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Summary 

This Thesis is built around 4 topics, which share in common that they all take advantage 

of the assets of controlled radical polymerization to either (i) prepare well-defined 

model systems to address fundamental research questions with regard to the sensitivity 

of chemical bonds towards mechanical forces or (ii) to synthesize ultrathin, surface-

grafted polymer brush films that can serve as light-activatable bioadhesives or which 

possess non-centrosymmetric materials properties. 

Chapter 2 demonstrates the use of SI-ATRP to prepare PtBMA brush films that are 

used as a model system to better understand the effect of weak mechanical forces on 

the hydrolysis of ester/amide and siloxane bond. The motivation originates from 

previous reports that describe the degrafting of hydrophilic polymer brushes in aqueous 

media. The fundamental question is that decoupling the effect of swelling and the water 

contribution to the rate of the hydrolysis is not possible. Using the hydrophobic brushes 

here, it has been possible for the first time to unambiguously decouple swelling and 

bond hydrolysis. Comparison of reaction rate constants measured in solvents of 

different quality suggested that degrafting correlates with brush swelling, 

demonstrating the mechanochemical nature of this process 

In Chapter 3, the sensitivity of ester bond hydrolysis towards external mechanical 

forces is investigated. ATRP is used to construct a series of polystyrene polymers that 

contain two central ester bonds. Solution ultrasonication experiments, which were 

performed in THF and THF water mixture with different molecular weights and under 

different power densities provided evidences for an increase in the apparent rate 
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constants for ester hydrolysis with increasing mechanical force generated via mild 

ultrasonication.  

Chapter 4 and Chapter 5 present the use of SI-ATRP to produce thin, functional 

polymer films. Chapter 4 focuses on the development of thin polymer films that allow 

to control adhesion between synthetic materials and tissue. PHEMA brushes have been 

prepared that can be transformed, on-demand using UV light from a non-fouling surface 

coating into a bioadhesive interface. Two synthetic approaches towards such films are 

discussed. A first strategy involves direct irradiation of a PHEMA brush film with UV-

light. The second strategy uses PHEMA brushes that have been post-modified to 

introduce photo-reactive diazirine moieties. 

Chapter 5 attempts to understand the pyroelectric behavior of thin PE brushes prepared 

via SI-ATRP. This chapter builds upon the serendipitous discovery that was made when 

a substrate modified with a PE brush was connected to an open circuit and subjected to 

an alternating sequence of temperature changes. Surprisingly, a clear current change 

was detected in the circuit upon the temperature change. We hypothesize that the 

pyroelectric current which is generated upon applying an alternating sequence of 

temperature changes because of a permanent dipole moment in the materials. This 

permanent dipole moment is believed to be the consequence of a non-neutral net charge 

within the polymer brush film. 

Keywords: Controlled radical polymerization, Polymer brushes, Degrafting, Rate 

constant, Swelling ratio, Ester hydrolysis, Mechanochemistry, Solvent effects, Surface 

interaction, Bioadhesion, UV light activation, Pyroelectric current, Piezoelectric 
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materials, Polyelectrolyte brushes, Counterions, Dipole moment. 
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Zusammenfassung 

Diese Arbeit basiert auf vier Themen, die gemeinsam haben, dass sie alle die Vorteile 

der kontrollierten radikalischen Polymerisation nutzen. Entweder, (i) um genau 

definierte Modellsysteme zu entwickeln, mit deren Hilfe grundlegende 

Forschungsfragen in Bezug auf die Empfindlichkeit chemischer Bindungen gegenüber 

mechanischen Kräften beantwortet werden können oder (ii) für die Synthese 

ultradünner, oberflächengepfropfter Polymerbürsten, welche als lichtaktivierbare 

Bioadhäsive dienen oder nicht zentrosymmetrische Materialeigenschaften besitzen 

Kapitel 2 beschreibt die Anwendung von oberflächeninitiierter radikalischer 

Atomtransferpolymerisation (SI-ATRP) zur Herstellung von Poly (tert-

butylmethacrylat) -Bürsten, die als Modellsystem dienen, um den Einfluss schwacher 

mechanischer Kräfte auf die Hydrolyse der Ester / Amid- und Siloxanbindung besser 

zu verstehen. Mit den hier vorgestellten hydrophoben Bürsten war es erstmals möglich, 

das Quellverhalten und Hydrolyse eindeutig zu entkoppeln. Ein Vergleich der 

Reaktionsgeschwindigkeitskonstanten, die in Lösungsmitteln unterschiedlicher 

Qualität gemessen wurden zeigt, dass das Ablösen mit dem Quellverhalten der 

Polymerbürsten korreliert, was die mechanochemische Natur dieses Prozesses nahelegt. 

In Kapitel 3  wird die Empfindlichkeit chemischer Bindungen, insbesondere 

Esterbindungen, gegenüber externen mechanischen Kräften untersucht. Mit Hilfe einer 

Reihe von Polystyrolpolymeren, welche zwei mittig platzierte Esterbindungen 

aufweisen, konnte in Ultraschallversuchen in trockenem, sowie feuchtem THF, 

Hinweise für eine Erhöhung der beobachteten Geschwindigkeitskonstanten für die 



Zusammenfassung 

15 
 

Esterhydrolyse mit zunehmender mechanischer Kraft gefunden werden. Dabei kamen 

Polymere unterschiedlichen Molekulargewichts, sowie Ultraschall verschiedener 

Leistungsdichten zur Anwendung. 

Kapitel 4 befasst sich mit der Entwicklung von Polymerfilmen, mit deren Hilfe die 

Haftung zwischen synthetischen Materialien und Gewebe kontrolliert werden kann. Die 

verwendeten Poly (2-hydroxyethylmethacrylat) (PHEMA) Bürsten können bei Bedarf 

von einer nicht verschmutzenden (non fouling) Oberflächenbeschichtung in eine 

bioadhäsive Grenzfläche transformiert werden. Eine derartige Transformation kann 

durch direkte Bestrahlung mit UV-Licht erzeugt werden. Durch Postmodifkation der 

Bürsten können photoreaktive Diazirineinheiten eingeführt werden, was die 

Anwendung milderer UV Strahlung erlaubt. 

Kapitel 5 beschreibt das pyroelektrische Verhalten dünner 

Polyelektrolytpolymerbürsten, basierend auf der Beobachtung, dass die Stromstärke 

innerhalb eines offen Stromkreises, der ein mit einer Polyelektrolytpolymerbürste 

modifiziertes Substrat beinhaltet, durch Temperaturänderungen beeinflusst wird. Ein 

solcher Effekt ist für Nicht-Polyelektrolytpolymerbürsten nicht feststellbar. Dieser 

pyroelektrische Effekt kann vermutlich auf ein permanentes Dipolmoment im Material 

zurückzuführt werden. Es liegt nahe, dass dieses permanente Dipolmoment die Folge 

nicht neutraler Nettoladung innerhalb des Polymerbürstenfilms ist. 

Schlüsselwörter: Kontrollierte radikalische Polymerisation, Polymerbürsten, 

Entpfropfen, Geschwindigkeitskonstante, Quellverhältnis, Esterhydrolyse, 

Mechanochemie, Lösungsmitteleffekte, Oberflächenwechselwirkung, Bioadhäsion, 
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UV-Lichtaktivierung, Pyroelektrischer strom, Piezoelektrische materialien, 

Polyelektrolytbürsten, Gegenionen, Dipolmoment. 
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1. Introduction 

1.1. Controlled Radical Polymerization (CRP) 

1.1.1. A Brief Historical Overview 

Since the concept of chain polymerization and the basic structure of a polymer molecule 

was first proposed by Staudinger one century ago,1 polymer science and technology has 

evolved rapidly that has promoted the development of the society and changed the 

lifestyle of human beings. Thanks to the better understanding of the mechanism of 

polymerization, large amount of polymeric materials with various functions has been 

produced in nowadays.  

Traditional polymerization reactions can be roughly divided into two types based on 

the reaction kinetics: step and chain polymerizations. Step polymerization is 

characterized as a stepwise-growth mechanism in which the polymer molecular weight 

increases in a slow, step-like manner as the reaction time increases. During step 

polymerization process, any two molecular units can react with each other and the 

monomer disappears in the early stage of the reaction. The polymer chain length 

increases steadily and the average molecular weight are increasing throughout the 

reaction. Moreover, the reaction system contains various stages and chain length and 

the product will present in a calculable distribution. Chain polymerization usually 

requires an initiation to start the chain growth. Growth occurs by addition of one unit 

at a time so the monomer concentration decreases steadily throughout the process. Since 

the polymer chains are formed from the beginning of the polymerization and the rate 



Chapter 1. Introduction 

22 
 

of chain growth is extremely fast, the average chain length for reacted species remains 

approximately constant. In the reaction mixture, unreacted monomer and polymer 

coexist with very little amount of growing polymer chains.2  

Conventional polymerization techniques have great importance in industry. For 

example, polyesters, polyamides, epoxy resin, alkyd resin and many engineering 

plastics are produced by step polymerization. As another key type of polymerization, 

chain polymerization has been used to produce polyolefins including some most widely 

used industrial materials polystyrene and PVC. However, there are still some 

limitations existing in conventional polymerization techniques including lack of precise 

control over molecular weight and dispersities and difficulty in synthesizing polymers 

with complex architectures or specific functions.   

So-called “living”/controlled polymerization reactions allow to overcome these 

limitations and to access to polymers with well-defined architecture, precisely defined 

molecular weight and narrow dispersities as well as complex functional groups. The 

first living polymerization was realized by Michael Szwarc3 who eliminated transfer 

and termination reactions from chain growth polymerization using living anionic 

polymerization and non-polar monomers in 1956. After that, a number of studies has 

been conducted and has provided a good understanding of living anionic 

polymerizations.4 In general, styrene derivatives and (meth)acrylate monomers are two 

best established systems in living anionic polymerization.  

The difficulty of living anionic polymerization of functionalized styrene derivatives is 

the compatibility of the functional groups with anionic initiators and the propagating 
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chain-end polystyrylanions. In general, two strategies have been utilized to overcome 

this problem. The first strategy involves protection of the functional group, which result 

in a protected monomer, followed by deprotection to regenerate the original functional 

group after the polymerization. The second strategy incorporated an electron-

withdrawing functional group onto the benzene ring of styrene, which as a result 

decreased the reactivity of the chain-end carbanion.5 The molecular weight of living 

anion polymerization of styrene derivatives can be controlled from 102 to 106 kDa with 

a narrow molecular weight distribution ranging from 1.01 to 1.10. A reactive and stable 

benzyl-type polystyrylanion is generated at the end of the polymer chain, which allows 

to create specially designed polymers with precise molecular architectures.5 The 

development of living anionic polymerization of alkyl (meth)acrylates was originally 

hindered by the existence of ester enolates in an equilibrium with aggregated form, 

which leads to broadening the molecular weight distribution. To overcome this problem, 

researchers tried to influence the equilibrium dynamics of aggregated ion pairs by using 

sterically hindered alkyl metal initiators in conjunction with ligands that are capable of 

coordinating with enolate ion pairs.6-10 As a result, the use of appropriate additive/ligand 

in conjunction with initiator brings perfect control of the polymerization in both polar 

and non-polar solvents.  

The first living cationic polymerization was reported by Higashimura and Sawamoto 

for alkyl vinyl ethers initiated with a combination of hydrogen iodide and iodine in 

1984 and shortly thereafter by Faust and Kennedy for isobutylene.11-13 Traditional 

drawback for cationic vinyl polymerization, for example, the instability of the growing 
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carbocations was overcome by stabilizing carbocationic intermediate with nucleophilic 

interaction through selecting a proper nucleophilic conteranion or the addition of a 

Lewis base. A systematic review on the mechanism of the living cationic 

polymerization was provided by Matyjaszewski and Sigwalt in 1994.14 These authors 

proposed that ‘‘living/controlled’’ polymerizations could be explained by the 

occurrence of equilibrium between two species: a cationic, highly reactive species, 

being present in very low concentrations, and a dormant (non-propagating) species. The 

consequence of this equilibrium is that the rate of propagation is slowed down to a value 

lower than the rate of initiation. Another requisite is that the rate of reaction from active 

species to the dormant and the reverse reaction are both significantly higher than the 

overall rate of propagation to achieve a single model molecular weight distribution. In 

general, controlled cationic polymerization can be applied to vinyl monomers with 

electron donating groups such as vinyl ethers, isobutenes, styrene and its derivatives 

because on the one hand, the electron cloud density of the double bond is higher 

compared to normal vinyl monomers, which facilitate the reaction with cationic active 

species. On the other hand, the carbocations stabilize the electron cloud, which prohibit 

side reactions.  

Group transfer polymerization (GTP) was first announced by DuPont as a method for 

synthesis of acrylic block polymers.15 Instead of using costly refrigeration units, the 

polymerization operates at high enough temperature, which allow reactor cooling by 

water-cooled reflux condensers. GTP uses 1-methoxy-1-(trimethylsiloxy)-2-

methylprop-1-ene (MTS) as initiator and a nucleophilic anion as catalyst. GTP converts 
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methacrylate monomer to a polymer with trimethylsilyl ketene acetal as the end group. 

If the initiator contains a vinyl group not reactive to GTP, a macromonomer results, 

which can be used to prepare block copolymers. GTP operates at temperatures usually 

between 50 to 80 oC (maximum 100 oC) when catalyzed by weak nucleophiles such as 

tetrabutylammonium benzoate.16 Typical molecular weights range around 20,000 Da, 

however, to achieve a molecular weight higher than 60,000 Da is difficult.17 The 

original mechanism proposed by the DuPont workers was that the trimethylsilyl group 

was transferred to the monomer as it was added to the polymer chain ends and thus 

named the new procedure Group Transfer Polymerization. However, based on all the 

evidence now available, this mechanism is almost certainly wrong since there is clear 

evidence that supports an anionic mechanism, which was first reported by R. Quirk et 

al.18  

Living anionic and living cationic polymerizations are widely used but still suffer from 

a limited monomer scope in particular acrylates and methacrylates can only be 

polymerized under very specific conditions in a living “controlled” manner with anionic. 

The ability of polymer chemists to polymerize acrylate and methacrylate in a controlled 

fashion has changed dramatically in the 1980’s and 1990’s with the advent of controlled 

radical polymerization techniques. The first example of CRP was reported by Borsig 

who used diaryl and triaryl protected groups in polymerizations of MMA and observed 

increase of molecular weights with conversion and also the formation of block 

copolymers.19 In 1982 Otsu, for the first time, used the concept “living radical 

polymerization” to describe a polymerization in the presence of dithiocarbamates.20 
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This system was further studied by Braun, who, however, did not achieve good 

controllability.21 The use of nitroxide-mediated radical polymerization (NMP) for 

producing block and end-functional polymers was first described in a patent application 

by Solomon et al in 1985. In 1990, Johnson et al22 described the persistent radical effect 

and demonstrated the preparation of low dispersity polymers with NMP using an 

appropriate selection of alkoxyamine and control of reaction conditions.23 In 1993, 

Georges reported on the control of bulk radical polymerization of styrene in the 

presence of TEMPO,24 which showed good controllability. In consequence, NMP 

received significant attention in a wider literature. Those systems are limited to styrene 

and its copolymers, though. The first examples of atom transfer radical polymerization 

(ATRP) with a good living polymerization character, were reported respectively by 

Sawamoto,25 Matyjaszewski26,27 and Percec28 in 1995. This technique was developed 

based on the Kharasch reaction, which allows the addition of halocarbon across alkene 

double bonds in a radical chain.29 Since the overall process can be catalyzed by 

transition metal complexes, it is called atom transfer radical addition (ATRA).26,30 The 

mechanism of ATRP can be simplified into a reversible activation–deactivation process. 

The activation process involves a redox reaction between the polymer end group and 

the metal complex in its reduced form. In the deactivation process, propagating radicals 

are trapped by atom or group transfer reaction (most commonly halogen atoms from a 

metal complex in its higher oxidation state). Another living radical polymerization 

which was named as reversible addition−fragmentation chain-transfer polymerization 

(RAFT) was first reported by Chiefari et al in 1998 based on an additional-
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fragmentation reaction.31 This reaction has been known and used by organic chemists 

since 1970s. Since 1988, xanthates were used as a convenient source of alkyl radicals 

by reversible addition–fragmentation, many RAFT agents have been developed 

including dithioesters, trithiocarbonates, and xanthates.32 Nowadays, RAFT, along with 

NMP and ATRP, are dominating the scientific literature on controlled radical 

polymerization.  

1.1.2. Typical Features of CRP 

The limited use of conventional radical polymerizations to engineer macromolecules is 

due to two main problems (i) slow ignition, i.e. not all chains start to grow at the same 

time and (ii) short life time of growing chains due to fast termination reactions. The 

conceptual solution to overcome these problems is to develop polymerization reactions 

that allow for (i) instantaneous and quantitative initiation and (ii) long-lived polymer 

chains. These are two conflicting requirements: (i) the former requires relatives high 

initiator concentrations while (ii) the latter can only be achieved by significantly 

reducing the initiator (and thus radical) concentration. Controlled radical 

polymerizations fulfill these conditions as they operate via a continuous and fast 

exchange / equilibrium between a very small fraction of growing and a large fraction 

of dormant chains (Scheme 1.1 and 1.2)  

 

Scheme 1.1. Radicals participate in a reversible deactivation-activation process in CRP 
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system. 

 

Scheme 1.2. Radicals participate in reversible transfer degenerative exchange process 

in CRP system. 

 

A variety of chemistries have been developed to achieve these conditions, which 

include ATRP, NMP and RAFT and which will be discussed in more details in the next 

section. Since they provide fast and quantitative initiation and significantly reduce 

termination reactions, CRP allows one to prepare polymers with well-defined molecular 

weights, narrow dispersities as well as controlled functionalities and architectures. 

1.1.3. Different Types of CRP 

This part will discuss the basic principles of different CRP techniques and introduce the 

selection criteria of monomers, initiators, catalysts and other components.  

1.1.3.1. Nitroxide-Mediated Polymerization (NMP) 

NMP is one of the earliest and easiest controlled radical polymerizations. It is a 

technique based on a reversible termination mechanism between the growing 

propagating radical and the nitroxide to generate an alkoxyamine, as the predormant 

species. An equilibrium can be established between dormant and actives species 

(activation-deactivation process) upon a judicious design. The general mechanism of 

NMP, as is illustrated in Scheme 1.3, is well known and has been extensively studied.33  
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Scheme 1.3. Activation-deactivation equilibrium in NMP. (a) Bicomponent, (b) 

monocomponent initiation system.  

 

The process involves an initiator, which upon heating dissociates to form radicals that 

react with the monomer and an excess of the stable radical nitroxide, which caps most 

of the initiated chains preventing loss of control over the reaction. The NMP is usually 

carried out at high temperatures ranging from 125 to 135 ◦C to allow all the polymer 

chains to initiate at the same time. The C–O bond formed between the propagating 

radical site and the stable radical is labile in this temperature range so that it can undergo 

reversible homolytic cleavage to regenerate the stable radical and an active radical site 

at the end of the polymer chain. The active polymer radical reacts with another nitroxide 

molecule to reform the dormant polymer chain, or with the monomer to undergo chain 

extension. Since the reaction equilibrium between dormant and active species strongly 

favors the dormant site, most polymer chains are in dormant state throughout the 

reaction. Although some termination is unavoidable during the polymerization,34 the 

termination rate decreases as the polymerization proceeds since coupling termination 
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reaction usually involves at least one short chain.35 Polymer growth from the initiating 

species occurs in a controlled way without any side reactions, which generates new 

chains. Ultimately, the NMP process enables a linear increase in the molecular weight 

of the polymer chain with monomer conversion, while it yields polymers with very 

narrow chain distribution. 

1.1.3.1.1. Initiators and Mediators 

Conventional thermal radical initiators, for example, 2,2-azobisisobutyronitrile (AIBN) 

or benzoyl peroxide (BPO) can be used in NMP systems, however, their use often 

requires tuning the system to obtain the optimized ratio of initiator to mediator because 

the initiation efficiency of various primary initiators differs and any large excess of free 

nitroxides adversely affects the rates of polymerization.36 Since the C–O bond of the 

alkoxyamine is labile and dissociates to form an initiating species and a stable radical 

mediator upon heating, it can act as an alternative initiator in NMP systems with the 

addition of an initiator fragment (optional), a monomer and a nitroxide.37,38  

The preparation of different alkoxyamine initiators that involve the controlled 

generation and trapping of carbon-centered radicals by stable radicals will be discussed 

in this paragraph. In general, alkoxyamines are prepared via four routes. Route 1 is 

using the nucleophilic substitution of the hydroxylaminate anion on the corresponding 

alkyl halide. Route 2 involves the Meisenheimer rearrangement of ally or benzyl amine 

oxides. Route 3 uses the reaction between an oxoammonium salt and olefin or an 

enolate and route 4 consists of the in situ generation of an alky radical followed by the 

trapping of a nitroxide. Since route 4 is the most commonly used method, initiators 
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prepared via route 4 will be mainly discussed. One of the most commonly used 

alkoxyamine, 2-phenyl-2-(2,2,6,6-tetramethylpiperidine-1-oxy)ethyl benzoate (BST) , 

has been synthesized by the reaction of benzoyl peroxide with styrene in the presence 

of TEMPO at 80 oC.39-41 Other alkoxyamine derivatives that do not contain the 

benzoyloxy moiety can also be synthesized. For example, the reaction between di-tert-

butyl peroxide and ethyl benzene generates the corresponding benzylic radical, which 

further reacts with TEMPO to form the alkoxyamines.42,43 Another alkoxyamine can be 

synthesized in the presence of Jacobsen’s catalyst. In this reaction a radical intermediate 

is generated, which can be trapped by a stable nitroxide radical and then reduced to 

form the corresponding alkoxyamine.44  

Nitroxide is usually used as a stable radical mediating the polymerization. In order to 

achieve a controlled polymerization, several requirements have to be met including 

relative high stability under the reaction conditions and the ability to react with 

propagating chain in a reversible manner. In addition, it must neither react with itself 

or with the monomer to initiate new chains nor induce side reactions, such as β-

hydrogen atom abstraction. The stability of nitroxides comes from the delocalization of 

three electrons in the N–O bond. The high delocalization energy (∼ 30.4 kcal/mol) 

offers a high thermodynamic stability towards the radical center, which as a result 

prevents the dimerization of two nitroxide radicals. This thermodynamic stability of 

different nitroxide radicals is strongly influenced by the substituents on the carbons next 

to the nitrogen. Thus, for example, if all four groups attached to the carbons attached to 

the nitroxide nitrogen are alkyl, the nitroxide is stable. Replacing one of the alkyl 
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groups with a hydrogen or attaching a phenyl group directly to nitrogen, however, 

makes the nitroxide relatively unstable.45,46  

1.1.3.1.2. Range of Monomers 

A wide variety of monomers including styrene and its derivatives, vinylpyridines 

acrylic esters, acrylonitrile, acrylic acid acrylamide, N-substituted and N,N-

disubstituted acrylamides, dienes and cyclic ketene acetals can be polymerized via 

NMP.33 Here, two most commonly used monomers will be discussed briefly including 

styrenes and methacrylates since corresponding polymers have been used in the 

following chapters of the Thesis.  

Styrene and derivatives are most extensively studied in terms of mechanism, kinetics 

and possible side reactions. Since the rate of polymerization mediated by most cyclic 

nitroxides is rather slow and high temperatures are required, the use of acyclic nitroxide 

for example di-tert-butyl nitroxide,47 2,2,5-trimethyl-4-fluorophenyl-3-azahexane-3-

oxyl48 and N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide49 or 

tuning the steric hindrance of TEMPO derivatives is essential for improving the rate of 

polymerization.50 Many styrene derivatives including para-substituded styrenes (F, Cl, 

Br, CH3, OCH3, CF3, CH2Cl ) can be polymerized in the same way not showing 

significant difference with styrene.51-53 Many functional styrene derivatives have been 

prepared using TEMPO-mediated polymerization. In one example, 2, 5-bis [(4-

methoxyphenyl)oxycarbonyl]styrene with a mesogenic side group was used to prepare 

block-copolymers with a liquid–crystal polymer segment.54,55 In another example, 4-

tert-butyl-4-(4-vinylstyryl)-trans-stilbene was incorporated into the PS side chain 
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forming a luminescent polymer.56 4-(phenylethynyl)styrene and 4-(1-hexynyl)styrene 

were also polymerized mediated by TEMPO for preparing hybrid polymers or block-

copolymers upon interaction with cobalt complexes.57 Both the N-ethyl-2-

vinylcarbazole and 9-(4-vinylbenzyl)-9H-carbazole were successfully polymerized 

using TEMPO and have been used in organic electronics due to the hole-transporting 

ability of carbazole group.58,59 Water soluble monomers are of great importance in 

preparing amphiphilic block copolymers, with styrene sulfonate (SS) being one of the 

most important water soluble monomers. By carefully selecting mediators, 

polymerizing SS directly can be realized either in organic solvents such as ethylene 

glycol in the presence of TEMPO or in water mediated by 1,1,3,3-

tetramethylisoindolin-2-oxyl or 1,1,3,3- tetraethylisoindolin-2-oxyl with an ionic group 

for example either a quaternary ammonium or a sulfonate substituent on the aromatic 

ring.60-62 

Polymerization of methacrylates via NMP is not as easy as styrene and derivatives. The 

difficulties arise from two main factors: 1. The recombination reaction between typical 

nitroxides propagating radicals is slow due to steric hindrance effect from 

poly(methacrylate) structure. 2. The disproportionation side reactions occurs between 

poly(methacrylate) radicals and nitroxides.63-68 Copolymerizing methacrylate 

monomers with a small amount of a well-behaved monomer such as styrene or 

acrylonitrile is the most successful approach for controlling polymerization with 

nitroxides.69-76 A modeling study suggests that even a low concentration of styrene in 

NMP of MMA, favors the formation of styryl-alkoxyamine polymer endgroups, which 
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are more stable and less prone to side reactions compared with methacrylate 

endgroups.74 Although, the resulting copolymers are perfectly well-suited for a wide 

range of applications, and sometimes even better than pure PMMA for other 

applications, controlling the polymerization of MMA homopolymer via NMP still 

suffers some difficulties. Developing new nitroxides to minimize the difficulties with 

NMP of MMA is one way to overcome the difficulties. For example, arylnitroxides 

have been proven to be suitable in a moderate controlled polymerization of MMA, even 

though the conversion is relatively low and the polymerization of styrene cannot be 

controlled effectively.70,77,78 Delocalization of the unpaired electron through the 

aromatic system, which slows recombination of the nitroxide with the propagating 

radical and the disproportionation side reaction, is the main advantage in the 

polymerization of methacrylates mediated by arylnitroxides. Further investigations on 

related nitroxides in the homopolymerization of methacrylates via NMP are still in need. 

1.1.3.2. Atom transfer radical polymerization (ATRP) 

The key step of ATRP is to increase of chain lifetime by controlling the equilibrium of 

the reversible reaction between the propagating radical and dormant species. (Scheme 

1.4) 

 
Scheme 1.4. The mechanism of ATRP. 

 

This equilibrium is mediated by the activator and deactivator forms of catalysts, Cu (I) 
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L+ and X-Cu (II) L+, respectively, in which L represents a nitrogen-based polydentate 

ligand. The requirement for the activator Cu (I) L+ is to be sufficiently active to cleave 

the C-X bond in the (macro)alkyl halide initiator, while the X-Cu (II) L+ deactivator 

complex must sufficiently trap propagating radicals to generate the Pn-X dormant 

species. In the conventional ATRP, the rate of polymerization is described by Equation 

(1). 

 
𝑅௣ ൌ

k௣𝐾஺்ோ௉ሾMሿሾRXሿሾ𝐶𝑢ூL௡ሿ
ሾ𝐶𝑢ூூL௡ሿ

 (1) 

Where, Rp is rate of polymerization, kp represent the rate constant of propagation, KATRP 

is the ATRP equilibrium constant. This equation suggests that the rate of polymerization 

is correlated with the concentration of the involved reagents as well as with the values 

of the propagation rate constant and ATRP equilibrium constant, which are usually 

determined by the structure of alkyl halide/monomer and catalyst. Thus, for a given 

catalyst/alkyl halide system, KATRP can be quantified and act as an excellent measure of 

the catalyst’s true activity.79,80 KATRP is the ratio between kact
81 and kdeact

79,80 so that it 

can be influenced by many factors including the nature of the ligand, monomer (alkyl 

halide), as well as reaction conditions (solvent, temperature, pressure).82 The 

relationship between polydispersity of the polymer prepared via ATRP and the 

concentration of initiator (RX), deactivator (X-Cu II ), kp and kdeact, and monomer 

conversion (p) in the absence of chain  termination and transfer reactions is defined by 

Equation (2).83,84  
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𝑘ௗ௘௔௖௧ሾX െ Cuூூሿ
ቇ ൬

2
p
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To achieve a narrow molecular weight distribution for the same monomer, a catalyst 

with a higher rate in deactivating the growing chains should be used. Increasing the 

concentration of deactivator or targeting higher molecular weights are alternative ways 

to decrease the polydispersity. 

1.1.3.2.1. Initiators 

The main roles of the initiator is to generate radicals and to determine the number of 

growing polymer chains. If there is no radical transfer and termination and the initiation 

rate is high, then the number of growing chains is constant and is equal to the number 

of the initial initiator molecules. The relationship between theoretical molecular weight 

or degree of polymerization (DP) and the initial concentration of the initiator can be 

determined by Equation 3. 

 
DP ൌ

ሾMሿ଴
ሾIሿ଴

ൈ Monomer conversion (3) 

Here, [M]0 and [I]0 are the initial concentration of monomer and initiator, respectively. 

In ATRP, alkyl halides (RX) are typically used as the initiator and the rate of the 

polymerization is first order with respect to the concentration of RX. The basic requisite 

of the halide group is the rapid and selective migration between the growing chain and 

the transition-metal complex. Bromides and chlorides have been proved to be the best 

options for controlling the molecular weight. Iodine can be used to initiate both the 

polymerization of acrylates via copper-mediated ATRP and styrene using ruthenium 

and rhenium-based catalyst systems.85,86 Fluorine is unable to induce polymerization 

due to the high resistance of C-F bond to homolytic cleavage. Some other compounds 

which are similiar to halides, for example, thiocyanates and thiocarbamates, have also 
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been used to initiate the polymerization of acrylates and styrenes.87 Initiation should be 

fast and quantitative with a good initiator. Alkyl halides with single activating 

substituents on the R-C, such as carbonyl, aryl and allyl groups, or polyhalogenated 

compounds (e.g. CHCl3 and CCl4) or compounds with a weak R-X bond, for example 

N-X, S-X or O-X can all potentially be used as ATRP initiators.  

1.1.3.2.2. Monomers 

A number of monomers has successfully been polymerized via ATRP including styrenes, 

(meth)acrylates, (meth)acrylamides, dienes, acrlylonitrile and other monomers.88,89 

Usually those monomers which contain substituents that can stabilize the propagating 

radicals are compatible with ATRP. The radical propagation rate, however, is usually 

different due to the intrinsic difference in the structure. Thus, for a specific monomer, 

the concentration of propagating radicals and the rate of radical deactivation need to be 

adjusted to maintain a good polymerization control. However, the overall equilibrium 

does not only depend on the nature of the radical (monomer) and the dormant species, 

but also on the amount and reactivity of the transition-metal catalyst. 

1.1.3.2.3. Catalysts 

One key component for ATRP is the catalyst since it determines the position of the 

ATRP equilibrium and the dynamics of the exchange between the dormant and active 

species. Several criteria should be considered to find a good catalyst. First, the metal 

center must have two or more readily accessible oxidation states with one electron 

difference. Second, the affinity between the metal center and the ligand should be in an 

appropriate range. Third, the coordination sphere around the metal should be 
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expandable upon oxidation to selectively accommodate a (pseudo)-halogen. Fourth, the 

complex coefficient between the ligand and catalyst should be high enough. Eventually, 

the ATRP equilibrium should be fit to specific systems well.90  

1.1.3.2.4. Ligands 

Ligands may be even more important, to some extent, than metal catalyst, since they 

can fine-tune selectivity and prohibit the preferred two electron transfer and force the 

reaction into a single electron transfer process such as in the oxidation and reduction of 

Ni or Pd complexes. Moreover, they control the solubilities of the metal catalyst in the 

reaction mixture and ensure stability of the complexes in ATRP solution.91  

The use of an appropriate ligand enables the polymerization of acidic monomers and 

monomers which can strongly complex transition metals. An appropriate ligand can 

shift the equilibrium between the alkyl halide and the transition metal towards the 

dormant species. This equilibrium will render most of the growing polymer chains 

dormant and produce a low radical concentration. As a result, the contribution of radical 

termination reactions to the overall polymerization is minimized. A parameter partition 

coefficients and their dependence on temperature is always used to determine the 

efficiency of the catalyst for ATRP. Finally, ligands can help in facilitating the removal 

and recycling of the catalyst. As a result, this enables the immobilization of the catalyst 

and also distribution between two phases.82  

1.1.3.3. Reversible Addition−Fragmentation Chain-Transfer Polymerization 

(RAFT) 

The sequence of addition–fragmentation equilibrium (Scheme 1.5) in the RAFT 
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polymerization is achieved by using thiocarbonylthio compounds as a chain transfer 

agent. Similar to conventional radical polymerization, initiation and radical–radical 

termination also occur during the polymerization.92 In the early stages of the 

polymerization, addition of a propagating radical (Pn
•) to the thiocarbonylthio 

compound (RSC(Z) = S, 1) followed by fragmentation of the intermediate radical 

provides a polymeric thiocarbonylthio compound (PnS(Z)C = S, 3) and a new radical 

(R•). A new propagating radical (Pm
•) is formed upon the reaction of new radical (R•) 

and monomer. A concerted growth and a narrow polydispersity are achieved through 

the rapid equilibrium between the active propagating radicals (Pn
• and Pm

•) and the 

dormant polymeric thiocarbonylthio compounds 3. When the polymerization is 

complete (or stopped), most chains retain the thiocarbonylthio end group and can be 

isolated and manipulated as stable materials.  

 
Scheme 1.5. Mechanism of RAFT polymerization. 
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As is shown in Scheme 1.5, the intermediate radical concentration generated by RAFT 

agent is short-lived and is not lower than in a conventional polymerization process. 

Thus, around 5 to 10% nonfunctional materials are generated via bimolecular 

termination events. The controllability of RAFT over molecular weight are imparted 

when the targeted molecular weight is significantly lower than that, which would be 

formed under the same conditions but in the absence of the RAFT agent, such that the 

number of polymer molecules with RAFT agent-derived ends far exceeds the number 

formed as a consequence of termination.92-95 

1.1.3.3.1. RAFT Agents 

A wide variety of RAFT agents including trithiocarbonate, xanthate and 

dithiocarbamate has been reported.31,96 The efficiency of the RAFT agent highly 

depends on the properties of the free radical leaving group R and the group X which is 

able to activate or deactivate the thiocarbonyl double bond of the RAFT agent and to 

tune the stability of the intermediate radicals. There are four criteria for a selection of a 

RAFT agent for effective polymerization.97 First, there should be a highly reactive C=S 

bond in the initial and the polymer RAFT agent. Second, the intermediate radical should 

fragment rapidly without any side reactions. Third, the intermediate radical should go 

in favor of the new radical rather than the reverse addition reaction. Fourth, the rate of 

the initiation rate of the new radical should be higher than the rate of propagation. The 

equilibrium constants of the RAFT agents associated with radical addition to the 

thiocarbonylthio compound are the most important parameter in the kinetics study. 

Since the rates of addition are typically high, a high equilibrium constant generally 
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implies a low fragmentation rate for the radical adduct and an increased possibility to 

prevent or decrease side reactions involving this species. However, the values of K do 

not provide sufficient information in order to predict the ability of a RAFT agent to 

control a specific polymerization. To achieve a good controllability, four equilibrium 

constants are needed to be taken into account: 

• KP (= kaddP/k−addP) associated with the main equilibrium. 

• K (= kadd/k−add) and Kβ (= k−β/kβ) associated with the pre-equilibrium. 

• KR (= kaddR/k−addR) associated with the reaction of the expelled radical with the initial 

RAFT agent  

There are also a further reactions that need to be considered involving initiator radical 

derived RAFT agents. In principle, RAFT agents of differing reactivity might be 

derived from each radical species present.  

1.1.4. The Comparison of NMP, ATRP and RAFT Processes 

The common ground of all CRP techniques is to create a dynamic equilibrium between 

propagating radicals and various types of dormant species. Radicals can propagate and 

exchange with dormant species and can also terminate and participate in many other 

organic reactions including transfer, rearrangement and fragmentation.98 Thus, the 

chemoselectivity, regioselectivity and stereoselectivity in CRP are similar to 

conventional radical polymerization. The ability of CRP techniques to control 

molecular weights and polydispersities as well as to prepare well-defined molecular 

architectures comes both from fast initiation and from limitation of the concentration 

of propagating radicals so that other reactions are negligible.  
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Each CRP technique its advantages and limitations with respect to the other techniques. 

For example, the advantage of NMP over ATRP is that NMP is applicable to purely 

organic system without using metal compounds. However, the limitations are also 

obvious, in particular the need of relatively expensive mediators, the limited control 

over the polymerization of disubstituted alkenes such as methacrylates and the difficult 

introduction of end functionality to the polymer. Moreover, other than ATRP with a 

wide temperature window, relatively high temperatures are generally required in NMP.  

There are a number of advantages of ATRP, which makes it a versatile technique both 

in fundamental research and in industry. These advantages include the use of small 

amounts of transition metal complexes; commercial availability of various initiators 

including multifunctional and hybrid systems; applicability to almost all monomers; 

simplicity for end-functionalization; the absence of Trommsdorf effect; a wide range of 

temperature windows and the ability to polymerize block copolymers in any order (with 

halogen exchange), which is not possible for other CRP methods. The limitation of 

ATRP is that the transition metal complex must often be removed from the product.  

Similar to ATRP, the advantage of RAFT is also applicable to a wide range of monomers. 

It also allows a smallest perturbation to conventional radical polymerization and is often 

mediated by purely organic reagent. However, unlike NMP and ATRP, the rate of cross-

termination with newly generated short chains is higher than long chains which may 

result in an increased number of polymer chains. Some other limitations are also existed 

including the lack of commercially available transfer agents as well as their limited 

chemical stability, the removal of dithioester and some other end groups after the 
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polymerization due to their color, toxicity, and potential odor, and the difficultly 

associated with end-functionalization.
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2.  Swelling-Induced Chain Stretching Enhances 

Hydrolytic Degrafting of Hydrophobic Polymer 

Brushes in Organic Media 

2.1. Introduction 

Surface-initiated polymerization (SIP) reactions provide access to chain end-tethered 

polymer assemblies (“polymer brushes”) in which neighboring polymer chains are 

anchored at intermolecular distances that enforce a stretched chain conformation.99-114 

The extended chain conformation is an important contributor to e.g. the 

nonbiofouling115-125 and lubrication properties126-136 of hydrophilic polymer brushes 

prepared by SIP.  

Chain stretching in densely grafted polymer brushes also results in a tension that acts 

on the bonds, which anchor the polymer chains to the underlying substrate. Exposure 

to a good solvent and swelling of the polymer brush film can amplify this tension. For 

a number of hydrophilic polymer brushes grown via surface-initiated atom transfer 

radical polymerization (SI-ATRP) from silicon oxide substrates modified with 

organosilane functionalized ester or amide based ATRP initiators, incubation in aqueous 

media results in detachment (degrafting) of the surface-anchored polymer chains.117,137-

144 The degrafting of hydrophilic polymer brushes from silicon oxide surfaces in 

aqueous media has been attributed to a swelling-induced stretching of the surface-

anchored polymer chains and a concomitant amplification of the tension that acts on 

the siloxane and ester/amide bonds that anchor the chains to the surface.145,146 The 

increased tension at the polymer brush-substrate interface has been postulated to 
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facilitate hydrolysis of the anchoring siloxane and ester/amide bonds resulting in the 

observed degrafting of the surface-attached polymer chains. 

The application of tension on the anchoring points of chain end-tethered polymers by 

swelling-induced chain stretching represents an alternative method to apply force at the 

molecular level. Other strategies that have been applied to mechanically activate 

polymers include the use of ultrasound irradiation147 and flow fields.148,149 These 

methods, however, generate relative strong forces (~ nN) that are sufficient to induce 

scission of carbon-carbon bonds in a polymer backbone. Carbon – carbon bond scission 

has also been observed upon adsorption of bottlebrush macromolecules on 

surfaces.150,151 Swelling-induced stretching of chain end-tethered polymers, in contrast, 

produces weak forces that do not allow direct scission of covalent bonds but is rather 

believed to mechanically catalyze reactions, such as for example the hydrolysis of the 

ester/amide and siloxane bonds that typically anchor polymer brushes grown via SI-

ATRP.  

While it has been proposed that swelling of a polymer brush and the concomitant 

stretching of the surface-anchored polymer chains enhances hydrolytic cleavage of 

bonds at the brush-substrate interface, there is so far no experimental data that show a 

correlation between the swelling properties of a polymer brush and, for example, the 

initial rate constant of the degrafting reaction. This manuscript studies the swelling 

properties and degrafting behavior of poly(tert-butyl methacrylate) (PtBMA) brushes 

(Scheme 2.1) in organic solvents in the presence of small quantities of water. The use 

of a hydrophobic brush that swells in a water-miscible organic solvent allows to 
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decouple swelling of the brush and hydrolytic cleavage of the bond(s) at the brush-

substrate interface. With hydrophilic brushes in aqueous media this is not possible since 

in these conditions water simultaneously acts as the solvent that swells the brush and 

as the reagent that is involved in hydrolytic cleavage. PtBMA brushes can undergo 

moderate to strong swelling in a range of water-miscible organic solvents. This is 

attractive as it allows to modulate swelling of the PtBMA brushes, and thus stretching 

of the surface-grafted polymer chains, at a constant concentration of reagent responsible 

for the degrafting reaction. 

Using the PtBMA brushes as a model system, this manuscript will address several 

fundamental, open questions related to the degrafting of polymer brushes from silicon 

oxide substrates. The first question is whether hydrolytic degrafting of polymer brushes 

occurs exclusively in aqueous media or whether this phenomenon can also be observed 

in organic media? If degrafting is driven by the increase in tension at the brush-substrate 

interface as a consequence of chain stretching that results from swelling of the brush, 

then, in the presence of an appropriate reagent, this process may also occur in organic 

media (and may also be extended to other cleavage reactions than  hydrolysis). Much 

of the work on the degrafting of polymer brushes points towards swelling of the brush 

film as the driving force for tension amplification at the brush-substrate interface and 

concomitant cleavage of the surface-anchored polymer chains. What is not known and 

has not been demonstrated yet is whether the rate of degrafting of a polymer brush 

correlates with its swelling behavior and whether the rate of degrafting can be 

modulated by varying the degree of swelling of the brush. The PtBMA brushes used in 
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this study are an ideal model system to investigate these questions. 

 
Scheme 2.1. Preparation of PtBMA brushes via SI-ATRP. 

 

2.2. Experimental section 

2.2.1. Materials 

All chemicals were used as received unless described otherwise. Copper(I)bromide 

(99.995+%), copper (II)bromide (99.999 %), 2-bromo-2-methylpropionyl bromide, 

allylamine (98%), trimethylacetyl chloride (99%), ethanol (99.8%) and aluminum 

oxide were purchased from Sigma-Aldrich. Anisole (99%) and chlorodimethylsilane 

(98%) were purchased from ABCR. Pt/C (10% Pt) was purchased from Alfa-Aesar. 

Tert-butyl methacrylate (98%) was purchased from Sigma-Aldrich. Prior to 

polymerization, the monomer was passed over a basic aluminum oxide column to 

remove the inhibitor. Sulfuric acid, acetone (99.5%), hydrofluoric acid (38%-40%) and 

triethylamine (distilled over KOH before use) were purchased from Merck. 

Dichloromethane, acetone (HPLC grade) and acetone (extra dry) were purchased from 

Fisher chemicals. The water content in the dry acetone was determined to 4500 ppm, 

or 0.45 vol%. 4,4'-Dinonyl-2,2'-bipyridyl (dnbpy) and 1,4,8,11-tetramethyl-1,4,8,11-
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tetraazacyclotetradecane (Me4cyclam) were purchased from TCI. Tetrahydrofuran 

(THF), dimethylformamide (DMF) and toluene were purified and dried by a solvent-

purification system (PureSolv). The water content in the dried DMF was determined to 

65 ppm. Toluene with 330 ppm water was prepared by mixing water and toluene 

(volume ratio 1/50) and shaking overnight at room temperature. Then, the toluene part 

was used for the degrafting experiments. Deionized water was obtained from a 

Millipore Direct-Q 5 ultrapure water system. Degrafting experiments were performed 

on polymer brushes that were grown from 0.8 cm × 1 cm sized rectangular silicon 

wafers. To determine the molecular weight of the surface grafted polymer before and 

after degrafting, polymer brushes grown from 2.5 cm × 7 cm sized rectangular silicon 

wafers were used. All the silicon wafers used in this study are covered by a ~ 2 nm 

silicon oxide layer. 

2.2.2. Methods 

X-ray photoelectron spectroscopy (XPS) was carried out using an Axis Ultra instrument 

from Kratos Analytical equipped with a conventional hemispheric analyzer. The X-ray 

source employed was a monochromatic Al Kα (1486.6 eV) source operated at 100 W 

and 10−9 mbar. Static water contact angles (WCA) were determined using a 

DataPhysics OCA 35 contact angle measurement instrument at ambient conditions. 

Surfaces were cleaned with a Femto O2 Plasma system (200 W, Diener Electronic). The 

water content in organic solvents was measured with a Karl Fischer coulometric titrator 

(Mettler ToleDo DL 32). 1H NMR spectra were recorded on a Bruker AVANCE-400 

Ultra Shield spectrometer.  
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Ellipsometry (Figure 2.1A-2.1C, S2.3). A Sopra GES 5E spectroscopic ellipsometer 

(Sopra SA, France) was used to determine dry film thicknesses. Measurements were 

recorded at 15 nm intervals from 305 nm to 800 nm at an angle of incidence of 70° 

under ambient conditions. The ellipsometry data were analyzed using the WINELLI_II 

Software (Sopra SA, France) and the calculation method was based on a four-layer 

silicon/silicon oxide/polymer brush/air model, assuming the polymer brush to be 

isotropic and homogeneous. The refractive index (n) of the PtBMA layer is described 

by the Cauchy approximation (n = An + Bn/λ2), where An = 1.463, Bn = -4.3681×10-5 

μm2 and λ is the wavelength of the incident light. Measurements were conducted at 

three different points on each substrate. All reported dry film thicknesses represent the 

average ± standard deviation (SD) of five substrates. 

Ellipsometry. The thicknesses of swollen brushes were determined using a SemiLAB 

(SE2000) ellipsometer with a liquid cell. The swelling ratio of polymer brushes on 

silicon substrates was determined by calculating the ratio of the swollen film thickness 

to the dry film thickness in air. Samples were placed on the sample stage and the 

reflected laser was properly aligned to the detector through the microspot placed on the 

detection arm. Dry film thicknesses were calculated based on a four-layer 

silicon/silicon oxide/polymer brush/air model, assuming the polymer brush to be 

isotropic and homogeneous. To determine the swollen film thicknesses, a gradient 

model was set up assuming that the polymer brush consists of four layers with different 

brush-solvent volume ratio.  
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AFM (Figure S2.5). Atomic force microscopy (AFM) was performed on a Veeco CP-

II instrument (Digital Instruments, Santa Barbara, CA) controller in contact mode using 

an MPP-11123-10 (Veeco) cantilever to measure swollen brush thicknesses. 

Gel permeation chromatography (GPC). GPC analysis was performed using an 

Agilent 1260 infinity system equipped with a Varian 390-LC refractive index detector, 

two PLgel 5 μm Mixed C (Agilent) columns and a PLgel guard column. The mobile 

phase was THF (HPLC grade) at a flow of 1.0 mL/min at 40 oC. Samples were filtered 

prior to analysis and results were calibrated with linear PMMA standards (2200-201000 

g/mol, Polymer Standard Service Mainz). 

2.2.3. Procedures 

Synthesis of the ATRP initiator and functionalization of silicon oxide substrates with 

the ATRP initiator. The preparation of the ATRP initiator, 2-bromo-2-methyl-N-{3-

[chloro(dimethyl)silyl]-propyl}propanamide and the functionalization of silicon oxide 

surfaces with this initiator were performed following a published protocol.146 The 

ATRP inactive, dummy initiator, N-(3-(chlorodimethylsilyl)propyl)pivalamide was 

synthesized via the same method using trimethylacetyl chloride instead of α-

bromoisobutyryl bromide. Silicon surfaces with different grafting densities were 

prepared by placing the substrates in anhydrous toluene solutions with 10 mM of the 

chlorosilanes that contained 20, 50 or 100 mol% of the ATRP active compound. 1H-

NMR spectra of the ATRP initiator and dummy chlorosilane are shown in Figure S2.9 

and Figure S2.10. Figure S2.11 and Figure S2.12 present the results of the water 
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contact angle analysis and XPS characterization of the ATRP initiator modified 

substrates. 

Surface-initiated polymerization of tBMA. PtBMA brushes were prepared according to 

a previously published protocol. Instead of tert-butyl acrylate at a concentration of [M] 

= 3.5 M, tert-butyl methacrylate ([M] = 3.1 M) was used.152  

Patterned Polymer Brushes. Patterned polymer brushes were prepared via surface-

initiated polymerization from micropatterned substrates, which were obtained by UV 

irradiation of initiator-modified silicon wafers using a TEM grid as a photomask.153  A 

Hamamatsu (Lightningcure L8858, 200 W, wavelength = 360 nm) UV lamp was used 

as the light source and substrates were irradiated for 8 min. at a distance of 6 cm from 

the lamp.  

Degrafting experiments. Degrafting experiments were performed at room temperature 

by incubating polymer brush coated substrates in the appropriate medium. The 

following media have been investigated: toluene, THF + 11 ppm water, toluene + 330 

ppm water, THF + 5 vol% water, THF + 20 vol% water, DMF, acetone, DMF + 5 vol% 

water, acetone + 5 vol% water and pure water. At defined times, the substrates were 

removed from the medium, washed extensively with ethanol and dried under a flow of 

N2. The degrafting of the polymer brushes was assessed by monitoring the dry film 

thickness as a function of incubation time. 

Cleaving PtBMA brushes from silicon oxide substrates: 3 pieces of PtBMA brush 

grafted silicon oxide substrates (2.5 × 7 cm) were incubated in a Teflon beaker 

containing THF (28.5 mL) and 40% hydrofluoric acid (1.5 mL). The mixture was 
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vigorously stirred at 240 rpm for 2 h. After removing the silicon oxide substrates, the 

content of the Teflon beaker was allowed to evaporate to dryness overnight under 

ambient conditions in the fume hood. The residual polymer in the beaker was then 

redissolved in 300 uL THF and subjected to GPC analysis. To determine the molecular 

weight of the remaining surface-tethered polymer after exposure to THF + 5 vol% water 

for 4 h, cleavage was performed via the same method using 4 pieces of PtBMA brush 

grafted silicon oxide substrates (2.5 × 7 cm) instead of 3. (Figure S2.3). 

2.3. Results and Discussion 

PtBMA brushes were grown by SI-ATRP of tert-butyl methacrylate (tBMA) from 2-

bromo-2-methyl-N-{3-[chloro(dimethyl)silyl]-propyl}propanamide modified silicon 

oxide substrates as shown in Scheme 2.1 following a modified literature procedure.152 

Degrafting of the end tethered PtBMA chains via hydrolysis of the siloxane or amide 

bonds that anchor the polymer to the substrate will result in a gradual decrease in the 

grafting density of the polymer brush (Scheme 2.2). This will lead to a continuous 

decrease in the dry film thickness of the PtBMA brushes as the degrafting process 

proceeds. Degrafting is a process that is driven by the entropy gain associated with the 

cleavage and release of conformationally restricted, surface-tethered polymer chains. 

The bond tension in chain end tethered, swollen brushes scales with the inverse of the 

grafting density and has been estimated to 1-10 pN in a dense brush to 0.1-1.0 pN in 

the mushroom regime.154 While these tensions are not sufficient to allow direct scission 

of covalent bonds, the degrafting of polymer brushes observed by us and others 117,137-

144  suggests, however, that these may facilitate hydrolytic cleavage of siloxane and/or 
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amide bonds at the polymer brush – substrate interface. As degrafting progresses, the 

grafting density, and thus the tension at the interface, continuously decreases. 

Degrafting proceeds to a limiting, non-zero film thickness where this tension is believed 

to be reduced to a value that is no longer sufficient to facilitate hydrolytic cleavage. 137, 

138 

 

Scheme 2.2. Schematic illustration of the swelling and subsequent degrafting of a 

PtBMA brush, resulting in a gradual decrease in grafting density and dry film thickness. 

 

Ellipsometry was used to characterize the swelling behavior of the PtBMA brushes and 

to monitor the degrafting process. To describe the swelling properties of the PtBMA 

brushes in the different media, the swelling ratios were determined, which are defined 

as the ratio of the swollen and dry film thickness of the initial polymer brush. Degrafting 

was monitored by determining the dry film thickness of the PtBMA brushes at regular 

time intervals. 
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In a first set of experiments, PtBMA brushes with an initial dry film thickness of 160 

nm were incubated in THF, toluene and water as well as various THF and toluene-water 

mixtures. The dry film thickness of the samples was monitored for a period of 7 days. 

Exposure of the PtBMA brushes to dry toluene, toluene + 330 ppm water, THF + 11 

ppm water as well as pure water did not reveal any significant changes in dry film 

thickness (Figure 2.1A). Apparently, although THF and toluene are good solvents for 

PtBMA and will swell the brush, the water concentration in these media is too low to 

facilitate hydrolytic cleavage of the bonds at the brush-substrate interface. Similarly, 

also no changes in dry film thickness were observed when PtBMA brushes were 

incubated in dry DMF or dry acetone (Figure S2.1). Exposure to water was also not 

found to result in any changes in dry film thickness. Water is a non-solvent for PtBMA. 

As a consequence, the PtBMA brush does not swell, which limits access of water to the 

brush-substrate interface and no changes in dry film thickness are observed either. 

Increasing the amount of water in THF to 5, respectively, 20 vol%, however, results in 

rapid degrafting (Figure 2.1B). This illustrates the presence of water as a necessary 

requirement for degrafting to occur. 

The kinetics of diffusion of the cleaved chains through the surface-grafted polymer film 

do not seem to influence or limit the degrafting process. This is illustrated in Figure S2, 

which compares the dry film thickness of a PtBMA brush before and after incubation 

in THF + 5 vol% water for 4 hours. The dry thickness of the PtBMA film that was taken 

from the degrafting medium after 4 hours was determined both without any further 

washing steps as well as after washing the brush with various solvents. The results in 
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Figure S2 reveal no significant differences in the dry film thickness that was 

determined directly after withdrawing the PtBMA film from the incubation medium 

without further washing and the film thicknesses that were measured after subjecting 

the brush film to a series of subsequent washing steps using a number of solvents. This 

indicates that cleavage and subsequent escape of the detached polymer chains is not 

influenced or limited by diffusion barriers imposed by the remaining, surface-anchored 

polymer chains. 

Gel permeation chromatography (GPC) analysis was used to monitor changes in the 

molecular weight of the surface-attached polymer chains as degrafting proceeds. 

Polymer molecular weights were determined by HF-mediated cleavage of the surface-

tethered PtBMA, both at t = 0 (before degrafting) as well as after incubation of the 

brush in THF + 5 vol% water for 4 hours. For a PtBMA brush with an initial dry film 

thickness of 165 nm, the initial number average molecular weight (t = 0) was 248 kDa. 

After incubation of this brush in THF + 5 vol% water, the molecular weight of the 

residual, surface-tethered PtBMA was determined to 231 kDa (Figure S2.3). This 

suggests that it is the higher molecular weight fraction that degrafts first, which is in 

agreement with observations reported in other studies.144 

As illustrated in Figure 2.1B, degrafting is fastest in THF + 5 vol% water and seems to 

slow down upon increasing the amount of water to 20 vol%. Interestingly, the results 

in Figure 2.1B correlate with the swelling properties of the PtBMA brushes in THF-

water mixtures (Figure 2.1D). Whereas the swelling ratio of a 160 nm thick PtBMA 

brush in THF + 5 vol% water is 3.9 (and similar to the swelling ratio of the brush in dry 
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THF), increasing the water content to 20 vol% is accompanied by a reduction in the 

swelling ratio to 2.6. The lower swelling ratio of the PtBMA brush in THF + 20 vol% 

water is consistent with a lower tension at the brush-substrate interface, which concurs 

with the lower rate of degrafting that is observed in THF + 20 vol% water as compared 

to THF + 5 vol% water. Figure 2.1C shows the evolution of dry film thickness as a 

function of time (over a period of 2 days) upon incubation of PtBMA brushes with 

initial dry film thicknesses of 50, 80 and 160 nm in THF + 5 vol% water. Figure S4 

shows the change in dry film thicknesses of these brushes over a period of 7 days. The 

initial swelling ratios of the PtBMA brushes are also included in Figure 2.1D. The 

swelling ratios of PtBMA brushes of different film thicknesses were also determined 

by AFM analysis of micropatterned samples.145 The results of these experiments are 

included in Figure S5 and are in good agreement with the swelling ratios reported in 

Figure 2.1D. 

 

Figure 2.1. Ellipsometric dry thickness of PtBMA brushes as a function of incubation 

time upon exposure to: (A) Toluene (■), THF + 11 ppm water (●), Toluene + 330 ppm 
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water (▲), pure water (▼); (B) THF + 11 ppm water (■), THF + 5 vol% water (▲), 

THF + 20 vol% water (●); (C) Evolution of the dry film thickness of PtBMA brushes 

with initial dry film thicknesses of 160 nm (▲), 80 nm (●) and 50 nm (■) upon 

incubation in THF + 5 vol% water; (D) Swelling ratios measured by ellipsometry of 

PtBMA brushes of initial dry film thicknesses of 50, 80 and 160 nm in water (black), 

THF + 20 vol% water (red), THF + 5 vol% water (blue) and THF (pink). 

 

To quantitatively describe the degrafting of the PtBMA brushes and evaluate the 

influence of the composition of the solvent and the initial dry film thickness, Figure 

2.1B and Figure 2.1C were replotted as ln (d) versus time (Supporting information 

Figure S6). The ln (d) versus time plots reveal 2 linear regimes, suggesting that the 

degrafting process follows a pseudo-first order kinetics. The slope of the first linear 

regime was taken as the apparent, initial rate constant (kini) of the degrafting process. 

Figure 2.2A shows kini and the initial swelling ratio for a PtBMA brush with an initial 

dry film thickness of 160 nm in THF, THF + 5 vol% water and THF + 20 vol% water. 

In Figure 2.2B, the kini and initial swelling ratios for PtBMA brushes with initial dry 

film thicknesses of 50, 80 and 160 nm in THF + 5 vol% water are summarized. The 

results in Figure 2.2A suggest a correlation between the swelling ratio, i.e. chain 

stretching and tension at the bonds at the brush-substrate interface and the kini. Upon 

decreasing the amount of water in THF from 20 vol% to 5 vol%, the initial swelling 

ratio increases from 2.6 to 3.9. This increase in swelling ratio is accompanied by an 

increase in kini from 0.7 d-1 to 2.9 d-1. As indicated in Figure 2.2B, the initial swelling 
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ratio of PtBMA brushes in THF + 5 vol% water did not significantly change upon 

varying the dry film thickness from 50 to 160 nm. Consistent with this observation, the 

kini values measured for PtBMA brushes in THF + 5 vol% water were also not found to 

depend on the initial dry film thickness.  

 

Figure 2.2. (A) Initial rate constant of degrafting (left) and initial swelling ratio (right) 

for PtBMA brushes with an initial dry film thickness of 160 nm upon incubation in 

THF, THF + 5 vol% water and THF + 20 vol% water; (B) Initial rate constant of 

degrafting (left) and initial swelling ratio (right) determined for PtBMA brushes with 

initial dry film thickness of 50, 80 and 160 nm in THF + 5 vol% water. 

 

The results presented in Figure 2.2 provide a first indication that the kini, and thus the 

putative tension at the brush-substrate interface, correlates with the swelling ratio of the 

polymer brush. To vary the swelling of the PtBMA brushes in these experiments, the 

relative amounts of THF and water were varied. To vary the swelling of the PtBMA 

brush while keeping the water concentration constant, a second series of degrafting 

experiments with 3 different water-miscible organic solvents, viz DMF, acetone and 

THF was carried out. For these experiments, PtBMA brush samples with an initial dry 

film thickness of ~160 nm were used, which were incubated in mixtures of the different 
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organic solvents that contained 5 vol% water. Figure 2.3A shows the evolution of the 

dry film thickness of the brushes as a function of time upon incubation in the different 

media. These data were analyzed in the same way as discussed above to determine the 

kini for the degrafting of the PtBMA brushes (Supporting information Figure S2.7). 

Figure 2.3B presents kini and the initial swelling ratios of the PtBMA brushes in the 3 

different media. Upon changing the incubation medium from DMF + 5 vol% water to 

acetone + 5 vol% water to THF + 5 vol% water, kini increased from 0.003 d-1 to 0.226 

d-1 to 2.944 d-1. Swelling of the PtBMA brushes in these media follows the same trend. 

The swelling ratios of the PtBMA brushes increased from 1.4 in DMF + 5 vol% water 

to 2.3 in acetone + 5 vol% water to 3.9 in THF + 5 vol% water. These results corroborate 

those shown in Figure 2 and indicate that kini, and thus the putative tension that acts on 

the bonds at the brush-silicon oxide interface, correlates with the extent of swelling of 

the surface grafted polymers.  

 

Figure 2.3. (A) Evolution of dry film thickness of a PtBMA brush with an initial 

thickness of 160 nm upon exposure to DMF + 5 vol% water (■), acetone + 5 vol% 

water (●) and THF + 5 vol% water (▲); (B) Initial rate constant of degrafting (left) and 

swelling ratio (right) determined for a PtBMA brush with an initial dry film thickness 

of 160 nm in DMF + 5 vol% water, THF + 5 vol% water and acetone + 5 vol% water. 
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In a final set of experiments, degrafting of PtBMA brushes with initial grafting densities 

of 100%, 50% and 20% was investigated. These brushes were prepared by SI-ATRP of 

tBMA from silicon oxide surfaces that were modified with mixtures of the ATRP active 

2-bromo-2-methyl-N-{3-[chloro(dimethyl)silyl]-propyl}propanamide and the 

polymerization inactive “dummy” N-(3-(chlorodimethylsilyl)propyl)pivalamide, 

which contained 100 mol%, 50 mol% or 20 mol% of the ATRP initiating organosilane. 

From these substrates, which present different ATRP initiator surface concentations, 

PtBMA brushes were grown using a polymerization time of 0.5 h. For a silicon oxide 

substrate modifed with 100 mol% of the ATRP active chlorosilane this results in a dry 

film thickness of 160 nm. Degrafting of this series of PtBMA brushes was studied in 

DMF, acetone and THF, all in the presence of 5 vol% water. The kini, which were 

obtained from the decrease in dry film thickness as a function of incubation time, are 

summarized in Figure 2.4A for brushes of different initial grafting densities and the 

different degrafting media (Figure S8 presents the corresponding ln (d) versus time 

plots). Figure 2.4B compares the ratio of kini for degrafting in THF + 5 vol% water and 

acetone + 5 vol% water for PtBMA brushes of initial grafting densities of 20, 50 and 

100%. Upon decreasing the grafting density from 100% to 50% to 20%, the ratio 

kini,THF/kini,acetone decreases from 13 to 9.6 to 1.6. The observed changes in 

kini,THF/kini,acetone are a strong indication that the differences in kini that are observed in 

DMF, acetone and THF are not (solely) due to solvent effects, but that chain stretching 

(and thus tension amplification), in particular at high grafting densities and in good 
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solvents, is a mechanochemical contributor that accelerates the degrafting process. The 

increases in kini and kini,THF/kini,acetone with increasing grafting density that are shown in 

Figure 2.4 are also opposite to what would be expected if access and diffusion of water 

to the siloxane and amide bonds at the brush – substrate interface would be rate 

determining.  

Results from model studies that have been published on the hydrolysis of 

tetramethoxysilane (TMOS) and of amides provide further indications for a 

mechanochemical contribution of swelling-induced chain stretching to the degrafting 

of polymer brushes grafted from silicon oxide. In experiments, which compared the 

hydrolysis of TMOS in various solvents, similar reaction rates were observed in a 

variety of polar, aprotic solvents.155 Model studies that investigated the base and acid 

catalyzed hydrolysis of esters and amides have found that reaction rates increase with 

increasing dielectric constant of the solvent (for the three solvents used in the present 

study, the dielectric constant is lowest for THF and highest for DMF).156 

 

Figure 2.4. (A) Initial rate constants of degrafting determined for PtBMA brushes with 

initial grafting densities of 20%, 50% and 100% in DMF + 5 vol% water (black), 

acetone + 5 vol% (red) water and THF + 5 vol% water (blue) (as the corresponding kini 
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values are very small, the data for DMF + 5 vol% water are not visible); (B) The ratio 

of kini for degrafting in THF + 5 vol% water and acetone + 5 vol% water for PtBMA 

brushes of initial grafting densities of 20, 50 and 100%. 

2.4. Conclusions 

The aim of this study was to investigate the swelling-induced, degrafting of 

hydrophobic polymer brushes grafted by SI-ATRP from planar silicon oxide surfaces 

in nonaqueous media. The experiments presented here show that in the presence of the 

appropriate reagent (here: water) degrafting can also be observed for hydrophobic 

brushes in non-aqueous media. More importantly, the results indicate that degrafting 

can be modulated by changing the incubation medium and that kini of the degrafting 

process correlates with the swelling ratio of the polymer brush in the degrafting medium. 

The correlation between kini and the swelling ratio supports the hypothesis that the 

degrafting of polymer brushes is driven by an amplification of tension at the polymer 

brush-substrate interface that is the consequence of swelling of the surface-grafted 

polymer film. These insights add to the current understanding of the degrafting of 

polymer brushes and provide a step forward to unravel the parameters that drive this 

mechanochemical process. The results of this study, however, are not only of interest 

from a fundamental point of view, but could also impact the technical use of these 

polymer films and contribute to the design of more robust polymer brushes or to 

systems that take advantage of this phenomena and harness degrafting in a productive 

manner, e.g. towards the development of mechanoresponsive surfaces.157-159 
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2.5. Supporting Information 

 

Figure S2.1. Ellipsometric dry thickness of PtBMA brushes as a function of incubation 

time upon exposure to: dry DMF (65 ppm water) (■), dry acetone (0.45 vol% water) 

(▼). 

 

 

Figure S2.2. Comparison of the dry film thickness of a PtBMA brush sample with an 

initial dry film thickness of 174 nm (red) after incubation in THF + 5 vol% water for 4 

hours without further washing (1) as well as after application of several washing steps 
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(2-5).  

 

Figure S2.3. Normalized GPC traces of PtBMA cleaved from brush coated silicon 

oxide substrates. Original PtBMA brush (red) (initial dry film thickness = 165 nm), Mn

＝248 kDa, Mw＝422 kDa and PtBMA brush after 4 h degrafting in THF + 5 vol% 

water (blue), Mn＝231 kDa, Mw＝397 kDa. 

 

 

Figure S2.4. Evolution of the dry film thicknesses of PtBMA brushes with initial dry 

film thicknesses of 160 nm (▲), 80 nm (●) and 50 nm (■) upon incubation in THF + 5 

vol% water for 7 days. 
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Figure S2.5. Swelling ratios of PtBMA brushes with initial dry film thicknesses of 20, 

48 and 136 nm in water (black), THF + 20 vol% water (red), THF + 5 vol% water (blue) 

and THF (pink) as measured by AFM. 

 

 

Figure S2.6. (A) ln (d) (d = dry film thickness) as a function of time for PtBMA brushes 
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with an initial dry film thickness of 160 nm upon incubation in THF + 11 ppm water 

(■), THF + 5 vol% water (▲) and THF + 20 vol% water (●); (B) Determination of the 

initial rate constant of degrafting for PtBMA brushes with an initial dry film thickness 

of 160 nm upon incubation in THF + 11 ppm water (■), THF + 5 vol% water (▲) and 

THF + 20 vol% water (●); (C) ln (d) (d = dry film thickness) as a function of time for 

PtBMA brushes with initial dry film thicknesses of 50 (■), 80 (●) and 160 nm (▲) upon 

incubation in THF + 5 vol% water; (D) Determination of the initial rate constant of 

degrafting for PtBMA brushes with initial dry film thicknesses of 50 (■), 80 (●) and 

160 nm (▲) upon exposure to THF + 5 vol% water.  

 

 

Figure S2.7. (A) ln (d) (d = dry film thickness) as a function of time for PtBMA brushes 

with an initial dry film thickness of 160 nm upon incubation in DMF + 5 vol% water 

(■), acetone + 5 vol% water (●) and THF + 5 vol% water (▲); (B) Determination of 

the initial rate constant of degrafting for PtBMA brushes with an initial dry film 

thickness of 160 nm upon incubation in DMF + 5 vol% water (■), acetone + 5 vol% 

water (●) and THF + 5 vol% water (▲).   
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Figure S2.8. (A) Ellipsometric dry thicknesses of PtBMA brushes with an initial 

grafting density of 20% as a function of incubation time upon exposure to in DMF + 5 

vol% water (▲), acetone + 5 vol% water (●) and THF + 5 vol% water (■); (B) ln (d) 

(d = dry film thickness) as a function of time for PtBMA brushes with an initial grafting 

density 20% upon incubation in DMF + 5 vol% water (▲), acetone + 5 vol% water (●) 

and THF + 5 vol% water (■); (C) Determination of the initial rate constant of degrafting 

for PtBMA brushes with an initial grafting density of 20% upon incubation in DMF + 

5 vol% water (▲), acetone + 5 vol% water (●) and THF + 5 vol% water (■); (D) 

Ellipsometric dry thicknesses of PtBMA brushes with an initial grafting density of 50% 

as a function of incubation time upon exposure to DMF + 5 vol% water (▲), acetone 

+ 5 vol% water (●) and THF + 5 vol% water (■); (E) ln (d) (d = dry film thickness) as 

a function of time for PtBMA brushes with an initial grafting density 50% upon 

incubation in DMF + 5 vol% water (▲), acetone + 5 vol% water (●) and THF + 5 vol% 

water (■); (F) Determination of the initial rate constant of degrafting for PtBMA 
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brushes with an initial grafting density of 50% upon incubation in DMF + 5 vol% water 

(▲), acetone + 5 vol% water (●) and THF + 5 vol% water (■).   

 

 

Figure S2.9. 1H-NMR spectrum of 2-bromo-2-methyl-N-{3-[chloro(dimethyl)silyl]-

propyl}propanamide recorded in chloroform-d1. 

 

 

Figure S2.10. 1H-NMR spectrum of N-(3-(chlorodimethylsilyl)propyl)pivalamide 

recorded in chloroform-d1.  
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Figure S2.11. Water contact angle analysis of (A) an unmodified plasma cleaned silicon 

oxide surface (46.9o) and (B) a silicon oxide surface modified with 2-bromo-2-methyl-

N-{3-[chloro(dimethyl)silyl]-propyl}propanamide (69.2o).  

 

 

Figure S2.12. (A) XPS survey scan; B) C1s high resolution spectrum; C) O1s high 

resolution spectrum and D) N1s high resolution spectrum of a 2-bromo-2-methyl-N-{3-

[chloro(dimethyl)silyl]-propyl}propanamide modified silicon surface.
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3. Mechanical Acceleration of Hydrolysis in Polymers 

Incorporating Main Chain Ester Bonds  

3.1. Introduction 

The application of mechanical force represents a powerful strategy to alter the chemical 

reactivity of polymers.148,158,160-162 As an example, in solutions of polymers that are 

subjected to ultrasound irradiation149,163 or shear forces,147,149,164,165 stresses typically 

accumulate near the center of the polymer main chain. For polymers that are composed 

of an all carbon backbone, this can lead to a sequence of multiple, homolytic carbon-

carbon bond scission events. By introducing a defined number of strategically 

weakened linkages (“mechanophores”) at specific positions along the polymer main 

chain, the number and location of the scission events can be controlled.159,166 Over the 

past decades, a wide variety of mechanophores has been used to design polymers that 

undergo specific scission events under the influence of a mechanical stimulus. If 

designed properly, the transformations that mechanophore-containing polymers 

undergo upon exposure to a mechanical stimulus can be used productively, e.g. to 

generate color changes, which can be used to report damage, to activate catalysts or to 

initiate polymerization reactions.167-169  

Mechanical forces cannot only be harnessed to trigger chemical transformations of 

specifically designed mechanophores, but may also alter the reactivity of functional 

groups that are commonly found in synthetic polymers. Ester bonds are one example 

of such a functional group that is ubiquitous in synthetic polymers. A number of reports 

in the literature have discussed the effect of mechanical force on ester hydrolysis. On 
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the one hand, density functional theory calculations together with model experiments 

on macrocyclic lactones did not point to an acceleration of ester hydrolysis kinetics 

under the influence of a mechanical force.170 In contrast, several articles, which 

explored ultrasound irradiation to trigger release from micelles generated from ester 

containing block copolymers provide evidence for force accelerated ester 

hydrolysis.171-174 The degrafting of densely tethered polymer brushes that are grown via 

surface-initiated polymerization and anchored via ester containing linkages to a silicon 

oxide substrate upon exposure to water-containing media is another example suggesting 

that ester hydrolysis is force sensitive.140,144-146,175-177  

Ester bonds are omnipresent in a wide range of polymer materials. Examples include 

degradable hydrogels as well as bioresorbable sutures or screws that are used for wound 

fixation.178-181 In many instances, these materials are mechanically challenged in one or 

several ways during their use. Hydrogels are swollen with water, sutures exposed to 

tension forces and screws to compression. Given their importance for a variety of 

biomedical applications, a better understanding of the influence of mechanical load on 

ester bond hydrolysis could help to improve the design and properties of these materials. 

Driven by the contradictory findings in the earlier work cited above, the aim of this 

study was to shed light on the effect of mechanical force on the hydrolysis of ester 

bonds incorporated in polymers. To this end, a series of polystyrene polymers, which 

contain two central ester bonds was synthesized and the degradation of these materials 

upon exposure to ultrasonication studied. The results of these experiments indicate that 

degradation of these polystyrene polymers proceeds via two concurrent pathways that 
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involve both homolytic carbon-carbon bond scission as well as ester bond hydrolysis 

and unambiguously point towards an acceleration of ester bond hydrolysis under the 

influence of a mechanical force.  

3.2. Experimental Section 

3.2.1. Materials 

All chemicals were used as received unless described otherwise. Copper(I)bromide 

(99.995+%), ethanol (99.8%), neutral and basic aluminum oxide, pyridine (99.8%), 

hexadecyltrimethylammonium bromide, 2-butanone (MEK) (≥ 99.7%, HPLC grade), 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA 99%), tetrahydrofuran (THF) 

(≥ 99.9%) for matrix-assisted laser desorption/ionization mass spectrometry (MALDI-

MS) and imidazole (≥ 99%) were purchased from Sigma-Aldrich. Anisole (99%), 4-

(bromomethyl) benzoic acid (97%), hydrobromic acid (48%) and 1,3,5-trioxane were 

purchased from ABCR. 1,4-Diphenylbutane was purchased from Fluorochem. Thionyl 

chloride (99%) and diethyl ether were purchased from Fluka. Styrene (99.5%), silver 

trifluoroacetate (AgTFA) (98%), 1,4-butanediol (99%) and sodium chloride (extra pure) 

were purchased from Acros. Prior to polymerization, styrene was passed over an 

aluminum oxide column to remove the inhibitor. 4,4'-Dinonyl-2,2'-bipyridyl (Dnbpy) 

was purchased from TCI. Triethylamine, glacial acetic acid (100%), sodium 

bicarbonate and fuming hydrochloric acid (37%) were purchased from Merck. 

Methanol (analytical grade) and ethanol (analytical grade) were purchased from Fisher 

chemicals. Petroleum ether was purchased from Thommen-Furter AG. Potassium 

hydroxide and magnesium sulfate were purchased from Reactolab SA. Trans-2-[3-(4-
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tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was purchased 

from Santa. Tetrahydrofuran (THF) used in ultrasonication experiments and for GPC 

analysis and dichloromethane (DCM) were purified and dried using a solvent-

purification system (PureSolv). Deionized water was obtained from a Millipore Direct-

Q5 ultrapure water system.  

3.2.2. Methods 

NMR spectra were recorded on a Bruker AVANCE-400 Ultra Shield spectrometer. 

Atmospheric Pressure Photoionization mass spectrometry (APPI-MS) was performed 

on an Orbitrap ELITE mass spectrometer (ThermoFisher), which combines a high-field 

Orbitrap mass analyzer with the dual pressure linear ion trap. Electrospray ionization 

mass spectra (ESI-MS) were recorded on a Xevo G2-S QTof  (Waters) mass 

spectrometer, which is equipped with the StepWave ion optics and the QuanTof 

technology for high mass resolution. Matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI-MS) was performed on a rapifleX MALDI-TOF/TOF 

instrument (Bruker Daltonik GmbH). Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) was used as the matrix for MALDI MS analysis. 

AgTFA and THF were used as cationization agent and solvent. The ratio between 

matrix (20 mg/mL DCTB in THF) and probe (10 mg/mL in THF) is 20: 1. Gel 

permeation chromatography (GPC) analysis was performed on an Agilent 1260 infinity 

system equipped with a Varian 390-LC refractive index detector, two PLgel 5 μm 

Mixed C (Agilent) columns and a PLgel guard column. The mobile phase was THF 

(HPLC grade). Sample analysis was performed at 40 °C at a flow of 1.0 mL/min. 
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Samples were filtered prior to analysis and polymer molecular weights were analysed 

using Polymer Standard Service Mainz linear PS standards (1250-277000 g/mol). 

Ultrasound experiments were performed using a VCX 500 ultrasonic processor (Sonics 

and Materials) equipped with a 13 mm diameter solid probe from Sonics and Materials. 

3.2.3. Procedures 

Butane-1,4-diyl bis(4-(bromomethyl)benzoate) (BDMB) (Supporting Information 

Scheme S3.1). Thionyl chloride (15 mL, 206 mmol) was added to 4-bromomethyl 

benzoic acid (2.15 g, 10 mmol). The suspension was stirred and refluxed at 75 oC for 2 

h. The excess thionyl chloride was removed by vacuum distillation. The obtained solid 

was dissolved in 5 mL anhydrous dichloromethane (DCM). The mixture was cooled to 

0 oC and a solution of 0.44 mL (5 mmol) 1, 4-butanediol and 1.6 mL (20 mmol) pyridine 

in 10 mL dry DCM was added dropwise. The temperature was allowed to rise to room 

temperature and the reaction mixture stirred overnight. Then, the solution was washed 

3 times with 1 M HCl, 3 times with saturated NaHCO3 and once with brine solution. 

The organic layer was dried over magnesium sulfate, filtered and dried by rotary 

evaporation. The crude product was purified by recrystallization from methanol to give 

white crystals (Yield 60%). 1H NMR (400 MHz, CDCl3, δ): 1.95 (m, 4H, CH2), 4.40 (t, 

4H, O=C-O-CH2), 4.50 (s, 4H, Br-CH2-Ar), 4.61 (s, 4H, Cl-CH2-Ar), 7.44-7.47 (d, 4H, 

Ar-H), 8.02-8.04 (d, 4H, Ar-H); 13C NMR (400 MHz, CDCl3, δ): 25.69 (-CH2-), 32.33 

(Br-CH2-Ar), 45.50 (Cl-CH2-Ar), 64.73 (O=C-O-CH2), 128.65, 129.19, 130.16, 142.44 

(-Ar-), 166.19 (O=C-O-). HRMS (ESI m/z) calculated C20H20O4Br2 484.2; found 484. 

1H NMR, 13C NMR and ESI mass spectra are shown in Supporting Information 
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Figures S3.1, S3.2 and S3.3. The results of these analyses indicate that the product is a 

mixture of the corresponding benzyl bromide and benzyl chloride derivatives. The 

obtained product was used as polymerization initiator without further purification.  

1,4-Bis(4-bromomethylphenyl)butane (BBPB) (Supporting Information Scheme 

S3.2). 1,4-Diphenylbutane (2 g, 9.51 mmol) was added to a mixture of 48% aqueous 

HBr (4.15 mL, 39.9 mmol) and glacial AcOH (50 mL), followed by 1,3,5-trioxane (0.57 

g, 6.34 mmol) and hexadecyltrimethylammonium bromide (CTAB) (52 mg, 0.143 

mmol). The mixture was well stirred and heated to a gentle reflux for 8 h. After that, 

the volatiles were removed under reduced pressure and the crude product purified by 

column chromatography using hexane + 4 vol% diethyl ether as the eluent. The product 

obtained by column chromatography was further purified by additional recrystallization 

from petroleum ether. (Yield 10%). 1H NMR (400 MHz, CDCl3, δ): 1.65 (m, 4H, -

CH2-), 2.62 (t, 4H, Ar-CH2-), 4.49 (s, 4H, Br-CH2-Ar), 7.12-7.14 (d, 4H, Ar-H), 7.29-

7.31 (d, 4H, Ar-H); 13C NMR (400 MHz, CDCl3, δ): 31.00 (-CH2-), 33.87 (Br-CH2-

Ar), 35.63 (Ar-CH2-), 129.00, 129.18, 135.31, 143.15 (-Ar-). HRMS (APPI m/z) 

calculated C18H20Br2 396.2. Instead of at 396.2, two main peaks were found at 327 and 

317, which are due to the fragmentation of BBPB under MS conditions. The two peaks 

can be attributed to C18H20Br and C17H19Br. NMR spectra are shown in Supporting 

Information Figures S3.4 and S3.5. The MS spectrum is shown in Supporting 

Information Figure S3.6. 

ATRP of styrene. 0.15 mL (0.862 mmol) PMDETA and 0.5 mL (4.6 mmol) anisole 

were dissolved in 10 mL (87.2 mmol) styrene followed by 3 freeze-pump-thaw cycles. 
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In a separate Schlenk tube, 124.6 mg (0.87 mmol) CuBr was purged with N2 for 15 min 

and then the styrene mixture was transferred to the CuBr under N2 flow and stirred for 

20 min until the CuBr was completely dissolved. After that, the initiator (BDMB) was 

added and the reaction mixture subjected to one freeze-pump-thaw cycle. The monomer 

to initiator ratio and polymerization time were adjusted to the desired target molecular 

weight (Table 3.1). The solution was then heated to 80 °C for the desired time. 

Polymerizations with BBPB were performed at 90 °C and used Dnbpy/CuBr = 1/1 

instead of PMDETA/CuBr = 1/1. After the reaction, the polymer was precipitated in 

methanol, dissolved in DMF and passed through a short neutral aluminum oxide 

column to remove the excess copper. Then, the polymer was precipitated in methanol 

again and dried under vacuum. Representative 1H NMR spectra of a PS(ester) polymer 

generated from BDMB and a PS(carbon) sample obtained using BBPB are shown in 

Supporting Information Figures S3.7 and S3.8. MALDI mass spectra of a PS(carbon) 

polymer with Mn 10.9 kDa and a PS(ester) polymer with Mn 10.2 kDa are shown in 

Supporting Information Figures S3.9 and S3.10. These mass spectra confirm the 

structures of the polymers and the incorporation of the initiator moieties. As reported 

before, the U series peaks in both spectra corresponds to polystyrene molecules with a 

terminal double bond by loss of a HBr, the T series peaks corresponds to the reaction 

product of PS-Br with THF and TFA and the W series peaks can be assigned to the 

hydrolysis product of PS-Br with water. The presence of these signals and the formation 

of these products is due to the use of AgTFA in the sample preparation for the MALDI-
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TOF analysis.182 GPC traces of all the polymers prepared in this study are shown in 

Supporting Information Figure S11. 

Calibration of the ultrasonication setup. The setup that was used is shown in 

Supporting Information Figure S3.12. The output power of the sonicator at 

amplitudes of 21%, 40% and 70% was calibrated following previously published 

protocols.183,184 A four-arm cell was filled with 150 mL Milli-Q water. A thermocouple 

was introduced into the water. The amplitude on the processor was set to 21%. 

Sonication was started when the temperature was stabilized at 24 °C for 10 min. The 

temperature (T) of the water was recorded every 120 s for 30 min and the resulting 

values plotted against time (t) to determine ∆T/∆t by the slope of the line. This 

procedure was repeated for amplitudes of 40% and 70%. The corresponding calibration 

curves are shown in Supporting Information Figure S3.13. The heat generated from 

cavitation in Watt (q), was determined from the following equation: q = specific heat 

(J.g-1.°C-1) × mass (g) × ∆T/∆t (°C/s), with the specific heat of water = 4.179 J.g-1.oC-1, 

the mass of water = 150 g and ∆T/∆t = the slope of the line for the corresponding 

amplitude (see Supporting Information Figure S3.13). The resulting value, q, was 

divided by the surface area of the tip (1.5 cm2) to afford ultrasound intensities of 

1.88,3.6 and 6.76 W/cm2 at amplitudes of 21%, 40% and 70%, respectively.  

Ultrasonication experiments. The polymer solution (1.2 mg/mL in THF or THF + 5 

vol% water) was placed in an oven-dried four-arm cell that was inserted into a collar 

and screwed onto the transducer. A thermocouple was penetrated through a septum on 

one of the side arms and placed in contact with the solution, ensuring that it did not 
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touch the probe. The distance between the probe and the bottom of the cell was 20.0 

mm. Prior to each experiment, N2 was purged for 20 min. The entire system was cooled 

in an ice water bath to maintain a temperature of 4-9 °C throughout the experiment. The 

solution was exposed to pulsed ultrasound (1 s on, 2 s off, 20 kHz). At timed intervals, 

800 μL of solution was withdrawn from the cell and passed through a syringe filter 

(pore size 0.22 μm) into a 1 mL sample vial and injected into the GPC. For 

ultrasonication experiments that were performed in MEK, 9 mL polymer solution was 

withdrawn from the cell and separated into two portions. One portion, which contained 

800 μL of the MEK polymer solution, was passed through a syringe filter and injected 

into a 1 mL sample vial. MEK was evaporated under reduced pressure at room 

temperature after which 800 μL THF was added to the 1 mL sample vial and then 

injected into GPC for Mn analysis. The other portion, which contained 8.2 mL MEK 

polymer solution, was dried under reduced pressure at room temperature. The 

remaining polymer was further dried in vacuum oven at 70 oC for 2 days prior to NMR 

analysis.  

3.3. Results and Discussion 

One potential challenge in the study of the effect of mechanical force on ester bond 

hydrolysis in polymers is that chain degradation upon activation with, for example, 

ultrasound, may proceed concurrently via homolytic carbon-carbon bond scission as 

well as ester hydrolysis. When water-soluble polymers are investigated in aqueous 

solution, these two contributions are hard to distinguish since under these conditions 

water both acts as solvent and reagent. This study, therefore, has used polystyrene 
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polymers that can be dissolved in water-miscible organic solvents, such as, for example, 

THF. In this way, the contributions from homolytic carbon-carbon bond scission and 

ester hydrolysis can be distinguished by comparing results of ultrasonication 

experiments in dry THF, which lacks the water that is necessary for ester hydrolysis, 

with those of experiments in which small quantities of water are added to the THF.  To 

study the effect of mechanical activation on the hydrolysis of ester bonds incorporated 

in polymers, a series of polystyrene polymers (PS(ester)) that contain two ester 

linkages in the center of the polymer chain was synthesized (Table 3.1). As a control, 

a second series of polystyrene polymers was prepared that was comprised of an all-

carbon backbone (PS(carbon), Table 3.1). PS(ester) and PS(carbon) polymers 

covering a range of molecular weights were obtained via atom transfer radical 

polymerization (ATRP) of styrene using butane-1,4-diyl bis(4-(bromomethyl)benzoate) 

(BDMB), respectively, 1,4-bis(4-bromomethylphenyl)butane (BBPB) as the initiator. 

Table 3.1 shows the structures of the two polymers and summarizes the molecular 

weights of the samples that have been prepared. Details on the synthesis of the BDMB 

and BBPB initiators as well as the PS(ester) and PS(carbon) polymers are provided in 

Supporting Information Scheme S3.1 and Scheme S3.2.  
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Table 3.1. Number average molecular weights (Mn), number average degrees of 

polymerization (DP) and dispersities (Đ), all determined by GPC analysis, of the 

PS(ester) and PS(carbon) polymers employed in this study.  

 

The effect of mechanical force on the hydrolysis of the ester bonds in the PS(ester) 

polymers was investigated using dilute polymer solutions that were subjected to 

ultrasound irradiation. For these experiments, polymers were dissolved at a 

concentration of 1.2 mg/mL in either THF or a THF + 5 vol% water mixture. This 

sample concentration was selected to be well below the overlap concentration of 

polystyrene for the range of molecular weights indicated in Table 3.1.185 To distinguish 

chain degradation events that are the result of direct homolytic C-C backbone scission 

from those that are the consequence of ester bond hydrolysis (which requires water), 

ultrasonication experiments were performed on solutions of the polymer both in THF 

and in THF containing 5 vol% water. Chain degradation was monitored by GPC 

analysis of samples that were subjected to ultrasonication for different periods of time. 
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Figure 3.1A illustrates the decrease in molecular weight that is observed upon exposure 

of a PS(ester) polymer with an initial number-average molecular weight (Mn) of 170 

kDa to pulsed ultrasound at a power density of 1.88 W/cm2 for 120 min. From the 

change in Mn, an apparent rate constant (k′) for the chain degradation reaction can be 

obtained using Equation 1:  

                                                    
1

Mt
= 

1

Mi
+ k't                                                         (1) 

where Mt is the number-average molecular weight of the sonicated sample at time t and 

Mi is the initial number-average molecular weight of the polymer.186-190 Rate constants 

are obtained by least square linear regression analysis of the slope of plots of (1/Mt-

1/Mi) versus time, as illustrated in Figure 3.1B for the PS(ester) sample with Mi = 170 

kDa.  

 

 

Figure 3.1. (A) GPC traces of a PS(ester) sample with an initial number-average 

molecular weight (Mn) of 170 kDa upon ultrasonication in THF + 5 vol% water at a 

power density of 1.88 W/cm2; (B) Plot of (1/Mt - 1/Mi) for a PS(ester) sample with Mn 

= 170 kDa as a function of sonication time in THF + 5 vol% water at a power density 

of 1.88 W/cm2.  
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Figure 3.2. summarizes the results of all the ultrasonication experiments that were 

carried out with the PS(ester) samples and the PS(carbon) control polymers. In a first 

series of experiments, the effect of polymer molecular weight on the degradation of the 

PS(ester) samples at a power density of 1.88 W/cm2 was studied. For the PS(ester) 

sample with an initial Mn of 10.3 kDa, no degradation was observed in THF and THF 

+ 5 vol% water under these conditions (Supporting Information Figure S3.14). This 

reflects that a certain threshold polymer molecular weight is required for the polymer 

main chain to experience a force that is sufficient for chain degradation to occur.183,191-

193 For all the other polymers, chain degradation was observed. Figure 3.2A plots the 

rate constants of degradation for the PS(ester) polymers that were determined from 

ultrasonication experiments that were performed in THF and in THF + 5 vol% water. 

As is commonly observed upon ultrasonication of polymers in solution, the rate 

constants for the degradation reaction increase with increasing initial polymer 

molecular weight.183,184,187,192,194-198 For a given initial polymer molecular weight, 

Figure 3.2A indicates an increase in the rate constant of degradation in THF + 5 vol% 

water as compared to those determined in THF, which is consistent with a contribution 

of ester bond hydrolysis to chain degradation in the water-containing medium. GPC 

analysis of ultrasonication experiments on a PS(ester) sample with an initial Mn of 170 

kDa in THF, THF + 2.5 vol% water and THF + 5 vol% water revealed an increase in 

the rate constant for degradation with increasing water concentration in the THF 

solution (Supporting Information Figure S3.15). In Figure 3.2B, the apparent 
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degradation rate constants determined for 3 PS(carbon) samples in THF and THF + 5 

vol% water solutions are shown and compared with those measured for PS(ester) 

samples of similar molecular weight in (dry) THF. PS(carbon) polymers with initial 

number average molecular weights of 10.9 and 29 kDa were not found to undergo chain 

degradation under these conditions. Figure 3.2B reveals no significant difference 

between the degradation rate constants for PS(carbon) and PS(ester) samples of 

comparable molecular weight in THF. Since degradation of the PS(carbon) polymers 

can only proceed via homolytic scission of backbone carbon-carbon bonds, this 

indicates that the degradation of the PS(ester) polymers in THF also involves 

homolytic carbon-carbon bond scission. Figure 3.2B further shows that the degradation 

rate constants for the PS(carbon) samples do not change in the presence of 5 vol% 

water. This is further evidence indicating that the increase in the degradation rate 

constants that is observed for the PS(ester) samples upon addition of 5 vol% water 

(Figure 3.2A) can be attributed to the contribution of ester bond hydrolysis to the chain 

degradation process. Figure 3.2C presents the apparent rate constants for ester bond 

hydrolysis, which were obtained by subtracting the degradation rate constants in THF 

+ 5 vol% water and those measured in THF for the PS(ester) samples reported in 

Figure 3.2A. The data in Figure 3.2C indicate an increase in the apparent rate constant 

for ester hydrolysis with increasing polymer molecular weight.183,184,187,192,194-198 The 

apparent rate constants for ester hydrolysis do not only increase with increasing initial 

polymer molecular weight, but also with increasing ultrasonication power, i.e. 

mechanical force, as illustrated in Figure 3.2D. Figure 3.2D compares the apparent 
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rate constants for ester hydrolysis that were measured for a PS(ester) polymer with an 

initial molecular weight of 32 kDa at power densities of 1.88 and 3.6 W/cm2. The 

molecular weight and power density dependence of the hydrolysis rate constants are 

characteristic for ultrasonication mediated polymer degradation processes.184,199-202 The 

observed increase in degradation rate constant upon the addition of 5 vol% water 

(Figure 3.2A) and the increase in the apparent rate constant of hydrolysis with 

increasing polymer molecular weight (Figure 3.2C) and power density (Figure 3.2D) 

are strong indications that point towards a mechanical acceleration of ester bond 

hydrolysis.  

 

Figure 3.2. (A) Rate constants of degradation determined for PS(ester) samples with 

initial Mn = 32 kDa, 50 kDa, 72 kDa and 170 kDa upon ultrasonication in THF (black) 

and THF + 5 vol% water (red) at a power density of 1.88 W/cm2; (B) Rate constants of 

degradation determined for PS(carbon) polymers with an initial Mn of 49 kDa, 77 kDa 



Chapter 3. Mechanical Acceleration of Hydrolysis  
in Polymer Incorporating Main Chain Ester Bonds 

85 
 

and 190 kDa ultrasonicated in THF (black) and THF + 5 vol% water (red) as well as 

for PS(ester) samples with an initial Mn of 50 kDa, 72 kDa and 170 kDa ultrasonicated 

in THF (blue) at a power density of 1.88 W/cm2; (C) Rate constants of ester hydrolysis 

determined for PS(ester) polymers with initial Mn = 32 kDa, 50 kDa, 72 kDa and 170 

kDa at a power density of 1.88 W/cm2; (D) Rate constants of ester hydrolysis 

determined for a PS(ester) polymer with an initial Mn of 32 kDa at power densities of 

1.88 and 3.6 W/cm2.  

 

Ultrasonication of the PS(ester) polymers was further analyzed by FTIR and NMR 

spectroscopy. Figure 3.3A compares FTIR spectra of a PS(ester) sample with an initial  

Mn = 32 kDa before and after ultrasonication at a power density of 3.6 W/cm2 for 4 

hours. The spectra indicate the appearance of a broad peak at 3400 cm-1 upon 

ultrasonication that can be assigned to O-H stretching vibrations of carboxylic acid 

residues and which indicates that ester bond hydrolysis contributes to the observed 

decrease in molecular weight. 

To monitor degradation of the PS(ester) samples by 1H NMR spectroscopy, 

ultrasonication experiments were performed in MEK and MEK + 2 vol% water 

solutions instead of THF. For  these experiments, MEK was chosen, since trace 

amounts of THF that were found difficult to remove resulted in NMR signals that 

overlap with key NMR resonances of the PS(ester) polymer samples. First, chain 

degradation of a 50 kDa Mn PS(ester) sample upon ultrasound irradiation at 1.88 

W/cm2 in MEK and MEK + 2 vol% water for 200 min was monitored by GPC. The 
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degradation rate constants obtained from these experiments are summarized in Figure 

3.3B. These rate constants are comparable to those obtained in THF and THF + 5 vol% 

water solutions (Figure 3.2A), indicating that changing the solvent to MEK does not 

significantly alter chain degradation. The results in Figure 3.3B also confirm the earlier 

observed increase in rate constant of degradation in the presence of water, which 

reflects the contribution of ester hydrolysis to chain degradation in the presence of water. 

Figure 3.3C and Supporting Information Figure S3.16 present 1H NMR spectra of a 

PS(ester) sample (initial Mn = 50 kDa) and the BDMB initiator and highlight the key 

resonances that were used to monitor polymer degradation via NMR spectroscopy. To 

assess the contribution of ester hydrolysis to chain degradation, the ratio of the integrals 

of signal “a”, which is due to the aromatic protons of the styrene repeat units of polymer, 

was compared with that of signal “b”, which is attributed to the BDMB initiator. Figure 

3.3C shows 1H NMR spectra of this polymer both before and after ultrasonication for 

200 min at 1.88 W/cm2. Additional 1H NMR spectra of this PS(ester) sample recorded 

after sonication in MEK as well as in MEK + 2 vol% water for 200 min at 1.88 W/cm2 

are included in Supporting Information Figures S3.17 and S3.18. From the 1H NMR 

analyses, the ratio of integrals (a’/b’) / (a/b) was taken as a measure of the rate of main 

chain ester bond hydrolysis. Figure 3.3D compares these integral ratios for 

ultrasonication experiments conducted in MEK and in MEK + 2 vol% water. For the 

ultrasonication experiments conducted in MEK, the ratio (a’/b’) / (a/b) is equal to one, 

consistent with the absence of ester bond hydrolysis and hydrolytic chain degradation 
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in the absence of water. In the presence of 2 vol% water, however, (a’/b’) / (a/b) > 1, 

which confirms the contribution of ester hydrolysis to chain degradation. 

 

Figure 3.3. (A) FTIR spectra of a PS(ester) sample with an initial Mn of 32 kDa before 

(black) and after 4 h ultrasonication (red) in THF + 5 vol% water at power density 3.6 

W/cm2; (B) Rate constant of degradation determined for a PS(ester) polymer with an 

initial Mn = 50 kDa upon ultrasonication in MEK (black) and MEK + 2 vol% water (red) 

at power density 1.88 W/cm2; (C) 1H NMR spectra of a PS(ester) polymer with an 

initial Mn = 50 kDa before (0 min) and after (200 min) ultrasonication in MEK + 2 vol% 

H2O at power density 1.88 W/cm2; (D)  Integral ratio (a’/b’) / (a/b) determined from 

the 1H NMR spectra of a PS(ester) polymer with an initial Mn = 50 kDa before and 

after 200 min ultrasonication in MEK (black) and MEK + 2 vol% water (red). 
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To further corroborate that ester hydrolysis contributes to the ultrasound induced 

degradation of the PS(ester) samples, an experiment was performed in which a 170 

kDa PS(ester) sample was subjected to 1.88 W/cm2 ultrasound irradiation in the 

presence of imidazole, which is a catalyst known to accelerate ester hydrolysis.203 

Figure 3.4 presents the degradation rate constants determined for ultrasonication of a 

170 kDa PS(ester) sample in THF, THF + 5 vol% water as well as THF + 5 vol% water 

and 0.1 M imidazole. For comparison, Figure 3.4 also shows the rate constants of 

degradation determined for ultrasonication of a PS(carbon) sample of Mn = 49 kDa in 

the same three media. The results in Figure 3.4 reveal a significant increase in the rate 

constant of degradation of the PS(ester) sample upon the addition of 0.1 M imidazole, 

which is further evidence that ester hydrolysis contributes to the observed chain 

degradation. In contrast, no significant differences between the degradation rate 

constants for PS(carbon) were observed when a 49 kDa sample was subjected to 1.88 

W/cm2 ultrasonication in the same three media. As a control experiment, the PS(ester) 

polymer was dissolved in THF + 5 vol% water together with 0.1 M imidazole and 

analyzed by GPC after 24 h (without the application of ultrasound). Supporting 

Information Figure S3.19 compares the GPC trace of this sample with that of the 

original polymer as well as that of the same polymer after 120 min ultrasonication at 

1.88 W/cm2 in the same medium. While ultrasonication in THF + 5 vol% water in the 

presence of 0.1 M imidazole results in chain degradation, no changes in polymer 

molecular weight were observed when the sample was incubated in this same medium 
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without the application of ultrasound. This underlines the importance of mechanical 

activation for ester bond hydrolysis to occur in these polymers.  

 

Figure 3.4. Rate constants of degradation of a PS(ester) sample with an initial Mn of 

170 kDa upon exposure to ultrasonication at a power density of 1.88 W/cm2 in THF 

(black), THF + 5 vol% water (red) and THF + 5 vol% water with 0.1 M imidazole (blue) 

as well as for a PS(carbon) polymer with Mn of 49 kDa in THF, THF + 5 vol% water 

and THF + 5 vol% water with 0.1 M imidazole. 

 

To confirm that the observed degradation of the PS(ester) polymers is a 

mechanochemical rather than a sonochemical process, a final experiment was 

conducted in which a PS(ester) sample with Mn = 10.2 kDa was subjected to ultrasound 

irradiation in THF + 5 vol% water at an even higher intensity of 6.76 W/cm2. This 

sample was selected since ultrasonication at 1.88 W/cm2 did not result in any 

degradation of this polymer (Figure S3.14). GPC analysis revealed that ultrasonication 

of this PS(ester) sample at an ultrasound intensity of 6.76 W/cm2 for a duration of 120 
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min did not result in any significant chain degradation (Supporting Information 

Figure S3.20). This observation confirms that the observed chain degradation is indeed 

a mechanochemical and not a sonochemical process.  

3.4. Conclusions 

In contrast to the mechanochemical degradation of all carbon backbone polymers or the 

activation of specially designed mechanophores that are embedded in polymers, not 

much is known about the impact of mechanical force on the reactivity of functional 

groups, such as ester bonds, which are a ubiquitous component of the backbone of many 

important classes of synthetic polymers. Using a series of polystyrene polymers that 

incorporate two central ester linkages, this study has elucidated the effect of mechanical 

force on the hydrolysis kinetics of ester bonds incorporated in the polymer backbone. 

GPC and NMR analyses of solutions of these polymers that were subjected to 

ultrasound irradiation unambiguously revealed that ester bond hydrolysis contributes to 

the degradation of these polymers in water containing media and further demonstrates 

that hydrolysis of these ester bonds is a mechanically-accelerated process. 
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3.5. Supporting Information 
 

 

Scheme S3.1. Synthesis of PS(ester). 

 

 

Scheme S3.2. Synthesis of PS(carbon). 

 

 

Figure S3.1. 1H NMR spectrum of BDMB recorded in CDCl3. 
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Figure S3.2. 13C NMR spectrum of BDMB recorded in CDCl3. 

 

Figure S3.3. ESI MS spectrum of BDMB. 
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Figure S3.4. 1H NMR spectrum of BBPB recorded in CDCl3. 

 

Figure S3.5. 13C NMR spectrum of BBPB recorded in CDCl3. 
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Figure S3.6. APPI-MS spectrum of BBPB. 

 

Figure S3.7. 1H NMR spectrum of a PS(ester) sample with Mn = 50 kDa. 
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Figure S3.8. 1H NMR spectrum of a PS(carbon) sample with Mn = 29 kDa. 

 

Figure S3.9. (A) MALDI TOF mass spectrum of a PS(carbon) polymer with Mn=10.9 

kDa; (B) Chemical structures of the three most intense series of peaks: U series (U76, 

degree of polymerization = 76); T series (T74, degree of polymerization = 74) and W 

series (W76, degree of polymerization = 76). 
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Figure S3.10. (A) MALDI TOF mass spectrum of a PS(ester) polymer with Mn =10.2 

kDa; (B) Chemical structures of the three most intense series of peaks: U series (U67, 

degree of polymerization = 67); T series  (T65, degree of polymerization = 65) and W 

series (W67, degree of polymerization = 67). 

 

Figure S3.11. GPC traces of (A) PS(ester) polymers with Mn = 10.2 kDa (olive), 32 

kDa (black), 50 kDa (red), 72 kDa (green) and 170 kDa (blue); (B) PS(carbon) 

polymers with Mn = 10.9 kDa (black), 29 kDa (red), 49 kDa (blue), 77 kDa (pink) and 

190 kDa (olive).  
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Figure S3.12. Setup that was used for the ultrasonication experiments. 

 

Figure S3.13. Temperature of water as a function of sonication time at amplitudes of: 

(A) 21%; (B) 40% and (C) 70%. The slope of the linear fit was used as ∆T/∆t.  
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Figure S3.14. (A) GPC traces of a PS(ester) sample with an initial Mn = 10.3 kDa upon 

ultrasonication in THF for different times at a power density of 1.88 W/cm2; (B) Mn as 

a function of sonication time for a PS(ester) sample with an initial Mn = 10.3 kDa in 

THF at a power density of 1.88 W/cm2; (C) GPC traces of a PS(ester) sample with an 

initial Mn = 10.4 kDa upon ultrasonication THF + 5 vol% water for different times at a 

power density of 1.88 W/cm2; (D) Mn as a function of sonication time for a PS(ester) 

sample with an initial Mn = 10.4 kDa in THF + 5 vol% water at a power density of 1.88 

W/cm2.  
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Figure S3.15. Rate constants of degradation determined for a PS(ester) sample with 

an initial Mn of 170 kDa upon ultrasonication in THF and THF + 2.5 and 5 vol% water 

at power density 1.88 W/cm2.  

 

Figure S3.16. 1H NMR spectra of a PS(ester) sample with an initial Mn of 50 kDa 

(bottom) and BDMB (top) recorded in CDCl3.   
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Figure S3.17. 1H NMR spectra of a PS(ester) sample with an initial Mn of 50 kDa 

before (0 min) and after 200 min ultrasonication in MEK at power density 1.88 W/cm2. 

Three replicates from each time point were collected and analyzed independently. 

 

 

Figure S3.18. 1H NMR spectra of a PS(ester) sample with an initial Mn of 50 kDa 

before (0 min) and after 200 min ultrasonication in MEK + 2 vol% water at power 
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density 1.88 W/cm2. Three replicates from each time point were collected and analyzed 

independently. 

 

Figure S3.19. GPC traces of a PS(ester) polymer with an initial Mn of 170 kDa (red), 

of the same polymer after ultrasonication in THF + 5 vol% water with 0.1 M imidazole 

for 120 min at power density of 1.88 W/cm2 (black) as well as after incubation in THF 

+ 5 vol% water with 0.1 M imidazole for 24 h with no ultrasonication (blue).  

 

 

Figure S3.20. (A) GPC traces of a PS(ester) sample with an initial Mn = 10.2 kDa upon 

ultrasonication in THF + 5 vol% water for different times at a power density of 6.76 
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W/cm2; (B) Mn as a function of sonication time for a PS(ester) sample with an initial 

Mn = 10.2 kDa in THF + 5 vol% water at a power density of 6.76 W/cm2.
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4. Light-Activated, Bioadhesive Poly(2-Hydroxyethyl 

Methacrylate) Brush Coatings 

4.1. Introduction 

Rapid adhesion between tissue interfaces or between tissue and synthetic materials is 

sought after clinically to accelerate wound healing and facilitate the integration of 

implantable medical devices and biosensors. Sutures and staples are widely used to 

mediate tissue fixation. The use of these mechanical techniques, however, can damage 

surrounding tissue and lead to scar formation. One way to overcome these drawbacks 

is the use of bioadhesive materials that can form (covalent) chemical bonds with the 

tissue.204-206 

A number of bioadhesive materials platforms, which can chemically mediate tissue 

adhesion has been developed.207-213 These include both synthetic polymeric materials, 

most notably cyanoacrylates but also PEG-based systems, as well as biological 

polymers such as fibrin. Each of these systems has distinguished advantages but also 

specific limitations. Cyanoacrylate based adhesives, for example, provide relatively 

high adhesion strengths, but are brittle and relatively inflexible. Fibrin and PEG-based 

adhesives, in contrast, provide a soft interface, but generally only provide limited 

adhesive strength.   

Most of the adhesive materials discussed above are applied as one or two component 

formulations in the form of a viscous liquid. This only provides limited control over the 

amount of material that is applied, and thus over the thickness of the adhesive layer. In 

case of two-component formulations, specialized delivery syringes are required that 
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allow to mix the two components immediately before application. Another challenge 

with many bioadhesives is that network formation and interfacial bonding set in as soon 

as the two components of the adhesive are mixed and brought into contact with the 

tissue. As a consequence, precise control of the activation of the adhesive is limited, 

which makes it difficult to reposition or readjust the tissue–tissue or tissue–device 

interface after application of the adhesive. One way to overcome this limitation is to 

use external stimuli to trigger interfacial bonding. Light is an attractive and powerful 

stimulus as it potentially allows to control adhesion in time and space. A number of 

reports has been published that describe light activated tissue adhesives.214-222 Often, 

UV light is used to initiate network formation and interfacial bonding.215-218,221,222 In 

other cases, UV-irradiation has been used to convert non-reactive, non-adhesive 

functional groups such as diazirines, into carbene moieties that can react to form 

covalent bonds with the tissue.214,219,220,223,224 

Most of the light activated adhesives that have been reported so far are applied as a gel 

or as a liquid formulation. One interesting exception is a study in which photoreactive 

diazirine moieties were attached to amine-functionalized PLGA substrates.214 Upon 

photoirradiation, diazirines generate carbenes that can insert in C-H, N-H and O-H 

bonds present in tissue. While this work demonstrated the feasibility of the diazirine 

motif to photochemically mediate the formation of robust, covalent bonds with tissue, 

the specific system also suffers from a number of limitations. One drawback is the 

relatively hydrophobic nature of the PLGA film, which impedes effective wetting of 

the tissue. Another limitation is the rigid nature of the PLGA substrate, which hampers 
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the establishment of close, interfacial contact between the tissue and the synthetic 

material. One possible, general strategy to alleviate these challenges is to modify the 

substrate of interest with a thin, water-swellable and soft polymer thin film, which 

provides conformal contact with the tissue surface and is modified with functional 

groups that can be transformed on-demand using, for example, light from non-adhesive 

to tissue reactive, and thus adhesive. This article explores the feasibility of this strategy, 

using thin, chain-end tethered polymer coatings, polymer brushes, prepared via surface-

initiated atom transfer radical polymerization (SI-ATRP) as a model system. SI-ATRP 

is an attractive method to prepare these systems as it provides relatively good control 

over the molecular weight of the surface grafted polymer (and thus film thickness) as 

well as the chemical composition and functionality of the resulting polymer films.104,225 

The polymer brushes investigated in this study were obtained by SI-ATRP of 2-

hydroxyethyl methacrylate (HEMA). This monomer was selected since polymer 

brushes containing side chain ethylene glycol functional groups such as PHEMA and 

poly(poly(ethylene glycol methacrylate)) (PPEGMA) are well known for their ability 

to prevent non-specific adsorption of proteins, cells, bacteria as well as fungi.115,121,226-

228 PHEMA brushes as, a consequence, thus represent an attractive, non-bioadhesive 

model polymer coating. To convert these non-bioadhesive PHEMA brushes into tissue-

binding coatings, two light-mediated strategies have been explored. A first strategy 

involves direct irradiation of a PHEMA brush film with UV-light. The second strategy 

uses PHEMA brushes that have been post-modified to introduce photo-reactive 

diazirine moieties. For each of these two classes of photoactive brush coatings, this 
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manuscript presents the synthesis and characterization of the brush films as well as their 

evaluation as bioadhesive coatings in experiments that use bovine meniscus tissue. 

4.2. Experimental Section  

4.2.1. Materials  

All chemicals were used as received unless described otherwise. Copper(I)chloride 

(99.999%), copper(II)bromide (99.999%), copper(I)bromide (99.995+ %), 2,2’-

bipyridyl (bpy) (99%), 2-bromo-2-methylpropionyl bromide, chlorodimethylsilane 

(98%), dimethyl sulfoxide (DMSO, 99.5%), aniline (99.5%), N,N’-

dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP, 99%), 2-

hydroxyethyl methacrylate (HEMA) (97%) and 2-methacryloyloxyethyl 

phosphorylcholine (MPC, 97%) were purchased from Sigma Aldrich. Before use, MPC 

was washed with cold acetonitrile to remove the inhibitor, filtered and dried under 

vacuum. HEMA was freed from the inhibitor by passing through a column of activated, 

basic aluminum oxide and distilling prior to use. Aniline was distilled before use. 4-[3-

(Trifluoromethyl)-3H-diazirin-3-yl]benzoic acid (TFMDA, 98%) was purchased from 

TCI. Acetic anhydride was purchased from Fluka. The ATRP initiator (6-(2-bromo-2-

methyl)propionyloxy)hexyldimethylchlorosilane was synthesized as previously 

reported.229 Methanol (MeOH) was purchased from Alfa Aesar. Triethylamine was 

purchased from Aldrich and distilled over KOH before use. Dichloromethane (DCM) 

and toluene were purified and dried using a solvent-purification system (PureSolv). 

Deionized water was obtained from a Millipore Direct-Q5 water purification system. 

For adhesion studies, polymer brushes were grown from fused silica wafers, which had 
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been cut into rectangular slides of ~ 1.5 cm × 1.5 cm. Ellipsometry and X-ray 

photoelectron spectroscopy (XPS) analyses were performed on polymer brushes, which 

were prepared using 0.8 cm × 1 cm rectangular silicon substrates. Samples for UV-vis 

analysis were grafted from 0.8 cm × 1 cm rectangular fused silica substrates.  Tissue 

specimens were harvested from mature bovine knee joints procured from the local 

abattoir shortly after slaughter of the animals (12-18 months of age). Before sample 

preparation, the isolated tissue was washed in PBS, which was obtained from Thermo 

Fisher Scientific.  

4.2.2. Methods 

XPS was carried out using an Axis Ultra instrument from Kratos Analytical equipped 

with a conventional hemispheric analyzer. The X-ray source employed was a 

monochromatic Al Kα (1486.6 eV) source operated at 100 W and 10−9 mbar. Surfaces 

were cleaned with a Femto O2 Plasma system (200 W, Diener Electronic). Dry film 

thicknesses were determined using a SemiLAB (SE2000) ellipsometer and calculated 

based on a four-layer silicon/silicon oxide/polymer brush/air model, assuming the 

polymer brush to be isotropic and homogeneous. A Hamamatsu Lightningcure L8858-

02, 200 W UV lamp was used as the light source. The spectral characteristics of this 

UV lamp, which has a center wavelength of 365 nm, are included in Supporting 

Information Figure S4.1. For some experiments, a Mercury Line Bandpass Filter with 

a center wavelength of 365 ± 2 nm was used to block lower wavelength UV light (in 

particular the ~ 250 nm wavelength band). UV-Visible absorbance spectra were 

recorded using a Varian Cary 100 Bio UV-Visible spectrophotometer at room 
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temperature. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy was carried out on a Nicolet 6700 FT-IR spectrometer from Thermo 

Scientific. 

4.2.3. Procedures 

Preparation of ATRP initiator modified silica and fused silica surfaces. Silica and fused 

silica surfaces were first sonicated in ethanol, water and acetone (5 minutes each). The 

substrates were dried under a flow of nitrogen and exposed to oxygen plasma for 20 

minutes. After that, the substrates were transferred immediately to a reactor containing 

a 10 mM solution of (6-(2-bromo-2-methyl)propionyloxy)hexyldimethylchlorosilane 

in dry toluene under nitrogen atmosphere. The reaction was allowed to proceed for 16 

hours at room temperature after which the modified surfaces were removed and washed 

extensively with toluene, ethanol and DCM. All substrates were dried under a flow of 

nitrogen and subsequently transferred to a reactor for SI-ATRP. 

Surface-initiated atom transfer radical polymerization of 2-hydroxyethyl methacrylate 

(HEMA). Surface-initiated atom transfer radical polymerization of HEMA was carried 

out following an established protocol.230 

Surface-initiated atom transfer radical polymerization of 2-methacryloyloxyethyl 

phosphorylcholine (MPC). MPC (6.65 g, 22.5 mmol) was placed in a Schlenk tube 

under nitrogen atmosphere. The Schlenk tube was subsequently evacuated and filled 

with nitrogen three times. Then, 2,2’-bipyridyl (bpy) (140.5 mg, 0.9 mmol), CuBr2 

(10.05 mg, 0.045 mmol) and a methanol/water solution (4:1, v:v, 15 mL) were added 

into another Schlenk tube. After three freeze/pump/thaw cycles, the solution was frozen. 
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Then, CuBr (64.5 mg, 0.45 mmol) was added under nitrogen flow and the frozen 

solution was thawed. The molar ratio of MPC/CuBr/CuBr2/bpy in the reaction mixture 

was 50:1:0.1:2. The mixture was stirred under nitrogen and briefly sonicated to 

completely dissolve the CuBr. After an additional freeze/pump/thaw cycle, the resulting 

ATRP solution was cannula transferred to a Schlenk tube containing the MPC powder. 

After complete dissolution of MPC, the reaction mixture was cannula transferred to 

nitrogen-purged glass vials containing an initiator-functionalized substrate. After 15 h, 

the substrate was removed from the ATRP solution, extensively rinsed with methanol, 

water and ethanol and finally dried under a flow of N2. 

Albright-Goldman oxidation of PHEMA brushes. The post-polymerization 

oxidation of PHEMA brushes was performed following a previously published 

protocol.231 

Aniline labeling of the aldehyde-functionalized PHEMA brushes. Aniline labeling 

of aldehyde-functionalized PHEMA brushes was performed following a previously 

published protocol with slight modifications.232 Instead of poly(poly(ethylene glycol) 

methacrylate) (PPEGMA) brush coated substrates and a reaction time of 24 h, aldehyde 

functionalized PHEMA brushes were used, which were incubated in 10 mL of an 

ethanol solution containing 1 mL of aniline for 5 h. 

Post-polymerization modification of PHEMA brushes with TFMDA. Post-

polymerization modification of PHEMA brushes with TFMDA was performed by using 

a previously published protocol with slight modifications.233 In a typical experiment, 92 

mg (0.08 mmol) TFMDA and 107.2 mg (0.88 mmol) DMAP were dissolved in 24 mL 



Chapter 4. Light-Activated, Bioadhesive  
Poly(2-Hydroxyethyl Methacrylate) Brush Coatings 

110 
 

dry DCM. The resulting solution was transferred to a nitrogen purged reaction vessel 

containing the PHEMA modified surfaces in 16 mL of a DCM solution containing 91.2 

mg (0.44 mmol) DCC. After stirring the reaction solution at 0 °C for 5 min and 

subsequently 1 or 16 h at room temperature, substrates were washed extensively with 

DCM and ethanol and dried under a flow of nitrogen. TFMDA concentrations ([c]) 

were calculated according to the Beer-Lambert law, A=Ɛ∙l∙[c], where “A” is the 

measured absorbance, “Ɛ” is the calculated molar extinction coefficient and “l” is the 

polymer brush thickness. 

Adhesion Testing. The adhesive performance of the brush-coated substrates was 

evaluated in tensile mode, as schematically illustrated in Figure S4.2, against fresh 

bovine meniscus tissue. Cylindrical discs with a diameter of 6.8 mm were cut in the 

circumferential direction from the central region of bovine lateral meniscus and then 

glued onto a metal support using cyanoacrylate glue (LOCTITE® 401). The brush 

coated fused silica samples were placed on top of the tissue surface and then exposed 

to UV illumination with an intensity of 17.3 mW/cm2 at 365 nm for a defined period. 

Directly after illumination, the samples were mounted into an Instron E3000 linear 

mechanical testing machine (Norwood, MA, United States) equipped with a 50 N load 

cell. Tests were performed with a constant speed of 0.5 mm∙s-1 at room temperature and 

the applied force was recorded. The adhesion strength was determined by dividing the 

maximum detected force by the surface area of the meniscus. As an example, Figure 

S4.3 illustrates this experiment using a PHEMA brush with a dry thickness of 145 nm 

that was exposed to UV light for 3 minutes. Tests were performed until failure at the 
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polymer brush–tissue interface. Each test was performed with at least 5 replicates. For 

adhesion tests on PHEMA coated substrates, which were activated by Albright-

Goldman oxidation, the brush-modified substrates were placed on top of and in contact 

with the tissue for 3 min without UV irradiation. 

Statistical Analysis. Tensile adhesion data are presented as means ± standard deviation 

across samples. Statistical analysis was performed using one-way ANOVA. A p-value 

< 0.05 was considered statistically significant. 

4.3. Results and Discussion 

The manuscript investigates the feasibility of two light-activated polymer brush-based 

bioadhesive coatings. First, the preparation, characterization and bioadhesive properties 

of coatings obtained by direct UV-irradiation of PHEMA brushes will be presented. 

After that, a second approach towards light-activated polymer brushes, which are 

obtained by post-polymerization modification of PHEMA films with photo-reactive 

diazirine moieties will be discussed. 

Direct UV-activation of PHEMA Brushes 

The first strategy towards light-activated polymer-based bioadhesive surfaces is based 

on the direct UV-irradiation of PHEMA brushes (Figure 4.1). PHEMA, and other side 

chain ethylene glycol substituted polymethacrylate brushes are well-known for their 

ability to prevent the non-specific adsorption of proteins, cells, bacteria and fungi.121,226-

228 It has also been shown that irradiation of PPEGMA brushes, as well as 

oligo(ethylene glycol) terminated self-assembled monolayers with ～250 nm UV light 

generates functional groups, presumably aldehydes, which have been used to covalently 
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bind proteins.234-239 Covalent immobilization of proteins on aldehyde surfaces involves 

the formation of imine bonds that are generated by reaction between aldehyde groups 

and amine groups in proteins. As tissue extracellular matrix is rich in amine groups, 

this suggests that the photochemical reactivity of PHEMA or PPEGMA brushes may 

not only be explored to allow light-controlled protein immobilization, but may possibly 

also be harnessed to create on-demand light activated tissue-adhesive thin polymer 

interfaces. To explore the feasibility of this concept, PHEMA brushes with a dry film 

thickness of 145 nm were grown from silicon wafers or fused silica substrates via SI-

ATRP as outlined in Scheme 4.1. As a control, putatively non-photoreactive control 

coating, poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) brushes with a dry 

film thickness of 154 nm were used, which were also produced via SI-ATRP. PMPC 

brushes are also very effective non-biofouling surface coatings,240-242 but in contrast to 

PHEMA brushes, do not produce tissue reactive groups upon UV-irradiation (vide 

infra).  

 

Figure 4.1. Schematic illustration of the UV-activation of PHEMA brushes and 

subsequent adhesion to meniscus tissue. 
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Scheme 4.1. Synthesis of PHEMA brushes via SI-ATRP 

 

The ability of the PHEMA brushes to act as on-demand, light-activated adhesive 

coatings was investigated using meniscus tissue. Details of the experimental set-up are 

provided in Figure S4.2. PHEMA brushes with a dry film thickness of 145 nm grown 

from fused silica substrates were placed in contact with the meniscus tissue and 

subsequently irradiated with UV light for a defined period of time. After that, adhesion 

strengths were determined at room temperature using a 50 N load at a constant speed 

of 0.5 mm.sec-1. The adhesive properties of the UV-activated PHEMA brushes were 

compared with those of 154 nm thick PMPC brushes that were subjected to UV-

irradiation under the same conditions. As a second control, PHEMA brushes with a dry 

film thickness of 191 nm were used, which were not activated by UV-irradiation, but 

instead were treated with DMSO/acetic anhydride before being put in contact with the 

meniscus tissue. The use of DMSO/acetic anhydride (“Albright−Goldman oxidation”) 

represents a wet-chemical strategy that has been used previously to convert hydroxyl 

side chain functional groups of PHEMA brushes into aldehyde moieties.231 

Figure 4.2 compares the adhesion strengths that were measured on untreated PHEMA 

brushes with those exposed to UV-irradiation for 1 or 3 min as well as on the PMPC 
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and wet-chemically oxidized PHEMA brush control samples. The results summarized 

in Figure 4.2 show that the adhesion strengths of the PHEMA brushes increase upon 

UV-light irradiation and that increasing the duration of the UV treatment leads to a 

further, significant increase of the adhesion strength. The adhesion strengths that were 

measured on the UV-activated PHEMA brush films compare well with those that have 

been reported for fibrin glue and synthetic polymer adhesives, which were applied in a 

conventional way as a liquid/gel formulation on meniscus tissue.243-245 The adhesion 

strengths recorded on the non-irradiated, control PHEMA brushes were comparable to 

those measured on the PMPC brushes. UV-irradiation of the PMPC brushes did not 

result in a change in the adhesion strength. Finally, the adhesion strengths measured on 

PHEMA brushes, which were subjected to UV-irradiation for 3 min were comparable 

to those determined on PHEMA brush films that were activated via Albright-Goldman 

oxidation. This last observation is consistent with the formation of aldehyde groups 

upon UV-irradiation of the PHEMA brushes. 

 

Figure 4.2. Adhesion strengths of PHEMA brush coated substrates (d = 145 nm) treated 

with UV light for 0, 1 and 3 min (red), PMPC brush coated substrates treated with UV 
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light for 0 and 3 min (blue) and DMSO Ac2O activated PHEMA brush coated substrates 

(black). Asterisks indicate statistically significant differences whereas NS represent not 

significant difference between two conditions. Significant at * p < 0.05. 

 

Next, a number of experiments was carried out to elucidate the effect of UV-irradiation 

on the chemical composition and structure of the PHEMA brushes. First, a 145 nm thick 

PHEMA brush grafted from a silicon substrate was subjected to UV-irradiation for 3 

min and subsequently analyzed by XPS and ellipsometry. Figure 4.3A compares the 

XPS C1s high resolution scans that were recorded on the brush prior to and after 3 min 

irradiation time. Most prominent is the decrease in the intensity of the shoulder at 285.9 

eV, which is indicative of changes in the chemical composition of the brush upon UV-

irradiation. Ellipsometric analysis of the PHEMA brush revealed a decrease in film 

thickness from 145 nm to 75 nm indicating that these changes in chemical structure are 

accompanied by partial photodegradation of the brush film. The observed changes in 

chemical composition as well as the partial photodegradation are in agreement with the 

results of previous work in which 250 nm wavelength UV-laser light was used to 

generate protein-patterned PPEGMA brushes.234-239 In contrast, when the PHEMA 

brush was subjected to UV light using a bandpass filter that removes the lower 

wavelength band around 250 nm, no changes in the C1s high resolution XPS scans were 

observed (Figure S4.4) and the film thickness remained constant. This indicates that it 

is the lower wavelength, UV-C part of the light spectrum of the light source that is 

responsible for the photoactivation and degradation of the PHEMA brushes. 
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Figure 4.3B, C and D show XPS high-resolution scans and FTIR spectra recorded on 

PHEMA brush samples that were activated by Albright-Goldman oxidation. To 

illustrate the reactivity of the activated brushes towards amines, these films were also 

treated with aniline, which served as a model amine. Comparison of the C1s high 

resolution scans taken from PHEMA brushes before and after Albright-Goldman 

oxidation (Figure 4.3B) reveals changes that are similar to those in Figure 4.3A, which 

is a further indication that UV-irradiation of PHEMA brushes results in the formation 

of tissue-reactive aldehyde groups. Figure 4.3C and Figure 4.3D show N1s high-

resolution XPS scans and FTIR spectra of aldehyde functionalized PHEMA brushes 

generated via Albright-Goldman oxidation before and after reaction with aniline. The 

N1s high-resolution XPS scan recorded after the reaction reveals a signal at 398.9 eV, 

which is consistent with the formation of an imine bond upon reaction of aniline with 

the side chain aldehyde groups in the brush (Figure 4.3C).246,247 Furthermore, the FTIR 

spectra in Figure 4.3D indicate the appearance of a small, new peak at 1600 cm-1 after 

aniline labeling, which can be assigned to the C-C stretching vibrations of the aromatic 

aniline ring. In addition to the PHEMA brushes, also the influence of UV-irradiation 

on the PMPC control samples was studied. As for the PHEMA brushes, UV-irradiation 

was found to result in partial photodegradation. For the PMPC brushes, 3 min UV-

irradiation resulted in a decrease in film thickness from 154 nm to 32 nm. Figure S4.5, 

finally, compares XPS spectra of the PMPC brushes before and after UV-irradiation. In 

contrast to the PHEMA brushes, these spectra do not indicate any changes in the 

chemical composition of the PMPC brushes.  
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Taken together, the results presented above indicate that direct UV-irradiation of 

PHEMA brushes provides a way to convert these polymer films, which are generally 

considered non-biofouling, into tissue-reactive adhesives. The model studies discussed 

in the previous paragraph indicate that the UV-irradiation generates aldehyde groups 

and that it is the lower wavelength part of the UV-spectrum that is responsible for these 

photochemical changes. 

 

Figure 4.3. (A) C1s high resolution XPS spectra of a PHEMA brush coated substrate 

before (black) and after treated with UV irradiation for 3 min (blue), (B) C1s and (C) 

N1s high resolution XPS scans of a PHEMA brush coated substrate (black), a 

DMSO/Ac2O activated PHEMA brush coated substrate (red) and an aniline labeled 

aldehyde functionalized PHEMA brush coated substrate (blue). (D) FTIR spectra of a 
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PHEMA brush coated substrate (black), a DMSO/Ac2O activated PHEMA brush 

coated substrate (red) and an aniline labeled aldehyde functionalized PHEMA brush 

coated substrate (blue). 

UV-Activation of Diazirine Functionalized Brushes 

The work described above demonstrates that direct UV-irradiation of PHEMA brushes 

allows to introduce amine-reactive groups into these polymer thin films and transforms 

these otherwise non-fouling coatings into bioadhesive surfaces. While the data 

presented in Figure 4.2 show that this approach allows to facilitate adhesion with 

meniscus tissue, there are also several limitations to this strategy. The most significant 

drawback of the approach presented above is that the generation of tissue reactive 

aldehyde groups requires the use of short wavelength (~ 250 nm) UV-C type light, 

which does not only help to transform the polymer brush side chain functional groups, 

but, as discussed above, also leads to extensive photodegradation of the polymer brush. 

In addition, this part of the UV light spectrum is also the region that is most harmful to 

tissue and cells.248,249 Another potential limitation of the direct UV-irradiation of 

PHEMA brushes is that the aldehyde groups that are generated react with amine groups 

present in the tissue to form imine bonds, which in principle are reversible in aqueous 

media.250 Alternative chemistries may allow to facilitate the application of these 

coatings in wet environments. As an alternative bioadhesive coating platform, PHEMA 

brushes containing side chain diazirine moieties were investigated (Figure 4.4). 

Diazirines are attractive photoreactive groups to generate bioadhesives since they can 

be activated with relative long wavelength UV-light251 and upon irradiation generate 
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carbene groups that can insert in C-H, N-H and O-H bonds.252-254 The diazirine 

functionalized brushes investigated in this study were prepared by DCC/DMAP 

mediated coupling of TFMDA to PHEMA precursor brushes with thicknesses of 110 

nm and 218 nm.   

 

Figure 4.4. Post-polymerization modification of a PHEMA brush coated substrate with 

TFMDA and subsequent photoactivation and adhesion to meniscus tissue.  

 

The introduction of the TFMDA side chain functional groups was monitored with XPS, 

UV-Vis and FTIR spectroscopy. Figure 4.5 shows the XPS survey scan as well as C1s, 

O1s, N1s and F1s high resolution scans recorded on a PHEMA brush with an initial film 

thickness of 218 nm, which was reacted with TFMDA in the presence of DCC and 

DMAP for 16 h. The C, O and F atom percentages determined by XPS analysis of the 

post-modified brush, which are listed in Supporting Information Table S4.1, indicate 

quantitative substitution of the PHEMA side chains with TFMDA groups. The XPS N 

percentage, however, is lower than expected, which is attributed to partial degradation 

of the diazirine groups during the XPS analysis.255 Since XPS only probes the top 10 - 

20 nm of the brush film, UV-Vis spectroscopy was used to estimate the total 

concentration of TFMDA moieties in the brushes. The TFMDA concentration in the 
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polymer brushes was estimated using a calibration curve that was constructed using a 

series of TFMDA solutions in DCM with concentrations ranging from 0.05 mM to 1.7 

mM (Figure 4.6A and Figure 4.6B). To determine the TFMDA concentration, brushes 

grown from fused silica substrates were analyzed. Figure 4.6C and Figure 4.6D show 

UV-Vis spectra of PHEMA brushes with initial film thicknesses of 218 nm (Figure 

4.6C) and 110 nm (Figure 4.6D), which were reacted with TFMDA for 1 and 16 h. The 

TFMDA concentrations and percentages of conversion of HEMA side chain functional 

groups that were obtained from those spectra are summarized in Table 4.1. The results 

in Table 4.1 indicate that a reaction time of 16 h resulted in complete conversion of the 

HEMA side chain functional groups with TFMDA moieties in the thinner brush (d = 

110 nm). Shortening the reaction time for the modification of the 110 nm thick polymer 

brush from 16 h to 1 h decreases the conversion to 65%. For the thicker (218 nm) 

PHEMA brush, conversions of 55%, respectively, 78% were determined after reaction 

times of 1 and 16 h. 

 

Figure 4.5. (A) Chemical structure of a TFMDA functionalized PHEMA brush; (B) 

XPS survey scan; (C) C1s high resolution spectrum; (D) O1s high resolution spectrum; 
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(E) N1s high resolution spectrum and (F) F1s high resolution spectrum of a TFMDA 

functionalized PHEMA brush coated substrate. 

 

 

Figure 4.6. (A) UV-vis absorbance spectra of DCM solutions of TFMDA with 

concentrations of: 0.05 mM (black), 0.15 mM (red), 0.3 mM (blue), 0.5 mM (pink), 0.7 

mM (olive), 0.9 mM (navy), 1.1 mM (violet), 1.3 mM (purple), 1.5 mM (wine) and 1.7 

mM (dark yellow). (B) Experimental data and linear fitting curve of absorbance vs. 

TFMDA concentration. (C) UV-vis absorbance spectra of 218 nm thick PHEMA brush 

coated fused silica substrates incubated in TFMDA DCM solution for 1 h (blue) and 16 

h (green). (D) UV-vis absorbance spectra of 110 nm thick PHEMA brush coated fused 

silica substrates incubated in TFMDA DCM solution for 1 h (red) and 16 h (black). 
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Table 4.1. Ellipsometric film thicknesses and side chain conversions of TFMDA 

functionalized PHEMA brushes. 

 

[a] Calculated using the dry film thickness of the PHEMA brush, ρ = 1.15 g/cm3 and the 

molecular weight of the HEMA repeating unit (130 g/mol). 

 

The adhesion of the TFMDA functionalized brushes towards meniscus tissue was 

studied using samples that were obtained from PHEMA brushes with initial film 

thicknesses of 110 or 218 nm, which were post-modified with TFMDA for 1 or 16 h. 

Figure 4.7A reports and compares the adhesion strengths of these 4 samples before and 

after UV irradiation for 3 min. Prior to UV-activation, the adhesion strengths of the 

TFMDA modified brushes are comparable to those of non-modified PHEMA brushes 

before UV-irradiation (see Figure 4.2). UV-irradiation results in a significant increase 

in the adhesion strength. The adhesion strengths that are reported in Figure 4.7A are 

comparable to the results summarized in Figure 4.2. The results shown in Figure 4.7A, 

however, do not reveal any significant effects of the initial brush thickness or TFMDA 

concentration on the measured adhesion strength. This suggests that it is probably only 
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the top-most layer of the TFMDA functionalized brush, where all of the HEMA 

repeating units are modified with TFMDA moieties according to the XPS analysis, 

which is involved in the formation of adhesive bonds with the meniscus tissue. It is 

important to note that the light source that was used to activate the brushes for the 

experiments that are summarized in Figure 4.7A extends into the UV-C region and 

contains a small band around 250 nm as well. As a consequence, the application of this 

range of UV wavelengths most likely leads to simultaneous generation of carbene 

moieties by photo-decomposition of the diazirine groups as well as the formation of 

aldehyde groups by direct activation of the PHEMA brush. The adhesion strengths that 

are determined in these experiments thus reflect the contributions of both the carbene 

and the aldehyde groups. In a second experiment, in order to avoid direct activation of 

the PHEMA brush and to exclusively mediate adhesion using carbene moieties, the 

TFMDA functionalized brushes were exposed to UV light using a bandpass filter that 

removes the 250 nm band and allows for exclusive activation with only 365 nm light. 

Figure 4.7B compares the adhesion strengths that were measured on a non-modified 

PHEMA brush and two TFMDA functionalized brushes that were UV-activated under 

these conditions for 3 min. The adhesion strength of the non-modified PHEMA brush 

that is measured is comparable to those of the non-irradiated samples shown in Figure 

4.2. This indicates that 365 nm UV-light does not lead to direct formation of tissue 

reactive groups in PHEMA brushes. In contrast, activation of the TFMDA modified 

brushes with 365 nm UV light results in an increase in the adhesion strength with the 

meniscus tissue. The covalent bonds that are formed and which contribute to tissue 
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adhesion in this case are exclusively due to reaction of carbene moieties that are the 

product of the photodegradation of the diazirine groups. 

 

 

Figure 4.7. Adhesion strengths of (A) TFMDA functionalized PHEMA brush coated 

substrates with various thicknesses before (black) and after UV irradiation for 3 min 

(red). (B) PHEMA brush (black) and TFMDA functionalized PHEMA brush coated 

substrates (red) treated with UV irradiation using a bandpass filter, which removes the 

250 nm and allows for activation with only the 365 nm band, for 3 min. Asterisks 

indicate statistically significant differences whereas NS represent not significant 

difference between two conditions. Significant at * p < 0.05. 

 

4.4. Conclusions 

Surface-initiated atom transfer radical polymerization has been used to produce thin, 

PHEMA brush coatings that can be transformed on-demand, using UV-light as a trigger, 

from a non-adhesive to a tissue reactive state. Two strategies have been explored for 

the photochemical activation of the PHEMA brushes. A first strategy is based on direct 
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UV-irradiation of PHEMA brush films, whereas the second approach involved the post-

polymerization modification of the PHEMA side chain hydroxyl functional groups with 

4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic acid. Adhesion experiments with 

meniscus tissue demonstrated that both polymer brush platforms upon UV-irradiation 

were able to create adhesive bonds with the tissue surface. While the direct irradiation 

of PHEMA brushes is very straightforward from an experimental point of view, this 

strategy relies on the 250 nm wavelength part of the UV spectrum. This short 

wavelength UV light unfortunately, not only generates the tissue reactive aldehyde 

groups, but also leads to extensive photodegradation of the polymer brush film. The 

diazirine containing brushes are comparably effective in terms of forming adhesive 

bonds with meniscus tissue. The activation of the diazirine groups, however, can be 

achieved using 365 nm wavelength UV light that does not lead to photodegradation. 

The proof-of-concept experiments presented in this manuscript have used silicon 

wafers and fused silica substrates as model surfaces. The versatility of SI-ATRP (and 

related grafting-from chemistries), however, will allow to apply this concept to a 

broader range of biomedically relevant surfaces. 
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4.5. Supporting Information 

Table S4.1. Experimental (determined by XPS) and expected atomic concentrations of 

C, N, O and F for a 218 nm thick PHEMA brush after reaction with TFMDA solution 

for 16 h. 

 

 

Figure S4.1. Radiant spectral distribution of the HAMAMATSU L8858-02 UV 

lightening source. For the experiments in this study, a [-02] type source that possesses 

a band at 250 nm (blue curve) was used (from: 

https://www.digchip.com/datasheets/parts/datasheet/190/L8858-02-pdf.php). 

 

 C1s N1s O1s F1s 

Atomic 
concentration (XPS) 

62.97 4.29 17.96 14.78 

Atomic 
concentration 

(theory) 
62.5 8.3 16.7 12.5 
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Figure S4.2. Schematic illustration of the setup that was used for the adhesion tests. 

 

 

Figure S4.3. Images of an axial tensile stress measurement on a PHEMA brush coated 

substrate (d = 145 nm; irradiation time = 3 min) at different time points during the 

experiment. (A) Before the start of the experiment; (B) after 1 s and (C) after 2 s. Load 

was applied along the interface.    
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Figure S4.4. C1s high resolution spectra XPS of a PHEMA brush coated substrate (d = 

145 nm) before (black) after UV irradiation with a band-pass filter under dry (red) and 

wet (blue) conditions. 

 

 

Figure S4.5. (A) XPS survey scan; (B) C1s; (C) N1s; (D) O1s and (E) P1s high resolution 

XPA spectra of a PMPC brush before (blue) and after (red) UV irradiation. 
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5. Pyroelectric Properties of Polyelectrolyte Brushes 

5.1. Introduction 

Polyelectrolyte (PE) brushes are charged polymer chains with one end tethered to a 

surface. The most significant character of PE brushes is the strong confinement of the 

counterions within the brush layer, which leads to many important research both in 

fundamental science and commercial product development. For example, the study on 

the effect of counterion on the lubricity of PE brushes,256-258 the fabrication DNA brush 

based gene chips,259,260 the preparation of anti-fogging and anti-freezing surfaces261 and 

the fabrication of stimuli-responsive surfaces262 are all rely on the presence of charges 

of the PE brushes. However, although a large amount of studies have focused on how 

counterions influence the structural change of polymer backbone263 and how use this 

effect to tune the lubrication and antifouling properties of PE brushes, the intrinsic 

structure of PE brushes especially the counterion distribution along the brushes remains 

unknown. It is commonly believed that the counterion should distributed along the 

brush chain evenly to keep an electrical neutral state in dry condition. However, our 

observations suggest a counterintuitive conclusion that some of the PE brushes are not 

in electrical neutral state.  

At the beginning of the polymerization, the strong electrolyte monomer in solution is 

always in a dissociation state and with the polymerization goes on, only part of the 

counterions will condense on the polymer backbone based on Manning theory.264 Thus, 

we hypothesized that after polymerization during the washing step, some of the 

counterions was washed away from the brushes, whereas the polymer chains which are 
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fixed on the substrate will remain at the interfaces, which makes the dry brushes a non-

electrical neutral state. This non-neutral state result in a net charge within the brushes, 

will generate a permanent dipole moment inside the thin film, which make the PE 

brushes pyroelectric materials.  

In this chapter, a series of PE brushes including PMETAC, PSPMA, PMPC were 

prepared to test this hypothesis. PMETAC and PSPMA are strong PE brushes with 

chloride and potassium as counterions while PMPC are zwitterionic brushes with no 

counterions. The pyroelectric and piezoelectric properties as well as the surface 

potential and atom surface concentration of these brush films will be studied.    

5.2. Experimental Section 

5.2.1. Materials 

All chemicals were used as received unless described otherwise. Copper(I)chloride 

(99.999%), copper(II)chloride(99.999%) copper(II)bromide (99.999%), 

copper(I)bromide (99.995+%), 2,2’-bipyridyl (bpy) (99%), 2-bromo-2-

methylpropionyl bromide, [2-(methacryloyloxy)ethyl]trimethylammonium chloride 

(METAC) solution 80 wt% in H2O, 3-sulfopropyl methacrylate, potassium salt (SPMA) 

(98%), 2-hydroxyethyl methacrylate (HEMA) (97%), ethanol (99.8%), basic aluminum 

oxide and 2-methacryloyloxyethyl phosphorylcholine (MPC, 97%) were purchased 

from Sigma Aldrich. Before use, MPC was washed with cold acetonitrile to remove the 

inhibitor, filtered and dried under vacuum. HEMA was freed from the inhibitor by 

passing through a column of activated, basic aluminum oxide and distilling prior to use. 

The ATRP initiator (6-(2-bromo-2-methyl)propionyloxy)hexyldimethylchlorosilane 
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was synthesized as previously reported.229 Dichloromethane was purchased from Fisher 

chemicals. Methanol (MeOH) was purchased from Alfa Aesar. Isopropanol (99%) was 

purchased from Reactolab SA. Triethylamine was purchased from Aldrich and distilled 

over KOH before use. Dichloromethane (DCM) was purified and dried using a solvent-

purification system (PureSolv). Deionized water was obtained from a Millipore Direct-

Q 5 water purification system. Pyroelectric measurement was performed on polymer 

brushes, which were grown from 0.8 cm × 1 cm rectangular fused silica substrates. 

Samples for piezoelectric force microscopy (PFM) and scanning kelvin probe 

microscopy (SKPM) analysis were grafted from 0.8 cm × 1 cm rectangular boron doped 

silicon substrates. 

5.2.2. Methods 

XPS was carried out using an Axis Ultra instrument from Kratos Analytical equipped 

with a conventional hemispheric analyzer. The X-ray source employed was a 

monochromatic Al Kα (1486.6 eV) source operated at 100 W and 10−9 mbar. Surfaces 

were cleaned with a Femto O2 Plasma system (200 W, Diener Electronic). Dry film 

thicknesses on silicon samples were determined using a SemiLAB (SE2000) 

ellipsometer and calculated based on a four-layer silicon/silicon oxide/polymer 

brush/air model, assuming the polymer brush to be isotropic and homogeneous. 

Piezoelectric force microscopy and scanning kelvin probe measurements were carried 

out using Cypher VRS, Oxford Instrument.  

5.2.3. Procedures 

Preparation of ATRP initiator modified silica and fused silica surfaces. Silica and 



Chapter 5. Pyroelectric Properties of Polyelectrolyte Brushes 

132 
 

fused silica surfaces were modified following a previously published protocol.265 

Surface-initiated atom transfer radical polymerization of [2-

(methacryloyloxy)ethyl]trimethylammonium chloride (METAC). 2,2’-bipyridyl 

(bpy) (351.4 mg, 2.25 mmol), CuCl2 (6.725 mg, 0.05 mmol) were dissolved in a mixture 

of 80 wt% aqueous solution of METAC (15.6 g, 60 mmol) and isopropanol (12.5 mL). 

After three freeze/pump/thaw cycles, CuBr (178.75 mg, 1.25 mmol) was added under 

nitrogen flow. The molar ratio of METAC/CuBr/CuCl2/bpy in the reaction mixture was 

48:1:0.04:1.8. The mixture was sonicated to completely dissolve the CuBr. After an 

additional freeze/pump/thaw cycle, the resulting ATRP solution was cannula 

transferred to a nitrogen purged flask containing initiator-functionalized substrate at 

room temperature. After a certain period of time, the substrates were removed from the 

ATRP solution and rinsed with water and ethanol extensively and dried under a flow 

of N2. 

Surface-initiated atom transfer radical polymerization of SPMA,266 MPC265 and 

HEMA230 were carried out following established protocols. 

Atom transfer radical polymerization of METAC. The polymerization of METAC 

in solution have been done following the SI-ATRP of METAC protocol with a slight 

modification. Instead of putting initiator modified surfaces, (6-(2-bromo-2-

methyl)propionyloxy)- hexyldimethylchlorosilane initiator (0.07 mL 0.24 mmol, 

monomer/initiator = 250:1) was mixed with METAC, isoproponal, CuCl2 and bpy 

before freeze-pump-thaw cycles. After polymerization at room temperature for 3 h, the 

polymer solution passed through neutral Al2O3. The polymer was partially precipitated 
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in methanol and dried under vacuum overnight for further use.  The molecular weight 

is 27.5 kDa with PDI 1.37. The GPC curve was shown in Figure S5.13A. 

5.3. Results and Discussion 

In a first set of experiments, the pyroelectric properties of PMETAC, PSPMA, PMPC 

and PHEMA were evaluated. The polymer brushes were subjected to a temperature 

oscillation and the open circuit current were measured in real-time. (Figure 5.1) 

 

Figure 5.1. Graphic illustration of the pyroelectric current generated upon applying 

alternating sequence of temperature change to PE brushes. 

 

The results in Figure 5.2 indicates that only PE brushes (here, PMETAC, PSPMA and 

PMPC) can generate pyroelectric current. As a control, no pyroelectric current was 

generated by PHEMA brushes.  



Chapter 5. Pyroelectric Properties of Polyelectrolyte Brushes 

134 
 

 

Figure 5.2. Pyroelectric current response and temperature oscillations for (A) 

PMETAC brushes with dry film thicknesses of 160 nm, (B) PSPMA brushes with dry 

film thicknesses of 150 nm, (C) PMPC brushes with dry film thickness of 100 nm and 

(D) PHEMA brushes with dry film thickness of 100 nm. 

 

Similarly, no pyroelectric current were observed in pristine fused silica, initiator 

modified fused silica and PtBMA brush coated fused silica, which further suggest that 

the pyroelectric current are only generated by PE brushes (Figure S5.1). Pyroelectric 

materials are always piezoelectric materials, characterizing the piezoelectric properties 

will help to better understand the pyroelectric properties. Single frequency piezoelectric 

force microscopy was used to characterize the inverse piezoelectric property. In Figure 

5.3A and B, the piezoelectric response amplitude of PMETAC brushes and PSPMA 

brushes are 30 and 10 pm at 20 oC under driving voltage 1 V, respectively. No obvious 
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piezoelectric response was observed on both PMPC and PHEMA brushes. These results 

are consistent with the pyroelectric current measurement in Figure 5.2, which further 

suggest that the counterions are the main actor that affect the pyro/piezoelectrical 

properties by influencing the dipole moment in side the materials. 

 

Figure 5.3. PFM piezoresponse amplitude of (A) PMETAC brushes with dry film 

thicknesses of 110 nm, (B) PSPMA brushes with dry film thicknesses of 80 nm, (C) 

PMPC brushes with dry film thickness of 100 nm and (D) PHEMA brushes with dry 

film thicknesses of 100 nm measured at 20 oC with driving voltage 1 V.  

 

The results in Figure 5.2 and 5.3 are good indications that there is a permanent dipole 

moment in the direction perpendicular to the substrate induced by the net charge. To 
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further prove our hypothesis, scanning kelvin probe microscopy (SKPM) was used to 

characterize the surface potential. In ideal case, the PE brushes should stay electrical 

neutral and every charge in the polymer side chain is compensate by the counterion. If 

there is a net charge inside the polymer materials, a net surface potential should be 

observed.  

 

Figure 5.4. Scanning Kelvin Probe Microscopy measurement of (A) PMETAC brushes 

with dry film thicknesses of 110 nm, (B) PSPMA brushes with dry film thicknesses of 

80 nm. 

 

As is shown in Figure 5.4A and B, PMETAC brushes present +80 mV net positive 

surface potential and -10 mV for PSPMA brushes (here the silicon substrates of the PE 

brushes were conducting and were connected to the ground as a reference). These 

results suggest that there are positive charges accumulated on PMETAC brushes and 

negative charge on PSPMA brushes. This is also a good indication that the PE brushes 

are not electrical neutral and this result will be further confirmed with XPS 

measurement.  
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Table 5.1. Atomic concentration calculated from X-ray photoelectron spectra of 

PMETAC, PSPMA and PMPC brushes with dry film thicknesses of 110 nm, 200 nm 

and 150 nm, respectively at room temperature. (Calibrated at C1s 284.8 eV). 

 

 

The results in Table 5.1 indicate that the atom concentration of N (4.77%) is higher 

than Cl (3.59%) for PMETAC brushes whereras the atom concentration of S (6.64%) 

is roughly the same as K (6.40%) for PSPMA brushes. This result further confirmed 
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that there is a clear dipole moment concomitantly net charge in PMETAC brushes 

whereas the dipole moment in PSPMA is existed but relatively low.  

 

Figure 5.5. (A) Pyroelectric current amplitude of PMETAC brushes with dry film 

thicknesses of 110 nm (■), PSPMA brushes with dry film thicknesses of 200 nm (●), 

PMPC brushes with dry film thickness of 100 nm (▲) and PHEMA brushes with a dry 

film thickness of 100 nm (▼) measured at center temperature 7, 14, 22 and 36 oC 

varying at amplitude of 2 oC. (B) Piezoelectric response amplitude of PMETAC brushes 

with dry film thicknesses of 110 nm (■), PSPMA brushes with dry film thicknesses of 

80 nm (●), PMPC brushes with dry film thickness of 100 nm (▲) and  PHEMA brushes 

with dry film thickness of 100 nm (▼) measured at various temperatures with driving 

voltage 1 V. 

 

There is also an interesting temperature effect. As shown in Figure 5.5, both the 

pyroelectric current and piezoelectric response amplitude for PMETAC and PSPMA 

brushes increase with decreasing temperatures. Here, we hypothesized that the Tg of 

these PE brushes may be in the range of 10-20 oC. Dipole moment are supposed to be 
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more aligned and rigid in glassy state, lifting the temperature above Tg will make the 

polymer chains changing from glassy to rubbery state, concomitantly increase the 

mobility of counterions. The result of ellipsometry measurement under different 

temperatures in Figure S5.14 indicates that the Tg of PMETAC and PSPMA brushes at 

ambient atmosphere is 11.9 and 13.5 oC, which fit the hypothesis well. This Tg value of 

PMETAC brushes is similar to the value reported in solution before measured by 

electrochemical technique.267 

 

Figure 5.6. (A) Pyroelectric current amplitude of PMETAC brushes measured at center 

temperature 7, 14, 22 and 36 oC varying at amplitude of 2 oC. (■) Original PMETAC 

brushes with dry film thicknesses of 110 nm and PMETAC brushes after incubation in 

water (●), 0.2 M NaBr (▲), KSCN (▼) and NaNO3 (◆) for 45 min. (B) Piezoelectric 

response amplitude of PMETAC brushes measured at 5, 10, 20, 28, 36 oC with driving 

voltage 1 V. PMETAC brushes after incubation in water (●), 0.2 M NaBr (▲), KSCN 

(▼) and NaNO3 (◆) for 45 min at room temperature.  
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To further study how counterions will influence the pyroelectric property, counterion 

of PMETAC brushes were exchanged with Br-, SCN- and NO3
-. Pyroelectric current 

and piezoelectric response were measured under the same condition as shown in Figure 

5.6. For all the samples, pyroelectric current and piezoelectric response increase with 

decreasing the temperature. Exchanging the counterion from Cl- to Br-, SCN- and NO3
- 

shows a clearly decrease in pyroelectric current suggesting that the dipole moment 

inside the brushes decreases when counterions were changed (Figure 5.6A). The results 

here can be further explained by the charge interaction. In general, two main reasons 

determines the charge interaction. 1. Strengh of ion specific dispension interactions 

between counterions and charged group should increase from kosmotropic to 

chaotropic anions because of the increasing ionic polarizability. 2. Similar water 

affinity will have a higher interaction.263 In the case of PMETAC brushes, quaternary 

amine is a weakly hydrated chaotrope, the same as NO3
- and SCN-. However, Cl- and 

Br- are in between chaotrope and kosmotrope and their water affinities are much higher 

than quarternary amine, NO3
-and SCN-. As a result, if the counterion was exchanged to 

NO3
- or SCN-, due to the higher interaction between counterions and the main polymer 

chain, the counterions are unlikely to be washed away, which result in an electrical 

neutral state. In the case of Br- and Cl-, due to weak interaction between the counterion 

and polymer backbone, except the condensed conterions, the free conterions were 

washed away from the brush surface which lead to a non-electrical neutral state. XPS 

results in Table 5.2 further support this hypothesis. The atom concentration ratio of N 

and Cl in PMETAC is 1.64, N and Br in PMETAC+Br is 1.17 whereas the ratio between 
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N and S in PMETAC+SCN- and the ratio between N and O in PMETA + NO3
- indicates 

a 1:1 ratio between positive and negative charged atom. The results in Table 5.2 are in 

consistent with the results shown in Figure 5.6. Since there are almost no net charge in 

the case of SCN- and NO3
-, there is almost no net dipole moment inside the brushes, 

which result in a very low pyroelectric current.   

Table 5.2. Atomic concentration calculated from X-ray photoelectron spectra of 

PMETAC brush surfaces and brushes after incubation in 0.2 M NaBr, KSCN and 

NaNO3 and NaAc for 45 min at room temperature. (Calibrated at C1s 284.8 eV). 

 

 

However, the inverse piezoelectric response are not only related to the dipole moment 

in the materials, but also related to the modulus temperature and some other parameters. 

More studies will be done to further explain the result in Figure 5.6B. Figure S5.3-

S5.7 are used to calculate the results in Figure 5.6A. Figure S5.8-S5.11 are used to 
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calculate the result in Figure 5.6B. Figure S5.13B compares the pyroelectric current 

between PMETAC brushes and free PMETAC polymer prepared with the same 

thickness. The result indicates the pyroelectric current is much lower than in brushes 

state which further suggest that brush structure plays an important role in determining 

the pyroelectric properties because the dipole moment or net charge was created due to 

the separation between counterions and the main polymer chain. Free polymers may 

present a less net charge after drying because the separation is less prone in spin coated 

free polymer.  

Table 5.3. Atomic concentration calculated from X-ray photoelectron spectra of 

PMETAC brush surfaces with dry film thicknesses of 10 nm and 20 nm. (Calibrated at 

C1s 284.8 eV). 

 

 

Since XPS spectroscopy can only detect the first 20 to 30 nm thickness from the top of 

the polymer brushes layer, the internal ratio between positive and negative charge 

remains question. Table 5.3 presents the XPS results measured on PMETAC brushes 

with thicknesses of 10 and 20 nm. Similar to the result in Table 5.2, the ratios of N and 
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Cl are still not 1, the concentration of N is always higher than Cl which result in a 

positive net charges. These results were further confirmed by SKPM measurement in 

Figure 5.7. The surface potential of PMETAC in Figure 5.7B is higher than that of 

silicon substrate, which also suggest a positive charged surface. The results in Table 

5.3 and Figure 5.7 indicate that the net charge in PMETAC brushes is positive and this 

is not only a surface effect but rather the whole brushes property. 

 

Figure 5.7. Scanning Kelvin Probe Microscopy measurement of PMETAC brushes 

with dry film thicknesses of 20 nm. (A) Topography (B) Surface potential.  

 

5.4. Conclusions 

In Chapter 5, the pyro and piezoelectric properties of PE brushes was first reported 

here. A series of PE brushes has been prepared including PMETAC, PSPMA and PMPC 

brushes. In the first set of experiment, a clear pyroelectric current change was observed 

in the open circuit upon addition of an oscillation. No current change was detected for 
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non-PE brushes regardless of the hydrophilicity of the polymer brushes, which suggests 

that this effect is not caused by water molecules. A clear piezoelectric response was 

observed when applying a voltage (1 V) to the PE brushes with piezoelectric force 

microscopy, which suggests that there is a permanent dipole moment inside the 

materials. Surface potential measurements via scanning probe kelvin microscopy 

(SKPM) of PMETAC brushes results in a positive net surface charge, which indicates 

that the permanent dipole moment is originated from the net surface charge. The atom 

surface concentration measurement of PMETAC brushes via XPS spectroscopy shows 

that counterions, here chloride, is lower than that of nitrogen in positive charged 

quaternary amine, which further confirms the hypothesis that PMETAC brushes is in a 

non-neutral state. Moreover, decreasing the temperature range is accompanied by an 

increase in current and piezoelectric response. Since Tg of the brushes was found to be 

located in the selected temperature range, the enlargement of pyro/piezoelectric can be 

explained by the transition of glassy-rubbery state of the polymer brushes. Changing 

the counterions from weakly to strongly interacted with polymer backbone can further 

tune the pyroelectric properties. Moreover, these results further support our hypothesis 

that the pyroelectric current that is generated upon applying alternating sequence of 

temperature change originates from the existence of a permanent dipole moment in 

PMETAC brushes and this permanent dipole moment is generated by the non-neutral 

net charge within the brushes. However, although some questions remain unclear and 

the research in this chapter is still ongoing, we envision that the findings in this chapter 

will open up a new way in studying the electrical properties of PE brushes. 
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5.5. Supporting Information 

 

Figure S5.1. Pyroelectric current response and temperature oscillations for (A) 

prinstine fused silica, (B) initiator modified fused silica, (C) PtBMA brushes with dry 

film thicknesses of 150 nm, (D) PHEMA brushes with dry film thicknesses of 100 nm 

measured from 12-16 oC, (E) PHEMA brushes with dry film thicknesses of 100 nm 

measured from 34-38 oC. 

 

 

Figure S5.2. Pyroelectric current response and temperature oscillations for (A) PVDF 

film, (B) PVDF film on fused silica, (C) PVDF film on fused silica under temperature 

range from 11.5 to 15.5 oC, (D) PVDF film on fused silica 19.5 to 23.5 oC. 
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Figure S5.3. Pyroelectric current response and temperature oscillations ranging from 

(A) 4 to 8 oC, (B) 11.5 to 15.5 oC, (C) 19.5 to 23.5 oC, (D) 34.5 to 38.5 oC for PMETAC 

brushes with dry film thickness of 110 nm. 

 

 

Figure S5.4. Pyroelectric current response and temperature oscillations ranging from 

(A) 4 to 8 oC, (B) 11.5 to 15.5 oC, (C) 19.5 to 23.5 oC, (D) 34.5 to 38.5 oC for PMETAC 
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brushes with a dry film thickness of 80 nm after incubation in water for 45 min at room 

temperature.  

 

 

Figure S5.5. Pyroelectric current response and temperature oscillations ranging from 

(A) 4 to 8 oC, (B) 11.5 to 15.5 oC, (C) 19.5 to 23.5 oC, (D) 34.5 to 38.5 oC for PMETAC 

brushes with a dry film thickness of 100 nm after incubation in 0.2 M NaBr solution 

for 45 min at room temperature. 
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Figure S5.6. Pyroelectric current response and temperature oscillations ranging from 

(A) 4 to 8 oC, (B) 11.5 to 15.5 oC, (C) 19.5 to 23.5 oC, (D) 34.5 to 38.5 oC for PMETAC 

brushes with a dry film thickness of 93 nm after incubation in 0.2 M KSCN solution 

for 45 min at room temperature. 

 

 

Figure S5.7. Pyroelectric current response and temperature oscillations ranging from 

(A) 4 to 8 oC, (B) 11.5 to 15.5 oC, (C) 19.5 to 23.5 oC, (D) 34.5 to 38.5 oC for PMETAC 

brushes with a dry film thickness of 93 nm after incubation in 0.2 M NaNO3 solution 

for 45 min at room temperature. 
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Figure S5.8. PFM piezoresponse amplitude of PMETAC brushes after incubation in 

water for 45 min at room temperature measured at (A) 5 oC, (B) 10 oC, (C) 20 oC, (D) 

28 oC, (E) 36 oC with driving voltage 1 V. 
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Figure S5.9. PFM piezoresponse amplitude of PMETAC brushes after incubation in 

0.2 M NaBr for 45 min at room temperature measured at (A) 5 oC, (B) 10 oC, (C) 20 

oC, (D) 28 oC, (E) 36 oC with driving voltage 1 V. 
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Figure S5.10. PFM piezoresponse amplitude of PMETAC brushes after incubation in 

0.2 M KSCN for 45 min at room temperature measured at (A) 5 oC, (B) 10 oC, (C) 20 

oC, (D) 28 oC, (E) 36 oC with driving voltage 1 V. 
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Figure S5.11. PFM piezoresponse amplitude of PMETAC brushes after incubation in 

0.2 M NaNO3 for 45 min at room temperature measured at (A) 5 oC, (B) 10 oC, (C) 20 

oC, (D) 28 oC, (E) 36 oC with driving voltage 1 V. 
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Figure S5.12. Pyroelectric current response and temperature oscillations ranging from 

(A) 4 to 8 oC, (B) 11.5 to 15.5 oC, (C) 19.5 to 23.5 oC, (D) 34.5 to 38.5 oC for PMETAC 

thin films on fused silica prepared via spin coating with a dry film thickness of 80 nm. 

 

Figure S5.13. (A) GPC trace of PMETAC polymer with a molecular weight of 27.5 

kDa in water. (B) Pyroelectric current amplitude of PMETAC brushes with a dry film 

thickness of 110 nm (black) and PMETAC spin coating thin films with a dry film 

thickness of 80 nm (red). 
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Figure S5.14. Evolution of ellipsometric thicknesses of (A) PMETAC and (B) PSPMA 

brush films as a function of temperature.  
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6. Conclusions and Perspectives 

Controlled radical polymerization technique allows to prepare polymers with well-

defined architecture, precisely defined molecular weight and narrow dispersities as well 

as complex functional groups. Ever since it was first realized 60 years ago, this 

technique has been used to prepare a wide range of polymers both at interfaces and in 

solution. Taking advantage of the assets of controlled radical polymerization, this thesis 

first studied the fundamental questions on the sensitivity of specific bonds to 

mechanical forces at interfaces and in solution (Chapter 2 and 3) and developed 

ultrathin polymer brush films with UV-light tunable bioadhesion properties or 

pyro/piezo electric properties. 

Following a comprehensive introduction on the topic of controlled radical 

polymerization in Chapter 1, the present work has focused on the influences of weak 

mechanical forces on hydrolysis of siloxane/ester/amide bond at polymer substrate 

interface. More specifically, Chapter 2 has investigated the degrafting and swelling 

properties of poly(tert-butyl methacrylate) (PtBMA) brushes in different water-

miscible, organic solvents, viz. DMF, acetone and THF. In the presence of a sufficient 

quantity of water in the organic solvent, degrafting was also observed for PtBMA 

brushes. More importantly, however, the rate of degrafting depended on the nature of 

the organic solvent and the apparent initial rate constant of the degrafting reaction was 

found to correlate with the swelling ratio of the polymer brush in the different solvents. 

This correlation is the first, direct evidence in support of the hypothesis that degrafting 

is facilitated by a tension that acts on the bond(s) that tether the polymer chains to the 
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surface and which is amplified upon swelling of the polymer brush. 

In Chapter 3, the hydrolysis of ester bonds, which are incorporated in the polymer 

backbone under mechanical force has been studied. The motivation for this research is 

that there are some controversy reports in the literature about whether ester bond 

hydrolysis is facilitated by mechanical forces. To study this question, two types of 

polystyrene, with (PS(ester)) and without (PS(carbon)) two ester bonds incorporated 

in the middle of the polymer chain, were prepared via ATRP. The degradation behavior 

of the PS under ultrasonication induced mechanical force were explored in both THF 

and THF water mixture. The degradation rate constant of PS(ester) increases upon 

addition of water whereas the rate constant of PS(carbon) doesn’t change with or 

without water. These results suggest that ester hydrolysis contributes to the totally 

degradation process. FTIR and NMR were used to characterize the degradation product 

and the result from both techniques supported the hypothesis that ester hydrolysis occur 

during the degradation process. More importantly, the rate constant of ester hydrolysis, 

which was deconvoluted from the total degradation rate, increases with the increase of 

polymer molecular weight and ultrasound power density, concomitantly mechanical 

forces. This correlation between ester bond hydrolysis rate constant and mechanical 

forces supports the hypothesis that the hydrolysis of ester bond in polymer backbone is 

sensitive to mechanical forces. These findings are not only important as a fundamental 

point of view, but also contribute to the design of new biodegradable, mechanical 

sensitive materials which can be used for tissue engineering, drug delivery and some 

other biomedical applications.   
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Chapter 4 presents an alternative approach to mediate adhesion between synthetic 

surfaces and tissue. The strategy presented here is based on the modification of the 

surface of interest with a thin polymer film that can be transformed on-demand, using 

UV-light as a trigger, from a non-adhesive into a reactive and tissue adhesive state. As 

a first proof-of-concept, the feasibility of two photoreactive, thin polymer film 

platforms have been explored. Both of these films, colloquially referred to as polymer 

brushes, have been prepared using surface-initiated atom transfer radical 

polymerization (SI-ATRP) of 2-hydroxyethyl methacrylate (HEMA). In the first part of 

this chapter, it is shown that direct UV-light irradiation of PHEMA brushes generates 

tissue-reactive aldehyde groups and facilitates adhesion to meniscus tissue. While this 

strategy is very straightforward from an experimental point of view, a main drawback 

is that the generation of the tissue reactive aldehyde groups uses the 250 nm wavelength 

region of the UV spectrum, which simultaneously leads to extensive photodegradation 

of the polymer brush. The second part of this report outlines the synthesis of PHEMA 

brushes that are modified with 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic acid 

(TFMDA) moieties. UV-irradiation of the TFMDA containing brushes transforms the 

diazirine moieties into reactive carbenes that can insert into C-H, N-H and O-H bonds 

and mediate the formation of covalent bonds between the brush surface and meniscus 

tissue. The advantage of the TFMDA modified polymer brushes is that these can be 

activated with 365 nm wavelength UV light, which does not cause photodegradation of 

the polymer films. While technique presented in this chapter has used silicon wafers 

and fused silica substrates as a first proof-of-concept, the versatility of SI-ATRP should 
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enable the application of this strategy to a broad range of biomedically relevant surfaces. 

Chapter 5 has investigated the pyroelectric and piezoelectric behavior of 

polyelectrolyte brushes. A series of PE brushes has been prepared including PMETAC, 

PSPMA and PMPC. A clear pyroelectric current change was detected in the circuit upon 

the temperature change when the PE brushes was connected to an open circuit. As a 

control, no current change was detected for non-PE brushes regardless of the 

hydrophilicity of the polymer brushes, which suggests that this effect is not caused by 

water molecules. Moreover, decreasing the temperature range is accompanied by an 

increase in current. A clear piezoelectric response was observed when applying a 

voltage (1 V) to the PE brushes with piezoelectric force microscopy, which suggests 

that there is a permanent dipole moment inside the materials. Surface potential 

measurements via scanning probe kelvin microscopy (SKPM) of PMETAC brushes 

show a positive net surface charge, which further indicates that the concentration of 

counterions, here chloride, is lower than that of quaternary amine. XPS measurements 

further confirmed this result. We hypothesize that the pyroelectric current is generated 

upon applying alternating sequence of temperature change because of the existence of 

a permanent dipole moment in the materials. This permanent dipole moment is 

supposed to be generated by the uneven net charge balance within the brushes. 

In this thesis, CPR was used to study the fundamental question of how external forces 

influences the hydrolysis behavior of different bonds in polymer backbone at interfaces 

and in solution and to develop light triggerable bioadhesives and pyro/piezoelectric 

polymer brushes which have never been studied before. However, some fundamental 
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questions and experimental challenges still remain. For example, capturing hydrolysis 

products at interfaces and in solution is challenging due to vanishing low concentrations 

of those products. The behavior and dynamics of water penetrating into polymer 

brushes and how it subsequently participates in the hydrolysis remains an open question. 

Moreover, the questions on how to tune the pyro/piezoelectric properties with 

counterions and how to enlarge the pyroelectric effect are still unclear. I believe this 

thesis will help in better understanding the intrinsic relationship between (weak) 

mechanical force and chemical reactions in polymer systems and pave a way to 

exploring new functional, pyro/piezoelectric materials with excellent performance.
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