning distances, the 

frictional dissipation is dominated by the sliding of the colloid over the brush surface 

(black trace in Figure 5.6a).  
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Fig. 5.6: (a) Friction loops recorded on thick PNIPAM brushes at 25 °C in water applying scanning 

distances of 1, 5 and 9 µm. (b) Ff-L profiles recorded on thick-PNIPAM brushes at 25 °C in water applying 

scanning distances of 1, 5 and 9 µm. Friction loops and Ff-L profiles recorded on thick PNIPAM brushes at 40 °C 

in water (c and d). The scanning velocity during the experiments was kept constant at 1 µm·s-1. The normal and 

torsional spring constant of the cantilever used were 0.263 N·m-1 and 5.52E-9 N·m respectively. 

When a scanning distance of 5 μm is applied, a virtual increase in the recorded lateral 

force toward direction reversal is observed. We believe this phenomenon was due to the 

piling-up of the deformed grafts along the scan ing direction, which caused an increase of 

the lateral force experienced by the AFM probe. Since the rate at which the deformed 

brushes are recovering their equilibrium conformation is presumably lower compared to 

the applied scan rate, this topographical change by the brush surface affected the friction 

measurements. As a confirmation of this assumption, we laterally scanned the same brush 

with a sharp tip and observed an increase of the recorded height values on the edges of the 

Z-sensor micrographs (Figure 5.7), indicating brush piling-up towards scanning direction 

reversal. 
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Fig. 5.7: AFM height micrograph in contact mode for thick PNIPAM brushes immersed in milli-Q water 

recorded at 25 and 40 °C with a sharp tip (SNL-10, applied load of about 20 nN).  

The comparison of the Ff-L plots recorded at the three different scanning distances 

studied highlights how a variation of brush-colloidal probe interactions can lead to 

different measurements of the COF. The lowest COF value of 0.03 was obtained in the 

case of 1 µm of scanning distance. Across this relatively short scanning distance, the 

measured friction force was solely due to the energy dissipation caused by the lateral 

bending and stretching of the swollen brush (Figure 5.6a green trace). A marked increase 

in friction, with average COF of 0.08 was observed for Ff-L profiles at 5 µm of scanning 

distance. In this particular case, the frictional energy dissipation recorded via the loops 

derived from the combination of brush lateral deformation and sliding (Figure 5.6a brown 

trace). In contrast, at the largest scanning distance of 9 µm the measured friction force is 

mainly determined by sliding of the colloid, and an average COF of 0.1 was measured 

(Figure 5.6b black trace).  

The effect of brush lateral deformation on the measurement of friction becomes 

irrelevant at 40 °C, when PNIPAM brushes present a collapsed morphology. Under this 

condition, the friction loops do not show any tilt, and the Ff-L plots display a similar profile 

irrespective of the scanning distance applied. A constant COF of 0.9 is thus measured in 

all three cases, as indicated in Figure 5.6d. 

Similar results are also obtained for thin PNIPAM brushes, although the occurrence 

of sliding was observed at a value of scanning distance relevantly shorter with respect to 

the more laterally deformable, thick PNIPAM brushes. As shown in Figure 5.8a, the 

transition from a completely tilted loop to a combination of tilting and sliding was 

recorded at 1.5 µm of scanning distance, while at larger distances sliding of the colloidal 
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probe dominated the frictional properties of thin PNIPAM brushes. In this case, the COF 

values of 0.04, 0.12, and 0.14 were obtained for 0.5 µm, 1.5 µm, and 5 µm scanning 

distances respectively (Figure 5.8b). Similar to the result observed for thick PNIPAM 

brushes, at 40 °C the lateral deformation of thin brushes was completely suppressed and 

no tilting was observed in the recorded friction loops (Figure 5.8c). Hence, when recorded 

on the thin PNIPAM brushes above the LCST, the Ff-L profiles measured across different 

scanning distances overlapped on each other and indicated a constant COF of 0.5 (Figure 

5.8d).  

 
Fig. 5.8: (a) Friction loops recorded on thin PNIPAM brushes at 25 °C in water applying scanning distances 

of 0.5, 1.5 and 3 µm. (b) Ff-L plots obtained for thick PNIPAM brushes at 25 °C in water applying 0.5, 1.5 and 

3 µm scanning distance. Friction loops and Ff-L profiles recorded on thin-PNIAPM at 40 °C are displayed in (c) 

and (d). The scanning velocity during the experiments was kept constant at 1 µm·s-1. The normal and torsional 

spring constant of the cantilever used were 0.263 N·m-1 and 5.52E-9 N·m respectively. 

These results further confirmed that the contribution of brush lateral deformation to 

the dissipation of frictional energy can strongly alter the friction and thus COF values 

when the scanning distance applied during LFM is shorter or comparable to the maximum 

lateral deformation of the measured brush (Xd). This is particularly valid for highly 

swollen brushes, as in the case of PNIPAM immersed in water below its LCST, whereas 

in a bad solvent, the shearing probe can hardly laterally deform and stretch the collapsed 

and dehydrated brushes, and the frictional energy dissipation is mainly determined by the 

sliding of the probe over the brush surface.  
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5.3 Conclusions 

In this work, we investigated the effect of the lateral deformation of a swollen brush 

by a shearing AFM probe on the measurement of friction forces. Brush lateral deformation, 

comprising bending and stretching of the grafts, can be quantified through the analysis of 

the friction force loops recorded by LFM. The tendency of a brush to be laterally deformed 

depends on brush parameters, such as the grafted-chain length (i.e. brush thickness) and it 

is particularly relevant and interesting in the case of thermo-responsive polymer brushes, 

being the swelling properties of such grafts precisely tunable by varying the temperature 

of the medium. For both thin and thick PNIPAM brushes immersed in water at 25 °C, the 

friction loops display a tilted behaviour, with thicker brushes that can be laterally 

deformed more than thinner analogues. Thus, when relatively short scanning distances are 

applied for recording the friction loops, brush deformation mainly determines the 

frictional dissipation, while sliding of the colloid on the brush surface does not occur. 

Under these conditions, a relatively low COF was measured, which is uniquely originating 

from the bending and stretching back and forth of the swollen brushes. The application of 

scanning distances relevantly longer than the brush lateral deformation (expressed as Xd) 

produces friction loops displaying a tilted shape solely at scanning direction reversal, 

while sliding of the colloid on the brushes dominates the frictional dissipation recorded 

via the loops. In these cases, the slope of the Ff-L profiles as well as the derived COF 

values increase.  

In contrast, due to brush dehydration and collapse above LCST, PNIPAM brushes 

cannot be laterally deformed at 40 °C in water. Tilting of the friction loops could not be 

observed under these particular conditions and the Ff-L profiles showed a constant slope 

irrespective of the scanning distance applied for recording the loops. 

Brush lateral deformation is thus proved to play a relevant effect on the measurement 

of friction and COF, especially when the measured brush is immersed in a good solvent 

and when relatively short scanning distances are applied during LFM. Our study 

demonstrates that while measuring COF, brush thickness, swelling properties and applied 

scanning distances are parameters to be carefully considered, as the simple recording of 

TMR (Trace minus Retrace) values from the friction loops may yield a conceptually wrong 

estimate of COF. 

5.4 Experimental section 

Synthesis of PNIPAM brushes of different thicknesses. 

PNIPAM brushes of two different thicknesses were synthesized by surface-initiated 

atom radical polymerization (SI-ATRP) from initiator-functionalized silicon substrates 

(P/B <100>, Si-mat, Germany) according to the previously reported procedure.38 The 
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catalyst system comprised CuBr (Sigma Aldrich), CuBr2 (Sigma Aldrich) and 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) (Sigma Aldrich) in 

water/methanol mixtures. 

The chemical composition of the so-fabricated PNIPAM brushes was confirmed by 

Fourier-transform infrared spectroscopy (FT-IR) using a spectrometer (BIO-RAD 

FTS575C FTIR equipped with a nitrogen-cooled cryogenic cadmium mercury telluride 

detector) with spectral resolution of 8 cm-1, applying 2048 scans for both the background 

spectra (performed on freshly cleaned silicon substrates) and the PNIPAM brush-modified 

samples. The surface-modification steps were also verified by contact angle (CA) 

measurements, using the sessile drop method. Both FTIR and CA characterizations are 

reported in the Supporting Information (Figure S5.1 and Figure S5.2).  

Characterization techniques 

Ellipsometry. The dry and wet thicknesses of PNIPAM brushes were measured by 

variable angle spectroscopic ellipsometry (VASE) using a Woolam ellipsometer (J.A. 

Woolam Co. U.S.) equipped with a custom-built, liquid cell with a temperature controller. 

Ψ and Δ as a function of wavelength (275-827 nm) were analyzed employing the package 

CompleteEASE (Woollam), using bulk dielectric functions for silicon, silicon dioxide and 

water. The brush-underlying substrates were considered as silicon dioxide film on top of 

silicon substrate.  

The analysis of the brush layers were performed using the Cauchy model: 

n = A + B·λ-2 + C·λ-4 (eq 5.1) 

where A, B and C represent the fitting parameters. We used C = 0 and assumed that 

the polymer films are fully transparent, i.e. the refractive index is a real quantity (the 

imaginary part is neglected). In the case of dry PNIPAM brushes, a homogeneous layer 

with a refractive index expressed with a single Cauchy relation was considered. The films 

thickness d and the two Cauchy parameters A and B were used as fitting parameters. The 

dry thickness was obtained by performing the measurements at three different incident 

angles, namely 65°, 70° and 75°.  

For PNIPAM brushes immersed in water at 25 °C we considered a density gradient 

across the film thickness employing a two-layers model to describe the optical response 

of the films (dense polymeric layer + graded polymeric layer) as it was previously 

described in detail.38. 39 For PNIPAM brushes immersed in water at 40 °C a single-layer 

model was used.47 

AFM Measurements. AFM measurements were carried out using a MFP-3D 

(Asylum Research, an Oxford Instruments company, Santa Barbara, CA, USA) equipped 

with a bio heater. Height micrographs of the brush surfaces were performed in milli-Q 

water below and above LCST of PNIPAM (25 °C and 40 °C) using AC mode. Cantilevers 
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(SNL-10, D triangular) from Bruker Corporation, having a normal spring constant of ~ 

0.06 N·m-1 were used for the tapping mode imaging in liquid. 

Normal and lateral force measurements were carried out in milli-Q water at 25 and 

40 °C, using a silica microsphere glued on a tip-less cantilever. The normal spring constant 

of the Au-coated, cantilever (NSC-12, Mikromash, Bulgaria) was measured by thermal-

noise method48 and the torsional spring constant was estimated according to the Sader’s 

method.49 Both the normal and the torsional spring constants of the cantilever were 

measured before attaching the colloidal microsphere. A silica sphere of radius ~ 8 µm 

(EKA chemicals AB, Kromasil R) was glued with a two component Araldite glue to the 

end of the tip-less cantilever by means of a home-built micromanipulator.50 The colloidal 

probe was treated with UV/Ozone (BioForces Nanosciences) for 30 min just before the 

measurement. 

The adhesive properties of PNIPAM brushes, below and above LCST were examined 

by acquiring the force-vs-distance (F-D) curves (40 curves) over 3 different areas. 

Gaussian function was used to calculate the distribution of the adhesion force over 

measured 120 F-D curves. 

Lateral-force calibration was done by using the “test- probe method” described by 

Cannara et al.51 A freshly cleaned, smooth edge of the silicon wafer was used as a “wall” 

for measuring the lateral sensitivity. A test probe (cantilever glued with a silica colloidal 

sphere of diameter around 40 μm) was moved laterally into contact with the wall. The 

lateral sensitivity of the photo detector was acquired by measuring the slope of the lateral 

deflection-vs-piezo displacement curve. Friction loops were recorded by lateral force 

microscopy (LFM) scanning the cantilever laterally over the brush surfaces. From the 

friction loops, the true friction values were obtained by averaging trace and retrace 

curves. Friction coefficient (COF) values were calculated by the slope of friction vs 

applied load plots assuming Amontons’ law: 

F = μL (eq. 5.2) 

where F is friction force, μ is the coefficient of friction, and L is the applied load. 
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5.5 Supporting information 

Contact Angle (CA) measurements 

SiO2 
ATRP 

initiator 

PNIPAM 

brush 

Static CA 20 ± 5° 63 ± 6° 54 ± 4° 

 Figure S5.1: Static water contact angle measured on bare silicon oxide surface, initiator functionalized 
surface and on PNIPAM coated surface.  

Fourier-transform infrared spectroscopy (FT-IR) 

Figure S5.2. FTIR spectra of (a) thin PNIPAM films and (b) thick PNIPAM film. 

Gel permeation chromatography (GPC) on detached polymer brushes 

In order to estimate the grafting density of the PNIPAM brushes fabricated in this 

study, 110 nm thick PNIPAM grafts synthesized by SI-ATRP were detached from a 2.5x4 

cm2 silicon oxide substrate by hydrofluoric acid (HF) treatment. Subsequently, the 

detached polymer sample was analyzed by GPC resulting in a Mw of 280 kDa, Mn of 170 

kDa (PDI ≈ 1.7) and thus an average grafting density of 0.43 chains·nm-2.  

Calibration of lateral force using the test-probe method  

The torsional stiffness (KT) of the cantilever was calculated using Sader’s method, 

where the unloaded resonant frequency (f) and the quality factor (Q) due to torsional 

vibrations of the cantilever are calculated by recording a power spectrum in torsional mode 
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(In Asylum AR software, using cross-point panel to change the mode from ‘Infast’ to 

‘lateral’). T h e length, t h e width and t h e thickness of the cantilevers were determined 

by scanning electron microscopy (SEM). The obtained torsional spring constant was 

converted to the lateral spring constant (KL) using the equation KL = KT / h2; where h 

indicates the length of the torsional arm (equal to the sum of the diameter of the sphere 

and half the thickness of the cantilever beam). A silica colloid was subsequently glued to 

a cantilever presenting width, thickness and spring constant comparable to the ones of the 

cantilever used in the LFM experiments (‘test probe’ used for lateral sensitivity 

measurement). The diameter of the colloid used for the test was always larger than the 

width of the cantilever (Figure S5.3).  

Figure S5.3. SEM images show an example of test probe and target probe. 

In the next step, a silicon wafer was cut along its crystal plane <100> and glued to a 

glass slide, in such a way that the smooth edge of the wafer (along the crystal plane) was 

used as a vertical wall to twist the cantilever laterally (Figure S5.4). This measurement 

was carried out in water to account for the change in refractive index for the measurement 

of the lateral sensitivity.  

Figure S5.4. The schematic representation of the calibration method using the test probe. 
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Figure S5.5. An example of lateral deflection-vs-Y piezo displacement curve recorded by moving a silica 

probe against a hard wall in water.  

The slope of the recorded lateral deflection-vs-Y piezo displacement curve provided 

the lateral sensitivity of the tested cantilever.  

Finally, the obtained lateral sensitivity was used to estimate the lateral sensitivity of 

the probe used for the LFM measurements (Slat,target ), by introducing the correction factors 

for the height of the probe, the sum signal, and the in-plane bending of the cantilever, 

according to the following equation:  

𝑆𝑙𝑎𝑡,𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑆𝑙𝑎𝑡,𝑡𝑒𝑠𝑡  
(

𝑇𝑡𝑎𝑟𝑔𝑒𝑡

𝑇𝑡𝑒𝑠𝑡
)(1+𝜀𝑡𝑒𝑠𝑡)

(
ℎ𝑡𝑎𝑟𝑔𝑒𝑡

ℎ𝑡𝑒𝑠𝑡
)(1+𝜀𝑡𝑎𝑟𝑔𝑒𝑡)

(eq. 5.3) 

Where Tlat,target and Ttest are the intensities of laser signals, htarget htest are torsional arm 

length and εtest and εtarget are the lateral in-plane bending of the target and test probes, 

respectively.  

The measured friction signal was then converted to force with a conversion factor (α), 

defined as α = KL / Slat,target ; where KL is lateral spring constant of the cantilever used for 

the LFM measurements.  
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6.0 Abstract 

 
TOC Chapter 6: Schematic representation of the accelerated corrosion test for the inkjet printed protective 

coatings (top). Optical images of the printed samples before and after dissolution test (bottom). 

This chapter presents and discusses the use of polyurethane-based films deposited by 

ink jet printing as protective coatings for aluminum metalized polyvinyl chloride (PVC) 

fabrics. It is demonstrated that ink jet printing is capable of covering porous fabrics, while 

the newly developed coatings are capable of sufficient anti-corrosion performance to pass 

the required alkaline dissolution test for one of the industrial partners involved in this 

project. Moreover, the spreading and evaporation processes of the ink on the porous 

fabrics were investigated as well as the effect a double-side printing approach on the 

delamination of the aluminum coating through the analysis with different microscopy 

techniques from macro- to nano-scale. We concluded that full surface coverage is not 

required to pass the corrosion test.  

6.1 Introduction 

In the past few decades, inkjet printing has evolved from an emerging technique to an 

established economic competitive method for the deposition of coatings with spatial 

control and high resolution.1-3 Besides the clear advantages of ink-jet printing, like 

producing patterns and gradients, compared to traditional techniques, like screen-printing 

and dip-coating,4-5 it is now also more frequently employed for full coating coverage.6-7 

This is mainly ascribed to the ability of inkjet printing to precisely deposit discrete dots 

onto surfaces so that the coating material is consumed only when needed, which can lead 
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to material consumption reduction and allow for the production of diversified, small-

volume, and even personalized products.8  

Following this trend, the industrial partners involved in the present project have also 

observed a clear shift from traditional coating methods toward printing porous substrates 

to replace conventional processes. The main challenge in understanding and optimizing 

this phenomenon is the competition between ink diffusion on the substrate and ink 

penetration in the pores before full coverage is achieved.9 

Of particular interest to the industrial partners in this research project was assessing, 

in detail, the viability of inkjet printing to coat a metalized, polymer-based fabric using 

proprietary polyurethane-based inks prepared by TANATEX Chemicals B.V. (Ede, The 

Netherlands).10 The substrates supplied by Verosol (Eibergen, The Netherlands)11 

consisted of microporous polyvinyl chloride (PVC) or polyethylene terephthalate (PET) 

fabrics coated with approximately a 100 nm aluminum layer deposited by physical vapour 

deposition (PVD). The function of the polyurethane-based coating was primarily to protect 

the aluminum layer from environmental influences that can cause corrosion.  

Hence, full surface coverage without defects was required in order for the industrial 

partner to consider replacing their current roll-to-roll dip-coating process with an inkjet 

printing-based process. In order to evaluate the anti-corrosion performance of the various 

deposited coatings, they were exposed to an alkaline dissolution test, which is standard in 

accelerated corrosion testing.12-13 The primary objective was to identify the minimum 

printer passes required for the polyurethane-based ink dispersions to produce a functional 

anti-corrosion coating. Functional anti-corrosion coating, in this case, means that the 

deposited coating passed an accelerated alkaline dissolution test (see Experimental 

section). Moreover, the back side of the fabric was also coated since back-side coating 

was assumed to eventually result in full fabric coverage and, thus, reduce the chance of 

coating  delamination. The process scheme and experimental design are shown in Figure 

6.1 and 6.2, respectively.   

 
Fig. 6.1: Block diagram of the inkjet printing deposition of polyurethane-based coatings on metalized 

fabrics followed by an accelerated alkaline corrosion test. 
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Fig. 6.2: Experimental design to evaluate the number of printed passes needed to obtain a satisfactory anti-

corrosion performance. The front and back sides are the metalized and not metalized sides of the fabrics, 

respectively. 

6.2 Results and Discussion 

In this section, we summarize the generic findings that were obtained during the 

course of this research with a focus on the “deposition and characterization challenges”.  

Firstly, the complex fluids were designed as inks suitable to be employed in the inkjet 

printing process (i.e. the viscosity within the range of values 2-15 cP and the surface 

tension within the range of 20-50 mN∙m−1).3, 5, 7 The exact composition of the pigments 

and of the dispersant of all the Tanatex inks is proprietary. A generic description of the 

physical and chemical properties of the inks is summarized in Table 6.4. The difference 

between the inks was in the type and amount of the functional material and/or in the type 

of crosslinking agent. Ink A is an emulsion of an oligomeric aliphatic polyether 

functionalized with isocyanate groups, ink B is an emulsion with a high molecular weight 

(MW) polycarbonate and polyurethane, ink C is a non-ionic telechelic polycarbonate 

polyurethane dispersion with a short-chain extender, while ink D has the same functional 

material of the ink C but with a long amine as chain extender.  

Various patterns were printed on the porous fabrics followed by a drying process as 

explained more in detail in the experimental part. Following the deposition of the various 

polyurethane-based inks by inkjet printing, selected fabrics were inspected with scanning 

electron microscope (SEM) imaging. Figure 6.3 shows top-view SEM images of a 

metalized PVC fabric coated with one, five, and ten layers of ink B. From Figure 6.3, it 

is clear that one layer of deposited ink is not sufficient to obtain full surface coverage, 

while five layers nearly provide full surface coverage. Complete surface coverage of the 

metalized PVC fabric was obtained upon the deposition of ten layers. Furthermore, from 

Figure 6.3, it is clear that neither splashing nor the coffee stain effect occurred. In addition, 

the ink wetted the surface well. The good ink substrate wettability was the same for all the 

inks evaluated. 

Figure 6.4 shows a SEM image of the metalized side of an Al-met. PVC fabric coated 

with five layers of ink B, in which pore clogging (arrow I) and ink spanning of the contact 
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edges (arrow II) as well as the woven yarn corners (arrow III) are clearly visible. This can 

be ascribed to capillary effects caused by the woven structure of the fabric and the 

cylindrical shape of the yarn. We note that pore clogging should be avoided as much as 

possible, since it can alter the optical properties of the fabric.  

 

Fig. 6.4: SEM images of the metalized side of the Al-met. PVC fabrics coated with one (a) - b)), five (c) - 

d)), and ten layers (e) - f)) of ink B, showing the surface coverage of the PVC fabric.  



 

Protective Coatings for Complex Aluminum Substrates 

 125 

 

6 

 

Fig. 6.4: SEM image of the metalized side of the Al-met. PVC fabrics coated with five layers of ink B, 

showing the clogging and reduction of pore size of the PVC fabric (arrow I), as well as the accumulation of ink 

in the contact edge (arrow II) and in the corners of the woven yarn (arrow III).  

Following the successful deposition of the various inks using the layer-by-layer 

approach according to the scheme depicted in Figure 6.2, the anti-corrosion performance 

of the coatings obtained was qualitatively assessed by the accelerated alkaline immersion 

tests. To demonstrate the accelerated nature of this test, untreated metalized fabrics were 

first immersed in a sodium carbonate solution. This resulted in the complete disappearance 

of the 0.1 µm deposited aluminum layer within four minutes, as can be seen in Figure 6.5.  

 

Fig. 6.5: Photographs of Al-metal. PVC samples before (A) and after (B) the accelerated alkaline 

immersion test.  

Table 6.1 shows images of the Al-Met. PVC fabric with one and five printed layers 

of ink B on the front side of the fabric and five layers printed on the back side of the fabric 
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before and after the alkaline immersion tests, respectively. From Table 6.1, it is evident 

that the deposition of one layer of ink B (with a dry thickness of the coating layer within 

the range of 50-100 nm) at the front side of the fabric is not sufficient to prevent the 

corrosion of the aluminum metalized layer (compare Table 6.1 A and 6.1B). This was 

expected, since one printed layer did not protect a large surface area, as is shown in Table 

6.1. Following the deposition of the five layers of ink B on the front side of the fabric, a 

sufficient corrosion protection was obtained (compare Table 6.1C and 6.1D).  

Table 6.1: Visual inspection of the front side of metalized PVC fabrics coated with different number of 

layers of ink B on the front side of the fabric and five layers on the back of the fabric. The optical images compare 

the aluminum metalized side of the fabric coated with one layer on the front side and five layers on the back side 

of the fabric before and after the alkaline test, a) and b), respectively, and with five layers printed on the front 

side and on the back side of the fabric before and after the accelerated alkaline immersion test, c) and d), 

respectively. 

 

The qualitative visual assessment of the anti-corrosion performance of the various 

inks is presented in Table 6.2. Based on changes in color and a reflection of the aluminum 

layer, the anti-corrosion performance was classified as follows:  

-/- the metalized layer was fully consumed. 

- the metalized layer was consumed for > 50% (surface coverage) and partly changed 

the appearance. 
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+ the metalized layer was consumed for < 50% (surface coverage)  and partly changed 

the appearance.  

+/+ the metalized layer did not show signs of metalized layer consumption nor did it 

change its appearance.   

Table 6.2: Qualitative visual assessment of the anti-corrosion performance of the inkjet-printed inks 

through the layer-by-layer approach on the Al-met. PVC fabric.  

 

From Table 6.2, it is clear that upon increasing the number of layers on the front as 

well as the back side of the fabric the anti-corrosion performance increased. The best 

performance of the polycarbonate polyurethane-based inks was obtained from the 

deposition of 10 layers of ink C on the front side of the metalized PVC fabric, with no 

need to print the back side of the fabric. Alternatively, using the same total number of ink 

C layers by printing five layers on both the front and back sides of the metalized PVC 

fabric resulted in a qualitative pass as well. Although not investigated in detail, it is thought 

that this can be ascribed to a decrease in pore size after the deposition of five layers of ink, 

as is shown in Figure 6.4. Despite the fact that it requires the same total number of layers 
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and thus the ink consumption is the same, coating of both fabric sides requires additional 

turning of the sample, which is an additional processing step and, as such, is not preferred.  

Provided the nearly identical inkjet conditions used for the deposition of the inks, it 

can be assumed that similar ink volumes per cm2 were deposited for ink B and ink C. 

Hence, based on identical surface tensions and differences in solid content, it was expected 

that the amount of material deposited by ink B (solid content 43 wt.%) was higher 

compared to ink C (solid content 30 wt.%). Despite this, ink B required more layers in 

order to pass the alkaline immersion test; however more important to the assessment of 

ink type effects on alkaline resistance is identifying the chemical composition of the inks,14 

which, for the purpose of this project, did not have to be disclosed. Next to this, we note 

the good performance of ink A, with three front layers and five back layers, it exhibits the 

lowest amount of deposited solid while outperforming the other ink types. This may be 

ascribed to the known chemical resistance of polyether-based polyurethanes;15-16 

nevertheless, without detailed information on the exact ink composition, this conclusion 

is merely speculative. However, it demonstrates that, by optimizing the ink composition, 

the amount of ink as well as the overall number of layers required to pass the accelerated 

alkaline dissolution test can be significantly reduced.  

Moreover, as shown in Figure 6.3, the ink surface coverage from five layers of ink 

was not complete. This raises the question of why some of these deposited ink layers pass 

the corrosion test. The answer lies in the corrosion mechanism and inhibition from 

applying coatings. Aluminum surfaces in the air rapidly and naturally form an aluminum 

oxide layer that protects the inner aluminum surface from further oxidation; however when 

exposed to more aggressive environments, such as the alkaline solution used in the 

immersion test, the oxide layer becomes soluble and its rapid dissolution occurs more 

quickly than the formation of a new oxide layer.17-18 This eventually leads to auto catalytic 

pitting corrosion in which the exposed aluminum layer and the oxide layer act as anode 

and cathode, respectively.19  

Through the deposition of a polymer coatings, a barrier formed to prevent the 

penetration of corrosive species (i.e. corrosive OH− ions), thus minimizing the 

electrochemical reactions on the aluminum surface.19 As such, the corrosion was 

significantly reduced even when the surface coverage was not complete.  

6.3 Conclusions 

Inkjet printing was successfully applied to deposited polyurethane-based coatings on 

metallized PVC fabrics. Through a layer-by-layer approach, full surface coverage was 

obtained after ten printer passes. Eventually, the anti-corrosion performance of the 

deposited coatings was evaluated by an alkaline dissolution test, and the deposition of ten 

layers of ink was found sufficient to pass the test. Meanwhile, for ink C, it was 
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demonstrated that the deposition of five layers on both the front and back sides of the 

fabric was sufficient to pass the test, meaning that a nearly full surface coverage of ink is, 

depending on the ink composition, already sufficient to prevent the aluminum layer from 

corroding.  

6.4 Experimental section 

Materials and chemicals 

Chemicals. Sodium carbonate (Na2CO3, >99.0%) was purchased from Sigma Aldrich, 

and Milli-Q water (Advantage A-10, Millipore, Merk, Darmstadt, Germany) was used 

throughout the experiments. 

Inks. Four different inks were obtained from TANATEX Chemicals B.V. (Ede, the 

Netherlands). The composition as well as the physical and chemical properties of the inks 

are summarized in Table 6.3. The physical properties were tailored to make the inks 

suitable for inkjet printing. Specifically, ink-A was an aqueous emulsion of an oligomeric 

aliphatic polyether functional isocyanate sulfite-blocked polyurethane, while ink-B was 

an aqueous emulsion of a high molecular weight polycarbonate polyurethane dispersion. 

Ink-C and ink-D consisted of nonionic telechelic polycarbonate polyurethane dispersions 

containing a short amine (ethylene diamine) and long (C36 diamine) amine-terminated 

chain extenders, respectively.  

Table 6.3: Physical and chemical properties of the four obtained inks.  
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Woven fabrics. The Verosol (Eibergen, the Netherlands) provided fabrics consisting 

of PVC-coated glass fiber yarns, the surfaces of which were aluminum-metalized on one 

side (from now on, denoted as Al-met. PVC fabric).  

The thickness of the fabric was 500 µm, and the thickness of the PVD deposited 

aluminum layer was approximately 100 nm. The reflectivity of the metalized fabric side 

was clearly visible in the laser confocal microscopy images shown in Figure 6.6. The pore 

area between the yarns was approximately 0.09 mm2, which was determined from optical 

microscopy and porosimetry measurements (see Figure 6.6). The samples were obtained 

as 30 x 21 cm sheets and used as received.  

 
Fig. 6.6: Properties of the Al-met. PVC fabric and laser confocal microscopy images of its front and back 

sides. 

Inkjet printing 

Continuous inkjet printing was carried out with a commercial Epson Stylus Pro 4880 

inkjet printer (Epson America, Inc, America) equipped with a micro-piezo Epson F187000 

print head consisting of eight nozzle lines (corresponding to eight channels) with 180 

nozzles per line and a nozzle diameter of 10 µm. In operation, the firing distance between 

the substrate and print head was approximately 1 cm. Each ink layer was printed at room 

temperature under default inkjet printing conditions that were optimized to achieve a 

resolution of 1440 x 720 dpi. First, the back side of the fabric was coated with one, three, 

and five layers, which was followed by evaporation of the ink solvent into the air for a 

few minutes and the subsequent printed patterns being thermally cured at 160 °C for 10 

minutes; then, the metalized side was coated with one, three, five and ten layers of the 

same ink used on the back side, air dried for few minutes, and subsequently thermally 

cured at 160 °C for 10 minutes.  
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Alkaline corrosion test  

The anti-corrosion performance of the inkjet-deposited coatings was evaluated by an 

accelerated alkaline corrosion test, as is schematically shown in Figure 6.1. The test 

conditions given below are in accordance with an internal standard test (Verosol). First, 

the coated substrates were washed with ethanol and then air dried. Subsequently, the 

printed samples were immersed in an aqueous solution of 1 wt.% sodium carbonate (pH 

of the solution approximately 11.6) at 40 °C for 30 minutes. Next, the samples were 

washed with copious amounts of Milli-Q water and ethanol, after which they were left to 

dry for visual evaluation of the anti-corrosion performance.  

Characterization techniques 

Optical microscopy, OM. A BX60 Olympus microscope (Olympus Europa SE &Co, 

Germany) equipped with 5x, 10x, and 20x magnification objective lenses was used to 

investigate the morphology of the samples before and after the printing process as well as 

after the alkaline corrosion test.  

Laser confocal microscopy. In order to study the quality of the deposited coatings 

and deposited aluminum layer after the alkaline corrosion test, a laser confocal Keyence 

VK 9710 K microscope (LSCM, violet laser VK-9700, Keyence Corporation, Osaka, 

Japan) featuring a 10x magnification objective lens was used.  

Scanning electron microscopy, SEM. Top-view surface electron microscopy images 

of the fabrics were obtained from a field-emission SEM (JSM-633OF, JEOL, Benelux) at 

3 keV accelerating voltage.  

Liquid wetting porosimetry. The pore volume distribution (PVD) of the fabrics was 

determined by liquid porosimetry.20 The PVD was determined with an auto-porosimeter 

(TRI/Priston, USA) using a 0.1 g∙L-1 of Triton X-100 (a non-ionic surfactant wetting liquid, 

cosθ=1) in Milli-Q water. The chamber height was 6.4 mm. Measurements were 

performed in receding mode for the range of 1 to 900 µm of 2 x 3 pre-saturated samples 

cut randomly from the fabric sample. The final PVD was obtained as the average of three 

measurements of the different samples. The thickness of the pre-saturated fabric was 

measured with a caliber. The surface tension of the solution was 30 mN∙m-1 and the density 

was 1 g∙cm-3. The liquid retention was studied by examining absorption/desorption 

hysteresis loops (i.e. a sequence of intrusion-extrusion curves) monitoring the cumulative 

uptake of liquid from the dry fabric.  
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7.0 Abstract 

 

TOC of Chapter 7: Schematic representation of the fabrication GT and GF routes to prepare fluorescent 

labeled PMMA patterns combining inkjet printing and ATRP. Fluorescence response and solvent-dependency 

of the fluorescence response of the printed patterns on glass. 

The preparation of alcohol-responsive fluorescent ultrathin films and patterns is presented 

via chemical vapour deposition (CVD) or inkjet printing (IJP) combined with the  grafting-from  

(GF) and  grafting-to  (GT) deposition approaches. Firstly, we report the synthesis of a telechelic 

α-carboxyl, ω-fluorescein-functionalized PMMA (α-COOH-PMMA-ω-FAM) via 

activators regenerated by electron transfer atom transfer radical polymerization (ARGET-

ATRP), bromide-azide exchange, and copper(I)-catalyzed alkyneazide cycloaddition 

(CuAAC) click reactions. Then, the anchoring via GT approach of the telechelic α-COOH-

PMMA-ω-FAM to an amine-functionalized silicon or glass substrates was obtained via 

dip coating. Secondly, the fabrication of the fluorescent films employing SI-ATRP, 

bromide-azide exchange, and CuACC click reactions is described. For both fabrication 

routes, the solvent-induced fluorescence response of the thin films was investigated 

varying the solvent quality in a iso-propanol/water mixture (IPA-W). Finally, fluorescent 

patterns were obtained via inkjet printing for both GF and GT approaches. The formulation 



 

Chapter 7 

136 

 

7 

and the printability of an APTES-based functional ink, as well as the surface characterization of 

the patterns are reported. 

7.1 Introduction 

One of particular interest surface modification approaches is the employment of surface-

grafted polymer films (e.g., single end-tethered polymer chains) as ultrathin functional 

nanocoatings.1-5 Surface-grafting of polymers has emerged as a powerful means of surface 

modification and preparation of hybrid materials, thanks to the interesting properties of 

polymer chains with functional moieties (e.g., recognition units, dye probes, etc.) and the 

stimuli-responsiveness to the different stimuli of the surrounding (such as pH, 

temperature, ionic strength, pressure, and solvent).1-3  

Surface-grafted polymer films can be easily obtained by various techniques.1-5 For example, 

reversible deactivation radical polymerizations (RDRP) enable a controlled synthesis of 

polymers with precisely tailored molecular weights, dispersities, chain topologies, and 

functionalities.6-8 Two general approaches to fabricate surface-anchored polymer layers involve 

the attachment of end-functionalized polymer chains to a surface modified with reactive groups 

(GT)9 or surface-initiated polymerization from a surface-immobilized initiator layer (GF).3-4, 10 

The grafting-from is a predominantly preferred approach for the single end-anchored polymer 

films, as it leads to higher grafting densities and thicknesses, forming a polymer brush layer.4, 

11-13 Nevertheless, a coupling of a pre-synthesized polymer to the surface allows more precise 

characterization of molecular weight, dispersity and chain-end functionality (CEF) of tethered 

chains before the immobilization. Furthermore, a relatively feasible scale-up due to the 

simplicity of the method makes grafting-to promising for preparation of functional polymer 

nano-coatings.9 However, this approach leads to lower grafting densities of the single end-

tethered polymer chains and the formation of a thin film where the chains assume the  

mushroom  conformation.14-16 The choice of the grafting approach strongly influences the 

application and the physical and chemical properties of the polymer layer because the 

surface properties as well as the responsiveness of the polymer coatings are strongly 

affected by the grafting density of the anchored chains. 

Dye labeling of polymers at specific sites in the chain is a versatile method to follow 

various physicochemical phenomena occurring on the nanoscale.17-18 For example, 

fluorescent dye-labeled polymers have been used to study polymer chain dynamics in 

solution,19-21 the local glass transition temperature of block copolymers22 and the structure 

of block copolymer micelles.23 Fluorescent dye-labeled stimuli-responsive polymer 

brushes have been prepared and utilized in ion24-26 sensing and organic light-emitting 

diode (OLED)27-29 or in studying the degrafting kinetics of brushes.30 In this context, 

responsive polymer brushes were modified with fluorescent probes and widely used in 

the design of stimuli-responsive sensors.31-34 Chain-end labeling of polymers with a dye 
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is anticipated to be a promising route to incorporate chemical and bio-sensing 

functionality in polymer-based surface coatings. Precise localization of chromophores in 

polymer nanostructures can be especially useful in light-harvesting applications, where 

aggregation of chromophores is often a serious limitation.35-37 Attaching a dye at the free 

end of a polymer chain rather than at the side group of each repeating unit may lead to a 

lower aggregation and prevent the self-quenching, thus the quantum efficiency of the 

emitting layer increases.35, 38 Additionally, it can ensure a minimal interaction of the dye 

with the surface as well as enable further selective binding of molecules to the end-

functionalized film.17 

To date, limited examples of the dye chain-end labeled polymer brushes include 

converting alkyl bromide end groups of polymer brushes to amines before reacting with 

an isothiocyanate-functionalized dye39 and nitroxide radical exchange during 

polymerization.27 On the other hand, various types of  click chemistry  were used to 

modify chain-ends of polymer brushes with e.g., recognition elements,12, 40-42 DNA,43 and 

polyethylene glycol (PEG).44 Most fluorescently labeled polymer brushes have been 

prepared by functionalizing side chains with dye molecules as a post-polymerization 

step,24, 28, 30, 45 by copolymerization with a fluorescent monomer26, 33, 46-47 or by self-

assembly of charged fluorescent molecules on charged polymer brushes by electrostatic 

interactions.48 Controlling the selective immobilization of dye chain-end labeled polymer 

chain patterns is very important in areas such as sensing, cell adhesion, nanoelectronics, 

‘smart textiles’, etc.49-50 For instance, microcontact printing has been employed to fabricate 

coatings introducing surface patterns at the stage of the initiator deposition, followed by a 

surface-initiated polymerization27, 51-52 or to fabricate rewritable surfaces composed of 

fluorescent brushes as demonstrated by du Prez et al.53 Also inkjet printing has been used, either 

to directly prepare initiator patterns54 or to selectively etch homogenously deposited initiator 

layers.55 Utilizing this technique, Edmonson et al.56 described the deposition of polyelectrolyte-

based macroinitiators allowing a submicron patterning of subsequently grafted brushes due to 

phase separation in a printed drop.56 Additionally, a recent progress in photoinduced RDRP 

methods opened a straightforward route to photopatterning of polymer brushes by spatially 

controlled polymerization via a photomask.57-58 Recently, Hawker et al.28 reported fabrication 

of photopatterned arrays of donor-acceptor photoactive brushes into a fully-operating 

multicolored and white organic light-emitting diode (OLED) devices.28 

In contrast, to the best of our knowledge, the combination of inkjet printing and grafting-

to approaches has never been used to immobilize end-labeled fluorescent films to a patterned 

surfaces selectively modified with (3-aminopropyl)triethoxysilane (APTES) utilizing inkjet 

printing.  

In this Chapter, firstly we present two fabrication routes to prepare the fluorescent 

PMMA films on silicon and glass surfaces based on grafting-from and grafting-to 

approaches, as is shown in Figure 7.1. Subsequently, the surface properties and the 
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responsiveness behavior of the poly(methylmethacrylate) (PMMA)-based polymer films were 

investigated by measuring the thickness and the fluorescence of the polymer films via atom 

force microscopy (AFM) and fluorescent confocal microscopy, respectively. We have 

demonstrated the sensitivity of the PMMA layer to the quality of the solvent mixture utilizing 

co-solvency effect displayed in alcohol-water mixtures (e.g., in iso-propanol/water, IPA-

W, mixtures). 59-61 Moreover, fluorescent patterns were fabricated on the glass and silicon 

surfaces via inkjet printing process applying both grafting methods. The surface as well 

as the fluorescent properties of the printed patterns with switchable co-solvent-induced 

fluorescence response were investigated via AFM and fluorescent confocal microscopy, 

respectively.  

 

 
Fig. 7.1: A schematic representation of the fabrication routes to prepare fluorescent labeled PMMA patterns 

combining inkjet printing and ATRP employing a grafting-to and grafting-from approach.  

7.2 Results and discussion 

7.2.1 Preparation of polymer films 

a. Grafting-to approach 
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Synthesis of α-Carboxyl, ω-Fluorescein-Functionalized PMMA. A telechelic 

PMMA functionalized, with a surface-reactive carboxyl group and a fluorescent dye, was 

synthesized according to Figure 7.2 combining ATRP and CuAAC click chemistry. 

 
Fig. 7.2: Schematic representation of the synthesis route to α-Carbonxyl, ω-Fluorescein-functionalized 

PMMA (PMMA-FAM) by combination of ARGET-ATRP and CuAAC click chemistry.  

The familiar combination of ATRP with CuAAC click chemistry was used as a 

straightforward route to prepare polymers with desired chain-end functionality.62  

First, well-defined PMMA was synthesized by ARGET-ATRP. Importantly, α-

bromophenylacetic acid (BPAA) was used as an initiator to introduce carboxyl groups at 

the α-chain ends. The reaction was conducted at 60 °C in anisole with 50 ppm (vs 

monomer) of CuBr2/TPMA (tris(2-pyridiylmethyl)amine) catalyst and tin(II) 2-

ethylhexanoate as a reducing agent. Gel permeation chromatography (GPC) 

measurements (Figure 7.3a) confirmed excellent control over the polymerization and 

formation of the well-defined PMMA (Mn,theory = 17 000, Mn,GPC = 18 500, Mw/ Mn = 1.15).  

 
Fig. 7.3: (a) GPC traces of the as-synthesized polymer (PMMA-Br, black line), after substitution of 

bromide chain ends with azides (PMMA-N3, blue line) and after modification with fluorescein by click chemistry 

(PMMA-FAM, red line). (b) GPC traces of control  click  reaction performed without the addition of the CuBr 

catalyst. The curves are shifted vertically for clarity. 

Next, the bromine chain-ends were transformed to azides by reacting PMMA-Br with 

NaN3 before employing CuAAC to click azides with an alkyne-functionalized fluorescein 

derivative (5-FAM). 1H NMR measurements showed typical spectra of PMMA, although 
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due to the relatively high Mn, no peaks assignable to the end groups (i.e., the initiator and 

the fluorescent dye) were detected (Figure S7.1). Interestingly, the chromatograms of 

PMMA-Br and PMMA-N3 essentially overlapped, while a visible shift toward higher 

molecular weights was observed after reaction with 5-FAM (Figure 7.3a). This was likely 

due to the high molar mass of the dye (M5‑FAM = 413 g∙mol-1). A GPC trace of a control 

experiment, namely upon treating PMMA-N3 with 5- FAM without the catalyst, did not 

exhibit any shift (Figure 7.3b). In all cases, dispersities remained low (Mw/Mn < 1.15), 

without any visible tailing.  

To surely confirm the chain-end functionalization, the attachment of the fluorescein 

was followed by spectrofluorometry in 80 vol.% IPA-W (Figure 7.4b), a good solvent for 

both PMMA and fluorescein. The excitation and emission spectra of the PMMA-FAM 

showed maxima at 488 and 524 nm, respectively, corresponding to the free 5-FAM 

(Figure 7.4a). No fluorescence was observed for control samples obtained by stirring 

PMMA-N3 in DMF with 5-FAM without CuBr overnight, ruling out any physical 

contamination of the polymer with the dye.  

 
Fig. 7.4: a) and b) emission and excitation spectra of 5-FAM in co-solvency conditions (IPA-W 4/1 v/v) 

and of PMMA-FAM and a control polymer treated with 5-FAM dye in the absence of the catalyst, respectively.  

Fluorescent grafted films (via grafting to): Dye-functionalized films were prepared 

by surface grafting to silica substrates previously modified with APTES via chemical 

vapor deposition (CVD). Simple dip coating from a DMF solution of the PMMA-FAM (1 

mg mL-1) was used to couple α-carboxyl groups of the telechelic polymer with the amine 

groups of APTES. The reaction was conducted at room temperature without any additional 

catalyst. After 72 h, the wafers were removed from the solution and analyzed by atomic 

force microscopy (AFM) to reveal a uniform film on the surface (Figure 7.5a). The 

thickness of the fluorescent-PMMA thin films were measured by AFM, as shown in 

Figure 7.5a. The average dry thickness of the film measured by AFM after gently 

scratching the surface using Teflon tweezers was found to be 6 ± 2 nm. Due to the slow 

diffusion of polymer chains to the surface, the coupling time of the PMMA-FAM to the 

CVD-made APTES-modified silicon samples was 72 hours; for shorter deposition times 

the film resulted in very thin films with no uniform surface coverage due to the slow 
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diffusion of polymer chains to the surface, rendering AFM thickness measurements 

inconclusive (Figure 7.5b).  

 
Fig. 7.5: (a) and (b) AFM height images of the PMMA-FAM films grafted to APTES-modified (via CVD) 

silica substrates for 48 and 72 hours, respectively. (c) Is the height profile of the dashed line of the PMMA-FAM 

films grafted to APTES-modified silica substrates for 72 hours. 

The grafting density was then determined from the Equation 7.1: 

σ = 
𝑁𝐴𝜌ℎ

𝑀𝑛
        (eq. 7.1) 

where NA is the Avogadro number, ρ is polymer density (1.18 g cm-3), h is dry film 

thickness, and Mn is the molecular weight of the dye-functionalized PMMA (Mn = 19 

000−20 000). The grafting density was calculated to be in the range of σ = 0.14− 0.22 

nm−2.  

 
Fig. 7.6: Fluorescence microscopy image of the films grafted to APTES-modified glass surface. The green area 

corresponds to the film swollen in isopropanol/water mixture, while the dark area to the left shows quenched fluorescence due 

to the collapse of the brush upon evaporation of the solvent. 

Figure 7.6 shows a plane scan of the PMMA-FAM layer recorded by confocal 

microscopy probing the successful modification of the silicon surfaces. An 

isopropanol/water mixture (4/1 v/v) was used as a solvent to ensure good solubility of the 

PMMA backbone as well as efficient solubilization of the hydrophilic chain-ends.59, 63 A 
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clear, uniform emission corresponding to the fluorescein-modified chain ends was 

observed. The dark area of the image corresponds to the region where the liquid already 

evaporated, leaving a dry film. As expected, the fluorescence was quenched due to the 

aggregation of the dye upon the collapse of the grafted polymer chains, and no emission 

was observed in this area.  

b. Grafting-from approach 

Fluorescent grafted films (via grafting from). The synthetic route to end-labeled 

PMMA brushes is shown in Figure 7.7. First, the initiator (3-(2-bromoisobutyryl) propyl) 

dimethylchlorosilane (BDCS) was coupled to the silicon surface by CVD. PMMA brushes 

were then grafted from the initiator-modified surface by SI-ATRP,3, 5, 64 utilizing a 

previously published procedure (step 1 in Figure 7.7).65-66 

 
Fig. 7.7: Schematic representation of the synthetic route to ω-Fluorescein-functionalized PMMA grafted 

onto the silicon substrate.  

Polymerization was followed by measuring the thickness of samples reacted for 

specific time intervals via ellipsometry (Figure 7.8a). An initial short period (1 h) of fast 

growth was observed before the sufficient amount of deactivator (CuBr2) build up in the 

system, followed by a linear increase of the brush thickness with polymerization time.  
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Samples prepared in 6 h (i.e., 45 nm-thick) were degrafted from the surface using 

tetrabutylammonium fluoride (TBAF, Figure 7.8b) and analyzed by GPC. A symmetric 

peak with Mn = 25100 g∙mol−1 and narrow molecular weight distribution (Mw/Mn = 1.11, 

Figure 1B) was observed, pointing out the excellent control over the surface-initiated 

polymerization. Moreover, the quality of degrafting was evaluated via FTIR analyzing the 

chemical composition of the PMMA film grafted on silicon and cleavage silicon surface. 

In the spectra (Figure 7.8c), before degrafting, a strong absorbance was observed at 1730 

cm−1, which corresponds to double bond stretching vibration of carboxyl group C=O. The 

typical C–H stretching bands were observed at 3000 and 2950 cm−1. After degrafting 

PMMA with TBAF, the characteristic peaks of PMMA disappears in the spectra, 

indicating successful degrafting of PMMA polymer brushes. 

 
Fig. 7.8: (a) Dry thickness of the PMMA brush as a function of polymerization time. (b) GPC trace of the 

brushes, which were synthesized in 6 h and degrafted by TBAF. (c) FTIR spectrum of PMMA brushes before 

and after degrafting. 

For an efficient chain end modification, it is critical that the bromide chain end 

functionality (CEF) remains high after the SI-ATRP step. Thus, to ensure that the extent 

of unavoidable termination events during the polymerization was kept at the lowest 

possible level, the reaction was stopped before reaching a plateau. Hence, a sample 

prepared in 2 h (i.e., 25 nm-thick) was selected for further functionalization by replacing 

the Br at the PMMA chain ends by a CuAAC click reaction. 

Successful coupling of the dye was verified by measuring the fluorescence of the as-

prepared films on glass. Figure 7.9a shows a fluorescence microscopy image of 

fluorescein end-functionalized PMMA brushes in an 80 vol.% IPA-W mixture, which was 

a good solvent for PMMA. Since in this solvent FAM alkyne exhibits excitation and 

emission maxima around 486 and 524 nm, respectively (Figure 7.4b), an excitation 

wavelength of 488 nm was applied. Clear, green emission was observed confirming 

efficient functionalization of the chain ends with a fluorescent probe. On the left side of 

the image, no fluorescent signal is visible due to partial evaporation of the isopropanol-

water droplet. As a control, the fluorescence of both plain PMMA and PMMA-N3 brushes, 

treated with the dye but without the catalyst, were measured (see Figure 7.9b and Figure 

7.9c). Lack of fluorescence for these control surfaces shows that the dye was chemically 

bonded to the brushes and that its physical adsorption to the surface could be excluded. 
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The fluorescence behavior of the FAM-PMMA layers was stable over time as is shown in 

Figure S7.3. Therefore, the changes in intensity were mainly due to the change in swelling, 

since measurements of the fluorescence intensity of free alkynylated fluorescein in the 

different solvents showed that the dye exhibits higher fluorescence intensity in water 

compared to 80/20 vol.% IPA-W mixture (see Figure S6), 

 
Fig. 7.9: (a) Fluorescence microscopy image of 25 nm PMMA-N3 brushes upon attachment of FAM by 

click chemistry. Fluorescence microscopy images of (b) 25 nm-thick PMMA-N3 brush treated overnight with 

the dye but without the copper catalyst and (c) PMMA-Br brush before further functionalization. 

7.2.2 Co-solvency behaviour of fluorescein end-tethered 

PMMA grafts obtained both via GF and GT approaches in 

IPA-water mixtures 

The co-solvency induced responsiveness of the PMMA-based grafts was investigated 

for the GF and GT methods examining the fluorescent intensity changes as a function of 

the swelling ratio of the polymer films varying the solvent composition, as illustrated in 

Fig. 7.10. The globule-to-random coil transition of PMMA grafts can be induced by the 

quality of the solvent as the PMMA chains collapsed in pure water or pure isopropanol 

while swelled in a mixture of these solvents (co-solvent regime conditions). When the 

brushes were in the collapsed state the fluorescent dye molecules self-quenched due to 

aggregation which resulted in lower the fluorescent intensity than when the FAM 

functionalized PMMA brushes swelled in the co-solvent mixture. Indeed, the fluorescence 

response of the FAM dye in 80 vol.% IPA-W mixture was measured to be 20x higher than 

in water (Figure S7.3). In addition, the fluorescence intensity of the dye both in water and 

80 vol.% IPA-W mixture was stable over a period of 360 s.  
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Fig. 7.10: Schematic representation of the fluorescent-labelled PMMA patterns and the solvent-induced 

globule-to-random coil transition for GT and GF fabrication routes.  

The distinct on/off fluorescence response induced by co-solvent-stimulus of the 

PMMA-FAM brush layers was demonstrated for both the fabrication routes, as is shown 

in Figure 7.11. Furthermore, the switching of the fluorescence properties resulted 

reversible.  

The switchable fluorescent intensity of the chain-end functionalized PMMA brushes 

from 80 vol.% IPA-Water mixture and pure water. The fluorescent intensity in poor 

solvent conditions (in water) was consistently lower that the fluorescent intensity in good 

solvent conditions (80 vol.% IPA-W mixture) because the brushes forced the fluorescent 

dye molecules to aggregate when ae in the collapsed state, leading to self-quenching and 

a weak fluorescence response.  

 
Fig. 7.11: (a) Average fluorescence intensity of the PMMA-FAM films in bad solvent conditions (pure 

water) and in good co-solvent conditions (80 vol.% IPA-W) cycles. (b) Fluorescence images of the co-solvent-

responsive fluorescent switching of PMMA-FAM layers.  
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The different fluorescence properties of the films depends on the grafting density of 

the end tethered chains, as is shown in Figure 7.12 and 7.13.  

 
Fig. 7.12: Effect of the solvent mixture (isopropanol/water mixture) on the swelling ratio and fluorescent 

intensity of PMMA-Br and PMMA-FAM films grafted from APTES deposited via CVD, (a) and (b), respectively.  

 
Fig. 7.13: Effect of the IPA-W mixture on the swelling ratio and fluorescent intensity of PMMA-FAM 

films grafted to APTES-modified glass surfaces. 

The grafting density of the film obtained via GT was 0.14 − 0.22 nm−2, while 

fluorescent-functionalized chains in the GF approach were more densely packed resulting 

in a grafting density of 1.1 nm−2. The dye-functionalized PMMA brushes obtained via GF 

approach were measured to swell in GF by approximately 40% in 80 vol.% IPA-W 

mixture (Figure 7.12), while the one obtained via GT deposition swelled by 

approximately 60% (see Figure 7.13).  
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7.2.3 Preparation of fluorescent patterns 

a. Inkjet printing process.  

The fluorescent patterned surface were fabricated using glass and silicon substrates 

via two distinct methods: GT and GF, as is shown in Fig. 7.1. Via the inkjet printing 

process, APTES patterns were prepared and chemically immobilized on both silicon and 

glass surfaces thanks to the silane anchoring moieties. Subsequently, the fluorescent 

telechelic α-COOH-PMMA-ω-FAM was coupled to the amino end-functionalized printed 

patterns for the GT, while SI-ATRP of MMA, halogen-azide exchange, and CuACC click 

reactions with the fluorescent probe were performed for the GF approach.  

The glass and the silicon substrates were cleaned in piranha solution and were 

modified by inkjet printing of APTES ink. The chemical stability over the storage, the 

viscosity, the surface tension, and the wettability of the ink onto the substrate are important 

physicochemical parameters to consider during the formulation of an ink for a stable 

functional ink as well as to optimize for accurate and repeatable deposition of the 

functional ink in Drop-on-Demand (DoD) mode.67 The fluid property requirements for the 

ink to be inkjet printed with piezo inkjet printed via DoD are a viscoelastic behavior 

(Newtonian behavior), a viscosity between 1-20 mPa∙s and a surface tension between 20-

70 mN∙m-1. Thus, the optimal formulation of the APTES-containing ink was composed by 

10 w% of the functional compound dissolved in a mixture of ethanol and ethylene glycol 

(60 vol.% ethanol/ethylene glycol mixture) in order to optimize the rheological and 

wetting properties (ethylene glycol was used as a cosolvent due to its high boiling point 

and low surface tension).68-69 As shown in Figure S7.4, the ink had a viscosity of 3.5 ± 1 

mPa∙s and the surface tension of 37 ± 3 mN∙m-1. Moreover, the ink behaved as a 

Newtonian liquid (in the examined range of shear rate).  

The printability of the APTES ink was evaluated in continuous (C) and in Drop-on-

Demand (DoD) inkjet printing modes. The droplet formation was studied in the range of 

frequency between 1000-100 Hz to test the stability and repeatability of the droplet 

formation, simulating the DoD approach. A stable droplet formation in DoD mode was 

achieved by employing a single trapezoid waveform with a pulse voltage of 52 V for 17 

µs, as shown in Figure 7.14a and b. The time-resolved optical images of the droplet 

formation (Figure 7.14c) demonstrates the stable droplet formation without any satellite 

droplets.  
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Fig. 7.14: characterization of the printability of the APTES-containing ink via piezo inkjet printing. (a) and 

(b) piezoelectric actuator waveform and the conditions used in this experiment for a stable DoD inkjet printing. 

(c) Series of high-speed photographic images of the droplet formation as it is ejected from the nozzle at strobe 

delay times between 75-500 µs after the start of the piezo actuation. Characteristics of the drop: speed 2 m/s and 

volume about 4 nL.  

The impact and the spreading of the ink onto the sample surfaces affect the quality 

and the morphology of the printed patterns which were studied via AFM and static contact 

angle measurements. Firstly, surface wettability is a critical parameter, which has an effect 

on the final sizes and shape of the printed droplets.68 The ink spread uniformly onto the 

glass/silicon surfaces without any formation of satellite drop formation due to the impact, 

as shown in Figure S7.5a. As illustrates in Figure S7.5b, the contact angle between the 

APTES-containing ink and glass substrate was measured to be 20 ± 5°.  

The printed APTES patterns were annealed in vacuum at 110 °C for 1h. The 

topography of the films was investigated via optical microscopy and AFM measurements, 

as shown in Figure 7.15. Various patterns were printed. The diameter of the printed 

droplets were around 100 - 120 µm, as shown in Figure 7.15a, which was larger than the 

diameter of the droplet generated by the nozzle (the diameter of the nozzle was 60 µm). 

The AFM imaging of the dry printed drops revealed few-micrometer-thick features of 

polymerized/cross-linked APTES, and a moderate coffee stain effect, as shown in Figure 

7.15b and Figure 7.15c. The surface roughness values of the annealed drops were on the 

order of Ra = 100−150 nm. 
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Fig. 7.15: Optical microscopy and AFM images of the ATPES-printed patterns on glass surfaces, as shown 

in (a) and (b) respectively. (c) Shows the step height profile of the APTES drops.  

The chemical composition of the printed patterns was confirmed via FTIR microscopy 

analysis verifying the presence of the characteristic absorbance bands of the APTES films: 

amine and silane absorption bands at approximately 3200 and 1078 cm−1, respectively.  

b-1. Fluorescent PMMA chains grafted to the printed APTES patterns.  

As-prepared annealed printed APTES-modified surfaces were immersed in a DMF 

solution of α-COOH-PMMA-ω-FAM under the same conditions as described above (see 

Section 8.2.1.1).  

Figure 7.16 presents the AFM height image of the drop after immobilization of the 

fluorescent telechelic PMMA and does not show a large difference from the annealed 

printed APTES drops (see Figure 7.15). After the immobilization of the PMMA-FAM the 

variation of the thickness of the drop was only of few nanometers, as demonstrated in the 

previous part (see Figure 7.6, PMMA-FAM grafted to APTES-modified silicon surfaces 

via CVD), rendering AFM thickness measurements unsuitable.  

 
Fig. 7.16: AFM height image of the printed fluorescent patterns, GT approach. 
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The successful fabrication of the fluorescent patterns was demonstrated via FTIR 

microscope spectroscopy and fluorescent confocal microscopy. Confocal fluorescent 

microscopy was used to visualize printed patterns functionalized with PMMA-FAM films 

in dry (Figure 7.17a) and swollen in isopropanol/water or acetone, as shown in Figure 

7.17b and 7.17c respectively. Fluorescent patterns were obtained selectively at the printed 

spots of ∼120 μm in diameter and with various spacing between the droplets. Most 

importantly, no signs of fluorescence were detected outside of the printed areas, 

confirming that nonspecific deposition on the nonfunctionalized surface did not occur, e.g., 

via physisorption. Even though the high surface roughness of the drops prevented a direct 

measurement of the grafting density of PMMA-FAM films, the observed uniform 

emission of the printed spots indicated they were successfully decorated with a thin film 

of PMMA-FAM. 

 
Fig. 7.17: (a) Microscopy images of glass substrate after deposition of APTES-containing ink by inkjet 

printing (top row); b) and c) confocal microscopy images of the same substrates upon functionalization with 

PMMA-FAM brushes by the grafting to method and recorded in 80 vol.% IPA-W and in pure acetone mixtures, 

respectively.  
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b-2. Synthesis of the fluorescent PMMA chains from the printed APTES patterns via 

SI-ATRP 

The fluorescent end-labeled PMMA brushes were synthesized under the same 

conditions as described above (see Section 8.2.1.2). Briefly, the ATRP initiator α-bromo-

isobutyryl bromide (BiBB) was coupled onto the amino terminated drops in a solution of 

toluene and tri-ethylenamine (TEA), the SI-ATRP of PMMA was performed in 

water/methanol mixture for 2 h, the halogen-azide exchange reaction was conducted in 

DMF for 24 h, and the coupling of the fluorescein-based dye via CuAAC was conducted 

in DMF for 24 h. A detailed description of the experimental procedures can be found in 

the Experimental Section. 

The surface morphology and the film height were evaluated via AFM, as shown in 

Figure 7.18a, b, and c. We noted that the FAM-modified drops showed a moderate coffee 

stain effect and a thickness of less than 1 µm.  Figure 7.18d shows a fluorescence 

microscopy image of the fluorescent-printed patterns via the GF approach, recorded in 80 

vol.% IPA-W mixture, confirming the successful fabrication and immobilization of the 

dye to the printed APTES patterns. 

 
Fig. 7.18: Characterization of the fluorescent patterns obtained via the GF approach. Characterization of 

the surface properties via AFM microscopy: a) is a two dimensional AFM height images and b) is the height 

profile of the patterns corresponding to the dashed line of the printed fluorescent patterns. c) is a three 

dimensional AFM height images of the printed fluorescence patterns. d) is the fluorescence image of the 

fluorescent patterns in 80 vol% IPA-W mixture. 
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7.3 Conclusions 

In summary, we have demonstrated two straightforward synthetic procedures to 

fabricate alcohol-sensitive fluorescent PMMA-based films and patterns by employing 

CVD and inkjet printing deposition/patterning. A clear fluorescence response of the 

fluorescent-modified PMMA grafts in an 80 vol.% IPA-W mixture confirmed the 

successful synthetic procedures and the co-solvency effect on the fluorescence response 

of the functional films. Moreover, the effect of the fluorescence response was investigated 

as a function of the quality of the solvent demonstrating that the maximum swelling of the 

polymer film corresponded to the maximum of the fluorescence intensity. Switchable 

fluorescent response was illustrated by utilizing the co-solvency effect displayed by 

PMMA brushes in isopropanol-water mixtures. Fluorescent patterns were obtained via 

inkjet printing using the GF and GT approaches. The results demonstrated the combination 

of efficiency and simplicity of the grafting to method, rendering it a promising technique 

for preparing functional polymer nano-coatings, as is shown in Figure 7.19. Such  smart  

macromolecular nanostructures can be employed in the design of future sensors, 

switchable surfaces or optoelectronic devices. Given the versatility of both ATRP (in 

solution and surface initiated) and click chemistry, these approaches can be viewed as a 

general strategy for fabrication of polymer-grafted surfaces with various functionalities 

readily available by simple chain-end substitution. Such functional patterned surfaces can 

find applications in sensing, light harvesting, or organic electronics. Further experiments 

are underway to extend this approach to different polymer systems as well as to elucidate 

the effect of grafting density on the photophysical properties of end-labeled surface-

anchored chains. 

 
Fig. 7.19: Fluorescence confocal microscopy images of the fluorescent patterns prepared from printed 

APTES patterns onto a glass surface (scale bar is 200 µm) through grafting from and grafting to approaches, (a) 

and (b) respectively. The images were recorded in 80 vol.% IPA-W mixture. 
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7.4 Experimental section 

Materials  

Methyl methacrylate (MMA, 99%), α-bromophenylacetic acid (BPAA, 98%), tris(2-

pyridiylmethyl)amine (TPMA, 98%), N,N,N′,N″,N″-pentamethyldiethylenetriamine 

(PMDETA, 99%), 2,2’-Bipyridyl (≥99%), tin(II) 2-ethylhexanoate (Sn(EH)2, 92.5-

100.0%), copper (I) bromide (CuBr, 99.999%), copper (II) bromide (CuBr2, 99%), 

ascorbic acid, sodium azide (NaN3, > 99.5%), tetrabutylammonium fluoride (TBAF), 

solution chlorodimethylhydrosilane (98%), allyl 2-bromo-2-methyl propionate (98%), 

(3aminopropyl)triethoxysilane (APTES) were purchased from Sigma-Aldrich. MMA was 

passed through a column of basic alumina to remove inhibitor. Copper (I) bromide (CuBr, 

Aldrich, 98%) was stirred in excessive acetic acid and filtered till the suspension solution 

was light yellow, and was dried in vacuum oven at room temperature overnight. 

Alkynylated fluorescein (FAM alkyne, 5-isomer) was purchased from Lumiphore. All 

solvents were of high purity, and Milli-Q water was used in all experiments.  

Grafting-to  

Synthesis of α-carboxyl PMMA-Br by ARGET ATRP. Polymerization conditions 

were based on previously reported procedures.70-71 Briefly, 12.6 mg (0.03 mmol, 0.1 eq.) 

of Sn(EH)2 was placed in a Schlenk flask and degassed by purging with nitrogen for 30 

min. MMA was degassed with nitrogen, and 10 mL (93.5 mmol, 300 eq.) was injected 

into the Schlenk flask. EBPAA (67.0 mg, 0.31 mmol, 1 eq.), CuBr2 (1.0 mg, 0.004 mmol, 

0.015 eq.), TPMA (4.1 mg, 0.01 mmol, 0.045 eq.), dimethylformamide (DMF) (0.5 mL, 

NMR standard), and anisole (5 mL) were degassed in a separate vial for 30 min and 

transferred to the Schlenk flask under nitrogen. The reaction was started by immersing the 

Schlenk flask into an oil bath and conducted for 23 hours at 60 ˚C. Polymerization was 

stopped at desired monomer conversion (56%) by exposing the reaction to air and PMMA 

was precipitated in methanol, filtered and dried under vacuum overnight. 

Br-N3 exchange reaction, α-COOH-PMMA-ω-N3. 2 g (0.11 mmol, 1 eq.) of 

PMMA-Br was dissolved in 5 mL of DMF. 70.3 mg (1.08 mmol, 10 eq.) of NaN3 was 

then added and reaction was stirred for 24 hours at room temperature. The polymer was 

precipitated in methanol, filtered and dried under vacuum overnight.  

Coupling via CuACC click chemistry of PMMA-N3 with 5-FAM. 0.5 g of the 

obtained PMMA-N3 (0.027 mmol, 1 eq.) was dissolved in 5 mL DMF. 33.52 mg (0.008 

mmol, 3 eq.) of 5-FAM dye and 0.006 mL (0.003 mmol, 1 eq.) of PMDETA were added 

and the solution was degassed by purging with nitrogen for 20 minutes. Then, it was 

transferred to the degassed vial with 0.8 mg (0.003 mmol, 1 eq.) of CuBr and stirred for 

24 h at room temperature. The polymer was precipitated in methanol, filtered, re-dissolved 

in DMF, passed through a column of neutral alumina to remove any unreacted dye, 

precipitated again in methanol, filtered and dried under vacuum overnight. 
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Silicon and glass preparation. Silicon and glass substrates were cleaned by piranha 

solution (H2SO4:H2O2, 3:1 v/v), then rinsed extensively with water, ethanol and dried 

using a nitrogen stream (piranha solution reacts with organic compounds and should be 

handled with extreme caution). 

CVD of APTES. The piranha cleaned silicon or glass substrates were placed in the 

desiccator including a petri dish with APTES. The desiccator was placed under vacuum 

for 15 min. After 15 min the desiccator was fully closed. The substrates together with the 

APTES were left overnight under vacuum. Afterwards the substrates were rinsed, with 

toluene, ethanol, MilliQ water, ethanol to remove physically attached APTES and dried in 

a stream of N2.  

Patterned surfaces by ink-jet printing. An ink solution was prepared with 2 mL 

ethylene glycol, 3 mL ethanol and 0.585 mL of APTES.  

The solution was printed by inkjet printing on a piranha-cleaned glass or silicon 

surface.  

After printing the substrates were left overnight and rinsed with ethanol, water and 

ethanol and placed in a vacuum oven at 110 ºC for 1 hour. A Jetlab IV (MicroFab 

Technologies, Plano, TX, USA) printer was used with adjustable Z height, X-Y stage and 

controller. Drop on Demand patterning was achieved by using a sinusoidal type waveform: 

dwell amplitude of 52 V for 17 μs with a rise and fall time at 0 V for 1 μs. The nozzle used 

was Nozzle type MJ-B7-39-30 with 60 μm orifice diameter. The drop was 100 μm 

diameter and 120 μm printed drops diameter. To follow drop deposition a CDD camera 

with LED light was used. The plate and head temperature were set at 23 ºC. Before printing, 

the printer was cleaned with isopropanol, ethanol, Milli-Q water and ethanol.  

Surface grafting of telechelic α-COOH-PMMA-ω-FAM. The substrates 

functionalized with APTES were added to a flask with PMMAFAM solution (1 mg∙mL-1) 

and left stirring for 72 hours. Afterwards the substrates were cleaned with DMF, ethanol, 

Milli-Q water, ethanol and dried in a stream of nitrogen. 

Grafting-from  

CVD of ATRP-initiator and synthesis of PMMA Brushes via SI-ATRP. 

Organosilane initiator was synthesized via hydrosilylation of allyl-2-bromo-

methylpropionate with dimethylchlorosilane catalyzed by choloplatinic acid forming (3-

(2-bromoisobutyryl) propyl)dimethylchlorosilane (BDCS), as previously reported.72-73 A 

monolayer of BDCS was deposited on piranha clean substrates by vapor deposition in a 

desiccator under vacuum for 24 h, which was followed by atom transfer radical 

polymerization (ATRP) of methyl methacrylate (MMA) at room temperature for 2 h under 

nitrogen.  

MMA (17.6 g, 176 mmol) and 2,2′-bipyridine (1.11 g, 7.11 mmol) were dissolved in 

the ATRP medium (methanol: deionized water, 13.8 mL: 3.8 mL, 430 mmol: 210 mmol) 
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and the solution was degassed before pouring into the Schlenk flask with CuBr (516 mg, 

3.56 mmol) under nitrogen atmosphere. After stirring for 15 min, the ATRP mixture was 

transferred to the nitrogen-filled vials with the initiator-coated substrates. After 

polymerization, the substrates were rinsed with ethanol and water, and dried under 

nitrogen. 

Br-N3 exchange reaction of the PMMA brushes. In a round bottom flask, 97.5 mg 

(1.5 mmol) sodium azide was added to 36 mL of dimethylformamide (DMF). The solution 

was then purged for 20 min with nitrogen. Next, the solution was transferred into a flask 

containing PMMA brush functionalized substrates, which was beforehand sealed with a 

rubber septum and purged with nitrogen for 20 min. After 24 h of reaction, the substrates 

were rinsed extensively with DMF, ethanol and water, and dried under a stream of nitrogen.  

Functionalization of PMMA Brush Chain Ends with Fluorescein Via Click 

Chemistry. 10.7 mg (0.26 mmol) alkynylated fluorescein, 29.2 mg (0.12 mmol) CuBr and 

2.5 μL (0.12 mmol) PMDETA were added to 36 mL DMF and the solution was purged 

with nitrogen for 20 min. For the click reaction between alkynylated fluorescein and azide-

terminated polymer brush, the solution was transferred into a flask containing azide chain-

end functionalized PMMA brush substrates, which was also purged with nitrogen for 20 

min. The click reaction was performed at room temperature under nitrogen atmosphere 

for 24 h. Afterwards, the substrates were rinsed extensively with DMF, ethanol, and water 

to remove the unreacted dye. The samples were then dried under a stream of nitrogen and 

kept in dark. 

Degrafting of PMMA Brush Layer To determine the grafting density, PMMA 

brushes were degrafted from the surface using TBAF.65-66 Si wafers grafted with 40–45 

nm PMMA brushes were put in flask containing 0.1 m TBAF in 5.5 mL tetrahydrofuran 

(THF). The samples were kept stirring at 55 °C for 24 h. After 24 h, the substrates were 

rinsed with THF, toluene, water and ethanol, and dried under a stream of nitrogen. THF 

was evaporated and the polymer sample was then re-dissolved in THF for gel permeation 

chromatography (GPC). Before and after degrafting, dry brush thickness on the substrate 

was measured using ellipsometry. After degrafting, the thickness decreased to 0.3 nm, 

which indicates virtually complete detachment of the brushes. The conformation of the 

polymer brush is mainly governed by the interplay between Mn and the grafting density 

(σp).74 The grafting density is difficult to determine directly; however, it can be determined 

as 1.13 nm-2 by using the equation (1).  

Inkjet printing 

Formulation and characterization of the APTES-containing inks. The rheological 

properties of the inks were evaluated by rotational UDS-200 rheometer (Anton Paar 

Germany GmbH., Ostfidern, Germany) equipped with parallel plates geometry. For all 

the rheology, surface tension measurements, and inkjet printing process the ink solutions 

were filtered through a 0.45 μm PTFE filter. The steady-shear viscosity of the inks was 
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evaluated for all the inks via flow measurements (also named as steady-shear rate sweep), 

aiming to simulate the piezo inkjet printing process. The measurements were performed 

at 20 °C (controlled by a Peltier temperature controller) using a MP31 spindle (a plain 

plate with a diameter of 50 mm). Before the flow measurements, the gap (set at 500 μm) 

was filled with 1 mL of the ink solutions and the solution was then stabilized via a pre-

shear step of 0.5 min. The rheological properties were measured by increasing the shear 

rate at constant logarithmic steps from 100 to 2400 s-1, ensuring the steady-state flow of 

the sample. The viscosity was calculated as the steady-state shear stress divided by the 

applied shear rate. The steady-shear viscosity was averaged in the range between 500-

2000 s-1. The surface tension was determined by the pendant drop method with an OCA 

15 (Dataphysics Instruments, Germany). The surface tension was estimated by fitting the 

outline of the pendant drop; the drop contour was fitted by the Young-Laplace equation 

considering the density of the ink to be the same as the density of the solvent. A needle 

0.70 mm of outer diameter was used to develop droplets of about 6 μL of volume and the 

average of the surface tension values, as well as the standard deviations were calculated 

with at least three different measurements.  

Inkjet printing. A Jetlab IV Printer (MicroFab Technologies Inc. USA) equipped 

with glass nozzle MicroFab B7-39-30 having a 60 µm diameter was used to deposit the 

ink on the sample surfaces. The printability of the inks was evaluated by studying the 

effect of the shape of the input waveform and of the process conditions on radius, volume, 

trajectory and speed of the droplets. These parameters were estimated by analyzing the 

high speed camera images captured by the horizontal camera at different strobe delay time 

in C-IJ mode. The deposition of the functional ink was achieved in DoD-IJ printing mode. 

The annealed APTES-printed samples were used directly for the coupling with the ATRP-

initiator. Therefore, the APTES-printed samples were immersed in a solution of 40 ml of 

toluene and 100 µl of TEA and cooled in an ice bath. The solution was stirred, the BIBB 

was added drop wise and the reaction was terminated after 2 h. The samples were washed 

in toluene, ethanol, and water, followed by drying in a stream of N2. The SI-ATRP of 

MMA, the Br-N3 exchange, and the CuACC of the fluorescent probe were performed as 

mentioned above in the Section 7.4.3.  

Characterization 

GPC: was performed on a Waters system (pump: Waters 515, USA, injector: 

Hewlett-Packard 1050 USA, detector: Waters 2414 and Waters Styragel HR3-6 columns) 

with DMF 50 mM LiCl as eluent. Molecular weights were calculated using PMMA 

calibration. 
1H NMR: (Bruker Avance 400 MHz) was used to calculate monomer conversion in 

chloroform-d3.  

AFM: Brush swelling and topography measurements were performed in tapping 

mode on a Multimode 8 (Bruker) using a NanoScope V (Veeco) controller and a JV 
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vertical engage scanner. A scratch was made on the sample to reveal the bare silicon wafer 

in order to be able to measure the relative height between the brush and the bare silicon. 

The sample was freshly prepared and the same isopropanol-water mixture solutions were 

used as in the ellipsometry measurements. For each measurement, images were obtained 

over a scan size of 30.0 by 15.0 μm with a scan rate of 0.300 Hz. First, the relative height 

of the dry brush in atmospheric conditions was measured in tapping mode using Olympus 

cantilevers (silicon probe, resonance frequency around 70 kHz, force constant around 2 

N∙m−1, diameter of tip approximately 9 nm, coated with an aluminum reflecting layer). 

Second, the relative heights were measured immersed in the different isopropanol-water 

mixtures by imaging the brush under a low normal load (<1 nN) in contact mode using a 

colloid probe in a glass liquid cell (Bruker). A polystyrene colloid, 5 μm in diameter, was 

attached onto a MikroMasch HQ line cantilever, the HQ:NSC35/Pt. By thermal noise 

analysis the spring constant was calculated to be 0.3 ± 0.03 N∙m−1 at room temperature 

and ambient conditions. In each obtained image, the relative height is measured at six 

different positions and an average is taken and used for further calculations. The amplitude 

set point was kept at approximately 95% of the free amplitude to minimize deformation 

of the polymer surface.  

Fluorescence confocal microscopy: For the fluorescence measurements the Micro 

40 confocal microscopy from Halcionics was used with 5x magnification. Excitation and 

emission spectra were measured with a PerkinElmer LS55 spectrofluorometer. Excitation 

and emissions slits were set to a 4.0 nm and 2.5 nm band pass, respectively. Fluorescence 

experiments were performed on Nikon A1 confocal microscope equipped with a piezo 

stage, controller, DU4 multidetector and LU4 multilaser. 60x contact objective (oil, 

MRD01691, 2.481 µm∙px-1 and 10x air objectives (MRH00101, 0408 µM px-1). The 

samples were illuminated by a 488 nm laser.  

Spectrofluorometer: Fluorescence spectra were measured using a PerkinElmer LS55 

spectrofluorometer. Excitation and emission slits were set to a 4.0 nm and 2.5 nm band 

pass, respectively. FAM alkyne, 5-isomer fluorescence was excited at 488 nm. 

Fluorescence experiments were performed on Nikon A1 confocal microscope equipped 

with a piezo stage, controller, DU4 multidetector, and LU4 multilaser. 60x contact 

objective (oil, MRD01691, 2.481 μm∙px−1 and 10x air objectives (MRH00101, 0408 

µM∙px-1). The samples were illuminated by a 488 nm laser. Images were acquired by using 

a constant set of parameters for each sample. Image processing was done with Image J 

1.52a software.  

Ellipsometry: The optical experiments were performed using a Woollam variable-

angle spetroscopic ellipsometer (VASE) system (M2000, J.A. Woollam Co., Inc). 

Measurements were performed as a function of the photon energy in the range 0.8-4.5 eV 

for the dry experiment and in the range 1.1-4.5 eV for the liquid experiments, a step size 

of 0.1 eV (corresponds to wavelength range of 276-1550 nm and in liquid 276-1127 nm). 
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Dry film thicknesses of the PMMA brushes were measured at three different angles (65, 

70, and 75°), while the experiment in liquid were conducted in a liquid cell with a fixed 

angle of incidence of 63°. The ellipsometric data were fit to determine the dry thickness 

of the polymer brush layer. Optical dispersion (n) can be modelled with a Cauchy 

dispersion model. 

n(λ) = A + B / λ2 + C / λ4              (eq. 7.2) 

where n is the refractive index, A, B, and C are the Cauchy parameters that can be 

determined by fitting the equation to measured refractive indices at known wavelengths. 

A three-layer model consisting of a silicon substrate, a silicon oxide layer, and a Cauchy 

layer (representing PMMA layer) was used to simulate the experimental data. The 

thickness d and the Cauchy parameters A and B were used as fitting parameters.  

IR: Vacuum infrared absorbance spectrum measurements were conducted on Alpha-

P Bruker device. Background measurements were performed on a bare silicon wafer to act 

as a reference. For all the measurements, an average of 256 scans was taken.  

Piezo-inkjet printer: A Jetlab 4 system printer (MicroFab Technologies, Plano, TX) 

was operated in drop on demand mode. Glass nozzles (MicroFab B7-39-30) with a 

diameter of 60 µm were used. The printer was equipped with a horizontal CCD camera 

equipped with a LED light for drop jetting analysis and a vertical camera that allows the 

alignment of the print head to the sample. The nozzle was purged by jetting with pure 

water and ethanol between experiments.  The plate and head temperature were set to 

23 °C.  The printer was cleaned with isopropanol, ethanol and Milli-Q water before 

printing. The droplet formation of the inks was investigated analyzing the drop generated 

in continuous inkjet printing mode with firing frequency between 100-1000 Hz. Inkjet 

printing was set to define pre-established patterns with different configurations at room 

temperature. An ink solution was made with 2 mL ethylene glycol, 3 mL ethanol and 585 

µL APTES.  

Rheology: The rheological properties of the inks were evaluated by rotational UDS-

200 rheometer (Antoon Paar) equipped with parallel plates geometry. The steady-shear 

viscosity of the inks was evaluated for all the inks via flow measurement (also named as 

steady-shear rate sweep) aiming to simulate the piezo inkjet printing process. The 

measurements were performed at 20 °C (controlled by a Peltier temperature controller) 

using a MP31 spindle (a plain plate with a diameter of 50 mm). Before the flow 

measurements, the gap (set at 500 μm) was filled with 1 mL of the ink solutions and the 

solution was then stabilized via a pre-shear step of 0.5 min. The rheological properties 

were measured by increasing the shear rate at constant logarithmic steps from 0.1 to 2400 

s-1 , ensuring the steady flow state of the sample. The shear stress was assessed every 3 s. 

The experiments were repeated three times using newly prepared solutions. The viscosity 

was calculated as the steady-state shear stress divided by the applied shear rate. The 
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steady-shear viscosity was averaged in the range between 500-2000 s-1. All the 

measurements and inkjet printing processes were performed on the filtered ink solution 

through a 0.45 μm PTFE filter. 

Surface tension: The surface tension was determined by the pedant drop method with 

an OCA 15 (Dataphysics Instruments, Germany). The surface tension was estimated by 

fitting the outline of the pendant drop by the Young-Laplace equation. A needle of 0.70 

mm of outer diameter was used to develop droplets of about 6 μL of volume and the 

average of the surface tension values and the standard deviations were calculated with at 

least three different measurements. 

7.5 Supporting information 

 
Fig. S7.1: 1H NMR spectrum of the synthesized telechelic PMMA-FAM; a, b and c correspond to the –

CH3, –CH2- and –OCH3 groups, respectively. 
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Figure S7.2: Swelling ratio of PMMA brushes obtained via SI-ATRP in different isopropanol content. 

 

Figure S7.3: Solvent-depended fluorescence intensity of alkynylated fluorescein. 

 
 Fig. S7.4: Viscosity and surface tension of the APTES containing ink (10 w% in ethanol-ethylene glycol 

mixture 3:2 v:v), (a) and (b), respectively. 
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Fig S7.5: Optical micrograph of (a) the printed patterns during the inkjet printing process of the APTES-

containing ink and (b) of a spreading experiment of the ink onto silicon surface.  
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8.0 Abstract 

 

TOC Chapter 8: Printing “smart” inks of redox-responsive organometallic polymers on microelectrode 

arrays (MEAs) for molecular sensing; commercial MEAs were modified with a new redox-responsive disulfide-

modified poly(ferrocenylsilane) (PFS) ink by using inkjet printing in the Drop-on-Demand (DoD) mode and 

tested as an amperometric electrochemical sensing device for ascorbic acid.  

Printing arrays of responsive spots for multiplexed sensing with electrochemical 

readout requires new molecules and precise, high-throughput deposition of active 

compounds on microelectrodes with spatial control. We have designed and developed 

new redox-responsive polymers, featuring a poly(ferrocenylsilane) (PFS) backbone and 

side groups with disulfide units, which allow an efficient and stable bonding to gold (Au) 

substrates, using sulphur-gold coupling chemistry in a grafting-to (GT) approach. The 

polymer molecules can be employed for area selective molecular sensing following their 

deposition by high precision inkjet printing. The new PFS-derivatives, which serve as 

“molecular inks”, were characterized by 1H NMR, 13C NMR and FTIR spectroscopies 

and by GPC. The viscosity and surface tension of the inks were assessed by rheology and 

pendant drop contact angle measurements, respectively. Commercial microelectrode 

arrays were modified using the new PFS ink by using inkjet printing in the Drop-on-

Demand (DoD) mode. FTIR spectroscopy, AFM and EDX-SEM confirmed a successful, 

spatially localized PFS modification of the individual electrodes within the sensing cells 

of the MEAs. The potential application of these devices to act as an electrochemical 

sensor array was demonstrated with a model analyte, ascorbic acid, using cyclic 

voltammetry and amperometric measurements. 
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8.1 Introduction 

Microelectrode arrays (MEAs) allow one to perform multiplexed parallel analysis of 

complex mixtures of redox active analytes with selective and specific sensing of the 

individual constituents in the microelectrode cells that make up the array.1-10 For a 

successful implementation of such devices, one could consider selective printing of 

specific sensing molecular inks into the individual microelectrode cells (MEs) that can 

exhibit a different composition from “pixel” to “pixel” within the array.6-10 The 

recognition inks should adhere to the ME surface and provide analyte selective signals. 

Printing using multiple reservoirs would be needed to render each electrochemical 

microcell working as a specific sensing element. 

Towards achieving this objective, we describe in this contribution the first necessary 

steps including a) the development of a novel redox stimulus responsive molecular ink 

and b) the construction of single ME sensing “pixels” using one printing reservoir and a 

single nozzle. By doing so, we provide elements for designing devices such as “aiming” 

the ink to accurately hit the microelectrode with high printing accuracy. We describe how 

printing accuracy can be evaluated. We then test the ME device concept in a model 

sensing process. 

Stimulus responsive (or “smart”) polymers have been in the focus of recent interest 

due to their ability to be used in functional, integrated material constructs for wetting and 

friction control, sensing, monitoring and steering processes, in mechanical actuation, as 

self-healing biomedical platforms, and in molecular delivery.11-16 Among the many 

possible stimuli utilized in conjunction with polymers, electrochemical (redox) control 

has received relatively little attention when compared to temperature, pH, light, and 

chemical stimuli.17-21 One of the reasons for the employment of the “classical” stimuli is 

that the range of synthetic polymers, which exhibit a reversible redox response, is rather 

limited.17, 19-21 

The emerging class of redox responsive organometallic poly(ferrocenylsilane)s 

(PFSs), which feature alternating ferrocene units and substituted bridging Si in the main 

chain, has shown a great potential to fabricate redox-sensitive molecular sensing 

platforms.21-24 In PFSs, the silane units can be employed in substitution chemistry, 

yielding a broad range of functional macromolecules. The variations of side-group 

structure allows one to tune the physical and chemical properties of PFS, while the 

ferrocene units remain responsible for preserving the redox activity.22-26 The stimulus 

responsive behavior implies that changes of the redox environmental conditions trigger 

changes of the oxidation state of the iron atom in the ferrocene group. We note that redox 

chemistry of PFS, including chemical and electrochemical redox transitions, have been 

subject of several studies.18, 26-29 Corresponding papers discuss intra- and inter-chain 

electron transfer during electrochemical oxidation/reduction,30-31 as well as the effect of 

chemical oxidizing and reducing agents,23 and redox behavior of PFS attached to the 
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surface of various substrates.20-21 PFS-decorated electrodes have been used for 

electrochemical sensing of ascorbic acid,20, 32-34 hydrogen peroxide,34 glucose35-36 and 

inorganic ions,37 and/or to enhance detection sensitivity,18, 21 and photoconductivity.38 

MEAs have been successfully utilized in many areas in biomedical applications,1, 3-5 

as well as in environmental sensing2, 39-40 and food quality monitoring.9, 40 The reason for 

this interest is that MEAs enable the stimulation and recording of electrical signals of 

multiple MEs with low background charging and high current density. This is related to 

the efficient mass transport of the redox active species to, and from, the micro sized 

electrode surface (i.e. the electrode diameter is less than 100 µm) and the bulk solution.6, 

10, 41  

One of the many challenges in the development of multiplexed MEA sensors is to 

individually and independently immobilize functional coatings onto the electrode surface 

of each of the MEs with a high quality of spatial control.7, 9, 42-43 Benefits of precise 

deposition of responsive functional coatings are expected to further boost the use of 

MEAs, for example, by fabrication of MEAs on soft materials, or functionalization of 

MEAs improving their performance and biocompatibility.44 This would allow in-situ 

multiplex sensing, cell patterning, and delivery applications.2, 4, 9, 39-40, 43 Two main 

strategies can be used to chemically immobilize sensing macromolecules on different 

electrode surfaces encompassing the grafting-from16, 45-47 (GF) or the grafting-to16, 48 (GT) 

approaches. In this study, we decorated bare gold ME surfaces via the GT  approach 

employing the well-known strong and stable sulfur-gold binding chemistry.49-50  

Various sulfur-containing PFS macromolecules have been prepared and reported 

previously. For example, end-capping of living PFS chains with ethylene sulfide provided 

access to thiol end-functionalized PFSs.51 Post-polymerization modification using thiol-

ene chemistry proved to be another, highly versatile approach to obtain sulfur-

functionalized PFSs.52 In this study, first a PFS random copolymer possessing a tailored 

amount of reactive halopropyl side groups was synthesized via platinum catalyzed ring 

opening polymerization of silicon-bridged ferrocenophanes.53-54 Then, disulfide moieties 

were attached to the haloalkyl groups by nucleophilic substitution to afford disulfide-

functionalized PFSs with a well-controlled composition capable to covalently graft to 

gold surfaces, as is shown in Figure 8.1. 

 
Fig. 8.1: Structure of the disulfide functionalized poly(ferrocenylsilane) copolymer used in this study. 
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Molecular surface immobilization of PFS films on the electrodes investigated here 

was already realized via the GT approach, layer-by-layer (LbL),34, 55 drop casting,32 dip 

coating,51 spin coating,56 and electrografting33 deposition techniques. In previous work of 

Vancso et al.,55 the immobilization of PFS derivates in LbL fashion on MEAs was 

achieved by physical immobilization (i.e. electrostatic interactions) and used to fabricate 

a redox responsive multilayer platform for local controlled release of multiple molecular 

payloads from the surfaces.55 In comparison to these techniques, inkjet printing 

technology is a very promising, reliable and convenient way for patterning by deposition 

to individually decorate the MEA cells. The advantages of this technique include contact-

free deposition on the electrode substrates (minimizing contaminations or alterations), no 

need of masks, versatile applicability and targeted delivery.57-61 The ink can be water- or 

organic solvent–based, and good repeatability and spatial accuracy in the deposition 

process has been achieved.62-63 Inkjet printing can be performed in continuous ink jet (C-

IJ), or in drop-on-demand (DoD-IJ) ink jet modes, respectively. In C-IJP, the ink solution 

is pumped through a nozzle to form a liquid jet. This mode is mainly used in high-speed 

graphical applications due to the high throughput of the production. In the DoD-IJ mode 

the droplet is formed by an acoustic pulse, generated by a piezoelectric or thermal trigger, 

and is printed from a reservoir through a nozzle with high placement accuracy. Employing 

the DoD mode minimizes the amount of ink used for the deposition (few tens of pL) and 

thus reduces ink waste and minimizes the consumption of the functional compound.  

Therefore, following a thorough characterization of the here described novel PFS-

based ink, we performed printability tests and evaluated the accuracy, chemical 

composition, and topological and morphological features of the PFS printed patterns. The 

PFS modified MEAs were then tested as an ascorbic acid sensor in a case study. To this 

end, the stability and the electrochemical properties of the tethered PFS polymer films via 

cyclic voltammetry and chronoamperometry experiments were assessed. 

8.2 Results and Discussion 

As mentioned in the introduction, we present and discuss the design, and the 

implementation of a potentially multiplexed electrochemical sensing device. The 

individual sensors in a fully multiplexed instrument can each hold different responsive 

materials for specific sensing applications, which need to be printed onto the micro 

electrode surface. 

Synthesis of disulfide-functionalized poly(ferrocenylsilane)s, PFS 5. 

First, we discuss the synthesis of a new PFS-based redox responsive polymer which 

can be immobilized via sulfur-gold coupling. This new PFS-based random copolymer 

was designed to possess a tailored number of disulfide moieties to ensure a stable covalent 

attachment of the polymer to the gold surface. Disulfide modified poly(ferrocenylsilane) 

random copolymers were prepared in three steps, starting with the transition metal-
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catalyzed ring opening polymerization (ROP) of [1]dimethylsilaferrocenophane 1 and 

[1](3‐chloropropyl)methylsila-ferrocenophane 2 to afford PFS 3 (Scheme 8.1).  

Scheme 8.1: Synthesis of disulfide-functionalized PFS 5. 

The chloropropyl moieties introduced by copolymerization of 1 with ferrocenophane 

2 enable further derivatization of the formed PFS chains by nucleophilic substitution, in 

this work by their conversion into more reactive iodopropyl groups, yielding PFS 4. 

Reaction of PFS 4 with the potassium salt of 4,4-dithiobutyric acid monoethyl ester led 

to disulfide-functionalized PFS 5. As transition metal catalyzed random copolymerization 

of ferrocenophanes has been demonstrated earlier, we anticipated that the presence of 5 

mol% ferrocenophanes 2 in the monomer mixture would lead to the incorporation of a 

corresponding amount of disulfide groups along the PFS chains. 

The PFS copolymers 3, 4 and 5 were characterized by 1H and 13C NMR spectroscopy, 

FTIR spectroscopy and gel permeation chromatography (GPC) (see Supporting 

Information, SI). NMR spectroscopy confirmed the complete conversion of PFS 3 into 

its iodo- analogue PFS 4 through halogen exchange (Figure S8.7). In addition, the 

attachment of the disulfide moieties to PFS 4 occurred with quantitative conversion. By 

comparing the integral of the characteristic CH2-Cl triplet at δ = 3.24 ppm with the 

integral of the ferrocene signals at δ = 4.06 and 4.24 ppm of PFS 3, the chloropropyl 

group content was determined to be approximately 7 mol%. A similar value was found 

for the amount of iodopropyl groups in the polymer 4. The integrals of the signals 

belonging to the methylene moieties adjacent to the disulfide groups in polymer 5 at δ = 

2.45 ppm showed a disulfide content of 5 mol% in this polymer. In the FTIR spectrum of 

PFS 5, characteristic absorptions of the ester groups (C=O stretch, 1750 and 1735 cm−1) 

and ferrocene rings (1182, 1165, and 1037 cm−1) were observed. 

The molar masses of the macromolecules were determined by GPC measurements. 

For PFS 5, Mn = 138500 g∙mol−1, Mw = 278800 g∙mol−1, Mw/Mn = 2.0 were found (the 

values refer to data determined using PS calibration standards). For this relatively high 

molar mass, with an average degree of polymerization DPn exceeding 500, 5 mol% 
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corresponds to around 25 disulfide moieties per PFS chain, which should be sufficient for 

robust immobilization of these chains on gold surfaces in the sensing device. 

DoD piezo inkjet printing of the PFS 5 based ink. 

Following the completion of the synthesis of this new ink constituent PFS 5, our 

attention turned to the printing process and the printing accuracy. While this is obviously 

dependent on the printer device employed, some generic results will be discussed below. 

The first question to be tackled for a new ink is related to its printability. 

Important physical properties regarding the ink encompass viscosity, density and 

surface tension since these quantities affect the droplet formation, and thus impact the 

repeatability and the accuracy of the inkjet deposition process.60-61, 64-65 The requirements 

for a printable ink for the Pixdro LP50 inkjet printer equipped with a DMC-11610 

cartridge, as used in this study, include a viscosity range between 1 and 20 mPa∙s and a 

surface tension between 25 and 50 mN∙m−1. Thus, regarding the formulation of the inks, 

the choice of the solvent is a key parameter and it is necessary to consider the polymer 

solubility, the chemical stability over time, the surface tension as well as viscosity. In our 

case, toluene was a good candidate, because it is a good solvent for PFS 5, with a low 

boiling temperature (allowing the ink to dry quickly enough to prevent smudging) and it 

also exhibits good wetting properties on gold.  

As explained in more detail in the experimental section and in the SI, toluene based 

inks with 2.5, 5 and 10 wt% PFS 5, which are referred to as ink A, ink B and ink C, 

respectively, were prepared and their solution properties were characterized (Table S8.1). 

All solutions exhibited Newtonian behavior in the tested shear rate range between 500 

and 2000 s−1. The shear-viscosity values increased with an increasing solid content in the 

solution (between 1.8 and 11 mPa∙s), and the surface tension values slightly decreased 

upon increasing the amount of polymer in the ink (between 28 and 26 mN∙m−1), as shown 

in, Figure S8.9. Consequently, all tested inks exhibited a suitable viscosity for inkjet 

printing and their surface tension was compatible with the surface characteristics of the 

gold electrode surface.  

We chose “ink A" as the best candidate in this work, as it provides good rheological 

properties (with shear viscosity of 1.8 mPa∙s), ideal printability (i.e. stable, no satellite 

drops, repeatable droplet formation), accurate deposition, and a long time storage stability 

(i.e. the physical and chemical ink properties were stable for more than six months). In 

addition, since it has the lowest concentration of PFS 5 required to obtain a printable ink, 

it also allows for the deposition of the lowest amount of PFS 5 per drop, eventually 

enhancing control over the deposited layer thickness. In fact, as shown in Figure 8.2a 

from the high-speed image collection, the ink developed a stable jet with drop volumes 

of about 10 pL and a velocity of 5 m∙s−1 using the simple actuator waveform as depicted 

in Figure 2b. No satellite droplets formed during printing and a good accuracy and 

precision with a misalignment of less than 0.26° was obtained, as shown in Figure 8.2c.  
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Fig. 8.2: a) Series of high-speed photographic images of “ink A” (see Experimental Section) as it is ejected 

from the nozzle at times between 0 to 175 µs after the start of the piezo actuation. Characteristics of the drop: 

speed 5 m∙s−1 and volume 10 pL. b) The piezoelectric actuator waveform (potential vs. time) used for a stable 

drop-on-demand inkjet printing of “ink A”. c) High-speed photographic image recorded at a distance of 2 mm 

from the nozzle which corresponds to the distance between the print-head and the MAE substrate during the 

deposition of the ink, revealing a misalignment of 0.26°. 

Characterization of the device: surface and electrochemical properties. 

The successful deposition of PFS 5 ink via inkjet printing was confirmed by visual 

inspection via optical and laser confocal microscopy. Then, the successful immobilization 

of the ultrathin redox active polymer films onto the ME surface was verified via HR-

SEM-EDX, ATR-FTIR microscopy and cyclic voltammetry (CV) measurements, as 

shown in Figure 8.3 and in the SI.  
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Fig. 8.3: Surface characterization of the MEs via SEM-EDX: a) and c) SEM images of PFS 5 modified 

and bare gold electrodes of the MEA, respectively. The insets show the elemental composition of the areas in 

the rectangular white boxes. b) and d) CVs of  a PFS 5 modified and a bare electrode of the MEA, respectively. 

Scan rate 50 mV∙s−1, in 100 mM NaClO4, Pt(wire)-RE/CE, and potential range between −500 and 800 mV vs 

Pt. 

EDX analysis confirmed the presence of Fe and Si in equal atomic percentages after 

deposition of PFS 5 ink on the MEs, as is shown in the inset of the SEM images in Figure 

8.3a and 8.3c. The presence of S was not observed with EDX analysis since its 

concentration was below the sensitivity of the instrument. In FTIR spectra, the typical 

absorbance bands of ferrocene and of the ester groups were detected, proving the grafting 

of the disulfide modified PFSs onto the gold surface, as shown in Figure S8.14. A 

morphological analysis of the PFS grafts was performed by AFM, confirming a generally 

flat and uniform topology over the electrode surfaces. AFM surface profile measurements 

showed that the value for the average step height of the dry PFS 5 film was 8 ± 3 nm and 

the average surface roughness was 1.2 ± 0.5 nm, as shown in Figure S8.13.  

The conclusive confirmation of the successful ME surface modification was obtained 

CV measurements on the PFS 5 decorated MEs. As shown in Figure 8.3b and 8.3d, the 

characteristic oxidation and reduction peaks of the ferrocene moieties of PFS (between 

−100 and 400 mV versus Pt electrode) are clearly present for the printed electrodes, while 

no current was observed for the non-printed MEs. The double-wave voltammogram, 

typical of PFS, indicates p-π d-π electron orbital overlap due to electronic delocalization 

between neighboring ferrocene units in the polymer via the Si bridge.24-25, 27, 31 For some 
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of the modified PFS 5 MEs, as shown in Figure S8.15, a single-wave voltammogram was 

recorded due to the (likely) instability of the positively charged intermediate in the 

aqueous solution, inhomogeneity of the coating, or due to different thickness of the 

polymer films and the resulting heterogeneity in electron transfer paths.8, 66 

As shown in Figure S8.15, we propose a classification of the printing quality based 

on the electrochemical and electrocatalytic properties of the coated MEs differentiating 

among well-modified, poor-modified and non-functionalized MEs, respectively. The 

electron transfer mechanism of the well-modified MEs was essentially reversible, while 

for the poorly modified electrodes the electron transfer process was more complex. Here 

the rate of electron transport through films and transport between the films and the 

electrode were rather slow (i.e. at low scan rates the process was quasi reversible, while 

at high scan rates it was pratically irreversible). For the well-modified electrodes, the 

surface coverage, Γ, of PFS 5 was estimated, according to Equation 8.1,8 to be 1.6 x 10−9 

mol ferrocene units per cm2. 

Γ=Q/(nFA)                 (eq. 8.1) 

in which, A is the geometric surface area of the gold working ME, n is the number of 

electrons involved in the redox process  (1 for ferrocene units), F is the Faraday’s constant 

(96485 C∙mol-1) and Q is the charge passed during the oxidation/reduction of ferrocene 

sites. The grafting value of 1.60 x 10−9 mol∙cm−2 is in the order of magnitude of values 

shown in literature for GT high molar mass macromolecules, and indicates the presence 

of a thin, uniform and relatively densely grafted PFS film on the electrode surface.8, 20  

In order to confirm the stability of deposited PFS 5 films on the ME, successive CV 

measurements were conducted. For comparison, repeated CV measurements were 

performed for deposited films of iodine functionalized PFS (PFS 4). Figure 8.4 shows 

the CVs for PFS 5 (a) and PFS 4 (b) layers on gold electrodes.  

From Figure 8.4, it is clear that for PFS 5 films the oxidation and reduction peaks 

remained unchanged and are reproducible for more than 10 potential cycles, indicating 

that no PFS chains desorb from the substrate. On the other hand, as shown in Figure 8.4b, 

the oxidation and reduction currents for PFS 4 films decreased after each CV indicating 

the gradual desorption of the iodopropyl functionalized PFS 4 from the Au-ME. Hence, 

the introduction of a disulfide functionality along the PFS backbone is a necessity to 

significantly enhance the printed layer stability on gold electrodes.  

Having thus established the functionalization of an individual ME by inkjet printing, 

we then turned our attention to testing the individual microelectrode cells for sensing 

applications. For this purpose, we used ascorbic acid as a standard and well-characterized 

redox analyte. In earlier works, we have reported and described the use of PFS sensors 

for ascorbic acid detection.20, 32-34 The PFS films used in these studies served as electron 

transfer mediator in the electrocatalytic oxidation of ascorbic acid in amperometric 

chemical sensors.  
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Fig. 8.4: Evaluation of the electrochemical stability of printed surface-tethered PFS 5 layers printed on 

gold electrodes of the MEA by repeated CV measurements. Scan rate 50 mV∙s−1, in 100 mM NaClO4, Pt(wire)-

RE/CE, and potential range between −500 and 800 mV vs Pt. 

In Figure 8.5 we demonstrate the ability of the ME grafted PFS films to mediate and 

catalyze the electron transfer process of the ascorbic acid oxidation. Voltammograms for 

the bare and the modified gold MEs in presence and in absence of ascorbic acid are shown. 

 
Fig. 8.5: Comparison of CVs of the electrochemical properties in the presence (red solid line) and absence 

(black dashed line) of 35 mM ascorbic acid for a PFS 5 modified (a) and un-modified (b) Au-MEs, respectively. 

Scan rate 50 mV∙s−1, in 100 mM NaClO4, Pt(wire)-RE/CE, and potential range between −500 and 800 mV vs 

Pt. 

The CVs of the PFS-immobilized Au-ME show a typical, essentially reversible redox 

response in the absence of the analyte (Figure 5a). In the presence of 35 mM of ascorbic 

acid, an enhanced anodic peak current (e.g., at +0.4 V vs Pt) was recorded, demonstrating 

the electrocatalytic properties of the PFS films. In the control experiment, the CVs of the 

bare MEs show a typical ascorbic acid oxidation redox wave (around +0.37 V vs Pt) 

without any enhancement of the anodic current, as shown in Figure 8.5b.  

The amperometric response of a PFS modified ME to the successive additions of 

ascorbic acid was evaluated through chronoamperometric measurements. These 
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experiments allowed us to obtain information on the detection limit (DL) quantification 

limit (QL) sensitivity, linearity and the limit of linearity (LOL) of the sensing pixel as 

shown in Figure 8.6.  

 
Fig. 8.6: a) Cyclic voltammogram of the PFS 5 modified ME used for the amperometric experiments 

before and after the amperometric experiments. Scan rate 50 mV s−1, in 100 mM NaClO4, Pt(wire)-RE/CE, and 

potential range between −500 and 800 mV vs Pt. Chronoamperometric response of a modified ME to the 

successive additions of ascorbic acid to evaluate b) the limit of detection and c) the linearity of the calibration 

curve. d) Is the calibration process of a PFS 5-modified ME for ascorbic acid sensing. In the inset of d), the 

calibration curve between 0.057-2 mM is shown. The cell contained 2 mL of 100 mM NaClO4 aqueous solution, 

Pt(wire)-RE/CE, and the potential was set at 400 mV vs Pt.  

 The change in the anodic current increase upon adding ascorbic acid in the cell 

solution as described by the Randles-Sevcik’s relationship,8 see Figure 8.6b and 6c. The 

amperometric response of PFS-decorated MEs was rapid and the anodic steady-state 

current was reached within few seconds after the addition of an ascorbic acid aliquot. (We 

note that the registered spikes of the current were due to the manual injection of the 

analyte in the cell via a micropipette). As shown in Figure 8.6d, calibration of the PFS 

modified electrode was performed and it exhibited three regimes,67 i.e. the noise, a linear 

and a nonlinear regime. The noise regime (up to 0.9 mM) is characterized by an increase 

of the current as a function of the ascorbic acid concentration (coefficient of linear 

regression R2 = 0.941), but with low sensitivity of the modified electrode (sensitivity is 9 

nA mM−1, considering the slope of the linear regression), and low signal-to-noise ratio 
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(below 100). Theoretically, the DL and the QL values can be defined as 3 times and 10 

times the standard deviation of the blank signal, respectively. Thus, the theoretical DL 

and the theoretical QL values were 33 and 111 µM, respectively, considering 0.1 nA as 

the standard deviation of the anodic current value of the solution without the analyte. 

However, experimentally, the anodic current value increased with a well-defined step 

after the addition of 57 µM of ascorbic acid in the cell solution permitting us to define 

this concentration value as the experimental QL. The linear calibration regime, between 

0.9 and 2 mM, is characterized by a linear increase of the current upon increasing the 

analyte concentration and a good sensitivity (31.4 nA∙mM−1, R2 = 0.985). In the nonlinear 

regime, above the LOL of 2 mM of ascorbic acid, a deviation from the linear regime was 

observed. This is  caused by the slow diffusion rate of the analyte through the diffusion 

layer above the electroactive film with a drastic change in the sensitivity of the sensor (in 

the linear regime the sensitivity was 31.4 nA mM−1, while in the nonlinear regime the 

sensitivity value dropped to 1.0 nA mM−1). The stability and the reproducibility of the 

electrochemical properties of the PFS modified MEs were tested before and after the 

amperometric experiments. As shown in Figure 8.6a, there were no changes in the CVs 

following the amperometric experiments. As such, the good stability of the printed PFS 

5 layers was confirmed once more, demonstrating their feasibility to be utilized as inks 

that allow advancement to the required next step, which is the development of MEAs with 

analyte-specific read outs for its individual MEs. 

8.3 Conclusions 

New redox-responsive polymers, i.e. PFS 5, with a PFS backbone and 5 molar 

percent side groups with disulfide units were successfully synthesized and exploited as 

molecular inks for the spatially controlled surface modification of commercial MEAs by 

drop on demand inkjet printing. First, PFS 5 inks in toluene with a viscosity and surface 

tension of 1.8 mPa∙s and 28 mN∙m−1 as determined by rheology and pendant drop 

measurements were developed. Subsequently, commercial MEAs were modified using 

PFS 5 based ink by printing in DoD mode with good accuracy. FTIR spectroscopy and 

EDX-SEM confirmed a successful, spatially localized PFS surface modification of the 

individual gold-coated MEs. The deposited PFS 5 layer thickness was approximately 8 

nm as was estimated from AFM analysis, while from CV measurements a ferrocene unit 

grafting density of 1.60 × 10−9 mol∙cm−2 was determined, confirming the presence of an 

ultrathin, uniform and relative densely grafted PFS film on the electrode surface. 

Repeated CV measurements confirmed the redox-activity and stability of the printed PFS 

layers on the modified MEAs. The good layer stability was ascribed to the strong and 

stable bonding between the gold electrode surface and the PFS disulfide side groups. 

Finally, the potential of these devices to act as an electrochemical sensor array was 

demonstrated with a model analyte, ascorbic acid, using cyclic voltammetry and 

amperometric measurements. Good sensitivity and stable responses to ascorbic acid were 
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achieved. To conclude, the first steps towards the multiplex “pixel based” electrochemical 

sensing by DoD-IJP PFS modified MEAs were successfully demonstrated. Future efforts 

should be directed towards the development of printed analyte specific micro electrode 

array “pixels”. 

8.4 Experimental section 

Materials. 

[1]Dimethylsilaferrocenophane 1 and ([1]3‐chloropropyl)methylsilaferrocenophane 

2 were synthesized according to published procedures.68 4,4′-Dithiodibutyric acid (DTDB, 

95%), iodoethane (99%), 1-iodopropane (99%), hydrogen hexachloroplatinate(IV) 

hydrate (H2PtCl6∙6H2O, 99.9+%), dicyclohexano-18-crown-6 (98%), potassium iodide 

(KI, 99+%), sodium chloride (NaCl), sodium sulphate (Na2SO4, anhydrous, 99%), 

chloroform-d (CDCl3, 99.8 atom % D), toluene-d8 (99.6 atom % D) were obtained from 

Sigma-Aldrich Chemie GmbH (Steinheim, Germany) and used as received. For the 

electrochemistry experiments, sodium perchlorate (NaClO4, ACS Reagent, >98.0%) and 

L-ascorbic acid (ACS Reagent, 99+%) were obtained from Sigma-Aldrich Chemie 

GmbH (Steinheim, Germany) and used as received. Toluene, dimethylformamide (DMF), 

dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), ethanol (EtOH) and methanol 

(MeOH), all of AR grade, were obtained from Biosolve Chimie SARL (Dieuze, France) 

and Milli-Q grade water (Millipore Coorporation) was used in all the experiments. 

Ultrapure nitrogen was used throughout. 

 

Synthesis and characterization of disulfide-functionalized poly(ferrocenylsilane)s, 

PFS 5.  

4,4′-Dithiodibutyric acid monoethyl ester. 4,4′-Dithiodibutyric acid, DTDB, was 

alkylated following a published procedure.69 A suspension of powdered potassium 

hydroxide 85% (1.33 g, 20 mmol) in DMSO (13 mL) was stirred vigorously for 30 

minutes at room temperature. A solution of DTDB (2.384 g, 9.5 mmol) was added in 

DMSO (10 mL) and the mixture was stirred for 15 minutes. After cooling in an ice-water 

bath, a solution of iodoethane (2.23 g, 14.3 mmol) in DMSO (20 mL) was added using a 

dropping funnel. Stirring was continued for 2 h at room temperature, followed by the 

addition of ice-water (150 mL). The pH value of the mixture was adjusted to pH 3-4 with 

dilute hydrochloric acid. The resulting solution was extracted three times with ethyl 

acetate (3x15 mL) and the organic layer was washed three times with saturated aqueous 

sodium chloride (3x15 mL). The solution was dried over anhydrous sodium sulfate and 

concentrated under reduced pressure. Purification was carried out by column 

chromatography using n-hexane/acetone (1:1 vol:vol) as eluent to obtain 1.27 g (4.77 

mmol) of product. Yield: 50.2 %.  
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1H NMR (400 MHz, CDCl3) δ: 1.25 (CH3, t, 3H); 2.015(O=CCH2CH2, m, 4H); 2.42 

(O=CCH2, t, 2H); 2.49 (O=CCH2, t, 2H); 2.715 (CH2SSCH2, m, 4H); 4.125 (CH2CH3, m, 

2H).  
13C NMR (100 MHz, CDCl3) δ: 14.22 (CH3); 23.91 (O=CCH2CH2); 24.22 

(O=CCH2CH2); 32.36 (O=CCH2); 32.66 (O=CCH2); 37.59 (CH2SSCH2); 37.81 

(CH2SSCH2); 60.55 (CH2CH3); 173.14 (C=O); 178.53 (C=O).  

FTIR (4000–500 cm−1, ATR-FTIR Brucker ALPHA): 3400–2800 cm−1 (O-H 

strectching vibration, νO-H), acid), 1728 and 1704 cm−1 (C=O stretching vibrations, 

νC=O), 510 cm−1 (S-S stretching vibration of disulfide group, νS-S).  

Chloropropyl-functionalized PFS 3. In a glove box filled with prepurified N2, 

[1]dimethylsilaferrocenophane 1 (1.40 g, 5.7810−3 mol) and [1](3‐chloropropyl)methyl-

silaferrocenophane 2 (93 mg, 3.0510−4 mol, 5 mol%) were dissolved in dry THF (20 mL) 

in a 50 mL 1-necked roundbottom flask. A small grain of hexachloroplatinic acid (5 mg) 

was added under stirring according to the well-established procedure.53-54 Stirring was 

continued for 36 h. The solution was then diluted by adding THF (10 mL) and the polymer 

was precipitated in MeOH (200 mL). This mixture was stirred for 1 h to coagulate the 

polymer. After isolating the polymer, it was precipitated again in MeOH, dried in a flow 

of N2 and further dried under vacuum (6 mbar, 24 h, followed by 110−3 mbar, 24 h). 

Yield: 1.40 g. 
1H NMR (400 MHz, toluene-d8) δ: 0.53 (SiCH3, s, 6H); 0.98 (Si-CH2, m, 0.16H); 

1.77 (CH2, m, 0.16H); 3.24 (CH2Cl, t, 0.16H); 4.06+4.24 (Cp, m, 8H); as shown in Figure 

S8.1.  
13C NMR (100 MHz, toluene-d8) δ: −2.97 (CH3SiCH2); −0.54 (CH3SiCH3); 14.38 

(SiCH2); 28.34 (CH2); 48.06 (CH2Cl); 71.75+73.62 (Cp); as shown in Figure S8.2.  

FTIR (4000–500 cm−1): 1380, 1361 and 1248 cm−1 (SiCH3 deformation vibrations); 

1450 and 1350 cm−1 (C-H bending vibrations alkanes); 1182 and 1165 cm−1 (asymmetric 

ring in-plane C-H vibrations for ferrocene rings); 1037 cm−1 (asymmetric ring out-of-

plane C-H vibrations for ferrocene rings), 800–600 cm−1 (C-Cl stretching vibrations, νC-

Cl).  

GPC in THF: Mn = 236702 g/mol, Mw = 383590 g/mol, Mw/Mn = 1.62. 

Iodopropyl-functionalized PFS 4. PFS 3 (1.30 g) was dissolved in THF (40 mL) 

and dicyclohexano-18-crown-6 (1.0 g, 2.7 mmol), KI (1.0 g, 6.0 mmol) and 1-

iodopropane (3 mL, 31 mmol) were added. The reaction mixture was stirred at 40 °C for 

2 weeks. Following a week, some iodopropane (2 mL) was added. The polymer was 

precipitated twice in MeOH (200 mL), dried in a flow of N2 and further dried under 

vacuum (6 mbar, 24 h, followed by 110−3 mbar, 24 h). Yield: 1.35 g.  

1H NMR (400 MHz, toluene-d8) δ: 0.53 (SiCH3, s, 6H); 0.95 (Si-CH2, m, 0.16H); 

1.79 (CH2, m, 0.16H); 2.88 (CH2I, t, 0.16H); 4.06+4.24 (Cp, m, 8H); as shown in Figure 

S8.3.  
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13C NMR (100 MHz, toluene-d8) δ: −2.94 (CH3SiCH2); −0.55 (CH3SiCH3); 11.59 

(SiCH2); 18.55 (CH2); 29.33 (CH2I); 71.74+73.61 (Cp); as shown in Figure S8.4.  

FTIR (Bruker ALPHA, 4000–500 cm−1): 1380, 1361 and 1248 cm−1 (SiCH3 

deformation vibrations); 1450 and 1350 cm−1 (C-H bending vibrations alkanes); 1182 and 

1165 cm−1 (asymmetric ring in-plane C-H vibrations for ferrocene rings); 1037 cm−1 

(asymmetric ring out-of-plane C-H vibrations for ferrocene rings).  

GPC in THF: Mn = 126718 g/mol, Mw = 235494 g/mol, Mw/Mn = 1.86. 

 

Disulfide-functionalized PFS 5. 4,4-Dithiodibutyric acid monoethyl esther (0.352 g, 

1.32 mmol), dicyclohexano-18-crown-6 (0.50 g, 1.34 mmol) and K2CO3 (0.174 g, 1.26 

mmol) were dissolved in DMF (10 mL) in a 25 mL round bottom flask under N2. After 

stirring for 2 h, the solution was taken up in a syringe and added to a solution of PFS 4 

(1.1291 g) in THF (20 mL), which was also kept under a nitrogen atmosphere. The flask 

containing the 4,4-dithiodibutyric acid monoethyl esther was rinsed twice with DMF (2 

mL) which was also transferred by syringe to the PFS solution. The reaction mixture was 

stirred for 1 week at 20 °C and then added dropwise to methanol (200 mL) to precipitate 

the polymer. The polymer was precipitated again from THF (20 mL) into MeOH (200 

mL), dried in a flow of N2 and further dried under vacuum (6 mbar, 24 h, followed by 

110−3 mbar, 24 h). Yield: 1.13 g. 
1H NMR (400 MHz, toluene-d8) δ: 0.53 (SiCH3, s, 6H); 0.95 (Si-CH2, m, 0.16H); 

1.00 (CH2CH3, t); 1.77 (SiCH2CH2, m, 0.16H); 1.87 (O=CCH2CH2, m); 1.92 

(O=CCH2CH2, m); 2.14 (O=CCH2, m, 0.16H); 2.23 (O=CCH2, m, 0.16H); 2.45 

(CH2SSCH2, m, 0.24H); 4.06+4.24 (Cp, m, 8H); as shown in Figure S5.  
13C NMR (100 MHz, toluene-d8) δ: −2.97 (CH3SiCH2); −0.56 (CH3SiCH3); 12.89 

(SiCH2); 14.35 (CH2CH3); 24.57 (O=CCH2CH2); 24.64 (O=CCH2CH2); 32.56 (O=CCH2); 

32.65 (O=CCH2); 37.94 (CH2SSCH2); 60.08 (CH2CH3); 71.73+73.60 (Cp); 172.04 

(C=O); 172.24 (C=O); as shown in Figure S6.  

FTIR (4000–500 cm−1): 1750 and 1735 cm−1 (C=O stretching vibrations of ester 

groups, νC=O); 1380, 1361 and 1248 cm−1 (SiCH3 deformation vibrations); 1450 and 

1350 cm−1 (C-H bending vibrations alkanes); 1182 and 1165 cm−1 (asymmetric ring in-

plane C-H vibrations for ferrocene rings); 1037 cm−1 (asymmetric ring out-of-plane C-H 

vibrations for ferrocene rings).  

GPC in THF: Mn = 138498 g/mol, Mw = 278794 g/mol, Mw/Mn = 2.01. 

Devices and methods. 

Microelectrode array, MEA. The MEA biochips used in this experiment were MEA 

60-200-Au (Qwane Biosciences SA, Switzerland) characterized by 60 plain gold 

electrodes, each with 40 μm diameter, a center-to-center spacing of 200 μm, with an 

insultator layer of SU-8 with a thickness of 0.7 µm, and an impedance of 700–900 kΩ 

positioned on a transparent 10 mm x 10 mm glass chip. The MEA chip had dimensions 

of 49 mm x 49 mm x 1 mm in PCB base material with Au contact pads. A schematic 
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illustration of the MEA chip design is shown in Figure S8. The Au contact pads are used 

for connecting the MEA to the Autolab PGSTAT 10 electrochemical workstation 

(Ecochemie, Utrecht, the Netherlands) through a MEA 1060-inv-BC (Multi Channel 

Systems). The supporting plastic ring has an inner diameter of 26.5 mm, an outer diameter 

of 30 mm and a height of 6 mm. 

Characterization techniques 

IR: Fourier transform infrared spectra were collected with a Bruker ALPHA single 

attenuated total reflection (ATR-FTIR) spectrometer equipped with an ATR single 

reflection crystal (Bruker optik GmbH, Ettlingen, Germany) and a Bruker Vertex V70 

equipped with an Hyperion 2000 infrared microscope (utilizing a 15x magnification 

objective) and a Mid-band MCT detector (liquid N2 cooled with preamplifier, 12000 – 

600 cm−1). The spectra were collected in the range of 4000 – 400 cm−1 with a spectral 

resolution of 4 cm−1 employing at least 128 scans. Background spectra were recorded 

against air.  
1H and 13C NMR: 1H and 13C NMR spectra were obtained on a Bruker Avance III 

400 MHz instrument at 400.1 and 100.6 MHz, respectively. 1H and 13C chemical shifts 

were based on the solvent residual signals. 

GPC: GPC measurements were performed using ultrastyragel columns with pore 

sizes of 105, 104, 103 and 500 Å (Waters), equipped with a guard column of 500 Å, a 515 

pump (Waters), a 1050 injector (Agilent) and a 2414 differential refractometer (Waters). 

All sample solutions were prepared at a concentration of 5 mg∙mL-1 and filtered through 

a 0.45 μm PTFE filter prior to a GPC run. 

Rheology: The rheological properties of the inks were evaluated using a rotational 

UDS-200 rheometer (Anton Paar Germany GmbH, Ostfildern, Germany) equipped with 

parallel plates geometry and the surface tension was determined by the pendant drop 

method with an OCA 15 (Dataphysics Instruments, Germany). The steady-shear viscosity 

of the inks was evaluated using steady-shear rate sweep measurements aiming to simulate 

the piezo inkjet printing process.70 The measurements were performed at 20 °C 

(controlled by a Peltier temperature controller) using an MP31 spindle (a plain plate with 

a diameter of 50 mm). Prior to performing the flow measurements, the gap (set at 500 μm) 

was filled with 1 mL of the ink solutions and the solution was then stabilized via a pre-

shear step of 0.5 min. The rheological properties were measured by increasing the shear 

rate at constant logarithmic steps from 0.1 to 2400 s−1, ensuring a steady flow state of the 

liquid. The shear stress was assessed every 3 s (measuring point duration = 1/shear rate). 

The experiments were repeated three times using newly prepared solutions. The viscosity 

was calculated as the steady-state shear stress divided by the applied shear rate. The 

steady-shear viscosity was average between 500–2000 s−1. Surface tension values were 

determined by fitting the outline of pendant drops; the drop contour was fitted by the 

Young-Laplace equation considering the density of the ink to be the same as the density 

of the solvent (density of toluene is 0.87 g∙mL−1). A needle of 0.70 mm outer diameter 
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was used to develop droplets of about 6 μL of volume and the average of the surface 

tension values and the standard deviations were calculated using at least three different 

measurements.  

Inkjet printer. A Dimatix Piezo inkjet 2831 Printer (FUJIFILM Dimatix inc., Santa 

Clara, Ca, USA) PIXDRO LP 50, featuring a DMP-2850 print head and a DMC 11610 

cartridge (16 nozzles having a 23 µm diameter, 10 pL nominal drop volume), was used 

to deposit the redox active ink on the MEAs. The printer was fitted out with a horizontal 

CCD camera, featuring a LED light for drop jetting analysis, and with a fiducial camera 

that allows the alignment of the print head with respect to the sample. The 16 nozzles of 

the DMC 11610 cartridge can fire all simultaneously or in single mode. The droplet 

formation of the inks (i.e. the printability) was investigated analyzing with the PIDRO 

Advanced Drop Analysis software (ADA, PixDro, Meyer Burger, the Netherlands) the 

drop generated in continuous inkjet printing mode. The alignment of the sample to the 

print-head was obtained via the standard protocol employed from the PIDRO Advanced 

Drop Analysis software named “fiducial alignment”. To increase the accuracy of the 

inkjet printing deposition in DoD mode, a single nozzle was selected during the 

optimization procedure and it was tested separately after the optimization of the driving 

waveform using all nozzles. This nozzle was used to align and calibrate the print head to 

the MEA substrate through fiducial alignment which consists of three reference marks 

with a size of 250 µm and with a minimal tolerance of 93 µm and were chosen on the 

borders of the Au contact pads positioned at the corner of the MEA chip setting the “mark 

size” to 250 µm. The droplet formation of the inks was investigated as a function of delay 

time. The drops were generated in the continuous inkjet, CIJ, printing mode and analyzed 

with the PIDRO Advanced Drop Analysis software (ADA, PixDro, Meyer Burger, the 

Netherlands). The pattern was designed and edited as BMP file.  

AFM. Atomic force microscopy was performed on an MFP-3D AFM (Asylum 

Research, USA) in tapping mode. Images were recorded in air using commercially 

available Olympus silicon cantilevers (average nominal resonance frequency of 70 kHz 

and spring constant of 2 N/m).  

SEM. Surface morphology and the elemental mappings of the bonded coatings on 

the MEA biochip were investigated by high-resolution scanning electron microscopy 

(FE-SEM, JEOL, JSM-6400F, the Netherlands) equipped with energy dispersive X-Ray 

analyzer (EDX) at 5 and 20 keV of accelerating voltage. 

Laser confocal microscopy. The surface of the MEAs was examined using a laser 

confocal Keyence VK 9710 K microscope (LSCM, violet laser VK-9700, Keyence 

Corporation, Osaka, Japan) featuring a 10x magnification objective lens. 

Electrochemical properties.To evaluate the electrochemical properties of the PFS 

decorated MEA biochips, an Autolab PGSTAT 10 electrochemical workstation 

(Ecochemie, Utrecht, the Netherlands) was used via cyclic voltammetry (CV) and 

chronoamperometry measurements. For the chronoamperometric experiments, the 
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solution was mixed using a peristaltic pump (LKB Bromma, 2132 microperpex peristaltic 

pump). The electrochemical properties and the stability of the printed PFS layers were 

evaluated by recording CVs of the current in 100 mM aqueous NaClO4 solution between 

−500 and 800 mV, using a Pt wire as a reference and counter electrode (length of 1.5 cm 

and 0.5 mm diameter) as a function of the number of cycles. The experiments were 

repeated at least 10 times in 100 mM aqueous NaClO4 solution in the range of −500 and 

800 mV with a scan rate of 50 mV∙s−1 using the decorated PFS gold electrode as working 

electrode and a Pt wire as a reference and counter electrode. The electrocatalytic response 

of the modified electrodes was investigated by recording CVs of modified and bare gold 

electrodes of the MEA in 100 mM aqueous NaClO4 solution and in the presence of 

ascorbic acid with 50 mV∙s−1 scan rate, potential range between 500 and 800 mV, and 

using a Pt wire as a reference and counter electrode. The chronoamperograms were 

measured setting the potential at 400 mV (against Pt wire) in 2 mL of 100 mM aqueous 

NaClO4 solution. Small aliquots of the ascorbic acid aqueous solution were added each 

100 sec to the sensing system and mixed while recording the current response. For the 

current, the equilibrium value was reached in 50 sec after each addition and the average 

of the current was used for the calibration curve. 

DoD piezo inkjet printing of the PFS 5 based ink. PFS 5 was dissolved in toluene 

at different concentrations, including 2.5, 5 and 10 w.%; corresponding solutions were 

named as “ink A”, “ink B” and “ink C”, respectively. The physical and chemical 

properties of the inks are summarized in Table S1. The rheological properties and the 

surface tension of the inks were evaluated via steady-shear rate sweep and pendant drop 

measurements, respectively, as shown in the SI.  

PFS 5 ink was printed on MEA chips and unpatterned gold-coated wafer samples, 

the latter allowing investigation of the homogeneity, step height and roughness of the 

printed PFS films. The MEA chips, without the ring (see Figure S8), were cleaned with 

ethanol and dried in a stream of N2 before being printed with PFS-based inks. The images 

were collected via the fiducial camera and the camera is positioned on the side of print-

head close to the nozzles. The image analysis was conducted at constant focus and 

intensity of the coax and ring lights. The alignment was considered optimal when the 

score of the alignment was set at least 90 %. The PFS printed MEA biochips were rinsed 

with toluene, ethanol and water, and dried in a stream of N2. Finally, the samples were 

annealed at room temperature in a vacuum oven overnight. The printed patterns were 

rinsed with toluene, ethanol and water, and then dried in a stream of N2.  

Characterization of the sensing device 

Surface and electrochemical properties. The surface and electrochemical 

properties of the PFS 5 printed MEA chips were studied investigating the chemical 

composition of the printed films via EDX-HR SEM and mapping ATR-FTIR microscopy 

measurements, the topography and morphology via laser confocal microscopy and AFM. 

The electrical properties of the surface-immobilized PFS chains were studied using CV. 
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More detailed information on the experimental part can be found in the Supporting 

Information. 

8.5 Supporting Information 

Synthesis and characterization of disulfide-functionalized PFS 5 

 
Figure S8.1: 1H NMR spectrum of PFS 3 in toluene-d8.  

 

 
Figure S8.2: 13C NMR spectrum of PFS 3 in toluene-d8.  

PFS 3 

PFS 3 
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Figure S8.3: 1H NMR spectrum of PFS 4 in toluene-d8.  

 

 
Figure S8.4: 13C NMR spectrum of PFS 4 in toluene-d8.  

PFS 4 

PFS 4 
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Figure S8.5: 1H NMR spectrum of PFS 5 in toluene-d8. 

 

 
Figure S8.6: 13C NMR spectrum of PFS 5 in toluene-d8. 

 

Figure S8.7 shows zoomed-in 1H NMR spectra of the respective PFS derivatives to 

confirm the quantitative conversion of the functional side groups from the chloro (CH2-

Cl at δ = 3.24 ppm), to the iodo (CH2-I at δ  = 2.88 ppm) and to the disulfide-based ester 

(CH2-SS-CH2 at δ  = 2.45 ppm). 

PFS 5 

PFS 5 
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Figure S8.7: Zoom-in of the 1H NMR spectra of PFS 3, 4 and 5 (in toluene-d8) in the region between δ = 

0.7 and 3.5 ppm demonstrating the complete conversion of chloropropyl- into iodopropyl side groups and the 

subsequent quantitative introduction of disulfide-bearing side groups.  

 

Figure S8.8: Pictures and schematic representation of the MEA 60-200-Au chip used in this study. a) and 

b) are top and side views of the MEA chip; c) and d) show more detailed side and top views of the electrode 

array of the Au MEA chip. 

Formulation and characterization of the redox stimuli-responsive PFS-based inks.  

Appropriate formulation of the functional ink materials will lead to a stable, well-

controlled and repeatable inkjet process. Important physical properties of the inkjet inks 

include viscosity, density and surface tension since they affect the droplet formation, the 

repeatability and the accuracy of the inkjet deposition process.63,65,71 PFS 5 was dissolved 



Printing “Smart” Inks of Redox-Responsive Organometallic Polymers 

On Microelectrode Arrays for Molecular Sensing  

191 

 

8 

in toluene at different concentrations, including 2.5, 5 and 10 wt%; corresponding 

solutions were named as “ink A”, “ink B” and “ink C”, respectively. The physical and 

chemical properties of the inks are summarized in Table S8.1. 

Table S8.1: Physical and chemical properties of the PFS-based inks.  

Formulation Toluene-based inks 

Components Note/Function Ink A Ink B Ink C 

Functional 

pigment 
(wt% concentration) Redox active 2.5 5.0 10 

Solvent (wt% concentration) Vehicle or carrier 97.5 95.0 90.0 

Density (ρ) 
(kg m−3 at 25 °C)  867 867 867 

Surface 

tension (γ)a 
(mN m−1 at 20 °C) 

Range 25–50 mN 

m−1 at 20 °C 
28 28 26 

Viscosity (η)b (mPa∙s at 20 °C, 

average 500–2000 s−1) 

Range 1–20 mPa∙s at 

20 °C 
1.8 ± 0.5 8.1 ± 0.5 11 ± 1 

Reynolds 

number (Re)c 
- Re = vaρ/η 63.6 14.3 10.4 

Weber number 

(We)c 
- We = v2aρ/γ 24.5 24.5 24.5 

Ohnesorge 

number (Oh 

=1/ Z)c 

- 
Oh = We1/2 / Re 

= η / (aργ )1/2 
0.08 0.35 0.48 

Parameter Z  Z =1/ Oh 12 3 2 

a: pendant drop, b: steady-shear rate sweep via rotational viscometry and c: for the evaluation of Re, We 

and Oh the following was considered: v is the velocity of the drop (5 m∙s−1), a is the diameter of the nozzle, ρ is 

the density of the fluid, η is the viscosity and γ is the surface tension. In addition, the drop diameter was 20 µm. 
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Figure S8.9: Rheology and surface tension experiments. a) Measurements of steady-shear viscosity of the 

PFS based inks, the inset shows the shear stress curves. b) A typical photograph used in surface tension 

measurements via the pendant drop technique of “ink A”. 

The behavior of fluids during inkjet printing can be represented by the Reynolds 

number (Re), the Weber number (We), and the Ohnesorge number (Oh), and be used to 

design a starting piezo waveform for a stable DoD inkjet printing process.63 Considering 

these physical parameters, “ink B” and “ink C” could be easily printable, while the use of 

“ink A”, due to the low viscosity, could result in the formation of undesired satellite drops. 

However, the optimization of the printing conditions must be experimentally verified and 

tested through the evaluation of the droplet formation as a function of the inkjet printing 

conditions. In practice, it turned out that “ink A” was the best compromise between 

printability, optimization of the formulation and quality of the redox active coatings 

produced. 

The droplet formation of the inks was investigated as a function of delay time. The 

drops were generated in the continuous inkjet, CIJ, printing mode and analyzed with the 

PIDRO Advanced Drop Analysis software (ADA, PixDro, Meyer Burger, the 

Netherlands). High-speed images of the drops were recorded and used to evaluate the 

speed of the drop, the drop volume, and the jet direction, as is shown in Figure 8.3. The 

effect of different types of driving waveforms (e.g., single trapezoidal shaped and bipolar 

pulse), waveform parameters (e.g., drive voltage, dwell time, rise time, fall time, etc.) and 

process parameters (e.g., the temperature of the head and the backpressure of the ink 

reservoir) were explored in detail, eventually leading to a robust, repeatable and precise 

printability of the inks. The DMC 11610 cartridge has 16 nozzles that can fire all 

simultaneously or in single mode. To increase the accuracy of the inkjet printing 

deposition in DoD mode, a single nozzle was selected during the optimization procedure 

and it was tested separately after the optimization of the driving waveform using all 

nozzles. This nozzle was used to align and calibrate the print head to the MEA substrate 
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through fiducial alignment which consists of three reference marks with a size of 250 µm 

and with a minimal tolerance of 93 µm. 

Printing and characterization of the PFS modified MEA chips.  

PFS 5 ink was printed on MEA chips and unpatterned gold-coated wafer samples, 

the latter allowing investigation of the homogeneity, step height and roughness of the 

printed PFS films. The MEA chips, without the ring (see Figure S8.8), were cleaned with 

ethanol and dried in a stream of N2 before being printed with PFS-based inks. The printer 

was aligned with the MEA via “fiducial alignment” using three reference marks on the 

substrate and the pattern was designed and edited as BMP file. The three reference marks 

were chosen on the borders of the Au contact pads positioned at the corner of the MEA 

chip setting the “mark size” to 250 µm. The images were collected via the fiducial camera 

which was positioned on the side of the print-head close to the nozzles. Image analysis 

was conducted at constant focus and intensity of the coax and ring lights. The alignment 

was considered optimal when the score of the alignment was set at least 90 %. The PFS 

printed MEA biochips were rinsed with toluene, ethanol, and water, and dried in a stream 

of N2. Finally, the samples were annealed at room temperature in a vacuum oven 

overnight. The printed patterns were rinsed with toluene, ethanol, and water, and then 

dried in a stream of N2.  

Following modification of the MEA with PFS 5 by inkjet printing, the quality of the 

printed pattern was evaluated by visual inspection through optical microscopy and laser 

confocal microscopy measurements as is shown in Figure S8.10 and Figure S8.11, 

respectively. Figure S8.10a shows a printed pattern on a plain gold substrate. The printed 

pattern consisted of an 8x8 array of dots (center-to-center distance was 200 µm). Figure 

S8.10b shows a different PFS 5 printed pattern on the MEA chip, in which the MEs of 

the first row were not modifed demonstrating the high spatial control of the inkjet printing 

deposition. The precision and accuracy of the ink deposition on the MEA chip were 

evaluated by optical and laser confocal microscopes. The laser mode was used to adjust 

the filter and brightness for the capturing of a clear image, with a Z-axis scanning range 

set to 0.020 µm. The images were acquired with a 10x magnification objective lens and 

an optical zoom of 1.0x and analyzed using VK analyzer software. The surface roughness 

of the electrodes (mean roughness and root mean square roughness, Ra and Rq 

respectively) was measured before and after the printing process. Ra and Rq were 

evaluated on an electrode area of 1250 µm2. 
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Fig. S8.10: Typical optical microscopy image of a) an ink A printed pattern on a plain gold substrate and 

b) of the ink A printed pattern on a MEA chip. Printing conditions: FUJIFILM Dimatix 2831 piezo inkjet printer 

equipped with DMC-11610 cartridge, at room temperature, firing voltage of 50 V for 10 μs, fill time of 5 μs, 

rise and fall time of 1 μs and a distance of 2 mm of the print head from the surface. 

3D surface images (laser confocal microscopy) and height images (in false color view) 

of the clean and ink A printed MEAs show the micro-scale topography of the samples 

and allow one to estimate the precision and the accuracy in the deposition of the ink. The 

height profile and the roughness of the PFS 5 decorated ME surfaces were determined, as 

shown in Figure S8.11. The as-received Au-MEA chip was characterized by an Ra value 

of 0.8 ± 0.2 µm and an Rq value of 1.2 ± 0.3 µm, while for the “ink A” modified MEA 

chip the Ra value was 1.3 ± 0.3 µm and the Rq value was 1.7 ± 0.4 µm. The change in 

the topographic properties of the samples (increase of the roughness and a change in the 

height profile) point towards the successful deposition of PFS 5 on the MEAs via inkjet 

printing. 
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 Fig. S8.11: a) and b) are representative laser confocal microscope images of the MEA chips, as received. 

c) and d) show laser confocal microscope images of the PFS 5 modified MEAs. a) and c) are the 3-D 

reconstruction surface profiles; b) and d) correspond to the height images and the height profiles of an array of 

MEs. 

Figure S8.12 shows SEM images of the surfaces of PFS 5 films on the Au-ME of 

the MEA chip. The electrode exhibits a somewhat heterogeneous deposition of the redox 

active film. At the center and at the border of the well of the electrode there are some 

irregularities which one may ascribe to contamination of the MEA chip. 

 
Fig. S8.12: Morphological characterization of a) the inkjet printed disulfide-modified PFS film on Au-

MEs with b) a higher magnification image of the border/edge.  

In order to characterize the nanoscale topology of the surfaces, the roughness and the 

thickness of the printed layers were measured by AFM, as shown in Figure S8.13. The 

thickness of the PFS films tethered on gold coated surfaces was studied by scratching the 
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polymer films with a Teflon tweezer and measuring the difference in the step height via 

tapping mode AFM. At least three different measurements of each sample were 

performed and averaged, resulting in a film thickness of 8 ± 3 nm. The topology of the 

polymer coatings was evaluated analysing 3 different spots with a scan area of 1 x 1 µm2. 

The values of the average surface roughness (Ra) and the root mean square average (Rq) 

were 1.2 ± 0.5 nm and 1.76 ± 0.5 nm, respectively. 

 
 Fig. S8.13: Typical tapping mode AFM topography image a) and height profile b) of a representative dry 

PFS 5 film immobilized on the Au substrate over a scratch made with a Teflon tweezer. 

The chemical composition of the printed MEAs was obtained by EDX-HR SEM and 

mapping ATR-FTIR microscopy measurements, confirming the presence of the PFS 

films only on the desired areas of the MEs. Figure S8.14 shows the FTIR spectra in 

different locations of the MEA and the specific chemical groups of PFS 5 are indicated 

by the highlighted regions, i.e. the C-H stretch absorbance band of the Fc rings at 3087 

cm−1, and the absorbance bands ascribed to the vibration of Fc rings at 1037 and 1165 

cm−1.  
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 Fig. S8.14: From the bottom to the top: FTIR spectrum of bulk PFS 5, of the clean AU-ME, of the 

insulator (SU-8) layer and of the PFS 5 printed MEs. On the left the spectrum at high energy regions (4000–

2200 cm−1) and on the right the FTIR spectrum in low energy regions (2200–600 cm−1).  

Classification based on the electrochemical properties of the PFS 5 printed MEAs.  

The PFS 5 modified MEs were classified based on the electrochemical properties of 

the grafted redox active film, as shown in Figure S8.15:  

a) PFS well-modified MEs are characterized by anodic and cathodic currents 

exceeding + 5 and −5 nA, respectively, transferred charge values for the oxidation and 

the reduction of ferrocene sites of at least 10 nC and the presence of electrocatalytic 

phenomena. For example, the well-modified ME 36 is shown in Figure S8.15a and 

S8.15d.  

b) PFS poorly-modified MEs are characterized by anodic and cathodic currents in the 

range between +5 and −5 nA, transferred charge values of 1 nC and no electrocatalytic 

phenomena for the oxidation of ascorbic acid. Figure S8.15b and S8.15e show the redox 

properties of ME 54 as an example. 

c) Non-modified ME, for example ME 61, where no appreciable current signal and 

no electrocatalytic phenomena were detected, see Figure S8.15c and S8.15f.  
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Fig. S8.15: Electrochemical properties of Au-MEs (representative for the MEA) modified with PFS 5, 

resulting in layers with different quality. a) and d) show the CVs of a well of a PFS 5 modified ME (number 

36); a) shows the CV in 100 mM NaClO4 aqueous solution [Pt(wire)-RE/CE] and d) shows the CV in presence 

of the analyte (ascorbic acid). b) and e) feature a PFS 5 modified ME with poor modification quality (number 

54) in the absence and presence of ascorbic acid, respectively. c) and f) describe a non-modified ME (number 

61) in the absence and presence of ascorbic acid, respectively. Note the different y axis scale in a, c and d. Scan 

rate 50 mV∙s−1, in 100 mM NaClO4 and in the presence of 35 mM of ascorbic acid, Pt(wire)-RE/CE, and in the 

potential range between −500 and 800 mV vs. Pt. 

The electrochemical stability of the redox active PFS films was examined by 

successive CV cycles in aqueous electrolyte solution for two representative sample (MEs 

number 36 and 74), as shown in the Figure S8.16. The oxidation and reduction current 

peaks were unchanged and reproducible after more than 10 cycles for both samples 

confirming that no PFS chains desorbed from the various ME surfaces owing to the stable 

S-Au bond between the redox active coating and the PFS 5 modified ME surfaces.  

 
 Fig. S8.16: Typical CVs of two representative printed PFS 5 films on different MEs number 74 and 36, 

respectively (a) and (b). Scan rate 50 mV∙s−1, in 100 mM NaClO4, Pt(wire)-RE/CE, and potential range between 

−500 and 800 mV vs. Pt.  
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Classification based on the electrochemical properties of the PFS 5 printed MEAs.  

The final evaluation of the PFS printed MEAs was carried out by a combination of 

visual inspection, chemical composition analysis, surface analysis, and electrochemical 

characterization of the functionalized MEAs. 

Visual inspection of the printed MEA by optical microscopy confirmed a good 

accuracy of the inkjet printing process for deposition of “ink A”, as shown in Figure 

S8.17a. All drops were deposited on the electrodes in the designed pattern with a good 

accuracy (few tens of microns). (We note that the deposition accuracy may be improved 

by a revised formulation of the redox active ink (more viscous), working in a well-

controlled environment (no air flow) and inkjet printing at a lower distance between the 

print-head and the substrate.) Subsequently, the chemical composition was verified. Then, 

the electrochemical properties of the redox active MEs were tested as well as their 

performance as sensing device in absence and in presence of ascorbic acid.  

As summarized in Figure S8.17b, there were 34 (63%) well modified, 21 (39%) 

poorly modified and only 4 (8%) non-modified MEs.  

 

 Fig. S8.17: Optical images of the printed MEA chip. On the left, a) visual inspection of the printed pattern 

on the MEA chip: in green the electrodes that are covered and in red the electrodes that were not functionalized 

on purpose. On the right, b) the classification of the electrodes after electrochemical characterization: in green 

the well-modified, in yellow the poorly modified and in red the non-modified MEs.  

To further characterize the electroactive behavior of the redox-active films, we 

studied the scan rate dependence of the peak current as summarized in Figure S18. This 

included the assessment of the process to show whether it was diffusion or adsorption 

controlled. Figure S8.18a shows the effect of the scan rate on the double-wave 

voltammogram. As the scan rate increases, the shape of the CVs becomes more distorted 
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and the current intensity increases as described by the Faraday and Randles-Sevcik 

equations. The values of the peak current as a function of the square root of the scan rate 

showed a linear relationship in the range of 10 - 50 mV s−1, as shown in the Figure S8.18b 

and Figure S8.18c, which is typical for diffusion controlled processes obeying Fick’s 

law.8 

 
 Fig. S8.18: (a) CVs of the scan rate of a typical printed PFS film immobilized on gold at different scan 

rates. Scan rate in the range of 10 - 50 mV s−1, in 100 mM NaClO4, Pt(wire)-RE/CE, and potential range between 

−500 and 800 mV vs. Pt. (b) Plot of peak currents vs. scan rate, and (c) plot of peak current vs. square root of 

the scan rate for these printed PFS films.  
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We attempt to develop a platform that can be universally applied as engineered 

molecular adhesives. In this Chapter, we describe recent findings of our ongoing research 

aiming at catechol-based designer molecular adhesives. 
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9.0 Abstract 

 
TOC Chapter 9: A schematic representation of the atom transfer radical polymerization (ATRP) macro-

initiators containing anchoring groups, ATRP initiating groups and solubilizing groups and the agreement 

between the composition of the feed and the composition of the macro-initiator.   

The controlled deposition of functional coatings on a wide range of substrates via 

inkjet printing broadens their potential application, for which of particular interest is a 

development of polymer brushes grown from large and complex surfaces. Achieving 

these objectives, a quick and reliable deposition of surface-tethered initiator layers is 

needed. In this Chapter, the synthesis and deposition of a catechol containing mussel-

inspired macro-initiator (MI) layer is proposed and discussed. With the tailor-made MIs 

developed here, the substrate independent rapid deposition of stable initiator layers comes 

within reach, and combined with less air-sensitive atom transfer radical polymerization 

(ATRP) methods, it allows one to perform large-scale surface modification with polymer 

brushes at an industrial level. 

9.1 Mussel-inspired ATRP functional macroinitiators 

Surface initiated controlled radical polymerization (SI-CRP) allows for the growth of 

polymer brushes with controlled composition and brush densities.1-5 As presented and 

discussed in previous Chapters, the atom transfer radical polymerization (ATRP) is one 

of the most versatile and robust techniques to synthesize polymer brush films with 
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complex and various architectures for numerous applications.6-9 Prior to the brush growth 

from surface initiated polymerization (SIP), a stable and surface active initiator layer must 

be deposited onto the surface.4-5, 10 Preceeding the selection of a proper initiator, the 

grafting density, brush thickness, and the surface attachment mechanism must be 

considered. 

Typically, small molecule initiators are characterized by having a singular strong 

substrate-dependent covalent anchoring point (e.g., chlorosilane for oxides or thiol-based 

for gold and for some noble metals). Often, the anchoring point is susceptible to de-

binding, which can lead to unstable initiator active coupling layers.11-12 In addition, the 

surface derivatization of these small initiator molecules is often a tedious, costly, and 

time-consuming process.11 Macro-initiators (MIs) were recently reported in the open 

literature as broadly applicable alternatives to small molecule initiators for the synthesis 

of single-end tethered polymer chains.4, 10, 13-14  

In order to functionalize a diverse variety of substrates and subsequently grow stable 

polymer brush layers onto them, robust and versatile anchoring layers must be designed 

and developed. Often, specific noncovalent reversible interactions (e.g. H-bonds, 

electrostatic interactions, metal-ligand complexation, hydrophobic and π-π stacking 

interactions) can be utilized to achieve the adhesion required to bond to various 

materials.4, 10, 15-16 In addition, multiple non-covalent reversible anchoring points can 

strongly attach macromolecules, and homogenous polymer films can be obtained by a 

statistical distribution of the anchoring component situated along the backbone of the 

polymer.4, 10, 13-15 Moreover, the copolymer structure affects the surface properties of the 

coating, as well as the adhesion of the macroinitiator to the surface of interest and the 

homogeneity of the polymer brush layer grafted from the initiated surface.4, 10 

In particular, catechol chemistry to prepare adhesive groups has drawn much 

scientific attention as a universal, efficient, reversible, and stable anchoring functionality 

that can be exploited for the fabrication of polymer brush films from various substrates, 

as is shown in Figure 9.1.4, 10, 16-28  
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Fig. 9.1: Schematic representation of the main catechol-surface interactions and the possible material: (A) 

hydrogen bonds, (B) π-π stacking, (C) coordination, and (D) an example of covalent bonding via Michael-type 

addition with an amino-functionalized surface. Modified from29 30 

Catechol-derivates can bind to versatile material surfaces, including hydrophobic, 

metal and metal oxide, and polymer materials.16 For example, Wang et al.24 reported on 

the SIP of N-isopropylacrylamide (NIPAM) from two components of ATRP-MIs 

anchored on various substrates (like the surface of titanium).24 Moreover, Wei et al.25 

reported on the random copolymerization of two different anchoring moieties (i.e. 

dopamine and pyrene-containing monomers) and an ATRP initiating moiety that can be 

exploited for the fabrication of polymer brushes from various substrates.25  

In this Chapter, we present the design and synthesis of a series of ATRP functional 

MIs that contain anchoring (i.e. catechol-based), solubilizing (i.e. methyl metacrylate-

based), and ATRP initiating moieties (i.e. alkyl ternary bromide) (see Figure 9.2). 

Because of their known adherence to a broad range of substrates,17, 21 dopamine 

methacrylamide (DOMA) was selected as the anchoring group. 20, 25, 28 Halogenated 

alkanes are widely used as ATRP initiators,3, 6-9 and specifically, 2-(2-

bromoisobutyryloxy)ethyl methacrylate (BIEM) was considered a good vinyl-bearing 

ATRP functional monomer. As a third monomer, methyl methacrylate (MMA) was 

selected in order to tune the physical and chemical properties of the MI, i.e. solubility of 

the copolymers as well as to “dilute” the functional monomers within one chain to obtain 

the desired molar ratios. It is thought that the latter provides control over the final brush 

density as well as allows for a reduction in the overall consumption of more costly 

monomers, which are important from an economical point of view. In addition, selecting 

MMA as the third monomer ensured that all the copolymer building blocks had similar 

reactivities in free radical polymerization (FRP), which is desired for the synthesis of 

statistical copolymers.31-32 

In the following sections, we present the successful synthesis of ATRP MIs with 

various molar ratios of initiator, solubilizing, and anchoring moieties. Subsequently, the 

catechol adhesive functionality in respect to silicon as a model substrate as well as the 

surface activity of the ATRP initiator moieties are presented and discussed.  

9.2 Results and discussion 

Synthesis of the macro-initiators via free radical polymerization, FRP. 

Various copolymers with different molar ratios of BIEM, MMA, and DOMA were 

synthesized via free radical polymerization (FRP) in DMF with AIBN as initiator, as is 

shown in Figure 9.2. 
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Fig. 9.2: Schematic representation of the free radical copolymerization of the three building blocks: 

DOMA as an anchoring group, MMA as solubilizing agent, and BIEM as an ATRP initiating moiety. 

The chemical composition of the copolymers was confirmed by 1H NMR and FTIR 

spectroscopy measurements, and the results are shown in Figure 9.3. The 1H NMR 

spectra were used to calculate the molar ratio of the respective monomers in the 

copolymers. The name of each copolymer is denoted by SxAyIz, while the MMA, DOMA, 

and BIEM groups are respectively denoted by S, A, and I. Here x, y, and z represent the 

respective molar ratios of the MMA, DOMA, and BIEM moieties. 

 

 Fig. 9.3: 1H NMR and FTIR spectra of a S2A1I2 macro-initiator containing 40 mol% of MMA, 20 mol% 

of DOMA, and 40 mol% of BIEM.  

Figure 9.4 shows that there is a clear relationship between the molar composition of 

the ATRP MIs and the molar feed ratios of the reactants in the free radical 

copolymerization. In addition, the Mw and the PDI values, as determined by GPC 

measurements relative to PMMA, are also shown. The Mw values of the copolymers 

ranged between 11.7 kDa and 136 kDa, and the PDI values were between 1.2 and 2.5. It 

should be noted that the PDIs of the lower Mw copolymers (i.e. S3A1I6, S59A1I40, S9A1, 



Synthesis and Design of Bio-Inspired ATRP Functional Macro-Initiators 

Applicable to a Broad Range of Surfaces 

211 

 

9 

S9I1, S11A11I8, and S3A3I4 macromolecules with Mw < 30 kDa) were below 1.5, which is 

close to the minimum expected PDI for polymers obtained by FRP.  

 
Fig. 9.4: Comparison between the feed (solid circles) and the macro-initiator molar composition (cross), 

as determined by 1H NMR spectroscopy (A). In (B), the weight average molar mass (Mw) and polydispersity 

index values (PDI) of the macro-initiators as determined by GPC are shown. 

The solubility of the ATRP MIs was strongly affected by their chemical composition. 

MMA-rich copolymers precipitated in aqueous solutions, whereas MMA-poor 

copolymers demanded more polar conditions. In addition, copolymers with DOMA ratios 

exceeding 40 mol% may become completely insoluble due to self-crosslinking caused by 

electrostatic interactions and/or intra- and inter-molecular crosslinking between the 

catechol side chains.20  

Although 1H NMR confirmed the incorporation of the ATRP functional moieties in 

the ATRP MIs, it was of pivotal importance to prove the activity of the incorporated 

ATRP initiator units. This was confirmed by the successful synthesis of macromolecular 

bottlebrushes with polyacrylonitrile (PAN) side chains via solution ATRP of acrylonitrile 

(AN) initiated by the macroinitiator.33-34  

Following the successful synthesis of the MIs, their surface anchoring capabilities 

were investigated, as presented and discussed in the next section.  

Modification of silicon surfaces by drop casting of ATRP-MIs. 

In order to evaluate the capability of the MIs to be used as a versatile platform for the 

fabrication of polymer brush films, two species with 1 mol% and 30 mol% DOMA 

content, S59A1I40, and S3A3I4, respectively, were deposited on silicon surfaces as model 

substrates, as is shown in Figure 9.5.  
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Fig. 9.5: Scheme of the drop casting of macro-initiators on silicon surfaces as model substrates.  

DMF was a common solvent for all ATRP MIs we used. However, its high boiling 

point made it necessary to vacuum dry the drop casted films at 40 °C for 1.5 hours. Figure 

9.6 shows typical optical microscopy images of the casted and extensively washed films 

of S59A1I40, and S3A3I4 on silicon substrates. The thickness of the as-casted films was 

approximately 1 µm, indicating the deposition of a significant amount of nonspecificly 

bound material. The static water contact angle for the drop casted S59A1I40, and S3A3I4 

films was approximately 70°, which is consistent with values reported by Wei et al.25 and 

provided a reference value for the water contact angle of immobilized DOMA- and 

BIEM-containing copolymers on silicon surfaces.  

The clearly visible black spots in the as-casted films (see Figure 9.6 A and B) can be 

identified as defects ascribed to i) possible self-agglomeration via self-crosslinking 

between catechol moieties of the the MIs or ii) nonoptimal deposition and drying 

conditions used during drop casting.  

Following the extensive washing of the MI modified surfaces with DMF, the non-

bound MI molecules were removed. From Figure 9.6C, it is clear from the visibility of 

the scratch that for the MI containing 1 mol% DOMA, most of the material was removed. 

This was consistent with the absence of color on the surface as well as with the decrease 

in the static water contact angle to 54°. From Figure 9.6D, it is evident that a relatively 

homogenous macroinitiator film was bonded to the silicon substrate. From the color of 

the residual film (i.e. grey-blueish color), a thickness of 60 to 90 nm was estimated. This 

qualitative observation was consistent with a static water contact angle of approximately 

70°, which was similar to the static contact angle of the as-deposited film.  

Figure 9.7 shows the FTIR spectra of the S59A1I40, and S3A3I4 MI layers on the silicon 

substrates after washing. From Figure 9.7A, the absence of clear absorption bands is 

consistent with the previous visual observations and confirms that most of the S59A1I40 

was removed from the surface by washing. Due to the presence of a thin and non-uniform 

film as well as an insufficient number of acquired spectra, the intensity of the FTIR 

spectra is relatively low, the signal-to-noise ratio is relatively high, and the presence of 

an intense absorbance peak of CO2 is well visible. In Figure 9.7B, the clearly visible 
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absorbance band around 1730 cm-1 is ascribed to the carbonyl groups of the ester moieties 

in the ATRP MI. Furthermore, the absorbance band around 1625 cm-1 can be attributed 

to the amide bonds present in DOMA moieties.  

 
Fig. 9.6: A) and B) are optical images of the as-casted S59A1I40, and S3A3I4 macro-initiator films onto the 

silicon substrates, respectively. C) and D) are optical microscopy images of the extensively washed S59A1I40, 

and S3A3I4 macro-initiators films, respectively. The insets are images of representative static water contact angle 

measurements.  

 
Fig. 9.7: FTIR spectra of the casted and extensively washed S59A1I40, (A) and S3A3I4 (B) macro-initiator 

layers on the silicon substrates.  
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SMI-ATRP of AN brushes from MIs deposited on silicon substrates. 

Following the successful immobilization of the S3A3I4 ATRP MI layer, PAN brushes 

were grown via surface-initiated ATRP, as is schematically shown in Figure 9.8.  

 

Fig. 9.8: Scheme of the surface-initiated ATRP of PAN brushes grown from macro-initiator layers 

deposited by drop casting on silicon surfaces.  

Figure 9.9 shows the FTIR spectra of the PAN brush layers grown from the S59A1I40, 

and S3A3I4 ATRP MI layers. The FTIR spectrum of the PAN film grafted from S3A3I4 

immobilized onto silicon substrates (Figure 9B) shows the characteristic nitrile 

absorption band at 2244 cm-1, which confirms successful PAN brush synthesis. On the 

other hand, Figure 9A shows a small absorption band at 2244 cm-1 close to the noise level 

of the FTIR spectrum, which, as expected, confirmed the presence of minor amounts of 

PAN on the S59A1I40-modified surface. In addition, the values of the static water contact 

angles for PAN grown from S59A1I40, and S3A3I4 layers were ~49° and ~59°, respectively. 

The latter value is consistent with literature for PAN films values reported by Lin et al.35   

 

Fig. 9.9: FTIR transmission spectra of the single end-tethered PAN chains grown from the extensively 

washed, drop casted S59A1I40, (A) and S3A3I4 (B) ATRP macro-initiators on silicon oxide surfaces.  

Based on these qualitative observations, it is clear that S3A3I4 resulted in a suitable 

ATRP MI that was easily immobilized on silicon oxide surfaces and used to fabricate 
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functional brush-based coatings. Future steps should be taken to ensure a more detailed 

characterization of the deposited layers with surface-sensitive techniques (e.g., AFM, 

XPS, or SEM-EDX) that have proper lateral and in-depth resolution in order to more 

thoroughly identify the MI bonding mechanism and final brush layer compositions.  

Furthermore, another specific aim is to optimize the MI composition so that the stable 

anchoring layer can be readily obtained at a lower DOMA concentration for a broader 

range of substrates. In addition, future efforts should be directed toward understanding 

the relationship between initiator concentration in the MI and eventual brush density.  

9.3 Outlook  

The results presented in this Chapter have demonstrated the feasibility of using a 

tailor-made three component macro-initiators as versatile and readily applicable coupling 

layers between substrates and brushes of interest.  Future work should be directed towards 

the detailed characterization of the deposited MI layers on various substrates in order to 

test the grafting density and anchoring stability. Macroinitiators can be used to modify 

most material surfaces. However, future research should consider studies of the layer 

stability for the different substrates with subsequent optimization of the composition of 

the adhesive moieties in the ATRP MIs. The nanomechanical properties of different 

catechol containing copolymers, with various amount of catechol moieties, can be 

investigated using catechol-modified AFM tips in AFM force-distance experiments on 

different material surfaces. 

Moreover, depending on the application, various coatings can be grafted enhancing 

the surface properties of the material or fabrication of smart surfaces. For this purpose GF 

and GT approaches may be employed. The deposition of the MI layers is not only limited 

to drop-casting, and it is predicted that other application techniques could possibly be 

employed (e.g., inkjet printing). Thus, an exchange of the solubilizing monomer for a 

more hydrophilic one could play a key role in the processability of the macroinitiator 

polymer as well as of the molecular bottlebrush coatings.  

9.4 Conclusions 

Firstly, a DOMA monomer was synthesized from methacrylic anhydride and 

dopamine with good yield and good purity as confirmed by FTIR and 1H NMR 

spectroscopy.  

Subsequently, various ATRP-MI containing different ratios of DOMA, BIEM, and 

MMA groups were prepared by free radical polymerization as demonstrated by FTIR and 
1H NMR spectroscopy. The results confirmed that within the molar ratios selected, a good 

control over copolymer composition can be achieved with respect to the feed composition. 

The Mw of the copolymers was in the range between 12 kDa and 140 kDa, and the PDI 
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was the range between 1.2 and 2.5, as determined by GPC. Interestingly, the DOMA 

concentration had a severe effect on the copolymer solubility because the ATRP MIs were 

poorly soluble in DMF or DMSO for DOMA concentrations exceeding 20 mol%. 

The activity of the ATRP initiating sites of the macromolecules was probed by 

synthesizing molecular bottlebrushes with side chains of polyacrylonitrile (PAN). The 

bottlebrush macromolecules were characterized by GPC, FTIR and 1H NMR.  

The adhesive moieties were also tested by grafting the ATRP-MIs on a model surface 

(silicon) followed by SI-ATRP of AN. From this experiment, we have concluded that the 

ATRP-macroinitiators we have obtained can be used as SI-ATRP initiating sites for e.g. 

AN monomer. However, the chemical stability of the MI layer is strongly affected by the 

DOMA amount of the macroinitiators, as is shown from the water static contact angle and 

FTIR measurements. Additionally, the third component had a key role to avoid the 

crosslinking reactions between the DOMA moieties assuring the stability of the free 

polymer chains in solution. Thus, a structure optimization for best performance must still 

be tackled. 

9.5 Experimental section 

Materials 

Methyl methacrylate (MMA, Sigma-Aldrich 99%),  acrylonitrile (AN, Sigma-

Aldrich, >99%) were purified by passing over a column of aluminum oxide to remove 

the inhibitors. 2-(2-Bromoisobutyryloxy)ethyl methacrylate (BIEM, Sigma-Aldrich, 

95%), dopamine hydrochloride (Sigma-Aldrich), methacrylic anhydride (Sigma-Aldrich, 

94%), sodium tetraborate decahydrate (Na2B4O7·10H2O, Sigma-Aldrich, ≥ 99,5), 

sodium bicarbonate (NaHCO3, J.T. Baker, ≥99%), magnesium sulfate (MgSO4, Sigma-

Aldrich, ≥99.5%), sulfuric acid (H2SO4, Biosolve, 95-97%), hydrogen peroxide (H2O2, 

Merck, 30%), hydrochloric acid fuming (HCl, Sigma-Aldrich, 37%), sodium hydroxide 

(NaOH, Merck, ≥ 98%)  copper(I)chloride (CuCl, Sigma-Aldrich, ≥ 99%), 

copper(II)chloride (CuCl2, Sigma-Aldrich, 99%), 2,2’-bipyridyne (bpy, Sigma-Aldrich, 

97%), 2,2’-azobis(2-methylpropionitrile) (AIBN, Sigma-Aldrich, 98%) was 

recrystallized before use. CuCl was purified by dispersion within glacial acetic acid three 

times for 1.5 hours. Subsequent washing ethanol and ethyl acetate (two times each) 

resulted in a greyish slurry. The product was allowed to dry in vacuum at room 

temperature overnight and stored under nitrogen conditions. Dimethyl sulfoxide-d6 

(DMSO-d6, Sigma-Aldrich, 99.9%), chloroform-d (CDCl3, Cambridge Isotope 

Laboratories). Tetrahydrofuran (THF, Biosolve,  ≥99.8%), ethyl acetate (EtOAc, Sigma-

Aldrich, 99.8%), n-hexane (Biosolve, ≥95%), N,N-Dimethylformamide (DMF, Merck, 

Emsure) were used as received and MilliQ water was obtained from a MilliQ Advantage 

A 10 purification system (Millipore, Billerica, Ma, USA).  
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Dopamine methacrylate (DOMA): The catechol functionalized monomer was 

synthesized according to Messersmith’s method with some modifications.28 Buffer salts 

sodium borate (5 g) and sodium bicarbonate (2 g) were dissolved in 50 mL milli-Q water 

and purged with dry nitrogen for 20 minutes. 2 g dopamine-HCl (10.56 mmol) was added 

to the oxygen free solution and the pH was adjusted to above 8 with addition of 1.0 M 

NaOH. A total of 2.0 mL methacrylate anhydride (2.09 mmol) was mixed with 20 ml 

THF and added drop-wise into the above solution. The reaction was allowed to proceed 

for 6 h under gentle stirring at room temperature under continuous purging with nitrogen 

gas. After completing the reaction, the solution was acidified with 1.0 M HCl to around 

pH 2. The solution turned opaque as a consequence of the presence of the insoluble 

DOMA monomer. The organic phase was extracted three times with 50 mL ethyl acetate 

from the aqueous phase and dried over anhydrous MgSO4. The extract was precipitated 

in 200 mL n-hexane to obtain a gray slurry. The DOMA containing slurry was washed 

for the second time with ethyl acetate and precipitated in hexane to remove excess 

reactants. The final product was allowed to dry in vacuum oven overnight at room 

temperature, and stored under nitrogen conditions.   

Copolymerization via FRP: Copolymerization of methyl methacrylate (MMA), 

dopamine methacrylamide (DOMA) and 2-(2-bromoisobutyryloxy)ethyl methacrylate 

(BIEM) was conducted by a free radical process following a modified procedure of Yang 

et al.36 The polymerization was carried out at 75 °C for 24 hours. Different ratios of 

monomers with a total of 2.0 mmol, 2 mol% AIBN were dissolved in 2 ml DMF and 

added to a 20 ml glass vial. After purging with argon for 1 hour, the reaction was started 

by heating the mixture in an oil bath at 75 °C. The purging outlet was removed while 

maintaining an argon overpressure as evaporation of the MMA monomer was noted 

during the bubbling of argon in the solution and the FRP (likely due to its boiling point 

of 101 °C being too close to the polymerization temperature of 75°C). The reaction 

mixture was allowed to cool down and the reaction was stopped by exposing the mixture 

to oxygen. Three precipitation methods were used to separate the polymer from reactants 

and solvent. S8A1I1, A1I1, S2A1I2, and S3A3I4  were precipitated by adding the mixture to n-

hexane resulting in two phases. By slowly adding dichloromethane, the two mixtures 

became miscible and the polymer precipitated. S5A1I4, S3A1I6, S59A1I40 S2A1I2, S9A1, S9I1, and 

S11A1I8, were precipitated in excess water. After filtering using Whatman nr. 4 paper filter, 

the samples were placed in a vacuum oven at room temperature overnight in order to 

evaporate remaining solvents. 

Synthesis of PAN-based molecular bottlebrushes: A round bottom flask 

containing the monomer acrylonitrile (AN, 7.2 ml, 88 mmol), the ligand 2,2’-bipyridyne 

(bpy, 0.0336 gr, 0.217 mmol), an internal standard dioxane (200 µl) and solvent DMF (14 

ml) was used in the reaction. The reaction mixture was stirred and deoxygenated by 
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flushing with argon for at least 30 minutes. The second flask, containing CuCl (9.8 mg, 

0.098 mmol) and CuCl2 (1.3 mg, 0.0094 mmol) was purged with argon for at least 30 

minutes. Next, the monomer/ligand solution was transferred to the second flask, 

containing CuCl and CuCl2 (under argon atmosphere) using a syringe. The syringe was 

purged with argon three times before material transfer. The mixture was stirred for 30 

min in order to dissolve the CuCl and CuCl2 which obtained a deep red-brown color. The 

ATRP MI (14 mg) was dissolved in 1.0 ml DMF and transferred to a round-bottom flask. 

After deoxygenating for 30 minutes, the reaction mixture was added to the MI solution 

and placed in an oil bath at 50 °C to start the polymerization. The polymerization was 

allowed to proceed for 20 hours and was stopped by exposing the solution to oxygen. 

Samples before and after polymerization were taken for monomer conversion 

measurements by 1H-NMR. The so obtained molecular bottlebrush was precipitated in an 

excess amount of water and filtered using Whatman filter papers nr. 4 with subsequent 

washing for 3 times. The solvents residues were evaporated in vacuum overnight.  

Anchoring of the ATRP macroinitiators to the silicon surface: Silicon substrates 

were cut using a diamond tipped cutter in samples of approximately 1x1 cm2. Subsequent 

cleaning and activation was done by piranha solution (H2SO4:H2O2 = 3:1, v/v) for 20 

minutes and extensively rinsed with water, ethanol and dried under a stream of nitrogen. 

DMF solutions containing 2 w.% ATRP MI were produced. Once the polymer was 

dissolved, the solutions were drop casted on clean and activated substrates. A loading of 

40 mg per sample was the target amount (i.e. corresponding to 3 droplets of solution). In 

order to evaporate the DMF at a higher rate, the samples were dried in vacuum at 40 °C. 

The samples showed a nicely covered layer with some color variation. The physisorbed 

polymer was washed of by resolving the polymer in a DMF solution. The solution was 

kept in motion by a shaking table which speeded up the resolving process. The resolving 

process differed from a period of one day until a few weeks. 

Devices and methods 

Contact angle: Static water contact angle measurements were carried out on an 

optical contact angle device equipped with an electronic syringe unit (OCA15, 

Dataphysics, Germany). Contact angle values of the modified substrates at each reaction 

step were measured, and at least three samples were assessed for each step. 

FT-IR: FT-IR were performed using an ALPHA FTIR spectrometer from Bruker 

with a spectral resolution of 4 cm-1 and averaged over 64 scans.  The FTIR was used with 

an ATR module for all products that were not immobilized on silicon oxide surfaces, for 

immobilized samples an universal transmission module was used. Bare silicon oxide was 

used for background measurements for the immobilized samples on silicon oxide. The 

data was processed by means of OPUS software.  
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GPC: GPC measurements were performed using ultrastyragel columns with pore 

sizes of 105, 104, 103 and 500 Å (Waters), equipped with a guard column of 500 Å, a 515 

pump (Waters), a 1050 injector (Agilent) and a 2414 differential refractometer (Waters). 

All polymers were dissolved in a 0.1 M LiCl DMF solution with a concentration of 5 

mg/ml. The solutions were filtered before use in order to remove dust or any crosslinked 

polymer.  
1H NMR: 1H NMR spectra were obtained on a Bruker Avance III 400 MHz 

instrument at 400.1 MHz. Poorly dissolvable polymers were left in the deuterated solvents 

on a shaker table prior to the measurements. 1,4-Dioxane was added to the solutions as 

an internal standard, approximately 10 mol% of the reactant. The data was processed 

using MestReNova (v10). 1H chemical shifts were based on the solvent residual signals. 
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This Thesis describes the preparation and characterization of addressable functional 

and stimuli-responsive polymer architectures and their versatile application as 

anticorrosion, adhesive, tunable friction, antifouling, drug delivery, and chemical sensing 

coatings fo advanced surface engineering applications. Moreover, we have combined 

inkjet printing and various chemical immobilization approaches (e.g., grafting to and 

grafting from) to fabricate functional and smart patterns on several materials.  

In Chapter 1, a short introduction to the topics related to this Thesis and the 

motivation of the research are presented.  

Subsequently, a general introduction to the main topic of this work is presented in 

Chapter 2. Firstly, an overview of the reversible deactivation-activation radical 

polymerization (RDRP) techniques used to synthesize new macromolecules is presented. 

Among the RDRP techniques, the atom transfer radical polymerization (ATRP) process 

and its evolutions are highlighted. Then, the most relevant strategies to chemically graft 

polymer chains to a surface are discussed by introducing the most important design 

factors. Therefore, we present inkjet printing as a patterning technique. We described the 

fundamentals of the process and the challenges of this deposition/patterning technique 

focusing on the ink formulation, droplet formation, impact, spreading, wetting, and 

evaporation of the ink. Among the chemically tethered polymer surfaces, the physical and 

chemical properties of single end-attached polymer chains, as well as their main factors 

are discussed. Finally, a few typical examples of anticorrosion, as well as stimuli-

responsive, such as temperature-, solvent-, redox-, and multi stimuli-responsive coatings 

are presented. 

The stimuli-responsive properties of PNIPAM, which is one of the most studied 

multi-responsive polymers, are investigated in Chapter 3. The temperature- and solvent-

induced transition of single end-tethered PNIPAM layers with different grafting densities 

were investigated via neutron reflectivity (NR) measurements. The control and synthesis 

of different grafting densities of the PNIPAM grafts were obtained controlling the ratio 

between active and inactive ATRP initiator compounds coupled onto the surface followed 
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by SI-ATRP of NIPAM. Moreover, the PNIPAM layers were characterized via AFM and 

ellipsometry analysis. The “from the top” mechanism of co-nonsolvency conformational 

transition of PNIPAM brushes in 3:1 water:ethanol mixture was demonstrated.  

Furthermore, also the tribomechanical properties of PNIPAM were investigated in 

Chapter 4 and in Chapter 5. In Chapter 4, we explored the tunable friction by co-

nonsolvency of PNIPAM brushes. The PNIPAM brushes are swollen in pure solvent but 

adopt a collapsed conformational state when immersed in certain solvent-co-solvent 

mixtures. The friction measurements performed via AFM have demonstrated that the 

friction was low due to the high osmotic pressure, while the friction increased when the 

PNIPAM collapsed (with a mixture of 30 % volume fraction of ethanol in water). 

Surprisingly, the maximum friction was observed in 10 % volume fraction of ethanol in 

water which does not correspond to the maximum of the shrinking of the PNIPAM brush 

layer. Then, in Chapter 5, we investigated also the tribomechanical properties above and 

below the lower critical solution temperature (LCST) of two different PNIPAM brush 

layers: one thin (dry thickness was around 10 nm) and one thick (dry thickness higher 

than 410 nm) brush layers. The tribomechanical properties were investigated by recording 

friction loops using lateral force microscopy, LFM. In this study, we highlight how the 

brush lateral deformation mainly affects the friction measurements of swollen PNIPAM 

brushes (temperature below LCST) when relatively short scanning distances are applied. 

In contrast, when the scanning distance of the friction loop measurements is longer than 

the brush lateral deformation, sliding of the probe on the brush interface becomes 

dominant, and correct measurement of dynamic friction can be accomplished. When the 

PNIPAM brushes undergo dehydration and assume a collapsed morphology (temperature 

above LCST) the friction loops do not show any tilting due to the hindering of their lateral 

deformation. Thus, the friction loops accurately describe the dynamic friction between 

the colloidal AFM probe and the polymer brush coating surface.  

Up to this point, the polymer coatings were deposited over the entire surface of the 

material. As results of a joint project with Tanatex and Verosol, i.e. members of the Marie 

Skłodowska-Curie Initial Training Network “Complex wetting phenomena”, a better in-

depth understanding of the inkjet printing process has been achieved allowing the 

development of various reactive, functional and smart coatings described in the second 

part of the thesis. The formulation, the droplet formation, as well as the interaction of the 

polyurethane-based complex fluid with the material surface and the evaporation of the 

ink are investigated. The work described in Chapter 6 focuses on the formulation and 

application of anti-corrosive polyurethane-based coatings for aluminum and its alloys. 

Various inks were prepared with suitable physical and chemical properties for piezo-

inkjet printing allowing the patterning of anti-corrosion coatings on porous aluminum 

metalized textile substrates. The anti-corrosion performance of the coatings was verified 

with a model alkaline dissolution experiment. The quality of the coated materials was 
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investigated via optical, laser confocal and scanning electron microscopy. It is shown that 

the surface coverage and the chemical composition of the coating play an important role 

in the protective properties of the coatings.  

Co-solvent-responsiveness properties of PMMA films in water/iso-propanol mixture 

were studied in Chapter 7. Firstly, two synthetic routes for the fabrication of fluorescent 

PMMA-containing brush coatings were presented based on grafting to and grafting from 

approaches. The silanization over the entire surface area of the substrates was performed 

for both approaches, however in grafting from the PMMA brushes were synthesized via 

SI-ATRP, followed by halogen-azide exchange and Copper(I)-catalyzed alkyneazide 

cycloaddition (CuAAC) click chemistry for coupling the fluorescent probe. In grafting to, 

the fluorescent telechelic PMMA was coupled to the amine functionalized surface after it 

was synthesized in solution via activators regenerated by electron transfer atom transfer 

radical polymerization (ARGET-ATRP) using a carboxyl terminated ATRP initiator. 

Comparing the two methods, the films obtained via grafting from were thicker and with 

a higher grafting density than the brush layers obtained via grafting to. However, both 

approaches were robust and the resulting fluorescent films were macroscopically 

homogenous. Secondly, the co-solvency behavior of the PMMA films was tested in 

isopropanol-water mixture analyzing the swelling and the fluorescent behavior via AFM 

and fluorescent confocal measurements, respectively. The PMMA containing fluorescent 

films collapsed when immersed in pure solvents resulting in low fluorescent intensity, 

while the PMMA segments swelled when immersed in 80 % volume fraction of 

isopropanol in water increasing the fluorescence of the film. In the last part of this Chapter, 

numerous amino-reactive (i.e. APTES modified) patterns were inkjet printed on glass and 

silicon substrates. The APTES-containing ink was prepared in a mixture of ethanol and 

glycol (3/2 v/v). The inkjet printability, as well as the droplet formation were optimized. 

The APTES-patterns were few-micrometer-thick. Finally, both approaches were 

employed and the fabrication of the fluorescent patterns was confirmed by fluorescent 

confocal microscopy.  

The inkjet printing process was also used for the project described in Chapter 8. An 

electrochemical sensing device for the detection of a model analyte (e.g., ascorbic acid) 

was fabricated by printing a new redox-responsive poly(ferrocenylsilane) (PFS) with 

disulfide side groups capable to covalently bind on gold surfaces. The PFS was 

synthesized via Platinum-catalyzed ring opening polymerization (ROP), followed by a 

halogen exchange reaction and a nucleophilic substitution reaction with the disulfide-

containing compound. Then, suitable inks for piezo inkjet printing process were prepared 

with different amounts of the functional compound in toluene, followed by the deposition 

on commercial microelectrode arrays (MEAs) consisting of 60 micro planar gold 

electrodes with different patterns via inkjet printing. The surface properties of the redox-

active films were characterized and the sensing device was tested as an amperometric 
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sensor for ascorbic acid demonstrating the enhanced sensitivity due to the PFS coating. 

The limit of detection of the PFS-modified MEAs was measured to be lower than 60 μM 

and the limit of linearity between 0.9 and 2 mM of ascorbic acid in 100 mM sodium 

perchlorate solution.  

Intrigued by the versatility of the inkjet printing process, in Chapter 9 a series of 

catechol-containing ATRP macroinitiators were synthesized via free radical 

polymerization (FRP). After the synthesis of a suitable catechol-based acrylic monomer, 

dopamine methacrylamide (DOMA), a three components copolymerization via FRP was 

performed. The three monomers were DOMA as adhesive group, 2-(2-

bromoisobutyryloxy)ethyl methacrylate (BIEM) as ATRP initiating group, and the 

methyl methacrylate (MMA) monomer as solubilizing agent. Good control over the 

chemical composition in the ATRP macroinitiators was obtained with respect to the feed 

composition. Then, firstly the activity of the ATRP moieties was confirmed synthesizing 

molecular bottle brushes with poly(acrylonitrile) (PAN) side chains and then the adhesive 

properties of the catechol-derivatives were verified by grafting the ATRP-macroinitiator 

on silicon oxide followed by the SI-ATRP of the AN. The solubilizing component is an 

important factor for the processability of the polymer solution. Inks containing the ATRP-

macroinitiator in DMF were prepared and inkjet printed on silicon surfaces create 

fluorescent patterns. Preliminary results indicate the chemical immobilization of the 

ATRP macroinitiator layer. These findings inspire our continuous effort to develop new 

catechol coupling chemistry based strategies that allows the wide spread utilization of 

readily applicable designer functional and stimuli-responsive coatings on nearly any 

surface. 
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Samenvatting 

 

 

 

 

Dit proefschrift beschrijft de fabricatie en karakterisatie van functionele en 

op stimuli reagerende polymeer systemen en hun veelzijdige toepassing. Met als 

voorbeeld coatings voor geavanceerde toepassingen als anticorrosie, hechting, 

instelbare wrijving, antifouling, medicijnafgifte en chemische detectie. 

Bovendien hebben we inkjetprinters en verschillende routes van chemische 

immobilisatie gecombineerd (bijv. “grafting to” en “grafting from”) om 

functionele en slimme patronen op verschillende materialen te fabriceren. 

In Hoofdstuk 1 wordt een korte inleiding van de onderwerpen gerelateerd 

aan dit proefschrift en de motivatie van het uitgevoerde onderzoek gegeven. 

 In Hoofdstuk 2 wordt een algemene inleiding gegeven van het 

hoofdonderwerp van dit proefschrift. Allereerst wordt er een overzicht gegeven 

van de “reversible deactivation-activation radical polymerization” (RDRP) 

technieken welke gebruikt werden om nieuwe macromoleculen te synthetiseren. 

Binnen de bekende RDRP-technieken werd er voor al gekeken naar de 

ontwikkeling van “atom transfer radical polymerization” (ATRP) processen. 

Hierna worden de meest relevante strategieën om polymeerketens chemisch te 

graften op een oppervlak en de daarbij behorende meest belangrijke desing 

factoren besproken. Verder wordt inkjetprinten als een patroonvormings techniek 

geïntroduceerd. De basis van dit proces en de uitdagingen van deze 

depositie/patroonvormingstechniek, met name gericht op de inktformulering, 

druppelvorming, impact, spreiding, bevochtiging en verdamping van de inkt, 

worden beschreven. Van de chemisch behandelde polymeeroppervlakken 

worden zowel de fysische en chemische eigenschappen van de eind gebonden 

polymeerketens, als ook de belangrijkste factoren besproken. Ten slotte worden 

er een paar typische voorbeelden van anticorrosie en stimuli responsieve coatings, 
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zoals temperatuur-, oplosmiddel-, redox- en multi-stimuli-responsieve coatings 

beschreven.  

De stimuli-responsieve eigenschappen van “poly(N-isopropyl acrylamide” 

(PNIPAM), welke een van de meest bestudeerde multi-responsieve polymeren is, 

wordt onderzocht in Hoofdstuk 3. De door temperatuur en oplosmiddel 

veroorzaakte overgangen van eind-geïmmobiliseerde PNIPAM-lagen met 

verschillende grafting dichtheden werden onderzocht via neutronenreflectiviteit 

(NR) metingen. De gecontrolleerde synthese van de PNIPAM-grafts met 

verschillende grafting dichtheden werd verkregen door de ratio tussen actieve en 

inactieve ATRP-initiator verbindingen welke gekoppeld zijn aan het oppervlak 

te variëren gevolgd door de “surface initiated atom transfer radical 

polymerization” (SI-ATRP) van NIPAM. De PNIPAM-lagen werden 

gekarakteriseerd met “atomic force microscopy” (AFM) en ellipsometrie-

analyses. Het “van boven af” mechanisme van de conformatie overgang in 

PNIPAM-borstels door co-non-oplosbaarheid in een 3:1 water:ethanol mengsel 

werd aangetoond. 

Tevens werden in Hoofdstuk 4 en Hoofdstuk 5 de tribo-mechanische 

eigenschappen van PNIPAM onderzocht. In Hoofdstuk 4 hebben we de 

veranderende wrijving door de co-non-oplosbaarheid van PNIPAM-borstels 

onderzocht. De PNIPAM-borstels zijn gezwollen in het pure oplosmiddel, maar 

slaan neer in een mengsel van de twee oplosmiddelen. De wrijvingsmetingen 

welke uitgevoerd zijn met de AFM hebben aangetoond dat de wrijving laag is als 

gevolg van een hoge osmotische druk en dat de wrijving toeneemt als de 

PNIPAM borstels neerslaan (in een mengsel van 30% volumefractie ethanol in 

water). Verrassenderwijs werd de maximale wrijving waargenomen in 10% 

volumefractie ethanol in water wat niet overeenkomt met het maximum van het 

krimpen van de PNIPAM-borstellaag. In Hoofdstuk 5 werden vervolgens de 

eigenschappen boven en onder de lage kritieke oplossingstemperatuur (LCST) 

van twee verschillende PNIPAM-borstellagen onderzocht: één dunne (droge 

dikte was ongeveer 10 nm) en één dikke (droge dikte hoger dan 410 nm) 

borstellaag. De tribomechanische eigenschappen werden onderzocht door 

wrijvingslussen te onderzoeken met behulp van lateral force microscopy, LFM. 

In deze studie werd onderzocht hoe de laterale vervorming van de borstel de 

wrijvingsmetingen van gezwollen PNIPAM-borstels (temperatuur onder LCST) 

beïnvloedt wanneer er een aantal relatief korte scanafstanden worden gebruikt. 

Echter, wanneer de scan afstand tijdens de wrijvingslus metingen langer zijn dan 
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de laterale vervorming van de borstel, werd het glijden van de colloïdale AFM-

probe op het borsteloppervlak dominant en kon daardoor een correcte meting van 

de dynamische wrijving worden verkregen. Wanneer de PNIPAM-borstels 

dehydrateren en een ingestorte morfologie aannemen (temperatuur boven LCST), 

vertonen de wrijvingslussen geen tilt vanwege het belemmeren van hun laterale 

vervorming. Hieruit blijkt dat de wrijvingslussen nauwkeurig de dynamische 

wrijving beschrijven tussen de colloïdale AFM-probe en het polymeerborstel 

coatings oppervlak. 

Tot dit punt werden de polymeercoatings gedeponeerd over het gehele 

oppervlak van het materiaal. Door een samenwerking met Tanatex en Verosol, 

leden van het Marie Skłodowska-Curie Initial Training Network “Complex 

wetting phenomena", is er meer diepgang verkregen in het inkjetprintproces, 

waardoor de ontwikkeling van verschillende reactieve, functionele en slimme 

coatings zoals beschreven in het tweede deel van dit proefschrift mogelijk werd. 

De formulering, de druppelvorming, net als de interactie van op polyurethaan 

gebaseerde complexe vloeistoffen (inkt) met het materiaaloppervlak en de 

verdamping van de inkt zijn onderzocht. Het werk beschreven in Hoofdstuk 6 

richt zich op de formulering en toepassing van corrosie werende coatings op basis 

van polyurethaan voor aluminium en zijn legeringen. Verschillende inkten 

werden geprepareerd met geschikte fysische en chemische eigenschappen voor 

het piëzo-inkjetprinten van patronen van anticorrosieve coatings op poreuze 

aluminium gemetalliseerde textielsubstraten. De anti-corrosieprestaties van de 

coatings werden getest met een model oplossingsexperiment in een alkalisch 

medium. De kwaliteit van de gecoate materialen werd onderzocht via optische, 

laserconfocale en scanning elektronenmicroscopie. Er is aangetoond dat de 

oppervlaktebedekking en de chemische samenstelling van de coatings een 

belangrijke rol spelen bij de beschermende eigenschappen van de coatings. 

Hoofdstuk 7 richt zich op de Co-oplosmiddel-reactiviteitseigenschappen van 

PMMA-films in een water / iso-propanolmengsel. Ten eerste, werden twee 

synthetische routes gepresenteerd voor de fabricage van fluorescerende PMMA-

bevattende borstelcoatings op basis van grafting from en grafting to. De 

silanisatie over het gehele oppervlakte van de substraten is gebruikt voor beide 

grafting methodes, waarbij in de grafting from methode de PMMA-borstels 

gesynthetiseerd werden via SI-ATRP, gevolgd door halogeen-azide-uitwisseling 

en Copper(I)-catalyzed alkyneazide cycloaddition (CuAAC) klik-chemie voor 

het koppelen van de fluorescerende probe. In de “grafting to” methode, werd de 
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fluorescerende telechelische PMMA gekoppeld aan een met amine 

gefuctionaliseerde oppervlak, nadat het in een oplossing was gesynthetiseerd via 

een Activator Regenerated Electron Transfer Atom Transfer Radical 

Polymerization (ARGET-ATRP) met behulp van een carboxyl-getermineerde 

ATRP-initiator. Van deze twee methodes is de film verkregen via de grafting 

from methode dikker en heeft deze een hogere grafting dichtheid dan de film 

verkregen via grafting to. Beide methodes waren echter robuust en de 

fluorescerende films waren macroscopisch homogeen. Ten tweede werd het co-

solvabiliteitsgedrag van de PMMA-films getest in een mengsel van isopropanol 

en water waarna het zwellings- en fluorescentiegedrag geanalyseerd werd via 

respectievelijk AFM en fluorescentie metingen. De PMMA bevattende 

fluorescerende films slaan neer wanneer ze werden ondergedompeld in pure 

oplosmiddelen, wat resulteerde in een lage fluorescentie-intensiteit, en de 

PMMA-segmenten zwellen wanneer ze werden ondergedompeld in 80% 

volumefractie van isopropanol in water, waardoor de fluorescentie van de film 

werd verhoogd. In het laatste deel van dit hoofdstuk werden talrijke 

aminoreactieve (d.w.z. APTES gemodificeerde) patronen door middel van inkjet 

printen op glas en siliciumsubstraten geprint. De APTES-bevattende inkt werd 

bereid in een mengsel van ethanol en glycol (3/2 v/v). De inkjet printbaarheid en 

de druppelvorming werden geoptimaliseerd. De APTES-patronen waren enkele 

micrometers dik. Uiteindelijk werden beide methodes toegepast en werd de 

fabricage van de fluorescerende patronen bevestigd door fluorescerende 

confocale microscopie. 

Voor het project in Hoofdstuk 8 werd ook het inkjet-printproces gebruikt. 

Door het printen van een nieuw redox responsieve poly (ferrocenylsilaan) (PFS) 

met disulfide zijgroepen die in staat zijn om covalent te binden op goud 

oppervlakten, was het mogelijk om een elektrochemisch detectieapparaat voor de 

detectie van een modelanalyte (bijv. ascorbinezuur) te produceren. De PFS werd 

gesynthetiseerd via platina-gekatalyseerde ringopeningspolymerisatie (ROP), 

gevolgd door een halogeenuitwisselingsreactie en een nucleofiele 

substitutiereactie met een disulfide-bevattende verbinding. Vervolgens werden 

geschikte inkten voor het piëzo-inkjetprintproces bereid met verschillende 

hoeveelheden van de functionelecomponent in tolueen, deze inkten werden 

gedeponeerd op commerciële micro-elektrode-arrays (MEA's) bestaande uit 60 

micro-vlakke goud elektroden met verschillende patronen via inkjet-printen. De 

oppervlakte-eigenschappen van de redox-actieve films werden gekarakteriseerd, 
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en het detectieapparaat werd getest als een amperometrische sensor voor 

ascorbinezuur. De verhoogde gevoeligheid door de aangebrachte PFS-coating 

werd aangetoond. De detectielimiet van de PFS-gemodificeerde MEA's werd 

gemeten en deze bleek lager te zijn dan 60 μM en de lineariteitslimiet lag tussen 

de 0.9 en 2 mM ascorbinezuur in 100 mM natriumperchloraat oplossing. 

Geïntrigeerd door de veelzijdigheid van het inkjetprintproces, werden in 

Hoofdstuk 9 een reeks van catechol bevattende ATRP-macro-initiators 

gesynthetiseerd via vrije radicalen polymerisatie (FRP). Na de synthese van een 

geschikt, op catechol gebaseerde acrylmonomeer, namelijk dopamine 

methacrylamide (DOMA), werd een drie-componenten copolymerisatie 

uitgevoerd via FRP. De drie monomeren waren DOMA als hechtgroep, 2- (2-

broomisobutyryloxy) ethylmethacrylaat (BIEM) als ATRP-initiërende groep en 

het methylmethacrylaat (MMA) -monomeer als oplosbaar makend middel. 

Goede controle over de chemische samenstelling van de ATRP-macro-initiators 

werd verkregen met betrekking tot de monomeer begin samenstelling. Eerst werd 

de activiteit van de ATRP-groepen bevestigd doormiddel van het synthetiseren 

van moleculaire “bottlebrushes” met poly(acrylonitril) (PAN) zijketens. 

Vervolgens werden de hechtingseigenschappen van de catecholderivaten 

bevestigd doormiddel van het graften van de ATRP-macro-initiator op 

siliciumoxide gevolgd door de SI-ATRP van AN. De oplosbaar makende 

component is een belangrijke factor voor de verwerkbaarheid van de 

polymeeroplossing. De inkten, bestaande uit een ATRP-macro-initiator in DMF, 

werden bereid en geprint doormiddel van inkjetprinten op silicium oppervlakken 

om fluorescerende patronen te creëeren. De voorlopige resultaten geven de 

chemische immobilisatie van de ATRP-macro-initiatorlaag aan. Deze 

bevindingen inspireren ons om nieuwe op catechol-koppelingschemie gebaseerde 

strategieën te blijven ontwikkelen die het brede gebruik van gemakkelijk 

toepasbare functionele en stimuli-responsieve coatings op vrijwel elk oppervlak 

mogelijk maken. 
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