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Abstract 

 

“Smart” polymer coatings enable to tune the interfacial physico-chemical properties of a variety 

of organic and inorganic materials, at will. Polymer brushes, are ideal coatings for numerous 

applications, ranging from “smart”, controllable adhesive, biosensing and antimicrobial 

surfaces. This thesis presents the synthesis and characterization of novel, well-defined polymer 

brushes, bearing desirable functionalities, via surface-initiated atom transfer radical 

polymerization (SI-ATRP). The surface properties and the antimicrobial performance of the 

brushes were studied rendering them attractive for use as lubricants with responsive behavior 

and/or dual-functional antimicrobial surfaces in the solid state.  

Homopolymer brushes based on 2-(dimethylamino)ethyl metahcrylate, (DMAEMA), or 

fluorinated methacrylates, were synthesized, via SI-ATRP, on glass and silicon substrates. 

PDMAEMA brushes comprise a convenient model-system to investigate the surfaces 

properties upon a facile post-modification reaction introducing different alkyl chain lengths 

(ACL) on the side groups of the end-grafted polymer chains. Three fluorinated methacrylates, 

with different fluorinated alkyl chain lengths (FCLs = 1, 4 and 6 fluorocarbon atoms) in their 

side-groups, referred to as TFEMA, OFPMA and TDFOMA, respectively, were utilized. The 

variations in the hydrophilicity/hydrophobicity and the surface free energy of the brush, as a 

function of the FCL of the side group and the ACL of the quaternization agent, were 

determined. A hydrophilic to hydrophobic transition of the surfaces and a significant decrease 

of the degree of quaternization of the DMAEMA moieties was found upon increasing the ACL 

of the quaternization agent above six carbon atoms, allowing to tune the wettability, the 

thickness and the pH-response of the brushes. Next, the adhesion and friction properties of the 

polymer brushes in the solid state against a sliding inorganic surface were examined. Finally, 

the hydrophilic, PDMAEMA and quaternized PDMAEMA, brushes are shown to be unstable 

in water due to the degrafting of the polymer chains, by the hydrolysis of the labile ester or 

siloxane bonds of the surface-bound initiator, that is mechanically driven by the tension on the 

chains. On the other hand, all fluorinated brushes were stable due to the inhibition of the 

penetration of water molecules at the polymer-substrate interphase.  

In the second part of the present study, amphiphilic diblock copolymer and binary mixed 

polymer brushes were prepared, comprising PDMAEMA and PTFEMA, POFPMA or 

PTDFOMA chains. The reorganization of the polymer chains and the switching of the film 

wettability, upon exposure to selective solvents for the two polymers, were observed. In 

addition, the mixed brushes exhibited tunable friction and surface energies, in response to 
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external stimuli, which renders them attractive for use as “smart” surfaces in the dry state. 

Quaternization of the DMAEMA groups, diminished the responsive behavior of the brushes, 

which as attributed to the large χ value between the two very dissimilar blocks (charged 

PQDMAEMA and semi-fluorinated polymethacrylates). Finally, evidence of unwanted chain 

degrafting of the diblocks was found again, attributed to hydrolysis, after exposure of the 

brushes in aqueous media for prolonged time periods, whereas the amphiphilic mixed polymer 

brushes exhibited a remarkable stability in aqueous media with the fluorinated polymer acting 

as a barrier to shield the labile initiator bonds from hydrolysis. 

In the final part of this thesis, quaternized PDMAEMA brushes bearing quaternary ammonium 

groups of different ACLs were assessed as biocidal coatings. The effect of the ACL of the 

quaternary ammonium groups on the contact killing efficiency of the surfaces, against E. coli 

and B. cereus bacteria, was investigated. Antimicrobial tests revealed that the hydrophilic 

polymer brushes exhibited enhanced bactericidal activity, whereas the hydrophobic surfaces 

showed a significant deterioration of the in vitro bactericidal performance. In another approach, 

the antifouling activity of the semi-fluorinated homopolymer brushes, bearing different FCLs 

on the polymer side groups, was found to increase with the number of fluorocarbon atoms. 

These results elucidate the antimicrobial action of the quaternized polymer brushes and the low-

surface energy fluorinated brushes, dictating the appropriate choice of the ACL or FCL, for the 

development of coatings that effectively inhibit biofilm formation on surfaces either by killing 

or by releasing the bacteria. Finally, dual functional coatings, comprising mixed polymer 

brushes of the bacterial-releasing fluorinated chains, PTFEMA, POFPMA or PTDFOMA, and 

the bactericidal PQDMAEMA chains, were shown to possess significantly improved 

antimicrobial performance, against both E. coli and B. cereus, due to their combined antifouling 

and bacteria killing action. 
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1.1 Polymer coatings 

1.1.1 Introduction to polymer brushes 

The design of functional interfaces can alter the surface properties of solid substrates 

and the materials’ interactions with their surrounding environment, and plays a vital 

role in nearly all applications. Coatings of soft materials such as polymers, can serve as 

a protective interface - exploiting the material’s intrinsic bulk properties - to battle 

against environmental effects (e.g. UV-radiation, moisture), chemical degradation, 

corrosion and biocorrosion, but more interestingly they often allow to tune the surface 

properties on demand for any intended application. The modification of surfaces with 

synthetic or natural polymers has been thoroughly explored during the past years, and 

still constitutes a major research focus. The development of multi-functional polymer 

coatings exhibiting (super)hydrophilic/(super)hydrophobic, anticorrosive, 

antireflective, lubricative, self-cleaning, antifouling and biocidal-antimicrobial 

properties to protect surfaces is an active area of research. 

Polymer coatings can be deposited on solid substrates by facile techniques, that rely on 

physical interactions between the polymeric material and the substrate, comprising spin 

coating, dip coating, spray coating, painting or droplet evaporation. More complicated 

methods have been also employed such as the adsorption of monolayers of homo- and 

block copolymers, the layer-by-layer (LbL) and the Langmuir-Blodgett-Kuhn 

technique. All these techniques require simple set-ups to generate the polymer coatings 

and offer the desirable results under favorable conditions. Nevertheless, these films 

often exhibit instabilities under certain unfavorable external conditions e.g. dewetting 

above the glass transition temperature (Tg) or delamination below the polymer Tg, 

displacement by other molecules with higher affinity for the surface and desorption 

upon solvent exposure. Self-assembled monolayers (SAMs) have been also widely 

employed for the preparation of well-controlled interfaces, and use small organic 

molecules having a reactive head-group for their immobilization onto any material, by 

forming covalent bonds with specific chemical functionalities, which are present on the 

surface of the material.1 Characteristic examples are silanes on oxide surfaces, thiols on 

gold surfaces, and phosphates on metal surfaces. Figure 1.1 illustrates schematically 

some typical SAM structures based on different choices of the chemical groups (e.g. 

head groups, spacer types and functional/end groups) and the types of substrates that 
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are used.2 Due to the fact that, a SAM provides more or less a two-dimensional 

arrangement, conversely, there are strict limitations in several applications that require 

control of the polymer film thickness and the grafting density of the chains.  

  

Figure 1.1. Schematic illustration of typical SAMs on various substrates 

using a variety of head groups, spacer types, and functional groups. 2 

Therefore, the need for straightforward and robust surface modification approaches has 

led to the sophisticated preparation of covalently anchored polymer chains onto 

surfaces to form the so-called polymer brush architectures. Surface modification via the 

deployment of polymer brushes is based on the tethering of one end of a polymer chain 

to a hard surface or an interface. In general sense, polymer brushes are defined as dense 

covalently attached polymer chains to a surface, where the distance between two 

anchoring points is a lot lesser than the unperturbed dimensions of the tethered chains, 

thus the polymer chains become crowded and are stretched away from the surface.3  

The extension of the tethered polymer chains is determined by the distance between 

two grafting points, D, calculated as 2𝑅𝑔𝜎1/2, where 𝑅𝑔 is the radius of gyration of the 

free chain in solution and σ (chains/nm2) is the grafting density. The grafting density 

can be calculated by Equation 1.1:  

𝜎 =
𝑑×𝑁𝐴×ℎ

𝑀𝑛
=

1

𝐷2
              (1.1) 

Where, h is the dry polymer film thickness, d is the bulk density of the grafted polymer, 

Mn is the number-average molecular weight of the chains grafted on the surface 

assumed to be the same as that of the polymer chains in solution obtained by size-
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exclusion chromatography (SEC), and NA is the Avogadro’s number (6.023×1023). The 

effect of grafting density can be even more pronounced by the solvent interactions, with 

highly swollen and collapsed states of the polymer brushes found after immersion in 

good and bad solvents, respectively. The polymer brush conformation can be divided 

into four different regimes: (a) pancake and (b) mushroom, for D > Rg, (b) moderate 

brush for D < Rg and (c) high-density brush regime for D << Rg.
4 Figure 1.2 illustrates 

the effect of grafting density on the polymer brush thickness.  

From the above, it becomes clear that the grafting density is a significant parameter in 

polymer films as it defines the final structure of the tethered polymer chains. For 

simplicity, the term “polymer brush” is often used for all the grafted polymer chains, 

nevertheless, it should be termed only under specific conditions, when the behavior of 

the grafted polymer layer is defined by strong interactions between densely-grafted 

polymer chains (D < Rg). 

 

Figure 1.2. Schematic representation of the various polymer film regimes 

depending on the grafting density.  

Polymer chains can be covalently grafted onto a large variety of substrates, such as 

polymeric materials including chitosan (CS), cellulose, polypropylene, polyurethane, 

polyimide, poly(methyl methacrylate) (PMMA), nylon, polystyrene (PS), 

poly(dimethyl siloxane) (PDMS), as well as organic and inorganic materials e.g. steel, 

silicon, glass, mica, diamond, carbon nanotubes, zirconium phosphonate, etc. These 

may result in planar brushes on flat substrates, cylindrical brushes on fiber- or rod-like-

substrates and spherical brushes on spherical substrates.5  
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1.1.2 Synthetic processes and methods for the preparation of polymer brushes 

A polymer brush can be attached onto a substrate either by physical attachment namely 

physisorption or covalent-bonding known as chemisorption. In general, physisorption 

can be attained using block copolymer chains, where, one of the two blocks interacts 

strongly with the surface and adsorbs on it, while the other does not. Hadjiioannou et. 

al. were the first to report the physisorption of polystyrene-b-poly(2-vinylpyridine) (PS-

b-P2VP) block copolymer chains on mica.6 Nevertheless, the attachment in 

physisorption is based on van der Waals and hydrogen bonding interactions, which 

render the process reversible, and thus such brushes have limited stability. Covalent 

bonding between the substrate and the polymer chains can overcome these limitations. 

Covalently attached polymer brushes are mainly accessible by two approaches: (a) the 

“grafting-to” and (b) the “grafting-from”, along with a third, less reported (c) “grafting-

through” method (Figure 1.3).  

In the case of “grafting-to”, polymer brushes can be attained either by (i) polymer chain 

physisorption of block copolymers, where one block of the polymer chains interacts 

with the surface, with the other block interacts with the solvent forming the brush layer, 

or by (ii) chemisorption, where preformed end-functionalized polymer chains diffuse 

from the solution towards a proper pre-functionalized (by SAMs or coupling agents) 

substrate and chemically react with its functional groups (conjugating sites) under 

appropriate conditions.7 The chemisorption “grafting-to” method is illustrated in Figure 

1.3a. The main advantages of the “grafting-to” approach rely on the synthesis of 

polymer chains with well-controlled Mn’s and narrow polydispersities. As a matter of 

fact, the degree of polymerization and the polymer chain length are known before the 

covalent attachment, which promotes a better and more thorough characterization of 

the final polymer brush films. Nevertheless, the grafting density of the polymer chains 

constitutes a disadvantage, since a small number of functional polymer chains can avoid 

the barrier of the increasing polymer film during the process and diffuse through it and 

react with the “free” reactive sites of the surface. Thus, the film thickness and the 

grafting density of the polymer brush are restricted using the “grafting-to” method.8  
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Figure 1.3. Schematic illustration of the (a) “grafting-to” approach using 

“click” chemistry, (b) “grafting-from” approach via the SAM technique and 

the in-situ SI-CRP method and the (c) “grafting-through” approach using 

CRP. 

To avoid these drawbacks, the “grafting-from” technique can be employed. In the 

“grafting-from” process, polymer chains are in situ synthesized on a pre-functionalized 

(by SAM of a polymerization initiator) surface to form surface-anchored polymer 

films.3b, 9 This method is also referred as surface initiated polymerization (SIP) method. 

Figure 1.3b illustrates the “grafting-from” approach via the widely exploited surface-

initiated atom transfer polymerization. “Grafting-from” is the most commonly 

employed technique for the synthesis of polymer brushes, because it exerts control over 

the growth of the polymer chains, since the polymer chains are grown uniformly, 

starting from the substrate, by the addition of monomers in contrast to the diffusion of 

long macromolecules described in the “grafting-to” method.10 As a result, much thicker 

and densely grafted polymer brushes can be synthesized. Nonetheless, a substantial 

drawback of the “grafting-from” method is the lack of quantitative characterization of 

the polymer brushes, in terms of the Mn and the polydispersity (Ð) of the grafted 

polymer chains. The polymer chains can be cleaved from the surface after the 

polymerization; however, it is crucial to have vast surface area covered by polymer 

brushes to obtain a sufficient amount of polymer for subsequent characterization. An 

indirect method, but widely exploited in the literature, is the utilization of a “sacrificial” 

free initiator during the polymerization reaction, which correlates the polymer chains 

that are growing from the surfaces with the free polymers in the solution. A lot of 
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controversy has been posed by the scientific community regarding the correlation of 

the molecular weights of the polymer in solution and the surface-grafted polymer.8 

Lately, Spencer et al investigated the growth rate of polymers in solution and on 

surfaces and concluded that these two can be correlated under certain conditions such 

as propagation rate, temperature and grafting density.11  

Finally, surfaces can be functionalized by the “grafting-through” method, which 

involves the in situ bulk polymerization reaction of a monomer-modified surface with 

monomers or growing polymer chains during the polymerization procedure. This 

method is illustrated in Figure 1.3c. The advantage of this method is that it is compatible 

with existing bulk polymerization processes (free radical and controlled/”living” 

radical polymerizations).12 Nevertheless, similar to the “grafting-to” method, only 

limited grafting densities can be achieved. 

The polymerization methods used for the preparation of polymer brushes are anionic, 

cationic, ring-opening, ring-opening metathesis and controlled radical 

polymerization.13 Controlled/“living” radical polymerization (CRP, also termed 

reversible-deactivation radical polymerization, RDRP) techniques such as atom 

transfer radical polymerization (ATRP), reversible addition-fragmentation chain 

transfer (RAFT) and nitroxide mediated polymerization (NMP) are primarily employed 

for the synthesis of polymer brushes using the “grafting-from” approach or surface-

initiated controlled radical polymerization (SI-CRP).14 SI-CRP allows strict control 

over the polymer brush thickness, composition and architecture; thus, it is the most 

widely used approach, in the recent years, to tailor the surface properties of materials.  

The common principle in all these techniques is the activation – deactivation process 

of the radicals or the growing polymer chains. Figure 1.4 illustrates the basic 

mechanism of the SI-CRPs, in which the dormant species, which are halogen-capped 

radicals (Pn-X), are activated to the propagating species, which are radicals (Pn*), and 

react in the presence of monomers (M), until the reverse deactivation of the radicals. 

Surface-initiated atom transfer radical polymerization (SI-ATRP) is the predominant 

SI-CRP technique to prepare polymer brushes. In this thesis, SI-ATRP is the technique 

employed for the synthesis of polymer brushes of different architectures on flat 

surfaces, thus it will be described in detail in the subsequent section.  
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Figure 1.4. Schematic illustration of the reversible chain activation -

deactivation process in a SI-CRP. 

 

1.1.3 Atom Transfer Radical Polymerization (ATRP)  

ATRP is the most widely employed method for the synthesis of polymers and polymer 

brushes. The method was introduced for the first time in 1995 and has been widely used 

for controlled polymerizations since it has been proved to be versatile, reliable and 

robust.15 Mechanistically it is considered as an extension of the transition mediated 

atom transfer radical addition (ATRA) reactions.16 In ATRA, a free radical mechanism 

is involved by the addition of a polyhalogenated alkane to an alkene in the presence of 

an initiator. A transition metal complex is utilized for the catalysis of the ATRA 

reaction. 

1.1.3.1 Mechanism and ATRP equilibrium 

The mechanism of the traditional or “normal” ATRP reaction is shown in Figure 1.5. 

ATRP is based on an equilibrium between the propagating species, which are the 

(macro)radicals (Pn*) and the dormant species, which are halogen- or pseudohalogen-

capped radicals (Pn-X), with the metal complexes acting as reversible (pseudo)halogen 

atom-transfer reagents moving to lower (Mtm/Ligand) and higher (X-Mtm+1/Ligand) 

oxidation states. The radicals react reversibly with the metal complexes in a 

deactivation/activation process. X-Mtm+1/Ligand deactivates the radicals to form 

dormant species and Mtm/Ligand re-activates the radicals to reform the activator. The 

polymer chains grow by the addition of monomer units to the generated radicals, 

similarly to the free radical polymerization with a rate constant of propagation (kp), 

before they are deactivated by X-Mtm+1/Ligand through the halogen atom transfer. This 

reversible transfer process of the halogen atom occurs with a rate constant of activation 

(kact) and deactivation (kdeact). The monomers which are added during activation are 
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minimum, thus kdeact is much higher than kp. The reaction equilibrium is shifted to the 

left side, and thus the free radical concentration is kept low during the polymerization. 

This means that the contribution of the rate constant of radical termination (kt) to the 

reaction is vastly reduced. At the final stage of the polymerization, when the amount of 

monomer units is exhausted, the polymer chains are halogen-capped due to the halogen 

exchange, and thus can act as macroinitiators for another ATRP.  

Termination reactions occur in ATRP, mainly through radical coupling and 

disproportionation; however, in a well-controlled ATRP, no more than a few percent 

(~5%) of the polymer chains undergo termination. At the initial stages of the 

polymerization, the concentration of deactivator is low to ensure a fast rate of the 

deactivation process. As a result, initiator-initiator termination reactions will take place, 

which will lead to the formation of the appropriate amount of deactivator needed to 

obtain a controlled polymerization. This accumulation reduces the equilibrium active 

radical concentration minimizing further termination reactions. It is estimated that only 

a small number of radicals are sacrificed (~5%), due to the persistent radical effect 

based on the coupling of initiators, at the early stages of the polymerization. The 

persistent radical effect is thought to reduce Pn
*- Pn

* termination as well as increase the 

control, whilst accelerating the polymerization.2 Addition of an amount of deactivator 

(<10% of all metal species) at the beginning of the polymerization can result in further 

reduction of the termination reactions of the growing polymer chains.17 

Similar to living polymerizations, the degree of polymerization and the theoretical 

molecular weight can be calculated by the Equation 1.2: 

𝐷𝑃 = [𝑀]0/[Pn − X]0 × 𝑝             (1.2) 

Where, [𝑀]0 is the initial monomer concentration, [Pn − X]0 is the initiator 

concentration, and p is the monomer conversion. For a successful ATRP, the DP should 

be equimolar to the monomers converted to polymer over the initial initiator added to 

the reaction mixture. 

The molecular weight distribution (Mw / Mn) of polymers prepared by ATRP may be 

lower than 1.1 under certain conditions.18 In the absence of chain termination and 

transfer reactions, the polydispersity relates to the concentration of initiator [Pn-X] and 
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deactivator [X-Mtm+1/Ligand], the rate constants kp and kdeact and monomer conversion, 

p, as shown in Equation 1.319: 

𝑀𝑤

𝑀𝑛
= 1 + (

𝑘𝑝([Pn−X]0−[Pn−X])

𝑘𝑑𝑒𝑎𝑐𝑡[𝑋−𝑀𝑡𝑚+1]
) (

2

𝑃
− 1)            (1.3) 

Thus, for the same monomer, a lower polydispersity can be achieved if the catalyst 

system deactivates the growing chains faster (lower kp/kdeact) or the deactivator 

concentration is increased, or the targeted molecular weights are high. 

 

Figure 1.5. Representation of the traditional ATRP equilibrium (Note: 

kact<<kdeact).20 

In traditional ATRP, the rate of polymerization (Rp) is given by Equation 1.4, which 

depends on the concentration of reagents, the rate constant of propagation (kp) and the 

ATRP (KATRP) constant:20 

𝑅𝑝 = 𝑘𝑝[𝑃𝑛
∗][𝑀] = 𝑘𝑝𝐾𝐴𝑇𝑅𝑃

[𝑃𝑋][𝑀𝑡𝑚𝐿𝑛]

[𝑀𝑡𝑚+1𝐿𝑛𝑋]
[𝑀]             (1.4) 

In a polymerization reaction, the quantification of KATRP is significant for the evaluation 

of the catalyst’s activity and is determined by the strength of both the Pn ─X and the 

Mtm+1 ─X bonds. KATRP, is given by Equation 1.5 and is the ratio of kact and kdeact, which 

can profoundly be affected by the nature of the Ligand (Ln), and the monomer (M), as 

well as the reaction conditions (temperature, solvent, pressure).21  

𝐾𝐴𝑇𝑅𝑃 =
𝑘𝑎𝑐𝑡

𝑘𝑑𝑒𝑎𝑐𝑡
=

[𝑃𝑛
∗][𝑀𝑡𝑚𝐿𝑛]

[𝑀𝑡𝑚+1𝐿𝑛𝑋][[𝑃𝑋]
             (1.5) 

1.1.3.2 ATRP components 

ATRP is a multicomponent catalytic process, and a number of factors that affect the 

outcome of the polymerization need to be considered, in order to choose the proper 

conditions for the preparation of well-defined polymeric materials. As discussed 

previously, ATRP comprises a monomer, an initiator, a catalyst system and solvent 
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(optional) at different conditions of temperature and pressure, and the presence of an 

external stimulus (optional). 

Monomers. The range of vinyl monomers polymerized by ATRP include 

meth(acrylates), styrenes, (meth)acrylamides and acrylonitrile and is profoundly wide. 

Amongst them, several functional monomers have been polymerized by ATRP 

including monomers containing -OH groups (2-(hydroxy)ethyl methacrylate (HEMA)), 

4-vinyl pyridine (4VP), glycidyl (meth)acrylate (G(M)A), precursors of ionic 

monomers (2-(dimethylamino)ethyl methacrylate (DMAEMA), 2-

(dimethylethylammonium)ethyl methacrylate bromide) (QDM) and ionic liquid 

monomers.5 Nevertheless, challenges, such as the polymerization of acidic 

((meth)acrylic acid, phosphonic or sulfonic acids) or strongly coordinating monomers, 

in the presence of which the deactivator halidophilicity is quite low, still remain. These 

monomers react rapidly with the catalysts forming metal carboxylates, which are 

“difficult-to-activate alkyl halides” chain-ends, and thus provide ineffective catalysts 

for ATRP. In addition, monomers have different reactivity, which means that the KATRP 

is affected, and thus a regulation of the kdeact is needed in order to maintain a controlled 

polymerization.  

Initiators. In ATRP, alkyl halides (R─X) are typically utilized as initiators.22 The 

ATRP initiators should possess sufficient reactivity to initiate the polymerization of the 

monomers. KATRP is correlated with the bond dissociation energy (BDE) of the 

initiators. The reactivity of the initiator depends on the structure of the alkyl group as 

well as the halogen or pseudohalogen itself. Figure 1.6 shows an overview of the 

activation rate constants of various known ATRP initiators. For a given catalyst system 

and solvent, the KATRP depends on the energy needed for the homolysis of the alkyl 

halide bond. The activation rate constants of tertiary alkyl halides have been shown to 

be higher than those with secondary and primary carbon atoms. Moreover, the 

activation rate constants follow the order Br ~ I > Cl of the leaving atoms of the alkyl 

halide, which overall have higher reactivities than alkyl pseudohalides. This is 

attributed to the difference in the BDE for C-Cl or C-Br bond cleavage.23 



Chapter 1 Introduction 
 

29 

 

 

Figure 1.6. ATRP activation rate constants of various initiators in the 

presence of TPMA and Cu IBr in MeCN.23  

 

Figure 1.7. ATRP activation rate constants of various ligands in the 

presence of EBIB and Cu IBr in MeCN.21b  
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Catalyst System. The key component of ATRP is the catalyst system, which is a metal 

complex based on a transition metal and an appropriate ligand. The transition metal 

usually has at least two oxidation states separated by one electron and low affinity for 

atoms such as alkyl radicals and hydrogen atoms, and high affinity towards halogen 

atoms. Many metal complexes have been employed, including Ti, Re, Rh, Ru, Fe, Ni, 

Pd, Co, Os and Cu for the establishment of a good control over the polymerization.24 

The most commonly used metal catalyst for ATRP is a copper salt, due to the fact that 

they are commercially available, inexpensive, and versatile.  

The selection of the Ln plays a profound role in solubilizing the metal salt in the reaction 

media and adjusting the redox chemistry of the metal complex. Various Ln’s have been 

employed to form the metal complexes such as nitrogen- and phosphorus-based ligands. 

Although several transition metals have shown catalytic properties toward various 

organic halides used as initiators, copper complexes with nitrogen ligands are the most 

used catalysts thanks to their low cost and easy handling; typically, they are prepared 

in situ by adding the Ln to a cuprous halide salt.21b Figure 1.7 shows representative 

examples of nitrogen-based ligands for ATRP. In general, the activity of the ligands 

follows the order bidentate < tetradentate (linear) < tridentate <tetradentate (linear, 

branched, cyclic-bridged) and the order aromatic amine < imine < amine. 

Solvents. A wide range of solvents have been utilized for ATRP, including common 

organic solvents and “greener” ones i.e. protic solvents (alcohols, water), ionic liquids, 

supercritical CO2 and poly(ethylene oxide) (PEO).25 ATRP can be conducted in bulk, 

solution or heterogeneous media. The choice of the solvent primarily depends on the 

solubility of the monomer, the polymer and catalyst system and heat transfer 

considerations. In conventional free radical polymerization, the quality of the solvent 

can affect the polymerization due to changes in the values of the rate constant of 

propagation, kp, or due to viscosity effects on the rates of termination, kt. Specifically, 

in ATRP, the solvent can react with the catalytic metal complexes in both oxidation 

states, imposing profound differences on the reaction rate, and thus the control of the 

polymerization (by X-Mtm+1/Ligand dissociation or competitive complexation).26 In 

addition, in the presence of solubility issues of monomers or polymers during an ATRP, 

the use of slightly acidic or coordinating solvents may be required, however in such 

mixtures, the utilization of more-halidophilic catalysts is needed. In non-polar solvents 
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usually ATRP cannot be conducted at RT thus the reaction requires heating. Finally, 

ATRP is accelerated in more polar solvents, at high temperatures and pressures.26 

Temperature and Pressure. The reactivities of all species present in an ATRP and the 

stability of the catalyst can be affected by the modulation of the temperature. The 

complexation is an exothermic process and thus at elevated temperatures, 

destabilization of both oxidation states of the catalyst system can occur.27 In addition, 

ATRP under high pressures has been shown to result in high molecular weight polymers 

compared to ambient pressure, due to the increase of the ratio kp/kdeact.
26c 

A major drawback of traditional ATRP is associated with the relatively high 

concentration of catalyst at equimolar ratio with the initiator (in the range of 0.1─1 mol 

% vs monomer).15a High concentration of catalyst is required to overcome the radical 

termination effects in the presence of low activity catalysts.25a (a) Purification methods, 

including passing the polymer solution through an alumina column, stirring with an ion 

exchange resin, precipitation into a non-solvent, utilization of a heterogeneous catalyst 

which can be easily isolated after the polymerization reaction, and (b) polymerization 

techniques using higher activity catalysts that acquire lower amounts (ppm) of catalyst, 

have been employed for the elimination of the catalyst.5 According to equation 1.3, 

ATRP does not depend on the concentration of catalyst, but rather on the ratio of the 

concentrations of activator and deactivator. Based on traditional ATRP, several ways 

have been shown to set up the ATRP equilibrium, including “reverse” ATRP, 

simultaneous reverse and normal initiation (SR&NI) ATRP, activators generated by 

electron transfer (AGET) ATRP, activator regenerated by electron transfer (ARGET) 

ATRP, initiators for continuous regeneration (ICAR) ATRP, supplemental activator 

and reducing agent (SARA) ATRP, ATRP mediated through electrochemistry 

(eATRP),28 and finally photoinduced (photoATRP) and ultrasound-induced 

(sonoATRP) ATRP. These polymerization techniques are beyond the scope of this 

thesis and are discussed thoroughly in a review paper published recently by 

Matyjaszewski.20 

1.1.3.3 Surface Initiated Atom Transfer Radical Polymerization (SI-ATRP)  

ATRP can be employed for the preparation of well-defined polymer brushes on various 

substrates, both organic and inorganic, with flat, concave or convex surfaces.29 In 1997, 
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Huang et al. obtained for the first time polyacrylamide brushes grafted from a benzyl 

chloride monolayer on silica particles via SI-ATRP, whereas in 1998 Fukuda et al. 

grafted PMMA brushes from flat silicon surfaces.30 The utilization of a surface-

anchored initiator results to the SI polymerization. In general, the chemistry of SI-

ATRP is based on the same principles as ATRP in solution, which involves initiation, 

propagation, activation/deactivation and termination processes. Nevertheless, there are 

certain differences, mainly due to the presence of the functionalized inorganic surface. 

Figure 1.8 shows a typical SI-ATRP from a flat substrate. According to traditional 

ATRP, the metal complex is transformed into its higher oxidation state due to the 

halogen transfer, which results in the formation of a radical at the initiator site on the 

surface. The reaction of the free radical with the monomer present in solution is 

disrupted by a halogen transfer which deactivates the active chain end. The main 

reactions involved in SI-ATRP are initiation, propagation and termination.  

 

Figure 1.8. Schematic representation of the SI-ATRP process from flat 

ATRP initiator-functionalized substrates.  

Initiation. As discussed above, the first requirement of SI-ATRP is an ATRP initiator-

functionalized substrate using the SAM technique, prior to polymerization.30b The 

advantage of SI-ATRP for the preparation of polymer brushes is the facile 

functionalization of the surfaces using easily synthesized or commercially available 

functional α-haloesters or benzyl halides.31 The most commonly employed surfaces for 

SI-ATRP are silicon/glass substrates. The functionalization process involves the facile 

reaction of the silanol groups which are present on the silicon surfaces with appropriate 

reactive groups (i.e. mono-chloro-silanes, mono-(m)ethoxy-silanes) leading to the 

formation of stable siloxane bonds. The use of tri-ethoxy or tri-chloro-silanes result in 

a network formation of silsesquioxanes providing better stability, compared to single 

bond anchored initiators. A plethora of functional ATRP initiators have been 

successfully tethered onto organic and inorganic materials, to synthesize polymer 

brushes with unique properties that are primarily affected by the grafting density of the 
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initiator.32 The polymer grafting density can be tuned by several ways, with the most 

common techniques being the utilization of mixtures of active and non-active or 

“dummy” initiators or by varying the concentration of the initiator or the reaction time 

during the SAM process.31, 33  

Similar to traditional ATRP in solution, the appropriate initiating functionality should 

be used in the SAM to ensure that the rate of activation is at least equal to the rate of 

propagation and provide high initiation efficiency and narrow polydispersities. The 

constant rate of activation follows again the order Br ~ I > Cl halogen atom, tertiary > 

secondary > primary substitution, and CN > Ph > ester radical stabilizing group.23 

Moreover, the length and hydrophobicity of the spacer between the initiator and the 

solid surface can affect the efficiency, with the increase of the grafting density and the 

initiation efficiency upon increasing the carbon spacer length of the initiator.34 Apart 

from the grafting density and the type of initiator, the monomer, catalyst and the surface 

curvature can all affect the initiation efficiency.34 

Propagation. The polymer chains grow from the surface as the monomers diffuse 

towards the surface and find the chain ends. The monomer diffusion may affect the rate 

of propagation, and thus the overall kinetics of the polymerization.35 Ideally, for SI-

ATRP from flat surfaces, the rate of propagation is proportional to the polymer film 

thickness, (if the grafting density is high) and thus the latter is increasing linearly with 

the polymerization time.36 In order to achieve a well-controlled ATRP, a sufficient 

amount of deactivator must be present in the reaction. Due to the fact that, the 

concentration of attached surface initiators is quite low in SI-ATRP, the generation of 

the persistent radical effect based on initiator-initiator reactions is impossible. This 

results to the slow formation of deactivators, no reversible deactivation takes place, and 

irreversible on-surface radical termination governs.37 For this reason, two approaches 

have been utilized; the addition of either a “sacrificial” free initiator, that has similar 

structure to the surface attached initiator, or a fraction of CuII based catalyst, to invoke 

control over the polymerization reaction and ensure the presence of sufficient amount 

of deactivator during the process.30a, 35  

Simulation and experimental studies, on these two approaches in SI-ATRP, have shown 

that: (a) the addition of the deactivator in the reaction mixture at the beginning of the 

polymerization results in a linear increase of the polymer brush thickness with the 
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polymerization time. Moreover, higher grafting densities and thicker polymer brushes 

with uniform growth can be prepared with this method;37a (b) on the other hand, 

addition of sacrificial initiator at the beginning of the polymerization, can generate 

deactivator only during the propagation, whereas at low polymerization times the 

concentration of deactivator is low that results to low control. Compared to the addition 

of deactivator, the addition of free initiator results in lower grafting densities by the 

partial loss of initiator, due to termination reactions, and to a decrease of the thickness 

growth rate, due to excessive monomer consumption by the untethered initiators. 

Nevertheless, the latter method enables the determination of the molecular weight and 

the grafting density of the polymer chains, assuming that the generation of the polymer 

chains in solution and on the surface are similar, which is significant for the proper 

characterization of the polymer brushes.38  

   

Figure 1.9. (a) Linear dependence of the polymer brush thickness with the 

molar mass of untethered PS chains.39 (b) Growth profile of PS brushes 

obtained via SI-ATRP from silicon substrates using sacrificial  initiator or 

deactivator.40 

As described above the addition of free initiator or deactivator ideally results to a linear 

growth rate of the polymer brushes with time, assuming that the polymerization rates 

of the free polymer chains grown in solution and the surface anchored chains are 

similar. Figure 1.9a shows the increase in thickness of a PS brush with the molecular 

weight of the PS chains grown in solution using a sacrificial initiator. Figure 1.9b shows 

the brush growth rate profiles, for the two methods described above, using free initiator 

or deactivator. It is obvious that, the rate of polymerization is not constant as expected 

and the growth profile deviates as the ATRP reaction proceeds.40 This deviation can be 
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explained by considering that at high levels of monomer consumption the rate of 

propagation will slow down excessively and end group functionalities can be also lost.18  

Termination. The termination process in SI-ATRP is inevitable due to the nature of 

the radicals. Mainly there are two ways of possible termination on flat surfaces. The 

first involves disproportionation of two surface radicals or two solution radicals or a 

surface and a solution radical, when a “sacrificial” initiator is present in the solution. 

On the contrary, when no free initiator is employed, termination can only occur between 

two surface radicals. Figure 1.10 (left) illustrates the possible termination pathways 

involved in SI-ATRPs on flat surfaces. Since the free chains grown in the solution 

mixture are mobile, the termination between a surface radical and a solution radical or 

two solution radicals can occur easily. On the other hand, termination between two 

randomly activated surface radicals is more unlikely.41 

 

Figure 1.10. Left: Possible pathways for termination in SI-ATRP on flat 

surfaces. Right: Migration effect of surface radicals through 

activation/deactivation in SI-ATRP and subsequent termination between 

surface radicals.41 

Figure 1.10 (Right) shows a schematic illustration of simulation studies of a SI-ATRP 

from a flat surface and the plausible occurrence of two surface radicals’ termination. 

The film thickness is 100 nm, the grafting density is 0.3 polymer chains/nm2 and the 

average distance of the grafted chains is 1.83 nm, values that correspond to typical 

experimentally obtained polymer brushes in the literature. The radical concentration is 

3×10-6 chains/nm2 with an average distance of two active radicals at 577 nm.  In the 

polymer brush, the grafted polymer chains are crowded, however crowding does not 

lead to termination on the surface as it is believed. The polymer chains are grafted from 
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the one end to the surface, thus cannot diffuse freely compared to those in solution, with 

the crowding further limiting their movement. The average distance between two 

radicals is 577 nm which renders impossible the direct bimolecular chain termination. 

Then termination can only occur when the catalyst activates a dormant specie in close 

proximity to an active radical, and the radicals would instantly terminate as described 

by the “migration effect”.37a, 41 For ATRP, the constant ratio of the concentrations of 

activator and deactivator catalyst system is expected to address a constant 

polymerization rate, since the low number of polymer chains grown in solution do not 

affect the activator/deactivator ratio throughout the polymerization mixture. 

Nevertheless, in SI-ATRP an experimental decrease in the growth rate is observed with 

the increase of the catalyst concentration. For this reason, the termination rate constant 

should be proportional to the catalyst concentration, due to the fact that higher amounts 

of catalyst can result in a higher possibility for termination. 

In conclusion, higher rates of polymerization result in more termination reactions and 

thus lower film thicknesses with time, whereas low rates of polymerization result in 

lower concentrations of active radicals present at the same time and thus lower 

possibility of termination but non-reasonable polymerization times. So, there is an 

optimal rate of polymerization, which depends on multiple parameters, such as the 

solvent quality, catalyst type and ratio of the activator to deactivator, for which higher 

polymer film thicknesses are obtained at reasonable times. 

Materials. As mentioned above, SI-ATRP can be applied to various modified 

substrates, both organic and inorganic, with flat, concave or convex surfaces. The 

selection of the surface geometry depends on the targeted application, nevertheless, the 

different geometries may affect differently the effectiveness of the SI-ATRP process. 

For flat surfaces, the amount of initiator is profoundly low, therefore the molecular 

weight and the polydispersity of the polymer grown from the surface cannot be directly 

evaluated by SEC characterization. Moreover, for concave surfaces, the control over 

the molecular weight and polydispersity might be compromised, due to confinement 

effects (steric hindrance) between the growing polymer chains. Therefore, the selection 

of the polymerization conditions in these systems is crucial. Finally, convex systems, 

provide a large amount of initiator for further characterization, however they can lead 

to macroscopic gelation, as predicted by Flory’s gelation theory.42 In the next 
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paragraphs, the theory and the architecture of polymer brushes grown from flat 

substrates, which is the focus of the present thesis, are described.20 

 

 

 

Figure 1.11. Schematic illustration of the different polymer brush 

architectures obtained by SI-CRPs. (a) homopolymer brushes, (b) random 

copolymer brushes, (c) block copolymer brushes, (d) binary mixed polymer 

brushes, (e) Y-shaped mixed copolymer brushes, (f) molecular weight 

gradient polymer brushes, (g) grafting density gradient polymer brushes, 

(h) cross-linked brushes, (i) surface grafted bottlebrush polymers, (j) cyclic 

or loop-type polymer brushes, (k) highly branched polymer brushes and (l) 

two-layer bimodal polymer brushes.43 

 

1.1.4 Polymer brush architecture  

A variety of polymer brush architectures with controlled composition, topology and 

functionality can be attained by the SI-ATRP method. In terms of their chemical 
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compositions, polymer brushes are divided into homopolymer, random- and block- 

copolymer, mixed polymer brushes and more sophisticated architectures such as 

gradient, y-shaped and (hyper)branched brushes. These examples of polymer brushes 

can be obtained by SI-ATRP or a contribution of several SI-CRP techniques. Figure 

1.11 shows a schematic illustration of some examples of architectures of polymer 

brushes. Differences in architecture promote a better control of surface coverage, 

provide better access to certain functionalities and enable the formation of structured 

surfaces. Selected examples will be discussed in the following paragraphs. 

1.1.4.1 Homopolymer brushes 

The most common architecture constitutes the end-anchored homopolymer chains, 

comprising one type of monomer repeat unit. The homopolymer brushes have been 

widely used in a plethora of scientific and technological fields. These systems can be 

further divided into neutral and charged polymer brushes. Figure 1.12 depicts the most 

commonly utilized chemical structures of polymer brushes for various applications 

based on (meth)acrylates and styrenes. Typically, neutral polymer brushes are based on 

hydrophilic polymers such as poly(2-hydroxyethyl methacrylate) (PHEMA), 

poly((polyethyleneglycol) methacrylate) (PPEGMA), poly(N-isopropylacrylamide) 

(PNIPAAm) and polyacrylamide (PAAm), nevertheless there are also many examples 

of hydrophobic polymer brushes based on PMMA, PS and PGMA, that give their 

distinct properties to the surface on which they are tethered, for use in several 

applications.  

Charged homopolymer or polyelectrolyte (PEL) brushes have different properties 

compared to neutral brushes, and can undergo changes in their swelling and contraction 

in response to changes in the solution pH or ionic strength, rendering them excellent 

candidates for smart surfaces. PEL brushes consist of polymer chains containing 

ionizable groups along their backbone. The charge density of a polymer chain in a polar 

solvent depends on the type of polymer and the degree of dissociation of the ionizable 

groups. Based on the ionization constant of the polymer chains, PEL brushes are 

divided into (a) “strong” PEL brushes and (B) “weak” PEL brushes.44  

Weak PEL brushes do not have permanent charges and the pH or ionic strength changes 

of their surrounding can tune their charge ratio and thus control their properties. Weak 

https://en.wikipedia.org/wiki/Poly(N-isopropylacrylamide)
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polyanionic brushes accept protons at low pH and release them at neutral and high pH 

values when they become negatively charged. Weak polycationic brushes are 

deprotonated at high pH and become positively charged at neutral and low pH values. 

The structure and the properties of such polymer layers are dominated by electrostatic 

interactions. Due to the electrostatic interactions the polymer segments are strongly 

stretched and exhibit physical properties which are very different compared to neutral 

polymer brushes.44 Poly(methacrylic acid) (PMAA) and poly(2-(dimethylamino)ethyl 

methacrylate) (PDMAEMA) brushes are the most widely studied weak PEL brushes. 

To understand the response of charged brushes to changes in the solution pH, the 

apparent dissociation constant, pKa of the polymer functional groups is essential. 

 

Figure 1.12. Chemical structures of the most commonly used end-grafted 

neutral and charged homopolymers.45 

On the other hand, in strong PEL brushes, permanent charges are associated with strong 

acid or base groups, the degree of dissociation is not affected by the environment and 

as a consequence these brushes are insensitive to the local pH. The most commonly 

reported strong polybasic brush is poly(2-(methacrylolyloxy)ethyltrimethylammonium 

chloride) (PMETAC) (which is related to the substituted form of PDMAEMA with 

https://www.ebi.ac.uk/chebi/searchId.do?chebiId=53416
https://www.ebi.ac.uk/chebi/searchId.do?chebiId=53416
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methyl chloride), poly(methyl-4-vinylpyridinium) (PMePVP) and 

poly(vinylbenzyltrimethylammonium chloride) (PVBTMAC).  

Polyzwitterionic brushes. Polyzwitterionic brushes is a type of end-grafted 

polyampholyte chains possessing both anionic and cationic groups within the one side 

group, and exhibits an anti-polyelectrolyte effect, due to attractive interchain/intrachain 

dipole-dipole interactions.46 Therefore, polyzwitterionic brushes are usually weakly 

hydrated and have collapsed conformation at low salt concentrations, nevertheless they 

are strongly hydrated and adopt an extended conformation at high salt concentrations.47 

The most commonly reported brushes are poly(sulfo-betaine methacrylate) (PSBMA), 

poly(carboxy-betaine methacrylate) (PCBMA) and poly(phosphorylcholine 

methacrylate) (PPMC), which are mainly employed as coatings with ultra-low levels of 

hydrophilicity, fouling adsorption, friction, adhesion and so forth. 

In general, homopolymer brushes possess interfacial physicochemical characteristics, 

that are determined by their chemical composition, grafting density, film thickness and 

solubility in the surrounding medium. More complex architectures give the opportunity 

of exploiting technologically relevant properties such as mechanical and thermal 

stability, viscoelasticity and low friction. 

 

1.1.4.2 Copolymer brushes 

1.1.4.2.1 Block copolymer brushes 

Compared to homopolymer brushes, which have a uniform chemical composition, the 

block copolymer brushes comprise different blocks which may present distinctive 

chemical properties. Block copolymer brushes were introduced to confirm the “living” 

character of the SI-CRP polymerization techniques on various substrates. Husseman et 

al. synthesized polystyrene-b-poly(styrene-co-methyl methacrylate) (PS-b-(PS-co-

PMMA)) brushes on silica substrates using NMP.48 The preparation of block copolymer 

brushes using SI-ATRP via the grafting-from technique was first accomplished by 

growing polystyrene-b-poly(t-butyl acrylate) (PS-b-PtBA) chains from silicon 

substrates.35 Hydrolysis of these diblock copolymer brushes led to polystyrene-b-

polyacrylic acid (PS-b-PAA) brushes. Since then, a vast number of researchers have 
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been using SI-ATRP for the preparation of diblock copolymer brushes via sequential 

block polymerization. Moreover, in order to evaluate the efficient sustain of the ATRP 

initiator at the end of the grafted polymer chains after SI-ATRP, Kim et al. prepared 

triblock copolymer brushes comprising poly(methyl acrylate) (PMA), PMMA and 

PHEMA.49 Multi-block copolymer brushes can be prepared via SI-ATRP, nevertheless, 

the monomer reactivity and structure and the nature of the surface-attached initiator 

affect significantly this feasibility.50  

Depending on the nature of the different blocks, responsive surface properties to several 

external stimuli can be obtained (see paragraph 1.2.1). 

 

1.1.4.2.2 Random copolymer brushes 

Random copolymer brushes are assemblies of end-grafted polymer chains consisting of 

two or more monomer repeat units, which are randomly distributed along the anchored 

polymer chains and can be easily prepared by an one-step SI-CRP of a mixture of 

monomers.51 Random copolymers combine the properties of each singular 

homopolymer, and are mainly prepared to tune the surface properties of materials and 

to induce responsiveness to external stimuli. However, due to the fact that, monomers 

often have different reactivities, the composition of the copolymer brushes may not be 

identical to that of the monomer feed.  Ignatova et al. have prepared various random 

copolymer brushes on stainless steel substrates via SI-ATRP.52 While most reported 

random copolymer brushes consist of linear polymer chains, more complex 

architectures, such as branched and cross-linked polymer brushes have been also 

prepared by SI-CRP techniques.31 

 

1.1.4.3 Mixed homopolymer brushes 

The profound interest on mixed brushes during the last decade has arisen by the stimuli-

responsive nature of these surfaces. In general, mixed brushes comprise incompatible 

homopolymer chains that are randomly distributed along the polymer surface, thus the 

topography and morphology can be easily controlled though polymer-solvent 

interactions. Based on the SAM pre-functionalization of the surface, the mixed 
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homopolymer brushes can be divided into (a) binary mixed brushes and (b) Y-shaped 

binary mixed brushes.  

1.1.4.3.1 Mixed SAMs 

Aside from single molecule type SAMs, that provide organic/inorganic hybrid initiators 

for the SI-ATRP of homopolymer and block copolymer brushes, mixed SAMs have 

been utilized to incorporate two types of molecules in one SAM, but typically the one 

type would preclude the other through steric hindrance. Feng et al. managed to prepare 

mixed SAMs by two methods: (a) co-adsorption and the (b) stepwise method.  

Co-adsorption is the easiest procedure to obtain mixed SAMs, involving a mixture of 

the two molecules in a good solvent and immersion of the surfaces. Different affinities 

of the molecular head/anchor groups usually result to undesired mixed SAMs, therefore 

a “trial and error” procedure is required to address the concentration and molar ratios 

between the two molecules of the mixture.53 For example, mixed SAMs of octyl- and 

dodecyl-tri-chlorosilane were prepared easily. However, the preparation of mixed 

SAMs using a tri-chlorosilane and a tri-ethoxysilane by co-adhesion was shown to be 

impossible, due to the fact that the faster binding of the tri-chlorosilane acted as a barrier 

for the assembly of the tri-ethoxysilanes. The stepwise method was used to evade this 

problem, by immersing a clean substrate in a solution of a first SAM for a 

predetermined length of time, followed by the immersion in a solution of a different 

molecule, which filled the gaps of the first monolayer deposition.53-54 It was proposed 

that the larger head/anchor group should be utilized first as the smaller steric hindrance 

would allow the second molecules to fill the gaps that remained after the adsorption of 

the first larger molecule.  

1.1.4.3.2 Binary mixed homopolymer brushes 

Mixed polymer brushes consist of two or more different homopolymers anchored 

randomly on a surface. Ionov et al. utilized the “grafting-to” technique to prepare binary 

mixed polymer brushes and study the effect of polymer composition and solvent 

selectivity for the two homopolymer chains.55  

Studies on grafted-from mixed brushes began in 1999, when Sidorenko et al. 

synthesized  binary mixed polymer brushes of PS and P2VP by a two-step conventional 
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free radical polymerization process.56 Since then, a plethora of SI-CRP techniques have 

been employed for the synthesis and characterization of mixed brushes. Zhao was the 

first to prepare binary mixed brushes of PMMA/PS by the “grafting-from” method, 

using mixed SAMs of ATRP and NMP initiators.57 In addition to mixed SAMs by 

solvent deposition, PMMA/PS brushes have been also synthesized by vapor deposition 

of an ATRP initiator followed by the vapor deposition of an NMP initiator. 

Nevertheless, phase separation of the initiator molecules is often observed, when the 

surface is modified with a mixture of orthogonal initiators,58 which results to islands of 

one type of homopolymer chains, rather than a mixed polymer brush. Wang et al., 

prepared binary mixed PNIPAAm/PHEMA brushes via a two-step SI-ATRP. First SI-

ATRP of NIPAAm was carried out from a spatially uniform initiator SAM on planar 

gold substrates, followed by electrochemical etching to partially remove the PNIPAM 

chains and backfilling with a ATRP initiator to grow the second PHEMA chains by SI-

ATRP.59 In 2011, Matyjaszewski et al. prepared binary mixed poly(butyl a 

acrylate)/poly(acrylic acid) PBA/PAA brushes via a two-step reverse ATRP, which 

involved a diazo-initiator on planar silicon surfaces.60 Finally, Ionov et al. prepared 

mixed PS/PAA brushes via sequential SI-AGET-ATRP using a dehalogenation step 

between the polymerization procedures.61 

1.1.4.3.3 Y-shaped binary mixed brushes 

In some cases, mixed initiators may not ensure uniform and well-distributed layers of 

the initiators if the one is preferably adsorbed onto the surface. This can result to the 

formation of islands of one type of the polymer brush, after the SI-CRP. To address this 

problem and avoid the phase separation of the mixed orthogonal initiators, one 

approach is to use a Y-shaped molecule with two different homopolymer chains linked 

to a focal point that can react with a site on the surface via “grafting-to”.62  

Zhao and He synthesized Y-shaped binary mixed brushes simply by employing a 

difunctional ATRP/NMP silane initiator (Y-silane), for the SI-CRP of mixed 

PS/PMMA brushes.63 Nevertheless, the synthesis of the binary Y-initiator required a 

multiple-step protocol with low yield. Lately, other binary Y-silane initiators for 

ATRP/NMP and ATRP/RAFT brushes have been studied for the successful growth of 

Y-shaped binary mixed brushes.64  
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Mixed brushes are still under development and the ability to promptly control the phase 

separation of these systems has been mostly realized on curved surfaces. Thus, there is 

an unmet need to control these systems on planar surfaces. 

1.1.4.4 Other Complex Architectures 

In addition to the linear polymer brushes, described above, other more complex 

architectures can be prepared by the SI-ATRP technique e.g. hyper-branched, bottle-

brush, loop-type polymer brushes, etc. (see Figure 1.11). Details on these architectures 

are beyond the scope of this thesis and have been given in the remarkable reviews of 

Klok et al.31, 43 

In conclusion, SI-ATRP constitutes a robust, versatile and reliable technique for the 

synthesis of polymer brushes. The good control over the brush composition and 

architecture, the reduced sensitivity to oxygen, moisture and impurities, the large 

variety of potential monomers, the commercial availability of catalysts and initiators 

and the facile immobilization of the latter on various substrates, constitute the main 

reasons for the use of SI-ATRP in the synthesis of polymer brushes. 

1.1.5 Post-polymerization modification reactions 

Post-polymerization modification (PPM) is a significant tool to introduce 

functionalities to polymer brushes which cannot be attained by SI-CRP techniques. 

There are several modifications that can be performed depended on the desired 

functional group and the application such as: (a) PPM to obtain ester side chain 

functionalized polymer brushes, (b) PPM to obtain acid side chain functionalized 

polymer brushes, (c) PPM of carboxylic acid  side-chain functionalized polymer 

brushes, (d) PPM to obtain quaternized polymer brushes, (e) PPM of hydroxyl-side 

chain functionalized polymer brushes, (f) PPM of poly(glycidyl methacrylate) brushes, 

(g) PPM of other side-chain functional polymer brushes, and (h) selective chain-end 

PPM of the polymer brushes.43 

The quaternization of PDMAEMA brushes has been widely explored mostly with the 

utilization of methyl iodide to form pendant quaternary ammonium salt moieties.  

Quaternization reactions have been employed to obtain polymer brushes with 

antibacterial properties. The cross-linking of the PDMAEMA brushes was achieved 
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using di-iodides. Finally, PQDMAEMA brushes have been shown (a) to possess 

tunable wettability based on the counterions, with nitrate counterions providing more 

hydrophilic brushes, whereas Tf2N
- counterions provide more hydrophobic brushes, (b) 

to bind femtomolar concentrations of DNA, (c) to resist protein adsorption and platelet 

adhesion.43  

1.1.6 Theory of Polymer brushes  

Theoretical descriptions can be used to interpret experimental observations and tailor 

the polymer brush properties. A plethora of theoretical mathematical models have been 

developed for the prediction of the conformation of the end-grafted polymer chains 

under different conditions of temperature, pressure, pH, solvent type and ionic strength. 

The following section describes some of these theoretical models. 

1.1.6.1 Neutral brushes 

An analytical theoretical description of polymer brushes on planar surfaces was first 

introduced by Alexander.65   

At very low grafting densities, the conformation that the adsorbed polymer chains adapt 

resembles more or less their random coil conformation. Nevertheless, at high grafting 

densities, the chains are stretched to avoid overlapping with neighboring chains and 

adopt a brush-type conformation. The distance between the anchoring points is lower 

than the polymer stretching distance, and induces dominant chain-chain interactions. 

Implementing the “Flory argument”, Alexander derived the conformation of the 

brushes to be determined by the energy balance between the elastic free energy of the 

stretched polymer chain, Fel and the energy of interaction between statistical segments 

(excluded volume repulsion), Fint (see Equation 1.6).  

F = Fel + F𝑖𝑛𝑡                (1.6) 

The Fel of ideal polymer chains increases quadratically with their end-to-end distance, 

which is represented by the brush thickness, h. The excluded volume stems from 

uniformly distributed monomer segments and is proportional to their volume fraction. 

The total free energy, F, of a single polymer chain in the brush can be transformed to: 

F = k𝐵T (
3ℎ

2

2𝑁𝑎2
+

𝑤𝑁2𝜎

ℎ
)              (1.7) 
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Where, N is the degree of polymerization, w is the excluded volume, α is the monomer 

diameter and σ is the grafting density.  

In a good solvent, the monomer-monomer interactions are governed by the monomer-

solvent interactions and the thickness of the polymer brush can be obtained by 

minimizing the total free energy as follows: 

h~N𝛼4/3𝜎1/3
               (1.8) 

Similarly, de Gennes addressed a simple scaling analysis, in which the polymer chain 

can be divided into a series of “blobs”, and the steric interactions between the “blobs” 

determine the conformation of the brush. The analysis led to the correlation length of 

polymer chains in the brush to be the distance between anchoring points equal to σ-1/2 

and is similar to that by Alexander.66  Based on these theories, the Alexander-de Gennes 

(AG) theory was described, which is the basic model for describing the properties of 

polymer brushes.  

In a poor solvent, the interactions between monomer repeat units are attractive and thus 

the end-grafted chains are collapsed. In contrast to a free random walk polymer, for 

which the radius of gyration is scaling as 𝑅𝑔~𝑁3/5 in a good solvent and 𝑅𝑔~𝑁1/2 in 

a bad solvent, the thickness of the polymer brush is scaling linearly with N, implying a 

deformation of the densely-grafted polymer chains. In addition, the thickness of 

polymer brushes in poor and theta solvents can be calculated by equations 1.9 and 1.10, 

in which the power law dependence of the thickness, ν, increases from 1/3 to 1/2 and 

1, respectively. 

h~N𝜎1/2
                   (1.9) 

h~N𝜎                 (1.10) 

On the contrary, the dependence on the molecular weight remains constant at N. 

Other sophisticated models such as numerical and analytical self-consistent field (SCF) 

theories have been used to elucidate the structure of polymer brushes with quite 

different results.67 A more accurate description of a polymer brush was introduced by 

Milner et al. based on the idea that the free chain-ends can be allocated anywhere within 

the brush.3a, 67b, 68 The self-consistent field for equal length is a parabolic potential and 
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not stepwise as predicted by the AG theory, thus it is called the “parabolic field” 

approximation. 

From the above, the key elements that define the conformation and features of polymer 

brushes is the grafting density and the surrounding medium. The grafting density is 

calculated based on the AG theory, which relates the dry thickness of the polymer brush 

with the distance between two anchoring points. If the grafting density is greater than 

the overlap density, steric interactions force the polymer chains into a stretched, 

extended conformation to relieve crowding locally. The balance between osmotic 

pressure, due to contact between segments, and the entropic elasticity, opposing the 

polymer stretching, defines the extension of a polymer brush.66 

The effect of grafting density can be more pronounced due to solvent interactions, with 

highly swollen and collapsed states of the polymer brushes obtained after immersion in 

good and bad solvents, respectively. In the dry state, polymer brushes are in the 

collapsed state and behave in a similar way as in a poor solvent. The polymer brush 

conformation can be divided into four different regimes: (a) mushroom (b) pancake, (b) 

semi-dilute or moderate brush and (c) concentrated or high-density brush regime.4 

Figure 1.13a illustrates the scaling law and conformation of neutral brushes at different 

grafting densities and solvent conditions. In many cases, for simplicity, the term 

“polymer brush” is used for all end- grafted polymer chains, nevertheless it should be 

stressed that the term applies only under specific conditions when the behavior of the 

grafted polymer layer is defined by strong interactions between densely-grafted 

polymer chains. 
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Figure 1.13. Schematic representation of the various regimes of (a) neutral 

and (b) charged polymer brushes, and their scaling laws depending on the 

grafting density and solvent quality. (c) Symbols used in the scheme.69 

1.1.6.2 Charged brushes 

In comparison to neutral brushes, charged brushes have different properties and 

additional considerations need to be considered. The complexity of the PEL brush 

structure increases, due to interactions by the presence of the charges, not only owing 

to the long-range electrostatic interactions between the charged groups, but also due to 

the counterions in solution.70 These interactions are highly depended on changes of the 

surrounding environment, such as the ionic strength, pH value and the presence of 

counterions. In solution, polyelectrolytes carry charges that are screened by 

oppositively charged ions, namely counterions. The most commonly used surrounding 

medium is an electrolyte solution that alters the osmotic pressure and interactions 

between the polymer ions. Figure 1.13b illustrates the scaling laws and conformation 

of charged brushes of different grafting densities and at different solvent conditions. 

Self-consistent field theories, which incorporate Poisson-Boltzmann equations, have 

described PEL brushes and reveal that the counterions are gathered in the PEL brush in 

order to minimize the free energy of the system, rendering the overall PEL brush 
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electroneutral. The electroneutrality plays a significant role in the theory of PEL 

brushes, since unscreened long-ranged electrostatic interactions do not exist.  

Strong PEL brushes. A theoretical description of the behavior of strong PEL brushes 

on surfaces was first introduced by Pincus,70a and is expressed in equation 1.6, using a 

simple scaling model assuming a fraction of charged monomer units, ƒ that are always 

neutralized by counterions either inside the brush, comprising the “osmotic brush” 

regime or outside the brush entering the “Pincus brush” regime. 

The wet thickness of a strong PEL brush is proportional to the molecular weight and 

the square root of the fraction of charged monomer repeat units, ƒ, and independent of 

the grafting density.69 The thickness scaling is caused by the balance between osmotic 

pressure and chain stretching and these systems are called “osmotic brushes”, described 

by equation 1.11. 

h~Nƒ1/2
             (1.11) 

The Pincus brush model was developed for low grafting density/extent of dissociation 

brushes, whose counterion cloud perturbs the brush region surroundings and cannot 

maintain its charge neutrality. Thus, under such conditions the osmotic pressure is weak 

due to the fact that the strong charge repulsion is dominant. The wet thickness is 

proportional to the grafting density, the molecular weight and the square root of the 

fraction of charged monomers, ƒ (Equation 1.12). 

h~N3𝜎ƒ1/2
                 (1.12) 

Lego et al. confirmed experimentally the Pincus brush theory using PAA brushes.71   

Weak PEL brushes. Compared to strong PEL brushes, in weak PEL brushes the 

charges can be affected by the environmental conditions. i.e. pH, and thus the swelling 

of the brush varies. For example, increase of the pH results in the swelling of weak 

polyacid brushes, whereas weak polybasic brushes extent with the decrease of the pH. 

Studies on PMAA and PAA brushes have shown that the behavior of the wet brush 

thickness vs the grafting density is similar to neutral brushes with ν = 1/3, which 

opposes the mean-field theory prediction.72  It was suggested that the similar behavior 

may originate by the low dissociation level for the polymers in brush, as predicted by 
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theory, which also contributes to an inhomogeneous ionization along the brush as 

observed experimentally by Ober et al.73  

Presence of salt ions. The addition of electrolytes to both strong and weak PEL brushes 

transforms them to the so-called “salted” brushes, in which the charges are screened. 

The transformation occurs when the concentration of the electrolyte in the solution, Cs, 

is equal to its concentration inside the PEL brush. The osmotic pressure decreases by 

the entrance of the electrolyte ions in the brush and the scaling law of a salted brush 

can be described by the equation 1.13. 

h~NCs
−1/3

σ1/3
             (1.13) 

At high salt concentrations (Cs), the electrostatic interactions are vastly screened, the 

osmotic pressure within the system is reduced and the PEL brush behaves as a neutral 

brush, for which further increase of the electrolyte concentration does not affect the 

thickness of the brush. 

Nevertheless, at low electrolyte concentrations, weak PEL brushes behave differently, 

with the thickness scaling being proportional to the added electrolyte, since the degree 

of dissociation increases with it. Zhulina et al. proposed the scaling law (equation 1.14) 

to describe the effect of dissociation.72c 

h~NCs
1/3

σ−1/3
                                        (1.14) 

At low electrolyte concentration, the sensitivity of the swelling change of weak PEL 

brushes decreases with the decrease of the grafting density. As the electrolyte 

concentration increases, charge screening becomes important and dominates at Cs,max, 

when the weak PEL brush reaches its maximum thickness.  

1.2 Smart polymer brush surfaces and key applications   

Smart coatings are in general all coatings that are capable of triggering a macroscopic 

response upon exposure to a stimulus, owing to the incorporation of stimiuli-responsive 

entities within the coatings. The modification of surfaces with polymer brushes is 

employed to tailor the surface properties such as hydrophilicity/phobicity, 

biocompatibility, fouling, antimicrobial properties, adhesion, adsorption, friction and 

corrosion resistance.74 These responsive properties provide the basis for the 

development of “smart” surfaces. In particular, smart polymer brushes are 
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advantageous, due to their chemical versatility, which permits tuning the interfacial 

properties by a certain trigger such as temperature, pH, mechanical stress, solvent type, 

external electric field or light.75 

The following paragraphs will focus on stimuli-responsive polymer brushes and on the 

applications of polymer surfaces with emphasis on their wettability, lubrication and 

antimicrobial properties.76 

1.2.1 Stimuli-responsive brush surfaces  

Relying on the chemical composition and architecture of the end-anchored polymer 

chains, environmental parameters such as solvent quality, pH, ionic strength, 

temperature, electromagnetic fields and the presence of specific electrolytes or 

molecules can affect the conformation and structure of polymer brushes and therefore 

introduce a responsive character on these systems, with tunable surface properties such 

as wettability, biocompatibility, biofouling, antimicrobial properties, adhesion, 

adsorption, corrosion resistance, lubrication and friction.20, 74b, 74c Three types of 

“smart” polymer brushes are typically utilized in designing stimuli-responsive surfaces 

(Figure 1.14). The responsive nature of homopolymer brushes stems from the property 

changes (swollen/collapsed) of the grafted polymer chains. Diblock copolymer brushes 

of two unlike polymer blocks, under external stimuli, can undergo phase segregation to 

lower the surface energy, which leads to the switching of the properties between the 

two polymers or to some intermediated state. Finally, mixed homopolymer brushes, 

comprising two different homopolymers, undergo phase segregation upon the 

application of an external stimulus, which determines their surface properties.77 Some 

examples of the responsiveness of polymer brushes are given in the following, sorted 

by the type of stimulus which induces the responsive behavior of the brush. 

1.2.1.1 Solvent-induced responsiveness.  

The solvent quality can profoundly affect the conformation of the polymer brush. In the 

presence of a good solvent, a typical behavior is that in which the grafted polymer 

chains are stretched away from the surface to enhance the solvent-polymer interactions, 

whereas, in a poor solvent the polymer chains collapse to these interactions.  
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Figure 1.14. Schematic illustration of conformational changes of (a) 

homopolymer brushes, (b) diblock copolymer brushes and (c) mixed 

homopolymer brushes.78  

Homopolymer brushes. The responsive behavior of the single-component 

homopolymer brushes are referred to changes of free energy of the brush in its 

environment due to the change of the solvent quality. A decrease in the layer thickness 

and reduction of the surface roughness was achieved upon immersion of PMMA 

brushes in water which is a poor solvent for the densely grafted homopolymer chains. 

Transition from the collapsed state to the swollen state was introduced by soaking the 

polymer brushes in tetrahydrofuran (THF), which is a good solvent.79 Similar swelling 

and collapsed behavior was observed when PMMA brushes were exposed to various 

good (i.e. benzene, ethyl acetate) and poor (acetonitrile, isopropanol) solvents or 

solvent vapors.80 A characteristic example of the application of solvent responsive 

homopolymer brushes was demonstrated for PBA or PAA brushes grafted on carbon 

nanotubes for gas sensors, with high sensitivities towards acetone, chloroform, toluene 

and methanol, organic vapors.81 Humidity is considered as a solvent-responsive 

parameter for the responsiveness of hydrophilic polymer brushes. Characteristic 

examples are PDMAEMA or poly(4-vinyl pyridine) (P4VP) homopolymer brushes and 

their quaternized analogues, which are highly hydrophilic and the relative humidity has 

been shown to highly affect their degree of swelling.82 

Solvent-responsive polymer brushes are primarily comprised of (a) diblock copolymer 

brushes or (b) mixed homopolymer brushes, which undergo solvent-induced phase 

segregation of the polymer chains and thus a reversible tuning of the surface properties 
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can be realized. This behavior is based on the morphological brush changes when the 

polymer brushes are immersed in a solvent with special affinity for one of the 

polymers.83  

Diblock copolymer brushes. The solvent-responsive behavior of diblock copolymer 

brushes have been profoundly investigated and found that is more complicated than that 

of the homopolymer brushes. Figure 1.15a shows the schematic illustration of a solvent-

responsive diblock copolymer brush. When the diblock brush is immersed in solvent 

B, that is a good solvent for both unlike polymer blocks of the end-grafted polymer 

chains, the system will be fully stretched. Nevertheless, after immersion in solvent A, 

that is poor solvent for the outer bocks and good solvent for the inner blocks, a 

simultaneous swelling of the inner blocks and a collapse of the outer blocks will result 

to penetration of the latter into the polymer phase towards the substrate in order to 

reduce the contact with the poor solvent. Micro- or nano-sized surface patterns may 

arise based on the interaction parameter of the two segments. Zhao et al. showed for 

the first time, via water contact angle (WCA) measurements and atomic force 

microscopy (AFM) that the selective collapse and swelling of PS-b-PMMA and PS-b-

PMA blocks produced variable and switchable surface topologies. They observed that 

after treatment with different solvents, the two systems revealed either an unusual 

morphology or regular structure, which was attributed to the Flory-Huggins interaction 

parameter between PS and PMMA opposed to PS and PMA.84 Baum and Brittain 

studied the rearrangement of PS-b-poly(N,N’-dimethylacrylamide) (PDMA) and 

PDMA-b-PMMA brushes upon exposure to selective solvents.14b The reversible 

behavior was examined by water contact angle measurements after treatment with the 

selective solvents and they found that samples had incomplete rearrangement as the 

contact angles achieved after treatment did not match with the characteristic contact 

angles of their PS or PDMA or PMMA analogues. Also, Boyes et al. employed AFM 

measurements on PS-b-PMMA brushes to demonstrate the morphological responsive 

behavior of the brushes after immersion in various selective solvents.85 They found that 

these brushes reversibly rearrange upon treatment with selective solvents that result in 

the formation of unusual surface morphologies of either pinned micelles or dimple or 

ripple worm-like structures. Granville et al. studied the behavior of semi fluorinated 

diblock copolymer brushes treated with a good and a poor fluorinated solvent.86 It was 

found that solvent-responsive rearrangements of the two blocks resulted in tuning of 
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the wetting properties of the diblock brushes, with the fluorine atoms playing some 

distinct role in their nearly full rearrangement. The AFM images of the diblock 

copolymer brushes upon selective solvent treatment suggested that the materials did not 

undergo the traditional rearrangement mechanism of PS-b-PMMA to form pinned 

micelles on the surface. The behavior of PS-b-PMMA brushes have been also shown 

to be affected by parameters such as the nature of the solvent used to wash the films 

and the annealing time.87 Similar studies by different research groups were reported for 

different amphiphilic diblock copolymer brushes that their systems revealed almost 

fully reversible block rearrangements.88  

Moreover, Xu et al. studied the influence of the individual block length on the solvent 

response of PnBA-b-PDMAEMA brushes, which was found to affect the surface 

responsive properties.89 The bottom block of PBMA was held constant while the 

PDMAEMA block had a variable molecular mass. The responsive behavior and 

rearrangement of the PDMAEMA blocks exposed to water and hexane was monitored 

with water contact angle measurements, which indicated that shorter blocks of 

PDMAEMA compared to PBMA were able to fully rearrange in contrast to the thick 

PDMAEMA layer which suppressed any response from the PBMA block. Gao et al. 

observed that varying the length of the upper block of poly(oligo(ethylene glycol) 

methacrylate)-b-PMMA brushes resulted in various nanopatterns i.e. spherical 

aggregates, wormlike aggregates, line patterns, perforated layers and complete covered 

layers.90 Yang et al. examined the solvent-responsive behavior of PDMS-b-PEG 

diblock copolymer brushes which exhibited various responses to different solvent 

treatments. When the samples were treated with selective solvents (water or toluene), 

the diblock copolymer brushes formed ‘‘onion-like’’ or pinned micelles structures at 

low grafting densities. When the brushes were treated with good solvents (DMF) for 

both blocks, the chains were more swollen and stretched to form a smooth surface.91 

One step further was taken by Santer and Ruhe, who utilized PMMA-b-PGMA brushes 

to move nanoobjects. By increasing the inner block length, upon exposure to selective 

solvents, different topological patterns were generated, e.g. ripple-like, worm-like and 

spherical, due to the switching of the chemical conformations and changes in the 

interfacial energy during phase transition. The nanoobjects tended to aggregate into 

islands during the morphological rearrangements and move along the surface.88d, 92 
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All the above-mentioned studies revealed that the assembly of block copolymer brushes 

represents a promising approach for designing surfaces with switchable topologies and 

properties. In addition, block copolymer brushes comprising multiple blocks with each 

block having distinct chemical properties have been shown to exhibit solvent-

responsive properties.93 An intriguing solvent responsive behavior has been shown for 

grafted oligomeric amphiphiles of PEG with short perfluorinated end-caps (f-PEGs) at 

low grafting densities that can be effectively applied as self-cleaning materials.94  

 (a) 

 

(b)

 

Figure 1.15. Structural changes in (A) a diblock copolymer brush upon 

variations in solvent quality; solvent A is a good solvent for the inner block 

(blue) but non solvent for the outer block (red), while solvent B is a good 

solvent for both segments and (B) mixed homopolymer brush solvent 

responsiveness; solvents A and C are selective solvents for each polymer 

(red and blue) and solvent B is a non-selective solvent.31 

Mixed homopolymer brushes. The vast interest on mixed polymer brushes in the last 

decade has arisen due to the profound stimuli-responsive behavior of these films. Figure 

1.15b shows a schematic illustration of a solvent-responsive mixed homopolymer 

brush. The topological and surface energy changes that occur in these systems are 

attributed to the selective solvation of one of the homopolymer chains anchored to the 

surface. The selective solvation of the two polymer segments of the mixed brushes can 

lead to a solvent-induced phase segregation of the brush that may result to reversible 

switching properties of the surfaces. 
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The solvent-induced topographical changes of PS/PMMA binary brushes have been 

studied by Santer et al. using AFM measurements. They found that microdomains are 

formed upon exposure to a selective solvent, toluene for PS and acetone for the PMMA 

chains, and possess a memory effect with the ability of the chains to recover to their 

initial state after repetitive cycles. Another example of solvent-induced switching is 

provided by Vyas et al., who utilized PS-P2VP and PS-PAA binary brushes that are 

able to switch between phase-segregated morphologies, that affect the chemical 

composition of the outer layer of the brush.95. The switching progress is controlled by 

tuning the solvent exposure, i.e. toluene and acidic water. In toluene the PS chains swell 

and stretch away from the surface, in order to occupy the outer part of the surface, while 

in the presence of acidic water, the P2VP brushes are solvated and stretch reaching the 

outermost polymer-solvent interface, overlapping the PS chains that are collapsed 

toward the substrate-polymer interface. Wang et. al. synthesized Y-shaped PS-PEO 

brushes on gold substrates to create an amphiphilic mixed brush system with different 

lateral and vertical microphase morphologies depending on the chain structure and the 

solvent treatment.96 Ionov et al. presented a more facile “grafting-from” synthesis via 

SI-AGET-ATRP, as well as the pronounced switching properties of mixed polymer 

brushes comprising hydrophobic PS and hydrophilic PAA chains.61 Lately, Uhlmann 

et al. synthesized amphiphilic poly((n-hexyl acrylate)-co-(4-tertbutylstyrene))-b-

poly((n-hexylacrylate)-co-(4-tertbutylstyrene)-co-(N-acryloxy succinimide))-b-

poly((N,N-dimethylacrylamide), P(nHa-co-tBS)-b-P(nHa-co-tBS-co-NAS)-b-PDMA  

triblock copolymer chains that comprise a central anchoring block. These amphiphilic 

triblocks can form binary mixed brushes on either flat surfaces or rough textile fabric, 

that can switch their conformations according to external stimuli during washing and 

laundering.97 

1.2.1.2 pH/ionic strength-induced responsiveness.  

Systems that are sensitive to pH or ionic strength are basically homopolymer, block 

copolymer or mixed polymer brushes containing ionizable, weak polyacids such as 

carboxylic acid-functional poly(acrylic acid) (PAA) and PMAA, or weak polybases, 

such as tertiary amine-functional PDMAEMA and poly(2-(diethylamino)ethyl 

methacrylate) (PDEAEMA) or poly(4-vinylpyridine) (P4VP). The above mentioned 

PEL brushes exhibit remarkably high degree of swelling at their fully charged state, 
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ranging from 400% to 700%, due to the strong intra- and inter-chain repulsive forces 

from the charges and the associated osmotic pressure.71, 98 At low ionic strength, the 

swelling of the PEL brushes is independent of the salt concentration, nevertheless at 

high ionic strength the swelling decreases with the salt concentration.98 Yu et al. studied 

the structural conformation of polystyrene sulfonate (PSS) brushes in the presence of 

mono-, di- and tri-valent counterions. By altering the surrounding salt environment 

from monovalent counterions of the PEL chains to trivalent cations, the structure of the 

brushes changes from an extended conformation to a pinned-micelle structure and is 

reversed back to an extended structure by increasing the monovalent cation 

concentration.99 Strong polybasic PMETAC brushes have been shown to reveal 

electrolyte responsive behavior, with the swollen state in aqueous solution to be 

changed to a collapsed stated upon immersion in 1M NaCl aqueous solution and the 

subsequent reversal of this collapse by exposure to pure water.100 

The pH-response of weak polybasic brushes such as PDMAEMA is governed by the 

association and dissociation of protons with the monomer repeat units. Brush charge is 

high at pH values below the apparent brush pKα and the polymer chains swell via 

counterion and solvent uptake. Above the pKα, the brush becomes deprotonated and the 

system collapses, due to dominant hydrophobic-hydrophobic interactions. The pH-

response of PDMAEMA brushes has been well-studied. The pKα value of the brushes 

is around 7.0, which renders the brushes desolvated and collapsed at high pH and more 

extended and swollen at low pH.101 The same behavior stems for the weak polyacid 

brushes, however above the pKα the opposite phenomenon arises and the chains are 

charged.  

Yu and Han studied the responsive behavior of PAA-b-P2VP and P2VP-b-PAA diblock 

brushes with different block lengths at various pH regions. In neutral pH, both sets of 

block brushes possessed similar behavior attributed to electrostatic interactions 

between the oppositely charged groups.102 Basic pH conditions showed a small degree 

of rearrangement, while decreasing the pH to acidic values and increasing the length of 

the PAA block in the PAA-b-P2VP brushes resulted to the looping back of the P2VP 

segments towards the PAA block. Motornov et al. grafted amino-terminated 

poly(dimethylsiloxane) (PDMS-NH2) and carboxy-terminated poly(2-vinylpyridine) 

(P2VP-COOH) onto an epoxy-functionalized electrode surface to create mixed 
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homopolymer brushes featuring morphological transitions that could be regulated via 

changes in pH.103 

1.2.1.3 Temperature-induced responsiveness 

Thermo-responsive polymer brushes constitute a category of polymer brushes whose 

properties can be affected by changes in temperature. The most widespread studied 

thermo-responsive polymer brushes are poly(N-isopropylacrylamide) (PNiPAAm) 

brushes, displaying a lower critical solution temperature, LCST, of ~32-33 ºC and 

undergoing a reversible phase transition in aqueous solution, due to changes in 

temperature.104 PNiPAAm chains exhibit a hydrogen bonding network between the 

amide groups and water molecules. Below the LCST, the polymer brushes are in an 

extended and swollen conformation, nevertheless increasing the temperature above the 

LCST, a phase transition into a collapsed morphology is induced, because the hydrogen 

bonding is disrupting and the water is forced out. The PNiPAAm end-grafted chains do 

not form aggregates and phase separation, however the conformation transitions from 

the hydrophilic swollen state to the hydrophobic collapsed state, provides a thermally 

controlled wettability and thickness.104 The reversible volume phase transition of 

PNiPAAm brushes has been thoroughly used in thermo-responsive cell culture media. 

Other thermo-responsive polymer brushes comprising poly(oligo(ethylene glycol) 

methacrylate) (POEGMA) or poly(bis(ethylene glycol) methyl ether methacrylate) 

(PDEGMA) chains have been obtained to allow precise control of the position of the 

LCST in a wide range of temperatures.105 Finally, some polyzwitterionic brushes, such 

as poly(2-(methacryloyloxy)ethyl dimethyl(3-sulfopropyl)ammonium hydroxide) 

(PMEDSAH) exhibit an upper critical solution temperature, UCST, in aqueous 

solutions in which the opposite phenomenon, compared to LCST, occurs, meaning that 

above this temperature the polymer chains are in a swollen state.47, 106 

1.2.1.4 Photo-induced responsiveness 

The utilization of light as an external trigger is intriguing since it allows facile operation 

with limited chemical contamination. Photo-responsive polymer brushes that can be 

tuned by light are mainly comprising spiropyran derivatives and/or azobenzene 

molecules. Spiropyran-containing polymers can be transformed from a ring-closed 

nonpolar spiro conformation state to a ring-opened polar zwitterionic merocyanine 
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isomer, under UV light and then reversibly change back to the spiro conformation by 

visible light.107 Polymer brushes that contain a cationic azobenzene surfactant were 

studied for their light-induced changes in thickness and surface roughness.108 

Azobenzene surfactants under UV light can change from the stable trans form to the cis 

form and the isomerization can be reversed via visible blue light. The isomerisation of 

these systems results to UV/light-responsive surface properties including hydrophilicity 

and cell adhesion. A characteristic example is given by Locklin et al., who studied the 

responsive photocontrol of the morphological changes, color and wetting behavior of 

poly(spiropyran methacrylate-co-methyl methacrylate) brushes on oxide surfaces.109 

 

1.2.2 Surface Wettability 

1.2.2.1 Introduction to wetting properties 

Wetting is a phenomenon during which liquid contacts with a solid material, and the 

interface of the latter is transformed from a solid-air interface to a solid-liquid interface. 

It is very close to the adsorption phenomenon, since both are due to interactions among 

molecules of different substances.110  

The chemical functionality of the surface and the surface morphology, primarily 

determine the wettability of a material, which is one of the most important and 

fundamental properties of solid surfaces.111 A frequently utilized parameter for the 

quantitative measure of the wetting phenomena is the contact angle (CA), θ, between a 

solid surface and a liquid. If liquid molecules interact strongly with the surface, then 

the liquid will spread on the solid surface which describes the wetting phenomenon. 

Thermodynamically, two prime regimes occur in equilibrium, namely complete wetting 

and partial wetting. In the case of complete wetting, the free energy of the system is 

decreased and the equilibrium CA between the flat solid surface and the liquid is zero 

(θeq = 0º). If the liquid is dropped on a smooth solid surface and forms a finite CA then 

partial wetting occurs (θeq > 0º). When the θeq exceeds a CA value of 90º, then it is 

called non-wetting situation, the free energy is high, and the water molecules can be 

easily removed from the surface. 
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Partial wetting represents three interfaces of the liquid droplet perimeter, the solid (S), 

liquid (L) and gas or vapor (G), with three interfacial tensions: the solid/liquid 

interfacial surface tension, 𝛾𝑆𝐿, the surface tension of the liquid, 𝛾𝐿, (or liquid/gas 

surface tension, 𝛾𝐿𝐺) and the surface free energy of the solid, 𝛾𝑆, (or the solid/gas 

surface tension, 𝛾𝑆𝐺). The equilibrium of the three-phase contact boundaries determines 

the value of CA, based on Young-Laplace equation for the equilibrium conditions in an 

ideal smooth surface (Figure 1.16a):112 

𝑐𝑜𝑠𝜃𝑌 =
𝛾𝑆𝐺−𝛾𝑆𝐿

𝛾𝐿𝐺
           (1.15) 

The CA of a liquid determines both the surface energy and the surface tension.113  

 

Figure 1.16. (a) Young’s model, describing forces acting at the three phase 

contact line of a liquid on a smooth solid surface, (b) Wenzel’s model for 

the interpretation of surface roughness and (c) Cassie’s -Baxter model for 

the interpretation of surface roughness and trapped gas inside the 

nanostructures, with the apparent CA.114 

The terms hydrophilic surface and hydrophobic surface have been extensively used to 

describe opposite effects of the behavior of water molecules on a solid surface. Strong 

affinity between water molecules and a surface leads to hydrophilic surfaces, whereas 

hydrophobic surfaces repel water.115 According to the measured WCA the wettability 

of surface can be: (a) hydrophilic and (b) hydrophobic with WCAs in the range of 10º 

< 𝜃𝑌 < 90º and 90º < 𝜃𝑌 < 150º, respectively, and (c) superhydrophilic and (d) 

superhydrophobic, for wetting behavior in the range of 0º < 𝜃𝑌 < 10º and 150º < 𝜃𝑌 < 

180º respectively. The higher the WCA, the bigger the strength of the liquid-liquid 

interaction becomes, making the material more hydrophobic. This state is exemplified 

by poor wetting and a low free energy of the solid surface. On the other hand, 

hydrophilicity is characterized by high surface energy. Figure 1.17 shows the contact 

angle range for the different wetting phenomena. The CA gives important indications 
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on the wetting properties of a surface, nevertheless it depends on the quality of the 

liquid being measured.  

It is noteworthy that particularly for biomaterial surfaces, a threshold of 𝜃𝑌 = 65º rather 

than 90º, is proposed for the division from hydrophilicity to hydrophilicity.116 Values 

below that “Berg threshold” are referred to polymer surfaces with a dense layer of water 

molecules capable to exclude hydrophobic interactions with proteins or foulants in the 

absence of charges. 

 

Figure 1.17. Schematic illustration of WCA droplets and various 

wettability phenomena on surfaces.117 

Nevertheless, non-ideal conditions, due to surface roughness and morphology lead to 

deviations from the Young’s equation. Two key theories are commonly utilized to 

correlate the surface roughness with the CA of a liquid droplet on a surface, namely the 

Wenzel model and the Cassie-Baxter model (Figure 1.17b,c). In the Wenzel model, the 

probing liquid drop fills the asperities of the rough surface after contact, so that the 

surface roughness contributes to the wetting behavior, denoted as the roughness factor 

r. The CA is determined by the equation: 

𝑐𝑜𝑠𝜃𝑤 = 𝑟 𝑐𝑜𝑠𝜃𝑒𝑞           (1.16) 

where r denotes the true surface area, divided by the planar surface area and 𝜃𝑒𝑞 is the 

CA value of a smooth and flat surface of the same material. When 𝜃𝑒𝑞<90º, the increase 

in the surface roughness results to a decrease in the value of 𝜃𝑤, whereas when 𝜃𝑒𝑞>90º 

𝜃𝑤 is increased. 

In the Cassie-Baxter model the gas is trapped in the nanoholes between the surface 

underneath and the water droplet, which results to the formation of a sphere that resides 

on the top. The Cassie-Baxter CA, 𝜃𝐶 , can be calculated by the equation:118  
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𝑐𝑜𝑠𝜃𝐶 = 𝜑𝑆 𝑐𝑜𝑠𝜃𝑆 + 𝜑𝐺 𝑐𝑜𝑠𝜃𝐺              (1.17) 

where 𝜑𝑆 is the area fraction of the solid phase and 𝜑𝐺 is the area fraction of the gas 

phase on the surface. Figure 1.16a-c illustrates the different wetting models. 

There are plenty experimental techniques to determine the CA, including tensiometry, 

the compressed droplets method, Wilhelmy technique, captive bubble method, capillary 

bridge method and drop shape analysis (DSA) amongst others.113 The most facile and 

commonly attained method is DSA, in which the CA is determined by a shadow image 

of a static sessile drop and the surface tension or interfacial tension from the shadow 

image of a pendant drop. The liquid drop is deposited on the surface using a syringe 

and the CA is measured using a goniometer. 

1.2.2.2 Surface energy and surface tension 

One of the significant applications of the CA measurements is the assessment of surface 

free energy, γ, of the solid surface. It has been confirmed that surface free energy has a 

major impact on the wettability of the surface: low free energy surfaces are hydrophobic 

and high free energy surfaces are hydrophilic. The surface energy is dimensionally 

equivalent to surface tension of the liquid, which are both work divided by a unit area 

(J/m2 or g/s2) and force divided by a unit length (N/m or g/s2). A clean metal or metal 

oxide usually have high surface energies. If a liquid, an adhesive or a polymer blend 

has surface tension lower than the high-energy solid, then after deposition it will 

spontaneously coat the surface. 

In general, when the surface energy of a specific surface is high enough, the surface can 

be easily wetted by a liquid droplet and behaves lyophilic. Otherwise, the surface cannot 

be wetted by the liquid droplet, exhibiting lyophobic property. The surface energy is 

commonly determined by the outer atoms or groups on the surface, i.e., surface 

chemistry. To obtain interfaces with variable bonding chemistry, organic coating using 

silane chemistry between silicon-based surfaces and silane coupling agents or polymer 

chemistry by grafting polymer chains on materials is utilized.119  

The surface tension of a liquid or a polymer solution can be measured directly by a 

tensiometer. Surface energy is a relative value that cannot be directly measured, 

nevertheless it can be estimated by applying a set of liquid/solid CA’s with liquids of a 

https://www.kruss-scientific.com/services/education-theory/glossary/sessile-drop/
https://www.kruss-scientific.com/services/education-theory/glossary/surface-tension/
https://www.kruss-scientific.com/services/education-theory/glossary/interfacial-tension/
https://www.kruss-scientific.com/services/education-theory/glossary/pendant-drop/
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known surface tension.120 Zisman developed a one-parameter theory to determine the 

surface energy of a smooth flat surface by studying the CA behavior of probe liquids 

of varying surface tension, however it often leads to incorrect results.121 Fowkes 

suggested that the surface energy of a solid or a liquid comprises a sum of independent 

components associated with specific polar interactions, along with non-polar 

interactions.122 Non-polar interactions are attributed to dispersive forces (van der Waals 

forces) and non-specific forces (hydrophobic interactions) while the polar interactions 

are due to functional groups such as amides, hydroxyl carbonyl and nitrate moieties. 

Fowkes idea was continued by Owen and Wendt, who stated that the interfacial 

interactions depend on the properties of both the solid and the liquid, and 𝛾𝑆𝐿 results 

from the equation:123  

𝛾𝑆𝐿 = 𝛾𝑆 + 𝛾𝐿 − 2 [(𝛾𝑆
𝑑𝛾𝐿

𝑑)
1/2

+ (𝛾𝑆
𝑝𝛾𝐿

𝑝)
1/2

]          (1.18) 

with 𝛾𝑆
𝑑𝛾𝐿

𝑑 and 𝛾𝑆
𝑝𝛾𝐿

𝑝
 being the dispersion and polar components, respectively. 

Interpretation of Youngs equation results to the OWRK equation: 

𝛾𝐿(1 + 𝑐𝑜𝑠𝜃) =  2 [(𝛾𝑆
𝑑𝛾𝐿

𝑑)
1/2

+ (𝛾𝑆
𝑝𝛾𝐿

𝑝)
1/2

]          (1.19) 

By measuring the CA of at least two liquids with known dispersive (diiodomethane) 

and polar (water) components, the 𝛾𝑆
𝑑 and 𝛾𝑆

𝑝
 unknown values of the solid can be 

calculated. 

Another theory expressed by van Oss describing a combination of three components, 

due to the fact that the polar component is divided to acid and base components, and 

thus the surface energy of a polymer brush is determined only when three liquids of 

known values of 𝛾𝐿
𝑑, 𝛾𝐿

+, 𝛾𝐿
−, two polar and one apolar (𝛾𝐿 = 𝛾𝐿

𝑑 ) are applied to the 

following  vOCG equation:124 

𝛾𝐿(1 − 𝑐𝑜𝑠𝜃) =  2 [(𝛾𝑆
𝑑𝛾𝐿

𝑑)
1/2

+ (𝛾𝑆
−𝛾𝐿

+)1/2 + (𝛾𝑆
+𝛾𝐿

−)1/2]         (1.20) 

where 𝛾− and 𝛾+ are the electron- donor and acceptor parameters of 𝛾. To determine 

the components of  𝛾𝑆 of a polymer brush, pairs of polar solvents such as water/glycerol, 

water/ethylene glycol or water/formamide are employed, while diiodomethane or a-

bromonapthalene is used as an apolar liquid. The unknown value of  𝛾𝑆 (𝛾𝑆
𝑑, 𝛾𝑆

+, 𝛾𝑆
−) is 

determined by solving simultaneously three equations derived from 1.19 and 1.20. The 
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CA of the three liquids water, diiodomethane and glycerol give the known values of 

𝛾𝐿
𝑑, 𝛾𝐿

+, 𝛾𝐿
−.  

As mentioned above for the CA, the surface energy value of the solid varies on the 

quality of the liquid and comparison among measurements from different 

methodologies is not safe.  

1.2.2.3 Wettability of polymer brushes  

Controlling the wettability of a surface is of considerable importance in a plethora of 

applications such as biological interfaces, agricultural applications and daily life and 

industrial processes.76 Recently, the swift developments in the field of smart polymer 

coatings, have prompted the research community to consider systems with incorporated 

responsive moieties that exhibit hydrophobic behavior in the designing of surfaces for 

potential application in waste-water, oil-water separation, removal of heavy metal ions 

from drinking water, etc. Considering the potential applications of special wettable 

polymer coating surfaces, two aspects should be addressed. The first is the modification 

of functional moieties and second the reversibility of the transitions. 

Based on the chemical modification of surfaces, polymer brush coatings have been 

utilized as robust nanocoatings for tailoring the wettability of surfaces. Polymer brushes 

incorporating neutral hydrophilic/hydrophobic polymers, charged PEL chains and even 

extremely hydrophobic perfluorinated polymers have been explored in this regard. It is 

widely known that the surface properties of the polymer brushes are vastly diverse 

compared to their bulk polymer properties. 

An effective way to enhance the hydrophobicity of a solid surface, is by the use of low-

surface-tension materials, such as fluorinated polymers. Fluorinated polymers are 

outstanding polymer materials with a variety of special physical properties that are 

mainly attributed to the low polarizability and the strong electronegativity of their 

fluorine atoms. Owing to low polarizability, the fluorinated polymers possess low 

susceptibility to dispersion forces, therefore exhibit weak adhesive and intermolecular 

forces. Poly(tetrafluoroethylene) (PTFE) as the benchmark low surface energy material 

has limitations due to its microcrystalline surface structure. Many fluorinated polymers 

with good film-forming properties, such as fluorinated polyacrylates, 

polymethacrylates, and polysiloxanes, have been synthesized, and most of the polymer 



Chapter 1 Introduction 
 

65 

 

films fabricated by spin-coating solutions of these polymers on the solid surfaces 

exhibited high water contact angle values (> 120º) and ultralow surface energies (less 

than 12 mJ m2). However, these films have weak adhesion to surfaces, which thereby 

causes poor stability and consequently limits their applications.125 The development of 

surface-grafted fluorinated brushes have been shown to overcome such problems.126 

Finally, by grafting polymer brushes onto rough, micro/nanostructured surfaces, the 

wettability is enhanced compared to that of flat surfaces. Grafting hydrophilic polymer 

chains onto rough surfaces results in superhydrophilic surfaces, while grafting 

hydrophobic polymer chains produces superhydrophobic surfaces.127 

Reversibility is a crucial trait of stimuli-responsive polymer brushes, which undergo 

vast surface energy changes, mainly due to dynamic conformation transitions of the 

polymer chains upon the application of an external stimulus, which change the surface 

free energy, and thus allows to control the switching of the surface wetting properties.128 

Among various kinds of smart surfaces, responsive surfaces with switchable wettability 

have drawn attention for use in a plethora of applications, i.e. oil/water separation 

sensors, microfluidics, drug delivery and so on. 

As explained above (1.2.1), stimuli-responsive polymer brushes can be triggered by 

various external stimuli to alter their surface properties, including their wetting 

properties. Sun et al. showed that PNiPAAm brushes on silicon substrates can be 

employed for constructing thermally responsive functional surfaces, in which the 

wettability can be tuned reversibly below and above the LCST.104 The switchable 

mechanism is attributed to interactions between the PNiPAAm chains and water 

molecules. Based on this thermo-responsive behavior of  PNiPAAm a lot of research 

has been carried out on grafting polymer brushes onto micro/nanostructured surfaces to 

alter the wettability from the superhydrophilic to the superhydrophobic state.104, 129 pH-

responsive polymer brushes containing either weak acid or base moieties with certain 

pKα values can accept or donate protons in response to pH and along with the 

abovementioned conformational changes result in changes of the surface wettability. 

Photo-responsive polymer brushes allow to dynamically change the surface wettability 

by generating different forms of specific conjugated molecules upon irradiation with 

visible or UV light. The solvent-responsive wettability of a smart polymer brush is 

sensitive to the surrounding media properties, and is based on interfacial free energy 
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driven by the configuration change of the end-grafted polymer chains, that is governed 

by the interactions of the chains with the solvent. Upon solvent switching, the 

wettability of the polymer brushes can be tuned. A similar design strategy is followed 

for the surface grafting of other stimuli-responsive polymer brushes onto substrates to 

allow changing the surface wettability.110  

1.2.3 Lubricant surfaces 

In the past years, many studies have indicated that the surface modification of materials 

with polymer coatings can effectively lead to an improvement of the tribological 

properties of the materials.130 The fundamentals of tribology are based on mechanics, 

surface physics, and chemistry. The science of tribology (Greek tribo: rubbing) 

concentrates on contact mechanics of moving interfaces that involve energy 

dissipations. For that reason, the tribological properties of materials deal with adhesion, 

friction, scratch resistance and wear, which determine the utility of the materials for a 

particular application. Over the last few decades, the field of tribology, which includes 

the study of adhesion and friction between surfaces, has received vast attention mainly 

due to industrial energy losses. Nevertheless, tribology is also critical to the function of 

many biological systems.  

The determination of the micro- and nano-tribological properties of materials such as 

metals, polymers, ceramics, organic monolayers and biomaterials was optimized by the 

development of the surface force apparatus (SFA) and atomic force microscopy (AFM) 

techniques, under controlled conditions (ambient, liquid, vacuum, etc.).130a AFM 

assesses the forces between a sample surface and an AFM tip mounted on a flexible 

cantilever, by the optical deflection of the latter after their contact. Deflection of the 

cantilever in the vertical direction gives information about adhesive and repulsive 

forces, while the lateral cantilever bending monitors the frictional forces. A basic 

introduction to adhesion and friction and a review on polymer brushes used to reduce 

these properties follows next. 

1.2.3.1 Introduction to tribological properties 

Adhesion. The term Adhesion refers to attraction of two surfaces that are brought into 

contact. The adhesion force is defined as the maximum force required for separating 

two contacting solid surfaces. Two solid surfaces that come into contact, are physically 
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bonded across the interface. The interaction between two materials 1 and 2 is often 

described as the work of adhesion (𝑊𝑎), which is proportional to the specific surface 

energy given by the following Dupre formula: 

𝑊𝑎 = 𝛾1 + 𝛾2 − 𝛾12           (1.21) 

Where, 𝛾1 and 𝛾2 are free surface energies of the materials 1 and 2 and 𝛾12 is the 

interfacial free energy. Nevertheless, experimental values of 𝛾 for solids are difficult to 

attain.  

Opposing surfaces that comprise low roughness and flexible interface materials 

demonstrate strong adhesion forces. Increasing the normal load between surfaces 

results to deformation of the material roughness and thus should be considered.131 There 

are mainly four identified contributions to adhesion interactions: molecular bonding, 

electrostatic forces, capillary forces and forces between excess charges.132 Molecular 

bonding influences the least, followed by electrostatic attraction, capillary forces and 

attraction forces due to excess charges.  

Molecular bonding in contacting polymer surfaces, can occur at very short distances, 

by either neighboring neutral particles or physisorption of polymer chains onto the 

opposing surface, with form molecular bonds owing to the existence of energy 

instability on the contact interface. In non-polar particles, van der Waals interactions 

result by quantum fluctuations in the electronic structures, which lead to dipole mutual 

attraction, whereas in polar polymer molecules, containing OH, COOH, NHCO, etc., 

hydrogen bonding and dipole-dipole interactions are responsible for molecular 

attraction.133  

At higher distances, Coulomb interactions due to the excess charges on the surface and 

electrostatic contact potential between the charges, contribute to the forces. Capillary 

bridges are usually formed, when water molecules are present in pores or slits on both 

surfaces, that are in close proximity, which result in an increase of the normal force. 

The adhesive properties are significantly sensitive to the presence of even trace amounts 

of vapor in the atmosphere. For example, capillary condensation of water around 

surface contact areas has been shown to have a profound effect on the adhesion forces 

between mica surfaces in various liquids.134  
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Adhesive forces can be measured typically by AFM measurements, by detecting the 

optical deflection during approach and retraction of a tip mounted on a flexible 

cantilever and a surface. The force that is required to pull-out the cantilever from the 

surface is the adhesive force. Typical force-distance curves are presented in Figure 1.18 

(left). At initial stages the tip is approaching the sample surface and thus no forces are 

detected (A). When the cantilever is in close proximity with the surface, the tip 

experiences a bending due to an adhesive force based on van der Waals or electrostatic 

interactions (B). Under a normal applied load, the cantilever is bending to the opposite 

direction where repulsive forces are developed on the tip (C). During retraction, the tip 

stays in contact with the sample surface until the cantilever overcomes the attractive 

forces (D), and finally the tip is detached, going back to the equilibrium state (E). 

   

Figure 1.18. A typical force distance curve showing the probe approach and 

retraction cycle during adhesion measurements (left) The curve picture  

figure was adopted from the website https://wiki.anton-paar.com. 

Schematic representation of the LFM measurement using a beam -deflection 

scanning probe and a sample and the detected lateral voltage signal against 

the scan distance in parallel to the sample (right).135 

 

Friction. Friction can be defined as the tangential force of resistance to the relative 

motion of two sliding surfaces in opposite directions, including solid-solid, solid-liquid, 

solid-air, liquid-air and even liquid-liquid interfaces. In real life, friction is vastly 

desirable since it is necessary for example in the hip and knee joints when we are 

walking. Thus, when it comes to loss of energy amounts, or durability of commonly 

https://wiki.anton-paar.com/
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used materials and the painless movement of human bodies, the reduction or 

elimination of friction is critical. 

Friction force (F) between two surfaces one of which is static and the other is sliding 

laterally with certain velocity is proportional to the sum of the normal applied load (N) 

and the adhesion (A) amongst them, based on the Amonton’s law of friction at the 

nanoscale:136 

𝐹 = 𝜇(𝛮+A)     (1.22) 

Where, μ (or COF) represents the friction coefficient of the contacting materials and is 

the quantitively expression of friction. Although future versions of this model could 

accommodate alternative friction laws, this assumption often holds at the nanoscale. 

The normal load, sliding velocity, temperature, moisture, flexibility and roughness of 

the materials are among the factors that influence the COF. Considering the crucial role 

of adhesion for the friction characteristic it should also be kept in mind that the 

environmental conditions have a great influence on adhesion.137  

Lateral force microscopy (LFM) also known as friction force microscopy (FFM) is an 

AFM-based technique used to make friction measurements in the micro and nanoscale. 

In traditional AFM, in contact mode, the topography is observed by the vertical 

deflection of the cantilever, whereas in LFM, the twisting or lateral deflection of the 

cantilever is observed, and provides information about the friction between the tip and 

the surface.  

Lateral scanning of the sample surface results in the torsion of the cantilever. This is 

detected as the lateral voltage signal, by a position-sensitive photodetector (PSPD). H 

is the torsional moment arm, i.e., the distance from the mid-plane of the centre of the 

cantilever to the contact point of the tip. The detected lateral voltage signal is plotted 

against the lateral scan distance for the forward scan direction (trace, indicated by the 

blue line) and backward scan direction (retrace, indicated by the red line). The lateral 

voltage signal formed as a hysteretic friction loop, can be converted to friction force at 

the interface, using a conversion/calibration factor. 

The primary issue of this technique is the difficulty in calibrating the cantilever and tip 

in order to obtain quantitative data.135-136 The interpretation of LFM results recorded 

under ambient conditions has to include the dominant role of capillary forces, which 
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significantly increase adhesion. A humid environment results in higher adsorption of 

water on hydrophilic surfaces, which contributes to an increase in the friction forces 

due to capillary bridging.   

1.2.3.2 Polymer-brush based lubrication 

Frictional resistance is wide-spread in many fields ranging from daily life to industrial 

manufacturing. For example, biological interfaces such as, the arthrosis surfaces, 

always exhibit an extremely low frictional coefficient (0.001 to 0.03), in which 

biological lubricants play an important part.138 Typically, one strategy to reduce friction 

at solid-solid interactions is to introduce a thin layer of a viscous fluid between the 

contacting surfaces, which supports the normal load and prevents direct contact.139 This 

method is known as lubrication, nevertheless it is susceptible to wear and damage of 

the materials in the frictional area. The desire of creating lubrication solutions for 

reducing friction has resulted to the utilization of SAMs, nevertheless the durability of 

these ultrathin layers has been a concern. An intriguing class of thin, polymer-based 

lubrication layers, which resemble some of the structural features of the brush-like 

biomacromolecules that lubricate the articular cartilage surfaces in human body, are 

polymer brushes.140 Important practical applications include lubrication of mechanical 

engines (pumps, reservoir engines), micro/nano-electromechanical systems 

(MEMs/NEMs), biomedical implants for prosthetic applications (hips, knees), and 

others, such as catheters, contact lenses, etc.141 Decorating flat surfaces with polymer 

brushes has been shown to allow the reduction of the adhesion force and kinetic friction 

coefficient by several orders of magnitude, as compared to bare or oil-lubricated 

surfaces.140b  

The profound lubrication properties of polymer brushes arise from their unique 

architecture and the selection of a good solvent for facilitating swelling. In the presence 

of a good solvent, solvation repulsion effects result in swelling of the polymer chains 

normal to the surface. When two surfaces, having the solvated stretched polymer chains 

at the interface, are sliding, low adhesion, low friction and significant lubrication are 

presented. The mechanism by which solvated polymer brushes lubricate is thought to 

be as follows:2 
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1. The resistance to rearrangement of the grafted chains due to the repulsive nature of 

the brushes 

2. Lubricant entrapment in the polymer brushes 

3. High concentrations of lubricant in the outer polymer brush creates a low shear 

area protecting the brush system. 

Nevertheless, due to the complexity and the influence of different phenomena in friction 

and adhesion forces, the understanding of the tribological properties at molecular level 

is still a challenge and properties such as the grafting density of the polymer brushes, 

the bulk density, the swelling properties in various solvents, environmental conditions 

and others, need to be considered.142 

The majority of polymer brush lubricants are hydrophilic, inspired by nature, where 

some biological surfaces (i.e. joint system in the human body, eyes) possess extremely 

low-friction based on the hydration lubrication mechanism. Densely grafted 

hydrophilic polymer chains have been shown to be an efficient boundary lubricant and 

wet layer at moderate normal loads and shear velocities in aqueous media, due to the 

combination of osmotic forces and conformational entropy.143 There are three primary 

types of hydrophilic brush-lubricants, namely (a) neutral, (b) polyanionic/cationic and 

(c) polyzwitterionic hydrophilic brushes. The grafted brushes can be also oil-soluble to 

improve the oil-based lubrication systems.144 Figure 1.19 illustrates the classes of low 

frictional brushes. 

Neutral hydrophilic brush lubricants comprise polar polymer chains that interact 

with water molecules by hydrogen bonding, i.e. poly(oligo(ethylene glycol) 

methacrylate) (POEGMA), poly(ethylene glycol) (PEG), PHEMA and 

poly(acrylamide) (PAAm).145 Under low pressures, the water molecules provide a 

hydration layer on the hydrophilic surfaces that acts as thr lubricant. POEGMA brushes 

have been tested on crosslinked polyethylene orthopedic bearings, mimicking 

conditions of natural joint lubrication, and exhibited low COF of 0.03 at 29 MPa applied 

pressure.146 
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Figure 1.19. Schematic illustration of the classes of polymer brushes that 

can be grafted on solid surfaces to realize low friction. 144 

Polyanionic/polycationic brush lubricants are more robust than the neutral ones and 

can undertake higher pressures up to 45 MPa, when sliding. This is attributed to the 

stronger ion-dipole interactions between charged polymer chains and water molecules 

and due to their higher swelling resulting from inter and intra-molecular repulsions. 

Osmotic pressure within the brushes and steric repulsion upon compression contribute 

to their exceptional lubrication characteristics. A vast advantage in these systems is that 

the lubrication characteristics can be tuned by varying the pH, the counterions or the 

chemical composition of the brush. Examples of polyanionic/polycationic brushes are 

PMAA, PMETAC, PDMAEMA, poly(3-sulfopropyl methacrylate) (PSPMA), 

poly(sulfonated glycidyl methacrylate) (PSGMA) and poly(2-methacryloxyethyl 

phosphate) (PMPA).145b PDMAEMA brushes have been tested for applications in 

prosthetics with COF around 0.05 in an acellular simulated body fluid, whereas for 

bovine serum (BS) the COF was 0.13.146 The authors suggested that the positively 

charged tertiary amine groups of the PDMAEMA chains attract negatively charged 

proteins e.g. albumin that are present in BS and faclitates the sliding of the surfaces. 

Polyzwitterionic brush lubricants are the most recent class of polymer brush 

lubricants, which are based on the hydration lubrication mechanism, since they have no 

net charge and thus are insensitive to environmental factors, including pH or mobile 

counterions. Each zwitterionic monomer repeat unit is capable of strongly binding 

around 15 water molecules and therefore this high hydration defines them as efficient 

hydrophilic lubricants even at high pressures.147 Poly(sulfobetaine methacrylate) 

(PSBMA) and poly(2-methacryloylethyl phosphorylcholine) (PMPC) brushes are the 

most extensively studied in the literature with extremely low COF of 10-5 to 10-4 at 

pressures of 15 MPa, while possessing high stability even at pressures as high as 139 

MPa (with COF of 0.08 – 0.13).148 Recently, a less explored polyzwitterionic brush, 
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poly(3-(1-(4-vinylbenzyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate) (PVBIPS) 

was shown to confer unique ionic-strength-dependent swelling properties with low 

COF upon exposure to high-ionic-strength solutions.149 

Hydrophobic brush lubricants. Apart from hydrophilic polymer brushes that act as 

hydrodynamic lubricants, hydrophobic polymer brushes can be utilized as boundary 

lubricants and combine the lubrication properties of the brushes with the rheology and 

high temperature advantages of oil. The first hydrophobic polymer brush lubricant 

reported was a polystyrene brush grafted on mica via zwitterionic chain ends.150 This 

system was found to decrease the COF in toluene to below 0.001 for contact pressure 

up to 1 MPa. A number of reports since then have utilized PMMA, poly(ethyl 

methacrylate) (PEMA), poly(butyl acrylate) (PBA), poly(hexyl methacrylate) (P6MA), 

poly(dodecyl methacrylate) (P12MA) and poly(octadecyl methacrylate) (P18MA) 

brushes.145b All these studies suggested that the presence of a good solvent is crucial to 

obtain polymer brushes with ultra-low friction (COF = 0.002). Interestingly, thick 

P12MA brushes in hexadecane, were found to exhibit a low COF (0.02-0.12) under 

normal loads up to 460 MPa.151 

In this category of hydrophobic/oleophilic polymer coatings, fluorinated polymers 

constitute distinct materials with significant properties such as thermal stability, water 

repellency, chemical resistance, non-adhesion and low friction. The high binding 

energy and low polarizability of the C-F groups are responsible for these properties. So 

far, physisorbed PTFE thin coatings are employed to reduce the adhesion and friction 

forces on these devices, nevertheless these coatings possess long term mechanical 

instability and low wear resistance.152 Lately, Zuilhof’s group has examined the 

lubrication properties of fluorinated polymer brushes prepared by SI-ATRP with low 

COF values of 0.004-0.006 in fluorocarbon solvents and hexadecane.126c A significant 

outcome is that fluorinated polymer brushes can serve as solid lubricants in micro/nano-

electromechanical systems (MEMs/NEMs) or in applications where liquids cannot be 

used. Despite the fact that the reduction the surface friction of materials has been 

studied extensively, only few studies are available on the tribological properties of 

polymer brushes in the dry state.95, 126b, 126c, 153 The dry friction between a sample surface 

and the AFM probe is closely related to the interactions among them which are 

dominated by van der Waals forces. 
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1.2.3.3 Switchable friction 

The interfacial adhesion and friction properties of stimuli-sensitive polymer brushes 

can be tuned by varying the polymer chemistry, topography, hydration state and 

interface charge. There is a clear distinction between the switching adhesion and 

friction of two similar polymer brush surfaces and a polymer brush surface with a 

different surface. 

Adhesion and friction between two opposing polymer brushes. Both the adhesion 

and friction are highly dependent on the solvent quality. In a good solvent, the polymer-

polymer interactions are screened by the solvent and thus the brush is in a repulsive 

state. After the compression of the surfaces at low normal loads, the solvent remains in 

contact with the brush and the adhesion and friction are kept low. Nevertheless, in poor 

a solvent, the interactions between the polymer chains are favored in contrast to those 

between the polymer and the solvent, and thus the adhesion and the friction values are 

higher. Therefore, by altering the external stimuli, which in many cases is the exchange 

from poor to good solvent, the adhesion and friction of these systems can be tuned from 

high to low. Co-nonsolvency, temperature, nature of the counterions, electric field and 

UV are among the different external stimuli that have been employed to control the 

solvent conditions and switch the adhesive and frictional behavior between two 

chemically similar polymer surfaces in a face-to-face mode.154  

When the normal applied load is higher than the osmotic pressure, then entanglements 

between the polymer chains can occur upon compression or sliding which result in an 

increase in the adhesion and friction, respectively and respond oppositely to the external 

stimulus. 

Adhesion and friction between polymer brushes and different opposing surfaces. 

The adhesion and friction between polymer brushes and solid surfaces are determined 

by their interactions within the solvent medium. In the presence of good solvent, if the 

polymer brush-solvent interaction is higher than the interaction between the polymer 

brush and the opposing surface, then the friction is low. Variations again in the solvent 

quality from good to poor, results in tuning the friction properties. In the case that the 

interactions between the polymer brush and the opposing surface are higher than the 

solvent-polymer brush and solvent-surface interactions, then the switching is dependent 

on changes in the area of contact of the two surfaces. Finally, a method to produce 
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switchable friction properties is by compressing opposing surfaces grafted with two 

different polymer chains. In a selective solvent for each polymer brush, the solvation is 

kept either in the one or the other and thus the friction can be switched.155 

Hydrophilic PEL brush-based boundary lubricants are mainly used for the design of 

smart surfaces whose friction can respond to a range of stimuli. The switching to low 

adhesive and frictional properties can be achieved only under certain environmental 

conditions. Nordgren et al. have studied PDMAEMA brushes grafted from gold 

substrates using AFM, and they found that the nanotribological properties of the films 

reflect the brush conformation which can be controlled by both temperature and pH.156 

An example of the switching friction between two chemically different surfaces brought 

in contact, was studied by Zhang et al., who measured the friction properties between a 

PMPC brush and a Au cantilever in ethanol/water mixtures.157 By employing lateral 

force microscopy (LFM) studies, they found that the brushes exhibited low frictional 

properties at low EtOH/water volume ratios, and the friction increased above 70% 

EtOH in water, in which the PMPC brushes were in the collapsed state. Wei et al. found 

that tunable friction, from superior lubrication (COF=10-3) to ultrahigh friction 

(COF>1), can be achieved by counterion driven interactions on polycationic brushes 

and surfactant driven interactions on polyanionic brushes.158 The mechanism of tunable 

friction was attributed to the lubrication of highly hydrated and swollen polymer 

brushes, the moderate lubrication of partially collapsed polymer chains and the high 

friction of completely dehydrated and collapsed chains. Ma et al. reported switchable 

adhesion and friction between a PDMS surface and nanofibrillar PSPMA or PMAA 

brush surfaces, by varying the humidity or the pH, respectively.159 Lately, a less 

explored polyzwitterionic brush, PVBIPS was shown to change its conformational 

properties upon exposure to high-ionic-strength solutions which led to ultralow COF.149 

The solvent-responsive adhesion and frictional properties of PS/P2VP and PS/PAA 

binary polymer brushes was reported by Vyas.95 The topological changes that occur in 

these systems were attributed to the selective solvation of one of the homopolymer 

chains anchored onto the surface, which lead to conformational changes that induce 

reversible adhesion and friction.  So far, there are only very few reports on the 

responsive tribological properties of mixed polymer brushes under dry conditions.95  



Chapter 1 Introduction 
 

76 

 

1.2.4 Stability of brush coatings 

Stability, that is the capacity of a coating to maintain its properties over time, constitutes 

one of the most crucial factors, determining the suitability of a surface for use in several 

applications. Highly solvated polymer brushes are subjected to osmotic forces that can 

contribute to the acceleration or the catalysis of the degrafting of the hydrophilic 

polymer chains from the surfaces, due to hydrolysis or the chemical degradation of the 

anchored initiator molecules. This can be more intense under harsh environments such 

as water with high salt concentration.  

To improve the stability of polymer brushes under aggressive media, many groups 

examined the synthesis of diblock copolymer brushes, comprising a hydrophobic layer 

at the interface between the substrate and the polymer chains, that will hinder the 

penetration of the aqueous solvent to the grafting points and thus will prevent 

hydrolysis, rendering these surfaces stable for prolonged periods of time. PS, poly(2-

ethylhexyl methacrylate) (PEHMA) and PMMA blocks have been used so far as 

protecting layers of hydrophilic polymer brushes i.e. PMAA and PSBMA.160 

Nevertheless, it has been shown lately that even in the presence of a PMMA inner block, 

degrafting can occur, even though the rate is significantly reduced, meaning that these 

moderate hydrophobic protecting layers eventually become permeable by the 

solvent.160c A study of hydrophobic polymer brushes in organic media in the presence 

of ppm of water resulted to the hypothesis that the degrafting of the polymer brushes is 

driven by an amplification of the tension at the polymer brush-substrate interface, that 

is a consequence of the swelling of the polymer brushes, and the presence of an 

appropriate hydrolysis agent (i.e. water).161 

1.3 Antimicrobial polymer coatings 

1.3.1 Microorganisms and pathogens 

Microorganisms or microbes constitute the oldest form of life on this planet and over 

the passage of millions of years they have developed versatile adaptive mechanisms to 

retain their existence.162  Microbes are divided into five prime classifications: bacteria, 

fungi, viruses, algae and protozoa.  

Bacteria are primarily prokaryotic, unicellular microorganisms without a nucleus and 

their size ranges from 1-5 μm, which is much lower than the size of a typical eukaryotic 
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cell (10-100 μm). The plasma membrane of the bacteria comprises a phospholipid 

bilayer with similar characteristics to the plasma membranes found in mammalian cells. 

Based on their outer cell membrane and their gram staining, bacteria strains are 

classified into two main groups, namely gram-positive (stained dark purple-violet) and 

gram-negative (stained red-pink). Gram-positive bacteria are surrounded by a 

cytoplasmic membrane and a cell wall around 20 - 80 nm thick containing 

peptidoglycans (polymer consisting of sugar moieties and amino acids) linked to 

lipoteichoic acids. On the other hand, gram-negative bacteria have an inner plasma 

membrane consisting of phospholipids, the periplasm which is a thinner peptidoglycan 

wall around 6 - 10 nm thick and is surrounded by an outer lipid membrane connected 

with a leaflet of lipopolysaccharides. Phospholipids comprise two long alkyl chains of 

18 carbons connected through phosphoric acid. In principal, this outer membrane 

feature offers to the gram-negative strains further resilience compared to the less 

protected gram-positive strains. The main difference between the plasma membranes 

of mammalian and bacterial cells is their composition. In mammalian cells the negative 

charges are distributed in the inner part of the phospholipid membrane, whereas in 

bacterial cells the negative charges are distributed in both sides of the membrane. 

Moreover, the bacterial cell membranes possess improved mechanical stability against 

physical deformation compared to the mammalian cells (see Figure 1.20).  

Protozoa are eukaryotic unicellular microorganisms, while fungi and algae are 

eukaryotic, unicellular and multicellular forms of microorganisms with genuine 

nuclei.163 Viruses are usually exploiting host cells, as they represent a non-independent 

form of life and therefore, are forced to act as intracellular parasites. 

 

Figure 1.20. Cross-section and structural analysis of the cell envelope of 

mammalian and various microbial cells. 164  
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Microbial infections affect animals, plants and human beings and pose a major 

challenge to human health worldwide. The discovery that numerous germs, such as 

bacteria, viruses, protozoa and fungi are primarily responsible for elevated human 

morbidity and mortality (over one-fourth of global deaths annually) has led to a vital 

seek for the prevention of microbial infections. Since the introduction of penicillin in 

1940s, as an antibiotic that intervenes with the bacterial growth and prevents bacterial 

infections, a majority of low molecular weight antibiotics, such as streptomycin 

(aminoglycosides), tetracycline (tetracyclines), erythromycin (macrolides), 

vancomycin (glycopeptides), and cipro-floxacin (quinolones), that target specifically 

either the DNA replication, the cell wall or the protein synthesis of bacteria, were used 

for the prevention of pathogenesis. This period was called the “Golden Age of 

antibiotics”.165 Nevertheless, the widespread and injudicious use of antibiotics induced 

the phenomenon of bacterial antibiotic-resistance which stems from the adaptive 

mechanisms of bacteria. In addition, the two diverse types of bacteria, gram-positive 

and gram-negative, react differently to antibiotics, so treating multiple bacterial 

infections requires different antibiotics. The need of alternative antimicrobial agents to 

prevent antibiotic-resistance led to the development of natural or synthetic low 

molecular weight antimicrobial agents. 

Low molecular weight antimicrobial compounds or bactericides have been used 

extensively in industrial and biomedical applications in the past decades. Compared to 

antibiotics that target specific routes of bacterial growth, bactericides can kill bacteria 

in a non-specific manner related to membrane damage, oxidative stress and interaction 

with the genetic material and proteins, thus they are less susceptible in resulting in the 

resistance of microbes to these agents. During the last decade, the use of quaternary 

ammonium salts (QAS) has shown great potential for the aforementioned applications. 

Most QAS are cationic moieties comprising a nitrogen atom (N+) attached by covalent 

bonds to four different alkyl groups (R) or alkyl groups substituted with other 

functionalities, and a halide anion (X-) which is usually a chlorine, bromine or iodine 

atom. Their high potency has been proven when the positive charge is supported by a 

hydrophobic moiety, typically in the form of long alkyl chains. It is proposed that the 

electrostatic interactions between the negatively charged bacterial membrane and 

positively charged QAS involves the intercalation of hydrophobic alkyl functionalities 

of QAS into the phospholipid hydrocarbon core which can denaturate structural 
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proteins and enzymes.  Definitive killing is caused via disruption of the bilayer 

organization, and consequently formation of holes in the membrane, leading to cell 

lysis.  Nevertheless, eventually the majority of the bactericides have proven to be 

detrimental, due to high levels of environmental pollution, human toxicity and in some 

cases resistance against them. In contrast, antimicrobial polymers can surpass these 

problems by establishing bactericidal activity with reduced cytotoxicity, low propensity 

for resistance development, higher chemical stability and non-volatility, and potent 

long-term efficacy (Figure 1.21). Besides that, polymeric materials offer the possibility 

of antibacterial coatings. 

 

Figure 1.21. Schematic illustration of selective interactions of cati onic 

polymers with mammalian and microbial membranes.164 

1.3.2 Introduction to the concept of antimicrobial polymers 

Antimicrobial polymers or polymeric disinfectants or antibiotic polymers have gained 

a profound interest as novel antimicrobial systems, due to their intrinsic properties, 

variable functionalities and great biocidal activities against a variety of bacteria. Due to 

the negative charge of the bacterial cell surface derived either from teichoic acids or 

phospholipids in gram-positive and gram-negative bacteria, it is believed that the best 

antimicrobial candidates would be amphiphilic polymers bearing cationic sites among 

other functionalities. The hydrophilic parts are mostly cationic pendant groups linked 

to a monomer repeat unit or parts of the polymer backbone if they are supported by 

long alkyl side chains that assure sufficient hydrophobicity to the polymeric system.166 

The electrostatic interactions of the bacteria with the antimicrobial cationic polymers is 

considered crucial to fight the problem of microbial resistance. Lengthening the alkyl 

side chain can result in more hydrophobic structures that can interact more strongly 

with the lipid bilayer of the microbial membranes. Nevertheless, excessive increase of 
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the chain length, may result to intense aggregation of the polymer chains and increased 

hemolytic activity, thus lead to a weaker bactericidal activity. 

According to Katsumi, antimicrobial polymers should:  

➢ have sufficient contact with the microorganisms 

➢ have sufficient cationic charge to provoke adhesion to the microbial cell 

membrane 

➢ have hydrophobic moieties that will integrate in the cell membrane 

➢ be non-toxic to mammalian cells. 

They can be grouped into two main categories: (a) polymers with inherent antimicrobial 

activity, and (b) chemically modified polymers to confer antimicrobial activity.167 

Polymers with inherent antimicrobial activity comprise (a) natural polymers, such as 

chitosan (CS), poly-ε-lysine (ε-PL) and natural antimicrobial peptides (AMPs), (b) 

synthetic polymers that contain nitrogen moieties e.g. linear quaternary ammonium salt 

polymers, polymers with quaternary pyridinium compounds, polyethylenimines, 

polyguanides, poly(ionic liquid)s, (c) synthetic polymers that contain halogen 

compounds, i.e. poly (n-halamines), fluorine/chlorine containing cationic polymers and 

(d) polymers mimicking natural peptides.168  

Polymers that are not able to confer any - or possess negligible - antimicrobial activity 

are a class of antimicrobial polymers that need to be chemically modified with an active 

antimicrobial agent.  These polymers can be divided to (i) polymers containing active 

pendant groups e.g. quaternary ammonium, phosphonium or sulfonium salt groups and 

hydroxyl group-containing organic acids, (ii) polymers with attached antimicrobial 

organic agents and (iii) polymers linked with inorganic agents.168 Among them, 

inherent antimicrobial polymers based on QAS and chemically modified polymers 

bearing QAS are the most widely studied antimicrobial polymers.166 Studies on QAS 

with several alkyl chain length functionalities showed different results owing to 

changes in the solubility of the polymers in water, that limits the availability and 

possibility of  polymer penetration to the bacterial cell wall.169 
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1.3.3 Bacterial adhesion and biofilm formation on surfaces 

Besides their resistance mechanisms, bacteria can adhere to surfaces and form 

communities that alleviate the burden of diseases. Bacterial contamination of surfaces 

constitute a prime threat in a plethora of fields, predominantly in medical devices, 

drugs, hospital surfaces, dental restoration and surgery equipment, health care products 

and hygienic applications, water purification systems, textiles, food packaging and 

storage, major or domestic appliances, aeronautic, marine, etc.167 Microorganisms and 

in particular bacteria have the tendency to contaminate any type of surface under a 

moist environment and lead to a biofilm formation through a multistep fouling process, 

which is similar for almost all microbial species. Briefly, when a surface is immersed 

into a biological fluid, the fouling process involves initial adhesion of ions and proteins 

within seconds to form a conditioning layer. Then adhesion of planktonic bacteria to 

the conditioning film is endorsed, through Brownian motion, van der Waals attraction, 

gravitation forces, electrostatic charges and hydrophobic interactions.170 Initially the 

adhesion process is reversible until the time of the biofilm formation in which the 

attachment of bacteria is permanent. A bacterial biofilm is a complex assembly of 

multi-layers of bacterial aggregates encased in an exopolysaccharide matrix excreted 

by the adhered bacteria and this construction affords the microbial cells the necessary 

protection against flow detachment, host defenses and hostile antimicrobial molecules, 

making the cells less vulnerable compared to unprotected microbial cells.171 Biofilms, 

due to the increased pressure of further proliferation and maturation can be ruptured 

and act as reservoirs of microbes, which detach from the matrix and contribute to the 

epidemiology of the infection through air, water, soil, etc.172 A schematic representation 

of the fouling process and biofilm formation is shown in Figure 1.22. 
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Figure 1.22. Schematic illustration of biofilm formation often facilitated by 

(1) fouling of proteins (conditioning film). The process of biofilm formation 

begins with the reversible (2) deposition, (3) attachment and (4) desorption 

of planktonic bacteria, followed by the (5) bacteria change of gene 

expression patterns and production of the extracellular polymeric matrix, 

(6-7) microcolonies of bacteria, which are formed inside the matrix, (8) 

further maturation, and finally (9) the mature biofilm, that can disperse 

planktonic bacteria to new clean surfaces.173 

Contamination can occur either by airborne bacteria in the dry state or by the direct 

contact with biological fluids in the wet state i.e. blood, serum, protein solutions. 

Ideally, infections can be prevented by assuring aseptic conditions on surfaces, however 

this can be applied only in airborne bacteria, while further treatments are needed to be 

deployed in order to maintain such conditions.  

Global epidemiology situations, nosocomial infection risks and high operational and 

maintenance costs e.g. for shipping companies have given rise to the development and 

excessive usage of antimicrobial agents such as (a) antibiotics (penicillins, rifampin, 

oxazolidones, polymixins), which abolish microorganisms within the body, (b) 

disinfectants ("nonselective antimicrobials" such as silver salts, hypochlorite, reactive 

oxygen species, alcohols, essential oils and quaternary ammonium salts), which are 

applied on non-living surfaces and (c) antiseptics (applied to living tissue to reduce 

infection, such as alcohols, iodine, hydrogen peroxide) against bacterial infection. 

The widespread and injudicious use of antimicrobial agents to prevent the growth of 

bacteria on surfaces, implants, etc. has resulted in the formation of resistant 

microorganisms, that promptly and simply modify their cell envelope or mutate their 



Chapter 1 Introduction 
 

83 

 

genes, making their effective eradication difficult.174 Furthermore, most of the bacteria 

in a biofilm are in a stationary-growth phase with low metabolism and expression of 

genes, compared to the growth phase of their planktonic counterparts, which renders 

them less susceptible to antimicrobial therapy.175 Reciprocally, the continuous 

utilization of antimicrobial agents can induce a biofilm stabilization. It should be noted 

that once the initial attachment occurs, the biofilm formation is irreversible and 

conventional methods to prevent the biofilm formation may result to further 

contamination.176 Sterilization methods such as UV irradiation and autoclaving are 

effective against biofilm formation, however continuous operation is not possible and 

energy consuming. Hence, it is vital that material scientists develop novel antimicrobial 

surfaces or modify the performance of existing antimicrobial surfaces to counteract this 

profound issue and prevent permanently the adhesion before the development of 

biofilms. Since initial adhesion is the key step for biofilm formation, strategies have 

focused on utilizing the physicochemical properties of surfaces. 

1.3.4 Current strategies to control biofilm formation 

A promising approach to combat the bacterial cross-infection is the usage of specific 

antimicrobial polymer coatings either physisorbed or covalently linked on the surface 

that effectively prevent or resist the initial adhesion of microorganisms by overlooking 

the conditioning layer for long-lasting sterilization. This can be attained by either 

repelling or killing the pathogen microbes.166  

Antimicrobial polymer coatings can be classified into (i) antifouling coatings, intended 

to repel protein and bacterial adhesion through non-favorable interactions, such as 

exclusion steric repulsion, electrostatic repulsion and low surface energy modification, 

and (ii) bactericidal coatings, which exert the killing of the bacteria by inactivation of 

the bacteria cells after contact with chemical agents that are either released from a 

matrix or covalently tethered to the polymer surface (Figure 1.23).177 From the 

applications perspective, an ideal antimicrobial surface for the retardation of 

microorganism colonization for biomedical implants, marine equipment and water 

treatment membranes should provide both antifouling and bactericidal characteristics 

against different types of foulants. 
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Figure 1.23. Classification of the approaches used to fabricate antifouling 

(repelling) or bactericidal (killing) surfaces for biofilm management.166 

1.3.5 Antifouling polymer coatings 

Antifouling polymer coatings also known as anti-adhesive or bio-passive polymer 

coatings comprise an important class of antimicrobial surfaces that are proficient of 

lessening the extent of bacterial contamination and further biofilm formation.178 The 

concept of antifouling implies the repellence or removal of bacterial fouling, as well as 

of protein adsorption and the adhesion of mammalian cells or marine foulants on 

surfaces through unfavorable interactions.177a, 179 A significant aspect is that antifouling 

polymer coatings have the ability to prevent biofilm formation on the surfaces, but do 

not kill the microorganisms. Researchers have discovered that by tailoring the surface 

properties of a biomaterial, e.g. hydrophilicity, surface roughness or topology, 

electrostatic interactions and surface compliance, can significantly reduce the rate of 

bacterial attachment via minimizing the adhesive forces between the surface and 

invading proteins and bacteria.180 The two main strategies for an antifouling action is 

the use of (a) bacteria-repellent coatings, consisting of hydrophilic polymers that 

prevent bacteria adhesion due to their low interfacial energy with water and (b) bacteria-

release coatings, comprising hydrophobic polymers which allow to remove the fouling 

using low shearing stresses, thus low amount of energy (Figure 1.24).  
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Figure 1.24. Schematic illustration of antifouling surfaces: bacteria-release 

(top left) and bacteria-repellent surfaces (bottom left).181 

1.3.5.1 Bacteria-repellent coatings 

As mentioned above, the initial adhesion of bacteria on the surfaces is facilitated by a 

layer of adsorbed proteins that forms a conditioning film for the bacteria to grow. 

Hence, designing surfaces that can reduce or prevent protein adsorption was 

hypothesized to be beneficial for bacterial resistance. These types of surfaces are 

usually prepared from hydrophilic or charged polymer coatings, which possess 

profound antifouling properties. In theory, these features are based on a surface 

hydration layer, which is formed near the polymer coating in the aqueous environment 

and serves as an energetic repellent barrier for protein and subsequent bacterial 

adhesion on the surface. The attachment of bacteria cells on a surface, that has low 

interfacial energy with water, results in low enthalpy gain of adhesion, loss of enthalpy 

and thus an unfavorable change in free energy. Aside from hydration, polymer chain 

flexibility also plays a significant role, since the compression of the polymer chains by 

the protein molecules or bacteria cells, results in enhanced steric repulsion forces or 

steric hindrance and an unfavorable decrease in entropy  (see Figure 1.25).69, 182  

Dense physisorbed polymer layers or polymer brushes based on (a) neutral hydrophilic 

polymers, and (b) zwitterionic hydrophilic polymers have been employed for the 

fabrication of highly hydrated and steric repulsive bacteria-repellent surfaces. 

Hydrophilic polymer coatings need to be grafted on surfaces, when immersed in 

aqueous environments, due to the detachment of these soluble films. 
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Figure 1.25. Antifouling hydrophilic polymer brush surfaces: (A) polymer 

brushes in the dry state, (B) tightly packed hydrated brushes in aqueous 

environment, (C, D) repulsion of microorganisms or proteins by steric 

hindrance due to the layer of water and the elasticity of the polymer 

chains.172b 

1.3.5.1.1 Poly-hydrophilic brush surfaces 

A variety of neutral hydrophilic polymers have been introduced as bacterial antifouling 

coatings, with the most common neutral systems being based on polymers such as 

poly(2-hydroxyethyl methacrylate) (PHEMA), 2-methyl-2-oxazoline (PMOXA), 

polyacrylamide (PAAm), and poly(poly(ethylene glycol) methacrylate) (PPEGMA), 

due to their similar behavior with PEG and their capability for further modification of 

their hydroxyl end groups to more complex systems. PEG or PEO represent perhaps 

the most prevalent class of biopolymers in the literature for inhibiting protein and cell 

adhesion on surfaces and thus PEG-based polymers are often termed as “gold standard 

materials” for antifouling surfaces.183 PEG-based polymer brushes are intriguing due to 

their exquisite water solubility or hydrophilicity, because they are excellent hydrogen-

bond acceptors, and the ability to deviate the interactions among proteins, bacteria and 

water which renders them very promising for biological applications. Although PEG-

based brush surfaces exhibit high protein and bacteria repellence, the utility of PEG 

chains is compromised due to their instability because they undergo metal ionization 

and oxidative degradation in vivo, which could lead to the destruction of the hydration 

layer.184 Resembling PEG-based coatings, hydrophilic PHEMA coatings exhibit high 

antifouling efficacies, due to the fact that the PHEMA chains are stretched promptly 

and oriented causing the physical exclusion of proteins and cells in aqueous 

environments.185 An alternative to synthetic hydrophilic polymers are polysaccharides, 

such as alginic acid (AA) and hyaluronic acid (HA), which are natural macromolecules 

with fouling-resistant properties.  
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To date, the majority of antifouling polymer brushes that have been used are 

hydrophilic, with contact angles below the Berg threshold of 65o.116 Values below that 

threshold are referred to polymer surfaces with a dense layer of water molecules capable 

to exclude hydrophobic interactions with proteins or foulants. However, if electrostatic 

attractions are present in the polymer system or when the surface hydration is 

compromised, protein adhesion is inevitable to occur. Even though highly hydrophilic 

polymer coatings have high surface energies (e.g. PEG > 43 mN / m), the possible 

reasons for their protein resistance and cell adhesion is explained based on (a) the 

cruciality of the interfacial energy between the polymer coating and water, which in 

highly hydrophilic surfaces is extremely low (for PEG it is 5 mJ / m2), (b) the repulsive 

forces generated from the compression of the elastic stretched polymer chains by the 

invaded proteins and bacteria, and (c) the thermodynamic osmotic stress, which means 

that the energetic and kinetic penalty for the removal of water molecules, during a 

protein or bacteria invasion in highly hydrated polymeric surfaces, is extremely high.186 

The repellent performance of highly hydrophilic neutral brushes is effective against 

both positive and negative biomolecules under long-term experiments, classifying them 

as standardized bacteria-repellent surfaces.45  

In all cases, the optimization of the thickness, grafting density and chain flexibility of 

the grafted polymer chains seems to play a pivotal role in the overall antifouling 

efficiency of the polymer brushes.  As a matter of fact, an increase in the thickness of 

the hydrophilic polymer brush generates high hydration capacity and repellent activity, 

until an optimum range. Above this range, a decrease in the antifouling behavior may 

be ascribed to chain entanglements or crowding in the film.187 Moreover, fully stretched 

polymer chains in highly dense polymer brushes were shown to be ideal repellent 

surfaces compared to low-density grafted polymer chains in the mushroom regime, 

where the films promote adsorption of proteins and microorganisms.69, 188 Finally, 

studies on the effect of the grafting density have revealed a hindering of the polymer 

chain flexibility with the grafting density, which resulted in an increase in protein 

adsorption.   

1.3.5.1.2 Polyzwitterionic brush surfaces 

As an alternative to neutral hydrophilic brush surfaces, polyzwitterionic hydrophilic 

brush surfaces have been shown to possess effective antifouling characteristics, through 
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the same principle of highly-hydrated polymer surfaces with high hydrolytic and 

oxidative stability. Zwitterionic polymer coatings are electrically neutral coatings and 

can be classified into two main categories (i) polybetaines, carrying a positive and 

negative charge on the same monomer repeat unit, and (ii) polyampholyte copolymers, 

with 1:1 positive and negative charge on two different monomer units.182 Based on their 

negatively charge moiety, polybetaines can be classified as polysulfobetaines (PSB), 

polycarboxybetaines (PCB) and polyphosphonobetaines (PPB). The electrostatically 

driven hydration in polyzwitterionic brushes includes strong binding of water 

molecules compared to the weak hydrogen bonding in neutral hydrophilic polymer 

brushes which makes the hydration layer even more robust and stable.189 

Polyampholytes are synthetic analogues of biomolecules such as proteins and constitute 

an important group of antifouling coatings due to their strong hydration via ionic 

solvation. Several examples of hydrophilic zwitterionic polymer brushes based on 

sulfobetaine methacrylate (SBMA) and carboxybetaine methacrylate (CBMA) have 

been utilized for the prevention of protein and bacterial adhesion in biomedical 

applications.190 It is suggested that a nanoscale homogenous mixture of balanced 

charged moieties from polyzwitterionic materials is the key to control the antifouling 

properties.182 Due to their synthetic flexibility, polyzwitterionic surfaces are considered 

the next generation of antifouling surfaces in several applications. 

1.3.5.1.3 Negatively-charged brush surfaces 

Polymer brushes that display a negative charge have been shown to induce bacteria-

repellent properties and reduction of the mass of biofilm formed during longer periods 

of time. Characteristic examples are the PSPMA and PGMA brushes functionalized 

with sulfonate groups. It was observed that the biofilm structures formed on negatively 

charged surfaces could be removed more easily at higher shear stress compared to the 

more homogeneous flat biofilm formed on a polycationic surface. Nevertheless, it has 

been observed that positively charged proteins such as lysozymes affect the repelling 

properties of negatively-charged surfaces.45 

1.3.5.2 Bacteria-release polymer coatings 

In principal, in antifouling surfaces the intermolecular forces between the surface and 

extracellular biomolecules are deteriorated. It is well known that the surface energy (γ) 
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is related to the intensity of microbial adhesion and growth on surfaces.191 Hydrophilic 

polymers with high surface energies tend to retain a layer of water on top of them that 

limits the interactions of proteins with the surfaces, due to the thermodynamically 

unfavorable process of water rearrangement, which is required for protein adhesion.  

On the contrary, the concept of bacteria-release surfaces does not prevent the 

attachment of microorganisms, however it relies on minimizing the initial adhesion 

strength of biomolecules on the surface followed by release under low shear stresses, 

usually a water flow.186, 192 Hydrophobic polymers with very low surface energy and 

high interfacial energy with water, offer very weak protein or bacterial adhesion which 

can be detached by replacement with water molecules under low applied frictional 

forces (Figure 1.24). Common hydrophobic polymer coatings such as PS, PMMA, etc. 

are not antifouling and further treatment is necessary to introduce antifouling 

properties. Therefore, hydrophobic polymer coatings with low surface energies, usually 

below 20 mN / m  and high interfacial energies with water, around 50 mJ / m2 are named 

fouling-release coatings.193 Bacteria-releasing polymer coatings can be obtained by 

either physical modification or chemical immobilization since the polymers have great 

stability under an aqueous environment. 

Apart from, surface hydrophobicity and low surface energy, other parameters that 

influence the bacteria-release properties of a surface is the film thickness, the surface 

roughness and the elastic modulus of the material. Low surface energy polymer 

coatings, based on their chemical structure, are divided into silicones, such as 

polydimethylsiloxane (PDMS), and fluorinated polymers, such as 

poly(tetrafluoroethylene) (PTFE), which are widely explored, due to their low adhesion 

strength, good mechanical properties and bio-inertness.194 According to the Baier curve 

(Figure 1.26), surfaces with intermediate WCA and high surface energy values are more 

prone to microbial fouling, whereas low surface energy and hydrophobic surfaces are 

less susceptible to fouling.195 
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Figure 1.26. Baier curve of self-cleaning surfaces against biofilm 

formation.196 

PDMS elastomers are known to reduce the adhesion of microorganisms due to their 

low critical surface energy (10-20 mN/m), low modulus, low micro-roughness and low 

glass transition temperature. The fundamental properties of PDMS originate by the 

siloxane bonds, which comprise a flexible backbone with low energy side groups. 

However, the major disadvantage of these materials is their poor adhesion when being 

coated on substrates.  

Fluorinated polymer films are known for their non-polar nature and their ultra-low 

surface energy (<13 mN/m), high hydrophobicity and non-sticking characteristics. The 

low adhesion strength on fluoropolymers stems from the organized ordered structures 

of -CF3 and -CF2 moieties, which are exposed densely on the interface and minimize 

the surface energy and the surface molecular diffusion. PTFE is the most known 

commercial fluoropolymer for self-cleaning applications, however its crystallinity and 

complete insolubility in common organic solvents hinders its usage in more advanced 

applications. Extended research has been preferably focused on fluoropolymer coatings 

comprising fluorinated (meth-)acrylates, perfluoropolyethers and PEG modified 

fluoropolymers that offer smooth film structures with antifouling properties. 

Fluoropolymer coatings are shown to exhibit better antifouling properties than PDMS 

coatings, yet these materials undergo a reconstruction when immersed in water and thus 

lose their low surface energy and thus their long-term antifouling characteristics.197 The 

increase of the fluorinated chain can result to lower surface energy values, nevertheless 

it poses the risk of releasing persistent organic pollutants. Thus, there is a need of a 
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minimum possible amount of fluorination to achieve lower surface energy. Compared 

to polyzwitterionic and polyhydrophilic brush surfaces, polymer brushes comprising 

low surface energy polymer chains have not been studied extensively against the 

fouling process of bacteria. 

Nanostructured surfaces are also important, since effective air entrapment in their 3-D 

nanomorphology (spikes, pillars) renders them non-adhesive and slippery. The 

immobilization of polymer brushes on a nanostructured surface can enhance its 

superhydrophilicity/superhydrophobicity, thus reducing further the adhesion forces of 

bacteria. 

1.3.6 Bactericidal polymer coatings 

In contrast to antifouling polymers which are passive, and their action is restrained only 

as non-fouling coatings, antimicrobial polymers can either act similar to antibacterial 

agents in solution by inactivating the bacteria cells, or when they are anchored on 

surfaces, can as well promote bactericidal action after contact between the surfaces and 

the bacteria and degrade or kill the bacteria cells.  

Based on their inactivation principle, bactericidal surfaces can be grouped into two 

prime categories: (a) surfaces with entrapped antibacterial agents that can be eluted 

upon interaction with an operational environment or (b) surfaces with immobilized 

polymeric antibacterial moieties that kill the adhered cells after contact. Polymer 

surfaces are considered as bactericidal materials, if they realize a reduction of colony 

forming units (CFU) greater than 2-log.196 

1.3.6.1 Bactericide-release coatings  

Most commonly and adapted by living forms in nature, i.e. animals, plants, fungi, is the 

release of antimicrobial compounds, such as peptides and antibiotics for the simple 

purpose of preventing surfaces from fouling. The oldest approach for preventing 

bacterial biofilm formation is based on polymer coatings that dynamically release water 

soluble antibacterial agents or antibiotics in some predefined fashion. To date, leaching 

polymer surfaces are designed to carry biocides by physical adsorption, impregnation 

in the polymer matrix, complexation or conjugation, that can be released slowly locally 

and in vast amounts, in order to counteract the initial bacterial attachment. In these 
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systems, polymers are usually degradable or non-degradable biomaterials, that do not 

provide antimicrobial activity, thus their role is the active release of the antimicrobial 

agents. The leached bactericides typically form an outer inhibition zone and an inner 

kill zone that destroys microbes in the vicinity of the surface. Their performance is 

significantly influenced by the polymer surface, which determines the release rate of 

the bactericides. 

The widely used categories of bactericide-release coatings in literature are classified 

based on their biocides and disinfectants i.e. antibiotic-releasing, metal-releasing, nitric 

oxide (NO)-releasing, QAS-releasing coatings, etc.198 Since surfaces are leaching 

antimicrobial agents, the drawback of deposition of bacterial debris and intramolecular 

substances after killing is less possible, which comprise a major issue in contact-active 

bactericidal surfaces (see next paragraph). 

Metal- and metal oxide-releasing bactericidal surfaces are the most employed surfaces 

that comprise designs of metal-doped, coated, metal-containing polymers, metal 

nanoparticles or metal thin films.172b Primarily, coatings containing silver 

nanoparticles, silver salts and silver sulfadiazine, which are capable of releasing silver 

ions (Ag+ ions) at the implementation site have been thoroughly designed. The 

bactericidal ability of these surfaces results from a multiple mechanism of action 

comprising oxidative stress induction, diffusion of metal ions from the surfaces and 

non-oxidative modes presented by a membrane disruption, penetration and interaction 

with DNA and proteins (binding with thiol groups, which are present on proteins and 

enzymes, and thus inactivating them). In addition, this multiple mechanism requires a 

plethora of different gene expressions, which is complicated for the bacteria to adapt 

and to develop resistance.199 Silver, tin, zinc, gallium, selenium and copper are among 

the most employed bactericidal compounds for biomedical, domestic and marine 

applications, respectively. Nevertheless, the excessive usage of metals in deodorants, 

washing procedures etc. has resulted in waste water pollution and resistance to metals, 

while several have been ascribed as hazardous to sea life form and thus have been 

abandoned. Same issue stands for halogen (chlorine, iodine) containing compounds, 

phenols, quaternary ammonium salts, etc. This means that it is imperative that scientists 

design coatings that maintain the sufficient concentration range of the released agent 

for bacterial killing under a predetermined period of application with respect to the 
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applied environment, e.g. low cytotoxicity in vivo, contamination and accumulation in 

nature.200  

Alternatives, such as antibiotic-release coatings based on aminoglycosides 

(gentamycin, tobramycin), penicillins (ampicillin), rifamicyns (rifampin), quinolones 

(ciprofaxin), tetracyclines (minocycline) and glycopeptides (vancomycin) or enzymes 

(lysozyme, acylase) and organic cationic-, non-cationic- and non-organic-releasing 

coatings i.e. QAS, chlorhexidine, cationic surfactants (CTAB), chitosan, NO, triclosan 

and furanones, have been applied within coatings for prevention of biofilm formation 

on medical devices (catheters and implants).201 Nevertheless, a major limitation of these 

overall bactericidal release-based coatings arise from the difficulty to control the release 

rate and the concentration of the biocidal agents. Thus, either sub-lethal concentration 

release of antimicrobial agents induces antibiotic-resistance and enhancement of 

biofilm formation, or the reservoir of antimicrobial agents becomes exhausted and the 

bactericidal surface fails. Lately, antimicrobial coatings based on titanium dioxide,  that 

produce unlimited antimicrobial reactive oxygen species (ROS) have been described as 

an alternative, but required activation by UV-light.202 

Polymer brushes. Release-based bactericidal polymer brushes are less exploited due 

to the minority of antimicrobial agents that are appropriate for immobilization and 

controlled release from these coatings.203 An example was given by Hu et al., with the 

incorporation of Ag+ ions in poly(3-sulfopropyl methacrylate) (PSPM) brushes grown 

from silicon and gold substrates. These systems were shown to completely inhibit the 

biofilm formation of S. aureus and P. aeruginosa bacterial strains, compared to PSPM 

brushes without silver ions, with slow leaching of the Ag+ ions under water and NaCl 

media.203a Lately, PCBMA brushes grown from gold substrates were loaded with silver 

ions, to provide surfaces with high bactericidal activity, due to the Ag+ ions, and potent 

antifouling activity, due to the PCBMA chains, against E. coli bacterial strain.204 

1.3.6.2 Contact-killing coatings 

To evade the reservoir exhaustion of release-based antimicrobial surfaces, contact-

killing surfaces of immobilized polymer coatings, e.g. polymer brushes, possessing 

antimicrobial activity have been developed featuring monomeric antimicrobial 

compounds which are covalently attached to a polymer backbone and are capable of 
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leading to bacterial death.205 In this approach, killing of microbes is furnished upon 

contact. The bactericidal action is derived from the whole structure of the antimicrobial 

polymer and not from the antimicrobial compound itself.  

The main advantages of contact-killing compare to release-killing is that they: (a) offer 

an improved and prolonged antimicrobial activity, (b) are not likely to result in the 

development of antibiotic resistant strains -compared to antibiotics- due to the different 

mode of action, which involves physical damage of the bacterial cell walls/membranes 

and viral envelopes,206 (c) provoke no undesirable effects on the physicochemical 

properties of the materials, and (d) possess non-toxic properties that do not affect the 

host tissues or immune systems in case of implants.207  

Contact-killing coatings can be prepared either by (a) chemical immobilization 

methods, such as “grafting-to”, “grafting-from”, crosslinking polymerization and 

hydrogels or by (b) physical immobilization methods, e.g. physical adsorption using 

spin or dip coating and layer by layer deposition. Important aspect of these methods is 

to develop well-defined polymer structures with dense antimicrobial compounds that 

can afford high biocidal activity. In the literature, the most widely exploited substrates 

that have been coated with bactericidal polymers to study their efficacy as bactericidal 

surfaces are silicon, glass, gold, PET, wool, nylon etc.69 The pendant antimicrobial 

compounds vary between (a) natural molecules, such as chitosan and its derivatives, 

photoactive metal and metal oxide nanoparticles (e.g. AgNPs), antimicrobial enzymes 

(AMEs) and peptides (AMPs) and (b) synthetic chemicals, such as quaternary 

ammonium salts (QAS), quaternary phosphonium salts (QPS), pyridinium and 

quanidinium moieties, n-halamines and antibiotics. The type of the polymer backbone 

also varies, with the most commonly attained being poly(meth)acrylates, 

poly(meth)acrylamides and polystyrenes.208  

Coatings with polymeric antibiotics such as PEG/penicillin modified PTFE surfaces, 

have been used to obtain bactericidal surfaces with low toxicity. However a major 

drawback of this strategy is the induction of resistance and in many cases, the surfaces 

performed inhibited activity compared to the highly effective low molecular weight 

antibiotic analogues in solution, which means that the mechanism of their antimicrobial 

activity is hindered once they are attached on the surface.201, 209 AMPs are produced by 

organisms such as plants, insects and are considered also as promising antibacterial 
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coatings having similar problems, as studies highlight the importance of providing the 

conjugated peptide with lateral mobility and appropriate orientation for its bactericidal 

efficacy.200 

The hindering of the antimicrobial action of bactericides on surfaces compared to 

solution constitutes a major drawback of almost all surface bound immobile 

antimicrobial compounds. The significant aspect of polymer brushes is that they 

provide an anchor for the antimicrobial compounds through a flexible covalently bound 

polymer chain, which makes them still able to reach the site of action and eventually 

interact with the bacteria. Polycations bearing QAS or alkyl pyridinium moieties are 

the most extensively exploited antimicrobial polymers for the study of contact-killing 

polymer coatings. Bacteria adhere strongly on cationic surfaces, thus the strategy of 

constructing bactericidal surfaces using QAS groups is effective. Polymer brushes have 

been shown to be effective for anchoring QAS.74a, 210 Quaternized forms of P4VP, 

polyethylene imine (PEI) and PDMAEMA are typical bactericidal polymers. A pioneer 

study of Klibanov et. al reported the grafting of poly(vinyl-N-hexylpyridinium) chains 

on HDPE, LDPE, nylon, PP and PET synthetic polymer surfaces using different alkyl 

bromides, to achieve 2-log reduction of gram-positive and gram-negative bacteria.211 

The non-leaching character of these systems was supported by zone of inhibition 

experiments and it was suggested that only long-polycationic end-grafted chains can 

act as bactericidal surfaces. Matyjaszewski’s group employed the SI-ATRP technique 

to obtain PDMAEMA brushes bearing QAS groups with charge densities above 1×1015 

accessible quaternary amine units per cm2, which was found important for surfaces with 

high bactericidal efficacy.74a, 212 Quaternized chitosan was also modified with PHEMA 

brushes conferring bactericidal action on stainless steel surfaces.213 

Polymer brushes with QAS are fabricated using two methods: (a) post-polymerization 

quaternization of functional polymer surfaces and (b) polymerization of monomers 

containing the quaternary ammonium moieties, coined as quaternary ammonium 

monomers. The drawback in these approaches is the poor molecular characterization of 

the polymer surfaces and the low polymerization yields, respectively.207 The role of the 

charges is to attract and capture bacteria cells on the cationic polymer surfaces and 

further promote the interaction between the surface and the cell envelope. As mentioned 

by Charnley et al, the efficiency of these surfaces stems from the mobility of the cationic 

group, which is ensured by the binding to the surface through a polymeric spacer.214 
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However, the precise mechanism of action is yet under debate (see paragraph 1.3.6.2.1). 

Overall, polymer brushes bearing QAS groups have not found their use in vivo yet and 

further research is required in this direction. 

1.3.6.2.1 Mechanisms of bactericidal action of contact-killing coatings 

1.3.6.2.1.1 Mode of action of antimicrobial polymers in solution 

Antimicrobial polymers are usually polycations resembling the architecture of 

amphiphilic surfactants, with the cationic groups acting as the hydrophilic parts that 

interact with the negatively charged phospholipid membrane of the bacteria and the 

alkyl chain aligned with the hydrophobic core of the phospholipid bilayer.  

The mechanism of action of antimicrobial polymers was proposed by Ikeda et al. 

According to this concept, the positively charged antimicrobial polymers are attracted 

by the negatively charged outer membrane of i.e. gram-negative bacteria and are 

adsorbed through electrostatic interactions. The membrane’s selective permeability and 

functionalities are misplaced, and the membrane is disrupted by hydrophobic 

interactions. Next, the antimicrobial polymers diffuse through the thin peptidoglycan 

wall and the inner cytoplasmic membrane is disoriented similarly to the outer 

membrane. For gram-positive bacteria, the absence of the outer membrane is 

camouflaged by a thicker cell wall, through which the polymers must diffuse in order 

to disrupt the plasmic membrane.  

The interactions of bactericidal polymers in solution with bacterial cells have been 

explored by several groups, using molecular dynamic simulations, which have 

elucidated and strengthened the bactericidal mechanism. A putative model was 

proposed by Kuroda et al., in which the amphiphilic character of the polymers is 

highlighted, using poly-QAS statistical copolymers. The mode of action was based on 

the initial binding of the bactericidal polymers on specific sites of the cell surface and 

the formation of polymer-phospholipid complexes that cause instability and disruption 

of the phospholipid membrane (Figure 1.27). It was realized that in the aqueous 

solution, micelles are formed from the cationic polymers which are attracted through 

electrostatic attraction onto the negatively charged surface of the bacteria. The 

hydrophobic alkyl chains insert into the phospholipid bilayer causing damage, while 

the cationic moieties remain outside. According to this mechanism, any factor that 
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strengthens the interactions between the polymers and the bacteria affects the overall 

bactericidal activity. Unfortunately, a similar mechanism provokes mammalian cell 

toxicity. However, it is possible to control the cytotoxicity by employing optimized 

architectures and chemical structures. The immobilization of polycations on surfaces is 

considered to be the most effective approach to combine high biocidal activity with low 

cytotoxicity.   

 

Figure 1.27. Schematic illustration of the mechanism of action of a cationic 

polymer against a bacterial cytoplasmic membrane. 215 

1.3.6.2.1.2 Factors affecting bactericidal performance 

The functional parameters that have a profound impact on the bactericidal efficiency of 

the polycations in solution are: (a) the molecular weight, and (b) 

hydrophilic/hydrophobic balance, which is related to (i) the polycation charge density, 

(ii) the N-alkyl chain length of the QAS and (iii) the counterion.  

Molecular weight plays a key role in the physicochemical properties of polymers, and 

also influences the bactericidal activity of cationic polymers. Variation of the Mw 

results in alteration of the length of the polymer backbone, the number of charged 

moieties and the overall hydrophobicity, and thus the interaction between bacteria cells 
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and the polymer. Selectivity and antimicrobial activity are enhanced with high Mw 

cationic polymers, which provide higher electrostatic attraction and hydrophobic 

interactions. Ikeda et al. have found that the Mw is the major factor in controlling the 

bactericidal activity of polycations following a bell-like shape dependence. It was 

claimed that the adsorption ability and capability of polymer molecules to diffuse and 

penetrate within the bacterial membrane increased with the Mw, whereas after an 

optimum value the bactericidal activity is concealed due to solubility and diffusion 

constrains. Several studies were carried out to understand the relationship of the Mw 

with the bactericidal performance of polymers. In conclusion, an average Mw is required 

for cationic polymers to possess biocidal activity, while a “sieving effect” is observed 

at high Mw’s, which describes the blocking of the polymers by the dense peptidoglycan 

cell-wall of gram-positive bacteria. Nevertheless, there are also dismissive studies 

about the effect of the Mw on the antimicrobial activities of cationic polymers.216  

Amphiphilicity or hydrophilic/hydrophobic balance is known to be the most crucial 

factor affecting the efficiency and selectivity of polymers towards microorganisms. In 

bactericidal polymers hydrophilicity is expressed by the presence of cationic groups 

alongside the polymer chain. These groups can be either permanent charges i.e. 

quaternized amines, or reversible charges i.e. primary, secondary and tertiary amines. 

Highly-charged hydrophilic polycations can attach on the negatively charged 

membranes of the bacteria, however the disruption of the membrane is not favorable in 

the absence of hydrophobic groups, which are typically alkyl groups, that can permeate 

through the cell membrane and afford lysis. The hydrophobic alkyl chains could be 

either a polymer backbone with a hydrophobic character or hydrophobic side chains 

attached to a hydrophilic polymer backbone.166 Highly hydrophobic polymers have 

been found to be cytotoxic and hemolytic to all types of cells, as a result their selectivity 

and solubility in aqueous biological conditions and the overall biocidal performance is 

compromised. Thus, it is vital that the hydrophilic/hydrophobic ratio is kept at a certain 

balance to accomplish the desirable killing activity. The structural parameters that 

affect the amphiphilicity are the length of the substituted alkyl chains (ACLs), the 

polymer composition and the counterions.  

It has been shown that an increase in the ACL of the side QAS group of the polymer 

chain, results in variation of the antibacterial activities. During bacteria invasion by 

polymer chains, the alkyl side chains align with the lipid molecules within the bacterial 
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membrane and affect its integrity. QAS can be grouped into short-chained and long 

chained below and above a threshold of 6 carbon atoms, respectively.217 It has been 

shown that QAS groups, which bear long alkyl chains, between 12 and 14 carbon atoms, 

possess optimal bactericidal activity,.218 Positive charges provide better electrostatic 

interaction of the surfaces with the negatively charged bacteria cells. Thus, it is obvious 

that the higher the charge density of a surface the more enhanced the electrostatic 

interactions and the antimicrobial activity. In addition, the counterions have been shown 

to affect the solubility of the QAS. If the counterions introduce high hydrophobicity, 

the solubility will be reduced in a polar environment. Moreover, when the counter 

anions are strongly bound onto the polymeric cations, an undesirable protection of the 

cations occurs, which affects the electrostatic attraction of the polymer by the bacterial 

membrane. There are conflicting reports in the literature on the effect of Cl-, Br- and I- 

ions on the bactericidal behavior of polycations.219 Additional parameters that affect 

the bactericidal activity of the polymers in solution are: (a) the type of the cationic 

group, (b) the position of the charge in the side chain, (c) the architecture of the polymer 

chains (statistical or block copolymers, polyzwitterions, etc.) and (d) the structure of 

the cationic groups (primary, tertiary, quaternary amines). 

1.3.6.2.1.3 Mechanism of contact-killing polymer coatings 

Coatings of grafted bactericidal polymers are mostly cationic and kill after contact, 

upon microbial invasion on the surfaces. In contrast to cationic polymers in solution, 

the diffusion and binding of antimicrobial polymers on the bacterial cell membrane is 

disabled, due to the immobilization of the polymer chains on the surfaces.  

Major key factors, affecting the antimicrobial efficiency of these surface immobilized 

polymers, have been claimed to be, either the polymer charge density (CD) or the alkyl 

chain length (ACL) of the cationic moieties, or both. The Mw of the polymer and the 

film thickness have been also found crucial, only when they affect the coverage of the 

surface. The charge acts as a “fishing rod” that pulls negatively charged bacteria, for 

further interaction between the contact killing surface and the bacteria. The higher the 

CD of a surface the more enhanced the electrostatic interactions and thus the 

antimicrobial activity. Previous studies have shown that the optimum range of CDs 

should be above a critical threshold of 1×1014 N+ cm-2 and surface charge densities 
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(SCDs) above 1×1013 N+ cm-2 are required for an antibacterial active surface against 

gram-positive and gram-negative bacteria in high division conditions.74a, 220  

Despite the fact that the role of cationic charges on the bacterial death is not doubted, 

the ACL effect is not yet fully understood, since the permeation of the cell wall 

membranes is questioned, due to the lack of degrees of freedom in the polymer chains 

that are attached on surfaces, compared to the respective polymer chains in solution, 

which results in discrete interactions with the bacterial cells.221 In fact, the exact 

mechanism of antimicrobial immobilized QAS is under debate and investigations have 

revealed that they may act differently than the free and solvated QAS in solution.166 In 

recent studies Klibanov et al. have shown that some bacteria that are immune to QAS 

in solution are prone and do not develop resistance when the QAS are surface bound as 

polymer coatings, which enhances the different mode of action.222 So far, three different 

mechanisms are dominant in the literature, however is not certain yet that one of them 

can be considered as the primary concept for all polymeric bactericidal surfaces.  

The first model describing the bactericidal action on surfaces was proposed in 2001 by 

Tiller and was considered to be analogous to the mode of action of antimicrobial 

polymers in solution. It described an insertion of the polymer chains into the core of the 

cell membrane. This early work, known as the “polymeric spacer effect” suggests that 

the penetration of cationic polymer chains into the bacterial cell membranes causes 

definitive killing via disruption of the outer cell-membrane for gram-negative bacteria 

or the cell wall and plasmic membrane for gram-positive bacteria, leading to cell lysis 

(Figure 1.28b). It was suggested that high Mw alkylated P4VP grafted chains on 

surfaces with short alkyl chain lengths on the pyridinium ring, acting as a long-distance 

spacer carrying an antimicrobial agent, are capable of creating a hole on the bacterial 

cell wall with high bactericidal activities. Remarkably, the same polymer chains were 

not bactericidal in solution, while surfaces with low Mw or alkylated with high chain 

lengths formed agglomerates and were not bactericidal as well. Experiments indicated 

that the immobilized polymeric chains must exist as individual entities (not entangled-

agglomerates) to ensure antimicrobial activity. Many researchers found this assumption 

sensible and assessed the bactericidal activity of their systems by the penetration of 

flexible and long antimicrobial polymer chains in the bacterial membranes. 
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Figure 1.28. Mechanisms of contact-killing of polymer coatings based on 

the (a) phospholipid sponge effect and the (b) polymeric spacer effect. 223 

Several studies have been questioning whether the polymeric spacer model is the 

working mechanism for contact-active bactericidal surfaces based on QAS. Murata et 

al. employed quaternized PDMAEMA brushes with short alkyl chain lengths and 

reported a linear dependence of the biocidal activity with the charge density of the film, 

while the bactericidal activity did not seem to be related with the polymer chain length 

and the Mw.74a Similar to these results, many studies did not regard the polymeric spacer 

effect to be the mode of action of cationic polymer coatings.212b Thereafter, the “ion 

exchange model” was proposed by Kugler et al., which referred to a bacterial killing 

mechanism that involves an “ion exchange” between divalent cationic species, Ca2+ and 

Mg2+ present in the outer cell membrane of the bacteria with cations from the charged 

polymer surface.220a The role of the divalent cations is to neutralize the negatively 

charged phospholipid membrane and prevent the phospholipids from repelling each 

other causing instability to the membrane. It was proposed that during the bacteria 

invasion on surfaces, the divalent cations are released, and the membrane of the bacteria 

is disintegrated, which results to cell death. P4VP brushes were densely grafted on 

surfaces at lower film thicknesses than the thickness of a cell membrane or the cell wall 

of bacteria. In this manner, they proved that the only plausible action was due to 

electrostatic interactions between the polymer coatings and the bacterial cells and 

independent of the Mw. Towards this hypothesis, many researchers have based their 

work on the correlation between the charge density and the bactericidal activity. 

In synopsis, during the past decade two mechanisms were favored as dominant mode 

of actions, based on either damaging the cell membranes through poking of long 
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cationic polymer chains that are grafted on surfaces (a) or on an exchange of divalent 

cations between highly charged surfaces, above a charge density threshold, and the 

bacteria (b). Lately, a third mechanism the “phospholipid sponge effect” was 

introduced, by Bieser and Tiller which involves the selective attraction and subsequent 

adsorption of anionic phospholipids from the bacterial cell membrane towards a 

cationic polymer coating.224 This immigration of the negative charged liposomes 

toward the polymer “sponge” coating could result in disintegration and formation of 

holes on the membrane of bacteria (Figure 1.28a). Moreover, it was shown that the 

bactericidal activity is highly affected by two factors, the charge density and the 

hydrophilicity/hydrophobicity of the surface. The phospholipid sponge effect has been 

evidenced by several researchers.225 A relatively similar mechanism, that applies only 

to bactericidal polymer brushes or surface grafted coatings was proposed by Asri et al. 

and suggests that, locally enhanced attractive forces exist between the anionic lipids of 

the bacteria envelope and the positively charged quaternary ammonium salt species of 

the polymer.221 The adhesive forces are orders of magnitude higher than the typical 

forces that the bacteria receive, and compromise their growth.   

 

Figure 1.29. SEM of different bacteria species on a control sample (left) 

and on a QAS-based surface (right). Either hole formation or cell membrane 

deformation is visible after contact with the antimicrobial surfaces .222 

The common outcome from all these mechanisms is the bacteria cell wall/membrane 

disruption, which was proved by the formation of holes observed by scanning electron 

microscopy (SEM), through the attraction and capture of negatively charged bacteria 

on the charged QAS-based polymer surfaces (Figure 1.29).226 Nevertheless, that does 

not indicate how it occurs and it is possible that a combination or all the proposed 

mechanisms take place depending on the surface.222  
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1.3.7 Dual-function antimicrobial surfaces  

The drawback of antifouling surfaces remains their incompetence to impact on the 

mortality of pathogenic microbes; thus, the non-attached microorganisms can still 

contaminate other surfaces. For the application of bactericidal contact-killing polymer 

surfaces, long term exposure of the bactericidal groups to the biological environment 

results in a decrease of the killing efficiency and an increase of the toxicity to normal 

cells or tissues, whereas, coatings based on the bactericide-releasing mechanism may 

suffer of premature depletion of bactericides, emergence of resistance or other 

undesired side effects. In simple words, the major problem of the existing antimicrobial 

and antifouling surfaces is the loss of effectiveness over time. Zou et al. poetically 

stated that “It takes walls and knights to defend a castle” referring to antimicrobial and 

antifouling surfaces.227 Thereby, it is promising to endow a combination of antifouling 

and bactericidal surface properties by a “kill-and-release” strategy of smart antibacterial 

coatings. 

1.3.7.1 Bacteria-repelling and bacteria-releasing antifouling surfaces 

This class of dual function surfaces are not bactericidal surfaces and are commonly 

attained for marine applications, due to the fact that these surfaces can inhibit the 

multistep fouling process of microorganisms and/or reduce the adhesion forces between 

the surface and the attached bacteria, which results in the removal of the latter under 

certain conditions. Cheng et al. studied the antifouling properties of carboxybetaine-

functionalized polysiloxane (PDMS-g-CB) blend films on polydimethylsiloxane 

(PDMS) elastomers, which were found to inhibit the adhesion of E. coli compared to 

untreated PDMS, while it did not exhibit any bactericidal activity, skin irritation and 

toxicity.228 Yeh et al. developed a stable superhydrophilic zwitterionic interface on a 

PDMS elastomer by covalent silanization of sulfobetaine silane (SBSi) to resist 

nonspecific adsorption of bacteria, proteins, and lipids with high stability and no 

cytotoxicity.229 

1.3.7.2 Bactericide-releasing and contact-killing bactericidal surfaces.  

Contact-killing and bactericide-releasing antibacterial surfaces comprise both 

bactericidal units and bactericide-releasing units to realize both specific functions 

against pathogens. These surfaces are significantly interesting, due to the fact that they 
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can minimize the selection and proliferation of resistant bacteria strains, providing 

prolonged bactericidal efficacy. Li et al. designed coatings with both bactericide-release 

and contact-killing capabilities. They combined LbL-deposited reservoir of PAH and 

PAA bilayers incorporated silver under a NP surface cap with immobilized QAS 

groups. The silver release provided strong initial bactericidal effect, whereas upon 

exhaustion the QAS moieties retained the bactericidal activity.230 Since then, a variety 

combinations have been attained.231 Lately Yin et al, showed that the incorporation of 

silver NPs in PQDMAEMA brushes, quaternized with ethyl and hexyl bromides, 

resulted in bifunctional antimicrobial surfaces against gram-positive and gram-negative 

bacteria strains.232 A similar bactericidal activity was observed by Sambhy et al., when 

coating surfaces with a cationic polymer and silver bromide NPs. The coatings were 

capable of killing both gram-negative and gram-positive bacteria on surfaces and in 

solution.233 

1.3.7.3 Bactericidal and bacteria-repelling antibacterial surfaces 

This strategy relies on the combination of contact-killing or bactericide-release surface 

bearing antifouling moieties. 

Bactericide-release and bacteria-repelling/releasing surfaces. This class of dual 

function surfaces includes the use of an inherent low adhesive polymer incorporating 

active moieties. These coatings can inhibit the attachment of bacteria by killing, 

followed by their ability to repel the debris. Examples of this approach include the use 

of poly(vinyl alcohol) (PVA), PEG-based copolymers or PAA-based hydrogel 

coatings, that exhibit high bacteria-repelling properties, and at the same time, are loaded 

with antibiotics or other bactericides, which are released locally. Tiller et al. prepared 

antimicrobial surfaces with a rather complex network structure using PHEA with PEI 

cross-link points. The network was capable of creating complexes with silver ions from 

solution.234 The introduction of an outer PEG layer on these networks, provided 

polymeric networks with high bactericidal efficacy against gram-positive bacteria, that 

are repelled after the exhaustion of the silver ion reservoir. Yin et al, prepared a LbL-

deposited coating of PEI and PAA, loaded with silver NPs, and modified with a 

fluorinated layer to endow the surface an antifouling character. The release of Ag+ was 

prolonged compared to the unmodified coatings and the surface wettability switched to 

the superhydrophobic state, introducing an antifouling character to the surface.235 
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Contact killing and bacteria-repelling surfaces. Another approach combines contact-

killing bactericidal polymer chains with bacteria-repelling properties in order to retain 

the antimicrobial efficacy of the surfaces. Yang et. al, prepared PHEMA polymer 

brushes on stainless steel via SI-ATRP, followed by coupling of CS to introduce a dual-

functional surface. The PHEMA chains offered a superhydrophilic bacteria-repelling 

activity, while CS provided the ammonium charges for bacteria killing.213 Lately, Yan 

et al., prepared polymer brushes comprising an inner antifouling PEGMA layer and a 

low density-grafted PQDMAEMA-C2 outer bactericidal layer for an effective long-

term antibacterial action underwater (Figure 1.30).236   

 

Figure 1.30. Schematic Illustrations of the surface with integrated 

antifouling and bactericidal capabilities. On the left the surface consists of 

two functional layers, namely a highly dense PEG bottom layer for bacterial 

repellence and a loose QAC top layer for bactericidal action.  236 On the 

right, under dry conditions a zwitterionic PSBMA outer layer is collapsed 

and the PQDMAEMA layer acts as  the contact-killing layer, whereas under 

wet conditions the highly hydrated PSBMA layer swells transforming the 

surface to bacteria-repellent and bacteria-releasing. 

1.3.7.4 Smart switchable antibacterial coatings. 

Lately, several studies have focused on developing smart antibacterial coatings that can 

switch their antibacterial properties in the presence of an external stimulus such as pH 

or temperature. This was mostly deprived by the demand of combining bactericidal and 

antifouling properties at will. A pioneer work of Laloyaux et. al., was the development 

of novel smart coatings that can switch reversibly between bactericidal and bacteria 

repellent, mediated by an external thermal stimulus.237 A thermo-sensitive copolymer 

comprising 2-(2-methoxyehoxy)ethyl methacrylate (MEO2MA), OEGMA and HEMA 

was grown from silicon substrates to form polymer brushes, followed by the grafting 

https://www.sciencedirect.com/topics/chemistry/antifouling
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of AMP magainin-I on the polymer. At temperatures slightly above the characteristic 

collapse transition temperature Tcoll of the polymer, the end-grafted polymer chains are 

in a collapsed state, with the OEGMA exposed segments acting as bacteria-repellent 

surfaces. Decreasing the temperature below Tcoll, the polymer chains swell gradually, 

and the solvated polymer brushes promote the lethal contact of AMP with bacteria, 

which results to contact killing bactericidal surfaces. Similarly, thermoresponsive 

copolymer brushes based on PNiPAam were prepared to switch the antibacterial 

properties of the surfaces above and below the LCST.238 

Another category of switchable antibacterial coatings are those developed by Jiang’s 

team that can alter their chemical structure from a cationic form to a zwitterionic form 

by changing the solution pH.239 Polymer brushes based on poly(2-((2-hydroxy-3-

(methacryloyloxy)propyl)dimethylammino)acetate) (PCBOH), were shown to possess 

bactericidal properties upon treatment with TFA, by forming brushes with a ring 

structure bearing QAS groups, and bacteria-repelling properties, after hydrolysis in a 

weak base, due to the formation of zwitterionic groups.  

Finally, antibacterial coatings based on moisture switching under dry and wet 

conditions have been studied. For example, hierarchical brushes with a zwitterionic 

PSBMA outer layer and a cationic bactericidal inner layer (PQDMAEMA) were 

prepared via SI-PIMP.240 In dry conditions the PSBMA brush collapses to facilitate 

bacteria adhesion and contact killing. In wet conditions, strong hydration causes 

PSBMA to swell and the hydration layer promotes bacteria repelling and dead bacteria 

release (Figure 1.30). These surfaces exhibit a switchable antibacterial mechanism that 

kills airborne bacteria on the surface during dry storage and releases dead bacteria while 

repelling further attachment of planktonic bacteria in aqueous environments, rendering 

them extremely promising for applications in medical devices. 

 

1.4 Aim of this work 

This thesis presents the synthesis and characterization of novel, well-defined polymer 

brushes, bearing desirable functionalities, via SI-ATRP. The surface properties and the 

antimicrobial performance of the brushes were studied rendering them attractive for use 

as lubricants and/or antimicrobial surfaces in the solid state. The thesis is organized as 
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following: after, a general introduction to the field of polymer brushes, their synthesis 

and properties (Chapter 1), Chapter 2 presents the experimental part of the work used 

for the synthesis of homopolymer, diblock copolymer and binary mixed polymer 

brushes and their physicochemical and antimicrobial characterization. 

Chapter 3 discusses the influence of the different polymer brush functionalities on the 

surface properties of the films. Homopolymer brushes based on poly(2-

(dimethylamino)ethyl methacrylate) (PDMAEMA) or fluorinated methacrylates, were 

synthesized, via surface-initiated atom transfer radical polymerization (SI-ATRP), on 

glass and silicon substrates. Three different fluorinated methacrylates, with fluorinated 

alkyl chain lengths (FCLs = 1 4 and 6 fluorocarbon atoms) in the side-groups, referred 

to as TFEMA, OFPMA and TDFOMA, respectively, were utilized for the synthesis of 

semi-fluorinated brushes. The tertiary amine groups of the PDMAEMA brushes were 

modified via a quaternization reaction, using different alkyl halides, to obtain 

quaternized PDMAEMA (PQDMAEMA) cationic brushes. Variations in the 

hydrophilicity/hydrophobicity and the surface free energy of the brush, as a function of 

the FCL and the ACL of the quaternization agent, were determined by static contact 

angle (CA) measurements. A hydrophilic to hydrophobic transition of the surfaces and 

a significant decrease of the degree of quaternization of the DMAEMA moieties was 

found upon increasing the ACL of the quaternization agent above six carbon atoms, 

allowing to tune the wettability, the thickness and the pH-response of the brushes via a 

facile post-polymerization, quaternization reaction. AFM silicon nitride tips were used 

to examine the adhesion and friction properties of the homopolymer brushes against 

sliding inorganic surfaces. Finally, the hydrophilic, PDMAEMA and PQDMAEMA, 

brushes suffered from high instability and degrafting of the polymer chains in water, 

due to the hydrolysis of the labile, ester or siloxane bonds of the surface-bound initiator, 

that is mechanically driven by the tension on the chains, whereas, all fluorinated brushes 

were stable due to the inhibition of the penetration of water molecules at the polymer-

substrate interphase.  

In Chapter 4, novel diblock copolymer brushes, PDMAEMA-b-PTFEMA, 

PDMAEMA-b-POFPMA and PDMAEMA-b-PTDFOMA, were synthesized via 

sequential SI-ATRP. Two families of brushes were prepared, the first comprising a 

lower content of the fluorocarbon block and the second comprising an almost 

symmetric amphiphilic diblock copolymer. The reorganization of the amphiphilic 
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diblock copolymer chains and the switching of the film wettability, upon exposure to 

selective solvents for the two blocks, were observed and were influenced by the ratio 

of the two blocks. Quaternization of the DMAEMA groups, deteriorated the responsive 

behavior of the brushes, owing to the large χ value between the two very dissimilar 

blocks (charged PQDMAEMA and semi-fluorinated polymethacrylates). Nevertheless, 

evidence of unwanted chain degrafting was found again, attributed to hydrolysis, after 

exposure of the brushes in aqueous media for prolonged time periods.  

In Chapter 5, the synthesis of amphiphilic binary mixed polymer brushes, comprising 

functional PDMAEMA chains and low-surface energy PTFEMA, POFPMA or 

PTDFOMA chains, is presented. Two different methods for the preparation of the 

mixed ATRP initiator SAMs were studied to find the optimal conditions for the mixed 

brush formation. Next, semi-fluorinated homopolymer chains were grafted from the 

silicon substrates, followed by the growth of the PDMAEMA chains, via a two-step SI-

ATRP process. The surface properties (wettability, surface energy and friction of the 

mixed brushes, upon treatment with selective solvents for the two polymers, were 

investigated by contact angle measurements, AFM and LFM studies. These surfaces 

exhibited tunable wettability, friction and surface energies, in response to external 

stimuli, which renders them attractive for use as “smart” responsive surfaces in the dry 

state. Quaternization of PDMAEMA affected significantly the responsive behavior of 

these brushes, similar to the diblock copolymer brushes discussed in Chapter 4. Finally, 

the amphiphilic mixed polymer brushes exhibited a remarkable stability in aqueous 

media with the fluorinated polymer acting as a carpet to shield the labile initiator bonds 

from hydrolysis. 

The last chapter (Chapter 6) deals with the antimicrobial activity of the prepared 

polymer brushes. Antimicrobial polymer coatings provide an effective approach for the 

long-lasting sterilization of surfaces against biofilm formation. The effect of the ACL 

of the PQDMAEMA brushes, was investigated. Antimicrobial tests revealed that the 

hydrophilic polymer brushes exhibited enhanced bactericidal activity against 

Escherichia coli (E. coli) and Bacillus cereus (B. cereus), whereas the hydrophobic 

surfaces showed a significant deterioration of the in vitro bactericidal performance. In 

another approach, the antifouling activity (bacterial-releasing properties) of the semi-

fluorinated homopolymer brushes, bearing different FCLs on the polymer side groups, 

was found to increase with the number of fluorocarbon atoms. These results elucidate 



Chapter 1 Introduction 
 

109 

 

the antimicrobial action of quaternized polymer brushes and low-surface energy 

fluorinated brushes, dictating the appropriate choice of the ACL or the FCL, for the 

development of coatings that effectively inhibit biofilm formation on surfaces either by 

killing or by releasing the bacteria. Finally, dual functional coatings, comprising the 

bacterial-releasing fluorinated chains, PTFEMA, POFPMA or PTDFOMA, and the 

bactericidal PQDMAEMA chains, in binary mixed polymer brushes, were shown to 

possess significantly improved antimicrobial performance, against both E. coli and B. 

cereus, due to their combined antifouling and bacteria killing action. 
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2.1 Materials and Methods 

Silicon wafers (100) were purchased from Sil’tronix with a 2-3 nm native SiO2 top layer 

and were cut into square pieces of 1.5 cm2. All solvents and reagents were purchased 

from Sigma-Aldrich or Alfa Aesar and were of analytical or HPLC grade. 2-

(dimethylamino)ethyl methacrylate (DMAEMA, >98%), 2,2,2-(trifluoro)ethyl 

methacrylate (TFEMA, 99%), 2,2,3,3,4,4,5,5-(octafluoro)pentyl methacrylate 

(OFPMA, 98%) and 3,3,4,4,5,5,6,6,7,7,8,8,8-(tridecafluoro)octyl methacrylate 

(TDFOMA, 97%) were passed through an activated basic alumina column, to remove 

the inhibitors, were stirred overnight over calcium hydride and 2,2-diphenyl-1-

picrylhydrazyl and was finally freshly distilled under vacuum before use. Copper(I) 

bromide (Cu(I)Br, 99.999%) was purified by washing sequentially with acetic acid and 

diethyl ether, filtered and left to dry in a vacuum oven before use. Tetrahydrofuran was 

refluxed three times over potassium metal and was freshly distilled prior to use. Ethyl 

2-bromoisobutyrate (EBIB, 98%), 1,1,4,7,10,10-hexamethyltriethylenetetramine 

(HMTETA, 97%), 4,4'-dinonyl-2,2'-bipyridine (dNbpy, 97%), karstedt catalyst 

solution (platinum(0)-1-3-divinyl-1,1,3,3-tetramethyldisiloxane complex, 2% Pt), 

hydrogen peroxide (H2O2) solution (30 wt% in H2O), sulfuric acid (H2SO4), 

dimethylethoxysilane (DMEOS, Gelest Inc.), triethoxysilane (TEOS, Sigma), 

iodomethane, 1-iodoethane, 1-iodopropane, 1-iodohexane, 1-iodododecane, 1-

iodohexadecane, 1-iodooctadecane, n-butylamine and acid orange 7 (AO7) were used 

as received without further purification. 2-bromoisobutyryl bromide (BIBB), allyl 

alcohol (AA) and triethylamine (TEA), were freshly distilled before use. All other 

chemicals and solvents were used as received. Milli-Q water of specific resistivity of 

18 MΩ.cm was used in all experiments.  

2.2 Synthesis of homopolymer brushes 

2.2.1 Synthesis of the (3-(2-bromoisobutyryl)propyl)dimethylethoxysilane 

(BIDS) surface-bound initiator 

The surface-bound atom tranfer radical polymerization (ATRP) initiator (3-(2-

bromoisobutyryl)propyl)dimethylethoxysilane (BIDS) was synthesized following the 

procedure developed by von Werne and co-workers.1 Briefly, in the first step, freshly 

distilled 2-bromoisobutyryl bromide (BIBB) (8.85ml, 71.6 mmol) was added dropwise 

to a solution of allyl alcohol (AA) (4 ml, 58.8 mmol) and triethylamine (TEA) (15 ml, 
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107 mmol) in anhydrous tetrahydrofuran (THF, 40 ml) at 0 ºC. The mixture was stirred 

at room temperature for 20 h, filtered and the filtrate was evaporated to dryness under 

reduced pressure. The final product, allyl 2-bromoisobutyrate (ABIB) (3.9gr, 19.3 

mmol) was collected by distillation as a colorless oil at 60 ºC and was stored under a 

nitrogen atmosphere. 1H NMR (300 MHz, CDCl3): δ 5.93(m, 1H), 5.30(dd, 2H), 4.69(d, 

2H), 1.98 (s, 6H).  

In the second step, ABIB (3.9gr, 19.3 mmol) was placed in a flask followed by the 

dropwise addition of mono-functional dimethylethoxysilane (DMEOS) (5.3 ml, 38.6 

mmol) and the Karstedt’s catalyst solution (191 μl). The reaction was stirred at 70 oC 

for 2 h.  Next, the solvent and unreacted silane were removed under reduced pressure 

and the ATRP initiator BIDS (4 g, 12.8 mmol) was distilled at 120 ºC under vacuum as 

a slightly yellowish oil in quantitative yield and was stored at 0 ºC until use. 1H NMR 

(300 MHz, CDCl3): δ 4.15 (2H, m), 3.69 (2H, q), 1.95 (6H, s), 1.73 (2H, m), 1.20 (3H, 

t), 0.60 (2H, m), 0.14 (6H, s). 

2.2.2 Synthesis of the (3-(2-bromoisobutyryl)propyl)triethoxysilane (BIBPTES) 

ATRP initiator 

The surface-bound ATRP initiator (3-(2-bromoisobutyryl)propyl)triethoxysilane 

(BIBPTES) was synthesized following the procedure of Wang and co-workers.2 

Briefly, in the first step, freshly distilled BIBB (8.85ml, 71.6 mmol) was added 

dropwise to a solution of AA (4 ml, 58.8 mmol) and TEA (15 ml, 107 mmol) in 40 ml 

anhydrous THF, at 0 ºC. The mixture was stirred at room temperature for 20 h, filtered 

and the filtrate was evaporated to dryness under reduced pressure. The final product, 

ABIB (3.9gr, 19.3 mmol) was collected by distillation as a colorless oil at 60 ºC and 

was stored under a nitrogen atmosphere. 1H NMR (300 MHz, CDCl3): δ 5.93(m, 1H), 

5.30(dd, 2H), 4.69(d, 2H), 1.98 (s, 6H).  

In the second step, ABIB (3.9gr, 19.3 mmol) was placed in a flask containing anhydrous 

toluene (10 ml) followed by the dropwise addition of trifunctional triethoxysilane 

(TEOS) (7.1 ml, 38.7 mmol) and the Karstedt’s catalyst solution (200 μl). The reaction 

was stirred at 60 ºC overnight.  Next, the solvent and unreacted silane were removed 

under reduced pressure and the ATRP initiator BIBPTES (2.7 g, 7.2 mmol) was 

distilled at 140 ºC under vacuum as a slightly yellowish oil in quantitative yield and 
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was stored at 0 ºC, until use. 1H NMR (300 MHz, CDCl3): δ 4.12 (2H, t), 3.81 (6H, q), 

1.90 (6H, s), 1.76 (2H, m), 1.20 (9H, t), 0.66 (2H, t). 

2.2.3 Immobilization of the ATRP initiators on silicon and glass substrates 

For the formation of the self-assembled monolayer (SAM) of the initiator, planar glass 

slides and silicon wafers were sonicated in 2 -propanol for 10 min, dried with nitrogen 

and then cleaned with a freshly prepared “piranha” solution (1:1 v/v of a 30 vol% H2O2 

aqueous solution and a 97 wt% H2SO4 solution) for 30 min to remove any organic 

residues and to increase the density of the reactive silanol groups on the substrates. 

Afterwards, the clean superhydrophilic surfaces were removed and rinsed extensively 

with nanopure water and 2-propanol. The substrates were dried under a nitrogen stream 

and were placed in a vacuum oven for at least 6 hours to dry. Subsequently, the 

substrates were placed into a 0.5, 1 or 2 v/v% solution of the BIDS initiator or BIBPTES 

initiator in anhydrous toluene at 25 ºC. After predetermined times of 3, 6, 12 and 24h 

the substrates were removed from the solution, washed with toluene and 2-propanol to 

remove the unattached BIDS, followed by drying with a nitrogen stream, baked at 120 

ºC and were finally used or stored in ethanol at RT until use. 

2.2.4 Surface-initiated atom transfer radical polymerization (SI-ATRP) of 

DMAEMA, TFEMA, OFPMA and TDFOMA 

2.2.4.1 Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes 

A typical SI-ATRP procedure in bulk was carried out as follows: BIDS-modified 

silicon wafers (0.5 v/v% solution in toluene, 24 h, at 25 ºC) were placed in a reaction 

flask, sealed with a PTFE/silicon septum cap and deoxygenated by five vacuum-purge 

nitrogen back-fill cycles. Ethyl 2-bromoisobutyrate (EBIB) (20 μl, 0.14 mmoles) was 

added as a free initiator to ensure the control of the polymerization. In a separate flask, 

2-(dimethylamino)ethyl methacrylate (DMAEMA) (30 ml, 178 mmoles) and 

1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) (76 μl, 0.28 mmoles) were 

purged with nitrogen for 10 min and next copper(I) bromide (Cu(I)Br) (20 mg, 0.14 

mmoles) was added, followed by three freeze-pump-thaw cycles. The final green 

solution was transferred to the substrates via a syringe and the reaction was allowed to 

proceed at RT for certain periods of reaction time, before being quenched by exposure 

to air. Brushes of different thicknesses were obtained by varying the polymerization 
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time. After the polymerization, the surfaces were removed from the reaction mixture 

and were washed in THF for 24 h to eliminate the non-grafted polymer. Next, the 

samples were sonicated for 10 min in THF, rinsed thoroughly with 2-propanol and 

acetone and dried under a nitrogen stream. The reaction mixture was diluted with THF 

and was passed through a neutral alumina column to remove the ATRP catalyst. The 

PDMAEMA homopolymer was recovered from the THF solution by precipitation in 

cold n-hexane and was dried overnight under reduced pressure, before characterization 

by size exclusion chromatography (SEC). The above procedure was repeated for 1:1 

and 4:1 volume ratios of DMAEMA and THF to prepare poly(2-(dimethylamino)ethyl 

methacrylate) (PDMAEMA) homopolymer films of different thicknesses. Table 2.1 

summarizes the polymerization conditions used for the syntheses of the PDMAEMA 

films in bulk and in THF. 

 

Table 2.1. Reaction conditions used for the synthesis of the PDMAEMA 

brushes. 

Monomer solvent Polymerization conditions 

[M]:[CuIBr]:[EBIB]:[HMTETA] 

Reaction time  

(h) 

DMAEMA bulk 500:1:1:2 

3 

5 

9 

12 

15 

DMAEMA 
 

THF 1:1 
500:1:1:2 

3 

6 

12 

18 

24 

DMAEMA THF 4:1 500:1:1:2 

3 

5 

7 

12 

15 

DMAEMA 
 

THF 4:1 
1300:1:1:2 

3 

5 

7 

12 

38 



Chapter 2 Experimental 
 

132 

 

2.2.4.2 Semi-fluorinated polymethacrylate brushes 

2,2,2-(trifluoro)ethyl methacrylate (TFEMA, CF1), 2,2,3,3,4,4,5,5-(octafluoro)pentyl 

methacrylate (OFPMA, CF4) and 3,3,4,4,5,5,6,6,7,7,8,8,8-(tridecafluoro)octyl 

methacrylate (TDFOMA, CF6) brushes were synthesized via SI-ATRP following a 

similar protocol. Table 2.2 summarizes the ATRP reaction conditions used for the 

synthesis of the semi-fluorinated polymer brushes. Briefly for the synthesis of 

poly(2,2,2-(trifluoro)ethyl methacrylate) (PTFEMA) brushes, initiator modified 

surfaces were placed in a reaction flask, sealed and deoxygenated by five vacuum 

purge-nitrogen back-fill cycles. In a separate flask, a 2:1 v/v mixture of α,α,α-

trifluorotoluene (TFT) (3 ml), TFEMA (1.5 ml, 10.5 mmol) and 4,4'-dinonyl-2,2'-

bipyridine (dNbpy) (0.14 mmol) was purged with nitrogen for 10 min and next Cu(I)Br 

(0.07 mmol) was added, followed by three freeze-pump-thaw cycles. The solution was 

heated for 10 min at 50 ºC until it became homogeneous and was transferred to the 

substrates via a syringe. EBIB (0.07 mmol) was added as a free initiator and the 

polymerization was allowed to proceed at 110 ºC for a predetermined period of time, 

before being quenched by exposure to air. After the polymerization, the PTFEMA 

surfaces were removed from the reaction mixture and were immersed in TFT for 24 h 

under vigorous stirring to remove the non-grafted polymer. Next, the samples were 

sonicated for 10 min in TFT, rinsed thoroughly with hexafluoroisopropanol (HFiP), 

isopropanol and acetone and were dried under a nitrogen stream. All samples were 

baked at 100 ºC for 30 min and were further dried under vacuum for 12 h at RT. The 

homopolymers were recovered from the TFT solutions by precipitation in cold n-

hexane, were dried overnight under reduced pressure and were characterized by SEC. 

The poly(2,2,3,3,4,4,5,5-(octafluoro)pentyl methacrylate) (POFPMA) and 

poly(3,3,4,4,5,5,6,6,7,7,8,8,8-(tridecafluoro)octyl methacrylate) (PTDFOMA) brushes 

were prepared using OFPMA (2.2 ml, 10.5 mmol) and TDFOMA (3 ml, 10.5 mmol) as 

the monomer, respectively.  
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Table 2.2. Reaction conditions used for the synthesis of the PTFEMA, 

POFPMA and PTDFOMA polymer films.  

Monomer solvent Polymerization conditions 

[M]:[CuIBr]:[EBIB]:[dNbpy] 

Reaction time  

(h) 

TFEMA 
 

 

TFT 

 

 

 

500:1:1:2 

 

12 

24 

60 

OFPMA 

12 

24 

60 

 

TDFOMA 

 

12 

24 

60 

 

 

2.2.4.3 Quaternization of the PDMAEMA brushes 

The PDMAEMA brushes, obtained by SI-ATRP as described above, were reacted with 

different alkyl halides, iodomethane (C1), 1-iodoethane (C2) and 1-iodopropane (C3) 

in methanol, at 50 oC, and 1-iodohexane (C6), 1-iodododecane (C12), 1-

iodohexadecane (C16) and 1-iodooctadecane (C18) in chloroform, at 50 ºC, for 

approximately 48 h to yield the quaternized PDMAEMA (PQDMAEMA) brushes. For 

this, the PDMAEMA surfaces were placed in separate vials and an excess of a 30 mM 

solution of each alkyl halide was added, targeting to fully quaternize the PDMAEMA 

brushes. After the reaction, the quaternized films were washed repeatedly with 

deionized water, methanol and chloroform. Finally, the PQDMAEMA films were 

sonicated for 10 min in chloroform and were dried overnight under vacuum. Table 2.3 

summarizes the PQDMAEMA films prepared after quaternization using as 

quaternization agents alkyl halides with different alkyl chain lengths (ACLs). 
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Table 2.3. Alkyl halides and solvents employed for the quaternization of 

the PDMAEMA brushes.  

Brush Alkyl iodide solvent 

PQDMAEMA-C1 C1 MetOH 

PQDMAEMA-C2 C2 MetOH 

PQDMAEMA-C3 C3 MetOH 

PQDMAEMA-C6 C6 CHCl3 

PQDMAEMA-C12 C12 CHCl3 

PQDMAEMA-C16 C16 CHCl3 

PQDMAEMA-C18 C18 CHCl3 

 

2.3 Synthesis of diblock copolymer brushes 

2.3.1 Synthesis and self-assembly of the ATRP initiator BIDS 

The synthesis of the ATRP initiator BIDS and its immobilization onto silicon and glass 

substrates is described in paragraphs 2.2.1 and 2.2.2, respectively. 

2.3.2 Synthesis of diblock copolymer brushes by surface-initiated atom transfer 

radical polymerization. 

2.3.2.1 Synthesis of PDMAEMA macroinitiator brushes via SI-ATRP 

Scheme 2.1 illustrates the synthesis of the amphiphilic diblock copolymer brushes 

comprising a PDMAEMA block and a PTFEMA, POFPMA or PTDFOMA segment.  

For the synthesis of the block copolymers, first a surface-grafted PDMAEMA 

macroinitiator was synthesized following the procedure described in section 2.2.3.1 

above. More specifically, in a flask sealed with a PTFE septum under dry conditions, 

THF (1.7 ml), DMAEMA (6.9 ml, 40.8 mmoles), Cu(I)Br (20 mg, 0.14 mmoles) and 

HMTETA (74.6 μl, 0.27 mmoles) were added. The reaction mixture was stirred for 15 

min until it became homogeneous followed by three freeze-pump-thaw cycles. In a 

separate dry flask, the initiator immobilized surfaces and the free initiator EBIB (20 μl, 

0.14 mmoles) were added and deoxygenated by five vacuum purge-nitrogen back-fill 

cycles. The green solution was transferred to the substrates via a syringe and the 

reaction was allowed to proceed at RT for 18 h, before being quenched by exposure to 
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air. The degree of polymerization of the brushes was varied by tuning the reaction time. 

After the polymerization, the surfaces were removed from the reaction mixture and 

were washed in THF for 24 hours to remove the non-grafted polymer. Next, the samples 

were sonicated for 10 min in THF, rinsed thoroughly with 2-propanol and acetone and 

were dried under a nitrogen stream.  

The reaction mixture was diluted with THF and was passed through a neutral alumina 

column to remove the ATRP catalyst. The PDMAEMA homopolymer was recovered 

from the THF solution by precipitation in cold n-hexane, was dried overnight under 

reduced pressure and was characterized by GPC. Table 2.4 summarizes the 

polymerization conditions used for the synthesis of the PDMAEMA macroinitiator 

brushes in THF with targeted degrees of polymerization (DP = 150 and 300). 

2.3.2.2 Synthesis of amphiphilic diblock copolymer brushes 

For the synthesis of the diblock copolymer brushes the procedure described in section 

2.2.3.2 was repeated, using the PDMAEMA macroinitiator brushes and the 

PDMAEMA macroinitiator obtained above, as initiating sites. Table 2.4 summarizes 

the reaction conditions used for the SI-ATRP of the fluorinated monomers. In a reaction 

flask, TFEMA (3 ml) was dissolved in TFT (1.5 ml). Cu(I)Br and dNbpy were added 

and the solution was purged with nitrogen. In a separate flask, the PDMAEMA 

macroinitiator was dissolved in TFT and was added to the first reaction flask followed 

by three freeze-pump-thaw cycles. After deoxygenation, the reaction mixture was 

transferred to a third flask containing the PDMAEMA macroinitiator brushes. The 

polymerization was allowed to proceed for 48 h and 60 h, at 110 ºC, before being 

quenched by exposure to air. After the polymerization, the PDMAEMA-b-PTFEMA 

diblock copolymer films were removed from the reaction mixture and were immersed 

in TFT for 24 h under vigorous stirring to remove the non-grafted polymer. Next, the 

samples were sonicated for 10 min in TFT, rinsed thoroughly with HFiP, THF, 

isopropanol and acetone and were dried under a nitrogen stream. All samples were 

baked at 100 ºC for 30 min and were further dried under vacuum for 24 h. The 

PDMAEMA-b-PTFEMA diblock copolymer was recovered from the TFT solution by 

precipitation in cold n-hexane, was dried overnight under reduced pressure and was 

characterized by GPC. PDMAEMA-b-POFPMA and PDMAEMA-b-PTDFOMA 
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copolymer brushes were prepared following a similar procedure and using OFPMA 

(2.2 ml, 10.5 mmol) and TDFOMA (3 ml, 10.5 mmol) as the monomer, respectively.  
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Table 2.4. Reaction conditions used for the synthesis of the diblock copolymer brushes.  

  

Polymer brush Reaction time 

Inner block 

(h) 

Polymerization conditions 

[M]:[CuIBr]:[EBIB]:[HMTETA] 

Reaction time 

Outer block 

(h) 

Polymerization conditions 

[M]:[CuIBr]:[EBIB]:[dNbpy] 

PDMAEMA-b-

PTFEMA 
18 300:1:1:2 60 300:1:1:2 

PDMAEMA-b-

PTFEMA 
9 150:1:1:2 48 150:1:1:2 

PDMAEMA-b-

POFPMA 
18 300:1:1:2 60 300:1:1:2 

PDMAEMA-b-

POFPMA 
9 150:1:1:2 48 150:1:1:2 

PDMAEMA-b-

PTDFOMA 
18 300:1:1:2 60 300:1:1:2 

PDMAEMA-b-

PTDFOMA 
9 150:1:1:2 48 150:1:1:2 



Chapter 2 Experimental 
 

138 

 

2.3.3 Quaternization of the amphiphilic diblock copolymer brushes 

The PDMAEMA-b-PTFEMA, PDMAEMA-b-POFPMA and PDMAEMA-b-

PTDFOMA brushes, obtained by SI-ATRP as described above, were reacted with 1-

iodopropane (C3) in methanol at 50 ºC for ~48 h to yield the PQDMAEMA-b-

PTFEMA, PQDMAEMA-b-POFPMA and PQDMAEMA-b-PTDFOMA brushes. 

After the reaction, the quaternized films were washed repeatedly with deionized water, 

methanol and chloroform and were sonicated for 10 min in TFT before being dried 

overnight under vacuum.  

 

 

Scheme 2.1. Schematic illustration of the synthetic procedure followed for 

the synthesis of the diblock copolymer brushes.  

DMAEMA 

SI-ATRP, bulk, RT SI-ATRP, TFT, 110 ºC 

TFEMA 
OFPMA   TDFOMA 
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2.4 Synthesis of mixed polymer brushes 

 

Scheme 2.2. Schematic illustration of the synthetic procedure followed for 

the synthesis of the mixed polymer brushes.  

 

2.4.1 Synthesis of the ATRP initiators 

2.4.1.1 Synthesis of the 2-bromo-2-methyl-N-pentylpropanamide (BMPA) 

surface-bound initiator.  

The model “sacrificial” initiator, 2-bromo-2-methyl-N-pentylpropanamide (BMPA), 

was prepared as follows. In a round bottom flask containing a stirrer bar, sealed with a 

rubber septum under nitrogen flow, were syringed in sequence 17 mL of freshly 

distilled THF, 4.9 mL amylamine (14 mmol) and 5 mL triethylamine (18 mmol). The 

mixture was cooled to 0 ºC in an ice bath followed by the slow addition of 2-

bromoisobutyryl bromide 3 mL (12 mmol) under rigorous stir. The reaction mixture 

was stirred at 0 oC for 1 h and then at room temperature for 6 h. The triethylammonium 

salt produced was removed using a glass filter. Next, the solvent, the triethylamine and 

any unreacted amylamine were removed under reduced pressure using a rotary 

evaporator, and the ATRP initiator BMPA (4 g, 12.8 mmol) was distilled at 70 ºC under 

vacuum as a yellowish oil in quantitative yield and was stored at RT under dark until 

use. 1H NMR (300 MHz, CDCl3): δ 6.76 (1H, s), 3.25 (2H, t), 1.96 (6H, s), 1.55 (2H, 

m), 1.35 (4H, m), 0.92 (3H, m). 
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2.4.1.2 Synthesis of the (3-(2-bromoisobutyryl)propyl)dimethylethoxysilane 

(BIDS) surface-bound initiator.  

The surface-bound atom tranfer radical polymerization (ATRP) initiator BIDS was 

synthesized following the procedure developed by von Werne and co-workers.1 Briefly, 

in the first step, freshly distilled BIBB (8.85ml, 71.6 mmol) was added dropwise to a 

solution of allyl alcohol (4 ml, 58.8 mmol) and TEA (15 ml, 107 mmol) in anhydrous 

THF at 0 ºC. The mixture was stirred at room temperature for 20 h, filtered and the 

filtrate was evaporated to dryness under reduced pressure. The final product, ABIB 

(3.9gr, 19.3 mmol) was collected by distillation as a colorless oil at 60 ºC and was 

stored under a nitrogen atmosphere. 1H NMR (300 MHz, CDCl3): δ 5.93(m, 1H), 

5.30(dd, 2H), 4.69(d, 2H), 1.98 (s, 6H). In the second step, ABIB (3.9gr, 19.3 mmol) 

was placed in a flask followed by the dropwise addition of mono-functional DMEOS 

(5.3 ml, 38.6 mmol) and the Karstedt’s catalyst solution (191 μl). The reaction was 

stirred at 70 oC for 2 h.  Next, the solvent and  the unreacted silane were removed under 

reduced pressure and the ATRP initiator BIDS (4 g, 12.8 mmol) was distilled at 120 ºC 

under vacuum as a slightly yellowish oil in quantitative yield and was stored at -20 ºC 

until use. 1H NMR (300 MHz, CDCl3): δ 4.15 (2H, m), 3.69 (2H, q), 1.95 (6H, s), 1.73 

(2H, m), 1.20 (3H, t), 0.60 (2H, m), 0.14 (6H, s). 

2.4.2 Deposition of the mixed silanes on silicon wafers 

“Co-adsorption” method. In a first approach, the “co-adsorption” method was utilized 

for the preparation of a mixed SAM of the two ATRP initiators, by immersing a clean 

silicon surface in a 0.5% v/v solution of a BIDS/APDES mixture at RT for 24 h. 

Mixtures of 100:0, 99:1, 90:0, 75:25, 50:50, 25:75 and 0:100 BIDS/APDES molar 

ratios in toluene were used for the formation of the mixed SAMs 

Stepwise method. In another approach, the stepwise method was used for the 

preparation of a mixed SAM of the two ATRP initiators, by first immersing a clean 

substrate in a solution of BIDS for a predetermined length of time, followed by the 

immersion of the substrate in a solution of APDES.3 The latter can be reacted in a 

subsequent step with BIBB to form an active amide initiator (see paragraph 2.4.5). 

Briefly, planar silicon wafers were rinsed with 2-propanol, dried under a nitrogen steam 

and then cleaned with a freshly prepared “piranha” solution (1:1 v/v of a 30 vol% H2O2 
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aqueous solution and a 97 wt% H2SO4 solution) for 30 min and were then removed and 

rinsed extensively with nanopure water and 2-propanol. The substrates were dried 

under a nitrogen stream and were placed in a vacuum oven for 10 min to dry. 

Subsequently, they were placed in a 0.5% v/v solution of BIDS initiator, in anhydrous 

toluene, at 25 ºC for 3, 6, 12 and 24 h.  Next, the samples were washed with toluene 

and were immersed in a 0.5% v/v solution of APDES, in anhydrous toluene, at 25 ºC 

for 24 h.  

In both cases, the wafers with the mixed BIDS/APDES monolayer were washed 

repetitively in toluene, chloroform, ethanol and dried under nitrogen steam. 

The successful immobilization of the mixed silanes by both techniques utilized, was 

verified by the SI-ATRP of MMA, due to the high cost of the fluorinated monomers. 

2.4.3 Surface-initiated atom transfer radical polymerization from the mixed-

silane functionalized substrates.  

PMMA brushes were synthesized by SI-ATRP as follows. A mixed silane-modified 

silicon wafer was placed in a reaction flask, sealed with a PTFE/silicon septum cap, 

and was deoxygenated by five vacuum purge-nitrogen back-fill cycles. EBIB (20 μl, 

0.14 mmoles) was added as a free initiator to ensure the control of the polymerization. 

In a separate flask, MMA (14.5 ml, 136 mmoles) and dnbpy (222 mg, 0.55 mmoles) 

were purged with nitrogen for 10 min and next Cu(I)Br (39 mg, 0.27 mmoles) was 

added, followed by three freeze-pump-thaw cycles. The final solution was transferred 

to the substrates via a syringe and the reaction was allowed to proceed at 90 ºC, before 

being cooled down and quenched by exposure to air. After the polymerization, the 

polymer films were removed from the reaction mixture and were immersed in methanol 

for 24 hours under vigorous stirring to remove the non-grafted polymer. Next, the 

samples were sonicated for 10 min in methanol, rinsed thoroughly with 2-propanol and 

acetone and dried under a nitrogen stream. All samples were baked at 100 ºC for 30 

min and were further dried under vacuum for 24 h. 

The reaction mixture was diluted with THF and was passed through a neutral alumina 

column to remove the ATRP catalyst. The PMMA homopolymer was recovered from 

the THF solution by precipitation in cold n-hexane and was dried overnight under 

reduced pressure, before being characterized by size exclusion chromatography (SEC).  
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TFEMA, OFPMA and TDFOMA brushes were synthesized via SI-ATRP following a 

similar protocol. Briefly for the synthesis of the PTFEMA brushes, initiator modified 

surfaces were placed in a reaction flask, sealed and deoxygenated by five vacuum 

purge-nitrogen back-fill cycles. In a separate flask, a 2:1 v/v mixture of TFT (3 ml) and 

TFEMA (1.5 ml, 10.5 mmol) and dNbpy (56 mg ,0.14 mmol) were purged with nitrogen 

for 10 min and next Cu(I)Br (10 mg ,0.07 mmol) was added, followed by three freeze-

pump-thaw cycles. Next, the solution was heated for 10 min at 50 ºC until it became 

homogeneous and was transferred to the substrates via a syringe. EBIB (10 μl, 0.07 

mmol) was added as a free initiator and the polymerization was allowed to proceed at 

110 ºC for a predetermined period of time, before being quenched by exposure to air. 

After the polymerization, the PTFEMA surfaces were removed from the reaction 

mixture and were immersed in TFT for 24 h under vigorous stirring to remove the non-

grafted polymer. Next, the samples were sonicated for 10 min in TFT, were rinsed 

thoroughly with HFiP, isopropanol and acetone and were dried under a nitrogen stream. 

All samples were baked at 120 oC for 30 min and were further dried under vacuum for 

12 hours.  

The homopolymers were recovered from the TFT solutions by precipitation in cold n-

hexane, were dried overnight under reduced pressure and were characterized by GPC. 

The POFPMA and PTDFOMA brushes were prepared using OFPMA (2.2 ml, 10.5 

mmol) and TDFOMA (3 ml, 10.5 mmol) as the monomer, respectively.  

2.4.4 Dehalogenation of the brushes and synthesis of BIBAPDES.  

Dehalogenation. The dehalogenation procedure has been widely used in several studies 

for the preparation of mixed polymer brushes.4 Herein, the silicon wafers grafted with 

PMMA brushes were placed in a sealed vial with a rubber septum under a nitrogen 

flow. Anisole (5 ml), EBIB (0.2 mmol, 29 μL) and PMDETA (0.2 mmol, 41.6 μL) were 

added to a round bottom flask and were deoxygenated by three freeze-pump-thaw 

cycles. Afterwards the flask was backfilled with nitrogen and Cu(I)Br (0.2 mmol, 28.7 

mg) was added to the frozen solution mixture. The mixture was deoxygenated again 

following three-freeze-pump-thaw cycles, was backfilled with nitrogen and was left to 

liquify at RT. The solution was transferred to the vial that contained the polymer 

brushes and the vial was placed to an oil bath at 50 ºC. Then, tri(n-butyl)tin hydride 

(0.6 mmol, 0.16 mL)  was transferred to the vial and the reaction was allowed to proceed 
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for 2 h. After this period, the resulting dehalogenated PMMA brushes were excessively 

cleaned with dichloromethane and THF. The same procedure was employed for the 

dehalogenation of the PTFEMA, POFPMA and PTDFOMA mixed polymer brushes.  

The efficiency of the dehalogenation process was assessed by the SI-ATRP of 

DMAEMA from the substrates bearing the halogen-free PMMA, PTFEMA, POFPMA 

or PTDFOMA brushes. No chain extension and increase in the film thickness should 

occur if the terminal Br atoms are not present. A typical protocol was followed as 

described in the section 2.3.2.1. The resulting polymer brushes were characterized by 

dry ellipsometry. 

Click synthesis of the surface-bound ATRP initiator BIBAPDES. The surface-bound 

ATRP initiator (3-(2-bromoisobutyramido)propyl)dimethylethoxy silane (BIBAPDES) 

was synthesized following the procedure developed by Klok and co-workers.5 Briefly, 

the silicon wafers grafted with PMMA, PTFEMA and POFPMA and PTDFOMA 

brushes were placed in a sealed vial with a rubber septum under a nitrogen atmosphere.  

Next, a solution of TEA (15 ml, 107 mmol) in anhydrous THF was injected, followed 

by the dropwise addition of freshly distilled BIBB (8.85ml, 71.6 mmol) at 0 ºC. The 

reaction was allowed to proceed for 24 h. After this period, the resulting 

PMMA/BIBAPDES, PTEMA/BIBAPDES, POFPMA/BIBAPDES and 

PTDFOMA/BIBAPDES brushes were excessively cleaned with THF and dried under 

a nitrogen flow. 

2.4.5 Surface-initiated atom transfer radical polymerization of DMAEMA from 

the PMMA/BIBABDES, PTFEMA/BIBAPDES, POFPMA/BIBAPDES 

and PTDFOMA/BIBAPDES brushes.  

Scheme 2.2 illustrates the steps followed for the synthesis of the mixed amphiphilic 

polymer brushes comprising PDMAEMA and PMMA, PTFEMA, POFPMA or 

PTDFOMA homopolymer chains grafted from silicon or glass substrates.  

A typical SI-ATRP was carried out as follows. The PMMA/BIBAPDES, 

PTFEMA/BIBABDES, POFPMA/BIBAPDES or PTFEMA/BIBABDES-modified 

silicon wafers were placed in a reaction flask, sealed with a PTFE/silicon septum cap, 

and were deoxygenated by five vacuum purge-nitrogen back-fill cycles. EBIB (20 μl, 

0.14 mmoles) was added as a free initiator to ensure the control of the polymerization. 
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In a separate flask, a 4:1 v/v mixture of DMAEMA (30 ml, 178 mmoles) and THF was 

added, followed by HMTETA (76 μl, 0.28 mmoles), and were purged with nitrogen for 

10 min. Next Cu(I)Br (20 mg, 0.14 mmoles) was added, followed by three freeze-pump-

thaw cycles. The final green solution was transferred to the substrates via a syringe and 

the reaction was allowed to proceed at RT for certain periods of reaction time, before 

being quenched by exposure to air. After the polymerization, the substrates were 

removed from the reaction mixture and were immersed in methanol or TFT for 24 h 

under vigorous stirring to remove the non-grafted polymer. Next, the samples were 

sonicated for 10 min in THF, rinsed thoroughly with 2-propanol and acetone and dried 

under a nitrogen stream. All samples were baked at 100 oC for 30 min and were further 

dried under vacuum for 24 h. 

The reaction mixture was diluted with THF and was passed through a neutral alumina 

column to remove the ATRP catalyst. The PDMAEMA homopolymer was recovered 

from the THF solution by precipitation in cold n-hexane and was dried overnight under 

reduced pressure, before being characterized by SEC. Table 2.5 summarizes the 

polymerization conditions used for the syntheses of the PMMA/PDMAEMA, 

PTFEMA/PDMAEMA, POFPMA/PDMAEMA and PTDFOMA/PDMAEMA mixed 

polymer films. 

2.4.6 Synthesis of the PTFEMA/PQDMAEMA-C3, POFPMA/PQDMAEMA-C3 

and PTDFOMA/PQDMAEMA-C3 brushes via quaternization.  

The PTFEMA/PDMAEMA, POFPMA/PDMAEMA and PTDFOMA/PDMAEMA 

mixed polymer brushes were next reacted with 1-iodopropane (C3) in methanol at 50 

oC for approximately 48 h to yield the PTFEMA/PQDMAEMA-C3, 

POFPMA/PQDMAEMA-C3 and PTDFOMA/PQDMAEMA-C3 brushes. After the 

reaction, the quaternized films were washed repeatedly with deionized water, TFT, 

methanol and chloroform. All brushes were baked at 100 oC for 30 min and were further 

dried under vacuum for 24 h. 



Chapter 2 Experimental 
 

145 

 

 

Table 2.5. Reaction conditions employed for the synthesis of the mixed polymer brushes. 

 

 

 

 

 

Polymer brush 

Reaction time 

1ST SI-ATRP 

(h) 

1ST SI-ATRP 

[M]:[CuIBr]:[EBIB]:[dNbpy] 

Solvents: bulk, TFT 

Reaction time 

2ND SI-ATRP 

(h) 

2ND SI-ATRP 

[M]:[CuIBr]:[EBIB]:[ HMTETA] 

bulk 

PMMA-PDMAEMA 5 1000:2:1:4 24 600:1:1:2 

PTFEMA-PDMAEMA 72 500:1:1:2   

POFPMA-PDMAEMA 72 500:1:1:2 18 300:1:1:2 

PTDFOMA-PDMAEMA 72 500:1:1:2   
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2.5 Responsive behavior of the amphiphilic diblock copolymer and mixed 

polymer brushes when varying the solvent quality 

All diblock copolymer and mixed polymer brushes were treated with different selective 

solvents for the two polymers to test their responsive behavior as a function of the 

solvent quality. First, the films were immersed in THF, which is a good solvent for both 

polymers, and were next, thermally annealed at 100 ºC, which results in the extension 

of the tethered polymer chains with the fluorinated groups being at the outermost part 

of the surface, due to their affinity for the air interface. A good solvent for each polymer, 

HFiP for the fluoromethacrylates and water for PDMAEMA was used. The diblock 

copolymer and mixed polymer brushes were immersed in 10 ml of solvent for 

predetermined time (6 h in HFiP and 18 h in water) at RT. After immersion in the 

selective solvent, the samples were dried with a N2 stream and were placed under 

vacuum oven for 1 h followed by characterizations with contact angle measurements 

and AFM. 

2.6 Characterization techniques 

2.6.1 Size exclusion chromatography (SEC) 

The molecular weights and molecular weight distributions of the end grafted polymer 

chains prepared by SI-ATRP can be determined by size exclusion chromatography 

using two approaches. Either by the cleavage of the grafted polymer chains followed 

by SEC analysis or by the utilization of a free/“sacrificial” initiator in the reaction 

mixture, which produces free chains in solution assumed to have the same molecular 

weight as the polymer chains grown from the surfaces. 

The number average molecular weights (Mn’s) and the molecular weight distributions 

(Mw/Mn’s) of the free PDMAEMA, PTFEMA and POFPMA chains and of the diblock 

copolymers PDMAEMA-b-PTFEMA, PDMAEMA-b-POFPMA and PDMAEMA-b-

PTDFOMA formed in solution were determined by SEC The system comprised a 

Waters 515 HPLC pump, two PLgel mixed D and mixed E (Agilent Technologies) 

columns at 40 oC, an UV Waters 2487 and a refractive index (RI) Waters 410 detector. 

THF with 2 v/v% triethylamine was used as the eluent at a flow rate of 1 ml min-1. The 

calibration curve was based on five narrow PMMA standards with molecular weights 

ranging from 850 to 342,900 g mol-1.  
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2.6.2 1H NMR spectroscopy 

1H Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker Advance 

DPX 300 NMR Spectrometer (300 MHz) using CDCl3 as the solvent. The raw data 

were analyzed by the MestReC software. The composition of the diblock copolymers 

and the successful synthesis of the homopolymers was determined. 

2.6.3 Spectroscopic ellipsometry measurements 

The thickness of a polymer brush on a planar substrate is routinely measured by 

ellipsometry. This technique is non-distructive, facile and precise allowing to determine 

both the dry and the wet polymer film thickness. Ellipsometric measurements were 

performed on a variable angle spectroscopic ellipsometer (SE) (model VASE, J. A. 

Woolam Co., Inc.) to determine the dry thickness of the polymer films via the WVase32 

software. The angles of incidence were set to 65o, 70o, 75o in the wavelength range 450-

1200 nm. For thin layers below 10 nm, it is suggested to determine the film thickness 

by using a known refractive index. The thickness of the SAMs was determined using a 

two-layer model and a refractive index n = 1.46 and n = 1.51 for BIDS and the mixed 

BIDS/BIBAPDES ATRP initiators, respectively. A three-layer model was used for the 

homopolymer, diblock copolymer and mixed polymer brushes. The refractive indexes 

used are summarized in Table 2.6. 

 

Table 2.6. Refractive indexes of the materials and polymers used in the 

ellipsometry measurements.  

Substrate Refractive index Extinction coefficient 

Si 3.89 0.02 

SiO2 1.45 0 

Air 1.00 0 

BIDS 1.46 0 

BIDS-BIBAPDES 1.51 0 

PDMAEMA 1.47 0 

PTFEMA 1.42 0 

POFPMA 1.35 0 

PTDFOMA 1.33 0 

THF 1.40 - 
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2.6.4 Polymer densities  

The polymer densities were measured using a Quantachrome Model NOVA 3200e 

sorption analyzer. Before measurement, the samples were heated and degassed 

overnight, under vacuum (<10-4 mbar), in a custom-made tube to remove any moisture. 

A specific volume of 1 gr were estimated for the dried polymers using the general gas 

equation and was converted to the density of the polymer. Table 2.7 summarizes the 

characteristic properties of the polymers used in this study. 

Table 2.7. Characteristic properties of the homopolymers 

Polymer Mn  

(g/mol) 

Monomer density 

(g/ml) * 

Bulk polymer 

density (g/cm3) 

Tg (ºC)* 

PDMAEMA 43000 0.933 1.097 ~26 

PTFEMA 43000 1.181 1.451 ~59 

POFPMA 43000 1.432 1.610 ~27 

PTDFOMA NA 1.496 1.763 ~46 

* literature values6 

 

2.6.5 Polymer grafting density 

The grafting density 𝜎 (chains/nm2) of the polymer chains on the surface was calculated 

as: 

𝜎 =
𝑑×𝑁𝐴×ℎ

𝑀𝑛
     (2.1) 

 

Where, ℎ is the polymer film thickness (nm), 𝑑 is the bulk density of the grafted 

polymer, 𝑀𝑛 is the number-average molecular weight of the chains grafted on the 

surface assumed to be the same as that of the polymer chains in solution obtained by 

GPC and 𝑁𝐴 is the Avogadro’s number (6.023×1023). 
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2.6.6 Degrees of quaternization 

The mass balance of the polymer brushes before and after quaternization, was used to 

calculate the degrees of quaternization, from the change in the brush thickness upon 

modification, using the following equation:  

𝐷𝑄 = 100 ×
(ℎ𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑒𝑥𝑝−ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴,𝑒𝑥𝑝)

(ℎ𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑡ℎ𝑒𝑜−ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴,𝑒𝑥𝑝)
  (2.2) 

Where, ℎ𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑒𝑥𝑝 and ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴,𝑒𝑥𝑝
 are the dry polymer film thicknesses of the 

PQDMAEMA and PDMAEMA brushes, respectively, measured by ellipsometry, and 

ℎ𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑡ℎ𝑒𝑜, is the calculated theoretical brush thickness for a 100% quaternized 

polymer brush (in nm).  

ℎ𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑡ℎ𝑒𝑜 , can be calculated as: 

ℎ𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑡ℎ𝑒𝑜 =
𝜎×𝑀𝑛,𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑡ℎ𝑒𝑜

𝑑×𝑁𝐴
   (2.3) 

Where, σ is the grafting density of the brush, 𝑀𝑛,𝑃𝑄𝐷𝑀𝐴𝐸𝑀𝐴,𝑡ℎ𝑒𝑜 is the calculated 

number-average molecular weight of the quaternized polymer grafted on the surface to 

include the mass of the alkyl iodide in every monomer repeat unit, and NA is the 

Avogadro number. An assumption of a constant grafting density, σ, and polymer bulk 

density, d, before and after quaternization of the PDMAEMA brushes with the various 

alkyl iodides, was made.7  

Moreover, the thickness of the PDMAEMA brushes that was effectively quaternized 

by the alkyl halides was calculated using the following equation: 

ℎ𝑄,𝑒𝑓𝑓 = ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴,𝑒𝑥𝑝 ×
𝐷𝑄

100
               (2.4) 

Where, ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴,𝑒𝑥𝑝
 is the dry polymer film thicknesses of the PDMAEMA brushes 

measured by ellipsometry, and 𝐷𝑄, is the degrees of quaternization from the change in 

the brush thickness upon modification using equation (2.2). 
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2.6.7 FTIR spectroscopy 

IR spectroscopy is a non-destructive method that provides chemical structure 

information of the polymer brushes. Two techniques have been used for the 

characterization of polymer brushes, namely transmission FTIR spectroscopy 

(Transmission FTIR) and attenuated total reflectance FTIR spectroscopy (ATR-FTIR).8  

In FTIR, the substrate of the polymer film should be (partially) transparent to infrared, 

so that the infrared light reaches through the sample the detector. Characterization by 

ATR-FTIR requires a direct contact of the polymer film with an ATR crystal, due to 

the fact that the extend of the evanescent infrared wave from the crystal is a few 

microns.  

In the present thesis, both transmission FTIR and ATR-FTIR were used for the 

qualitative characterization of the polymer brushes on silicon surfaces. FTIR spectra 

were recorded on a Perkin Elmer Model Frontier FT-IR spectrometer. ATR-FTIR 

spectra were recorded on a Thermo Scientific Nicolet 6700 spectrometer. The spectra 

were measured in the 500-4000 cm-1 range with a resolution of 2 cm-1 and 128 scans 

were collected.  

 

2.6.8 Contact angle measurements 

The liquid contact angles are utilized to evaluate the wettability of the surfaces which 

can represent the polymer coverage and quality of a surface. Comparison of the angles 

before and after modification indicates if the surface has been modified. 

Wettability was assessed by static contact angle (CA) measurements using a contact 

angle goniometer (OCA-40, Dataphysics) and the sessile drop method. A 5 μl droplet 

of nanopure water was used and the water contact angles (WCAs) were calculated from 

the digital images of the water droplets deposited on the surfaces, recorded by a camera, 

using the appropriate software.  

Owens and Wendt approach (OWRK), was utilized to calculate the solid surface energy  

𝛾𝑆  of the polymer brush layers.9 Diiodomethane was used as the non-polar liquid to 

estimate the dispersive component of the solid surface energy  𝛾𝑆
𝑑  and water as the 

polar liquid to estimate the polar component of the solid surface energy  𝛾𝑆
𝑝
. The static 

contact angle measurements on all samples were used to estimate the total solid surface 
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energy. Liquid droplets of 5 μl were deposited onto the samples in each case. All data 

are expressed as the mean values from triplicate experiments taken after drop 

equilibration.  

2.6.9 UV-Vis spectroscopy 

In another approach, the degrees of quaternization and the surface charge densities of 

the PQDMAEMA brushes were determined by UV/Vis spectroscopy via a colorimetric 

method based on fluorescent complexation (Scheme 2.3).10 All polymer brushes were 

placed in a reaction flask containing a 1 wt% aqueous solution of the anionic dye, 

(sodium 4-((2E)-2-(2-oxonaphthalen-1-ylidene)hydrazinyl) benzenesulfonate (AO7), 

for 1 h. The dye binds strongly to the cationic quaternary ammonium sites of the 

polymer and the unbound molecules can subsequently be removed by extensive 

washing with deionized water and immersion in a water bath. n-

Butyltrimethylammonium iodide was synthesized and used as a detergent, to induce the 

desorption of the dye from the brushes (Scheme 2.3). For the synthesis of the detergent, 

first N,N-Dimethylbutylamine was placed in a flask with methanol and iodomethane at 

RT for 24 h. Following, the solvent was evaporated and the QAS molecule was washed 

excessively with THF, placed in a vacuum oven for 12 h and stored under a nitrogen 

atmosphere before use. The dyed polymer surfaces were immersed in a 0.5 wt% 

aqueous solution (3ml) of the monovalent salt for 1 h and were shaken for 30 min at 

500 rpm. The absorbance of the supernatant solution was measured at 483 nm (Figure 

2.1). The UV/Vis spectra were collected on a Perkin-Elmer LAMBDA 25 UV/Vis 

spectrophotometer in a wavelength range between 300 and 700 nm using plastic 

cuvettes with 1 cm optical path and distilled water as a reference. AO7 is an anionic 

molecule that adsorbs at 483 nm, showing a characteristic orange color. It was 

confirmed that the UV spectrum is not affected by exposure to sunlight since the 

intensity of the characteristic peak remains steady after ten days of exposure. The 

concentration 𝐶𝐴𝑂7 of AO7 was calculated according to the Beer – Lambert law: 

𝐴𝑏𝑠483 = 𝜀483 × ℎ × 𝐶𝐴𝑂7    (2.5) 

using the absorbance of the unknown samples at 483 nm, plastic PS cuvettes with h = 

1 cm optical path of the UV-light beam and an extinction coefficient for the dye 

calculated by the calibration curve (Figure 2.1) at a value of 𝜀483=17,3 mM-1 cm-1. An 
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assumption that every quaternary ammonium group of the polymer interacted with one 

dye molecule was made to convert the dye concentration determined by UV/vis 

spectroscopy to the degree of quaternization (DQ) and the charge density (CD) of the 

polymer brush. The cationic CD per cm2 was calculated using the equation: 

𝐶𝐷 = 𝑉 × 𝐶 × 𝑁𝐴/𝐴    (2.6) 

Where, V is the volume of the extraction solution (3 ml), NA is the Avogadro number 

(6.023 × 1023) and A is the surface area of the polymer samples (1.5 cm2). 

 

Scheme 2.3. Schematic representation of the procedure followed to 

determine the quaternary ammonium salt groups of the PQDMAEMA 

brushes. 
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Figure 2.1. Absorbance as a function of concentration of the AO7 dye in 

water and the corresponding extinction coefficient. Inset: UV -Vis 

absorption spectra of the AO7 in water  at different concentrations. 

 

2.6.10 Atomic Force Microscopy (AFM) 

The topography and the morphology of polymer brushes are mainly assessed by (atomic 

force microscopy) AFM measurements. AFM is an instrument that has been employed 

to image polymer brushes on surfaces, primarily providing details of their topography 

and morphological characteristics. AFM measurements, of the homopolymer and 

diblock copolymer brushes, were carried-out at ambient conditions with a relative 

humidity (RH) of ~40%, on a multimode scanning probe microscope (Nanoscope III 

instrument, Digital Instruments, Veeco) in tapping mode at 1.0 Hz scan rate. 

Cantilevers with silicon tips (RTESP-300, rectangular) from Bruker Corporation, 

having a normal spring constant of ~40 N/m and frequency of 300 kHz were used. The 

root-mean-square roughness was calculated utilizing the Nanoscope software. 

The height and phase images of the mixed brushes were carried out at ambient 

conditions at a RH of 50%, using an MFP3D (Asylum Research, Oxford Instruments, 

CA) instrument in tapping mode at 0.5 Hz scan rate. These experiments were performed 

in the Leibniz Institute of Polymer Research Dresden (IPF) in Dresden, Germany. 

Cantilevers with a silicon tip (OTESPA, rectangular) from Bruker Corporation, having 

a normal spring constant of ~26 N/m and frequency of 300 kHz were used.  

 

2.6.11 Lateral Force Microscopy (LFM) 

An AFM-based technique, namely Lateral force microscopy (LFM) is used to make 

friction measurements in the micro and nanoscale. In traditional contact mode AFM, 

the topography is observed by the vertical deflection of the cantilever, whereas in the 

LFM, the twisting or lateral deflection of the cantilever is observed, that provides 

information about the friction between the tip and the surface. A drawback of contact 

mode AFM is the distortion of the features in the images, due to the high lateral forces 



Chapter 2 Experimental 
 

154 

 

acting on the surface of the sample. Thus, probes or tips with low spring constants 

below 1 N/m are utilized that minimize the amount of applied force during scanning. 

In this thesis, LFM was performed using an MFP3D (Asylum Research, Oxford 

Instruments, CA) to study nanoscale adhesion and friction generated between a silicon 

nitride tip and the polymer brushes. These experiments were performed in the Leibniz 

Institute of Polymer Research Dresden (IPF) in Dresden, Germany. Cantilevers (DNP, 

C triangular) from Bruker Corporation, having a normal spring constant of ~0.2 nN/nm 

were used for normal and lateral force measurements. The actual normal spring constant 

of the cantilevers were calibrated and measured by the thermal-noise method as 

described by Matei et. al using the resonance frequency of the cantilever from a thermal 

spectrum.11 Silicon nitride tips were cleaned by UV/ozone treatment for 20 min, prior 

to each measurement.  

Both adhesion and friction force measurements were performed in contact mode at 

room temperature with a relative humidity of around 50 %. After treatment with 

selective solvents, the polymer samples were dried under a nitrogen flow. For a given 

sample the force data measured were stable and reproducible. 

The adhesion properties of the polymer brushes were measured from force vs distance 

curves over five different areas of the sample. The velocity of the approaching tip to 

the polymer brushes was kept constant for each sample, while the normal applied loads 

were varied between 10 and 125 nN. The adhesion forces 𝐴𝑓 (in nN) were calculated 

using the Hook’s law, by multiplying the spring constant (𝑘) of the cantilever with the 

average value of the cantilever deflection at the jump out point (𝛥𝑌̅̅̅̅ ), from several spots 

(Equation 2.7).12  

𝐴𝑓 =  𝑘 ×  𝛥𝑌̅̅ ̅̅       (2.7) 

The lateral force calibration method, which leads to a calibration/conversion factor (β) 

(nN/V) was performed as proposed by Anderson et al.13 Briefly, this method requires 

the measurement of a normal spring constant, z-scanner displacement and average 

adhesion. The spring constant can be calculated by a thermal-noise method as described 

above, while the average adhesion between the tip and a sample with multiple range of 

sample angles (curved surface) can be found by acquiring multiple force curves along 

the apex of the micropipette, equally spaced along the length of the image. By assuming 
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Amontons’ law for friction and resolving the forces acting on the cantilever, it is 

possible to calculate the lateral force applied at the tip from the normal load, adhesion, 

angle of response of the cantilever and the surface topography. The slope of a plot of a 

calculated lateral force against the measured lateral deflection gives the lateral 

conversion factor β in nanoNewtons per voltage.  

Herein, a freshly cleaned glass pulled-micropipette (by heating) was glued on a glass 

coverslip and placed in the AFM with the long axis perpendicular to the fast scan 

direction, parallel to the long axis of the cantilever with a value of 𝑘, 0.17 nN/nm. The 

instrument was shut into a vibration and acoustic isolation hood to eliminate 

adjustments to the position of the laser spot on the cantilever. The average lateral 

sensitivity between the sample and the tip was found by acquiring force curves of 10 

points from 2 different spots at the highest point of the capillary, with a deflection 

voltage setpoint of 0.2 V, a force distance of 1 μm and velocity of 5 μm/s. The sample 

was then moved to approach a flat clean area in the glass pipette and the cantilever was 

engaged for 10 further approach curves. The mean value of the Inverse Optical Lever 

Sensitivity (InvOLS) in nanometers of tip displacement per volt of detector signal was 

calculated from these lateral deflection-vs-Y piezo displacement curves.14 Knowing the 

InvOLS and the spring constant of the cantilever, the deflection setpoint of voltage, 𝐶, 

that corresponds to the normal applied load, during the friction forces can be calculated 

by the equation: 

𝐶 =
𝑁

𝑘 × 𝐼𝑛𝑣𝑂𝐿𝑆
        (2.8) 

Where, N is the normal applied load in nN, 𝑘 is the spring constant of the cantilever in 

nN/nm, and 𝐼𝑛𝑣𝑂𝐿𝑆 is the sensitivity of the cantilever in nm/V.  

Next, a 20 × 20 μm2 scan of 256 × 256 points (pixels) was taken at a line rate of 0.6 Hz 

and images of height (signal of the Z-piezo capacity), vertical deflection (feedback error 

signal) and lateral deflection were captured. A setpoint of 0.131 V that corresponds to 

10 nN applied normal load was used. Following the image capturing, force approach 

curves were taken at 5 points along the pipette and the mean value of A was calculated. 

By employing a calibration program, that exploits the linearity between the lateral force 

and voltage, the calibration factor can be obtained. The program first averages the 

topography and LFM files. It then calculates the slope at each point using the averaged 
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topography data. The average lateral force is then plotted against the average lateral 

deflection signal and the slope of the fitted line gives the calibration factor β. The 

conversion factor of the cantilever, is utilized to convert the friction voltage signal (V) 

to force units (nN). The same steps were repeated for different normal applied load in 

a range of 10 to 125 nN. Figure 2.2 shows the conversion factor obtained from the 

different applied normal loads. 
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Figure 2.2. Conversion factor against the different  normal applied loads  

Next, friction loops were recorded by LFM for all polymer brushes by scanning 

laterally the silicon nitride cantilever over the brush surfaces. Friction force was 

measured for all samples at variable loads between 10 nN and 100 nN using a 90º scan 

angle, 5 μm scan size and scan rate of 0.2 Hz. In detail, friction loops comprising trace 

and retrace scans were attained for each polymer brush. Trace is the definition of lateral 

scan distance i.e. from left to right and retrace is the scanning distance backwards. The 

friction voltage signal was calculated by averaging the trace and retrace curves (half the 

difference between trace and retrace scans). The conversion of the average friction 

voltage signal, into friction force at the interface, was performed using different 

calibration factors from the above method. The slope of the plots of the friction force 

vs the normal applied load provides the coefficient of friction (COF) by assuming the 

Amontons’ law.15 
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2.7 Antibacterial Assays 

2.7.1 Bacterial strains and culturing 

Two bacterial strains, Bacillus cereus (B. cereus) ATCC 14579 and Escherichia coli 

(E. coli), were chosen in the present study, as representative gram-positive and gram-

negative bacteria, respectively. Both strains, were grown aerobically overnight at 

separate Luria-Bertani (LB) liquid medium from frozen stocks. Next, B. cereus and E. 

coli were cultivated each by streaking on LB agar plates and incubating at 37 ºC for 24 

h. Then individual colonies were picked and incubated in 3 ml of LB liquid culture 

medium. The optical density of 1.0 was measured at 600 nm (OD600). Both strains were 

shaken at 37 ºC for 24 h, and then diluted with LB to obtain a predetermined 

concentration of 1 × 108 CFU/ml. The concentration of bacteria was also verified by 

serial dilutions and spreading onto agar plates, followed by the enumeration of the 

colonies. 

To prepare LB medium, 1.0 g tryptone, 1.0 g sodium chloride and 0. 5 g yeast extract 

and were dissolved in 100 ml distilled water and autoclaved. The LB medium, after 

cooling down, was stored at RT. To prepare LB agar plates, 5 g tryptone, 5 g sodium 

chloride, 2.5 g yeast extract and 7.5 g agar were dissolved in 500 ml distilled water and 

autoclaved. When the solution cooled down to 40-45 ºC, 20 ml of the solution was 

poured into the sterile plates of 10 cm diameter. The LB agar plates were conditioned 

at 4 ºC, not longer than 1 month. The LB medium was prepared using the same 

proportions of the reagents except from agar, and was autoclaved.  

2.7.2 Bactericidal Assay 

The bactericidal activity of the polymer surfaces was evaluated against Bacillus cereus 

(B. cereus) ATCC 14579 and Escherichia coli (E. coli). The antimicrobial activity was 

measured based on colony-forming units (CFU) by the plate counting method (PCM), 

as the log reduction of the living bacteria cells after 5 h contact with each polymer brush 

at 37 oC, using the antibacterial drop test method, described previously.16  Briefly, the 

samples were sterilized by immersion in methanol and were dried by heating at 100 oC 

for 30 min. Then, the samples were transferred to a sterile 12-well plate using sterilized 

forceps under a Bunsen burner. Glass or Silicon substrates were used as control 
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surfaces. Cultures of B. cereus and E. coli (108 CFU/ml) were prepared by inoculating 

bacteria in 3 ml Luria-Bertani (LB) broth at 37 oC for 24 h at a shaking speed of 200 

rpm. The population was measured by optical density measurements at 600 nm (OD600) 

following dilution in fresh medium to prepare a bacterial inoculum containing 107 

CFU/ml. A culture-based assay was conducted to evaluate the bactericidal activity of 

the polymer brushes as follows (Scheme 2.4). 100 μl of the initial bacteria culture in 

PBS were deposited onto each sample. The samples were sealed and placed in a cell 

culture thermostatic chamber at 37 oC in humidified condition, were incubated for 5 h, 

and were diluted in PBS. Subsequently, both the suspensions and the polymer surfaces 

were placed in a falcon with glass sieves and were vortex stirred until their complete 

wreckage.17 The suspension was diluted with PBS (Scheme 2.4, marks as T1 and so on) 

and 100 μl of each decimal dilution was spread in sterile LB agar culture plates. The 

LB plates with the bacterial suspensions were incubated at 37 oC for 20 h to give visible 

colonies, which were enumerated to obtain the number of living bacteria. The results 

were expressed as colony forming units per ml (CFU/ml) and represent mean SD values 

of triplicates from three independent experiments. The bacteria reduction and the 

percentage of bactericidal action were then reported as:  

Logarithmic reduction = log(A/B)     (2.9) 

and 

  Bactericidal action (%) = (A – B)/A *100     (2.10) 

where, A is the number of colony forming units per ml, counted for the control samples, 

and B is the number of bacteria retrieved from each polymer brush.18  
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Scheme 2.4. The fundamental process for bactericidal assay of polymer 

brushes. 

In a complementary study, the polymer brush surfaces were extensively 

washed with PBS, after the 5 h incubation of the bacteria on the surfaces,  

and were visualized by FESEM.  

 

2.7.3 Antifouling Assay 

The bacteria-releasing antifouling properties of the polymer brushes were investigated 

using B. cereus (ATCC 14579) and E. coli as the model organisms. B. cereus and E. 

coli were cultivated by streaking on Luria-Bertani (LB) agar plates and were incubated 

at 37 ºC for 24 h. Then individual colonies were picked and incubated in LB liquid 

culture medium. Both strains were shaken at 37 ºC for 24 h, and then diluted with LB 

to obtain a predetermined concentration of 1 × 108 CFU/ml. Duplicates of all the 

polymer brushes were rinsed with methanol and sterile water and sterilized at 100 ºC 

for 30 min, prior to the antifouling test procedure. Then, polymer films were placed in 

a 12-well plate in plastic holders to expose only the active layer to bacteria, and 1 ml 

of B. cereus or E. coli suspension was pipetted onto each well and put at 37 ºC for 2 h. 

After incubation, the films were washed gently with sterile PBS and then immersed in 

1 ml of PBS at a shaking speed of 150 rpm for 1 h in order to study the bacterial-release 

capability of the brushes. Following, the substrates were fixed with 2.5% 
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glutaraldehyde (GDA) in PBS at pH 7.2 for at least 2 h, then rinsed with PBS to remove 

the unreacted GDA, and were prepared for analysis by FESEM. 

In a complementary study, the extent of the bacterial-release was enumerated by a PCM 

method. After 24 h incubation of the bacteria on the surfaces, the polymer brush 

surfaces were immersed in 1 ml of PBS at a shaking speed of 150 rpm for 1 h and the 

polymer surfaces were placed in a falcon with glass sieves and were vortex stirred until 

their complete wreckage. The suspension was diluted with PBS and 100 μl of each 

decimal dilution was spread in sterile LB agar culture plates. The LB plates with the 

bacterial suspensions were incubated at 37 oC for 20 h to give visible colonies, which 

were enumerated to obtain the number of detached bacteria from the surfaces. The 

results were expressed as colony forming units per ml (CFU/ml) and represent mean 

SD values of triplicates from three independent experiments. 

 

2.7.4 FESEM of the polymer surfaces after incubation with the bacteria 

Scanning electron microscopy images were captured using a JEOL JSM-7000F field 

emission scanning electron microscope (FESEM) at an accelerating voltage of 15 kV 

to visualize the morphology of the bacteria. The samples for FESEM were fixed with 

2.5% GDA in PBS at pH 7.2 for at least 2 h, and were dehydrated by gradually 

increasing the ethanol concentration from 30 to 100% at RT for 10 minutes each. Then 

the samples were transferred to a critical point dryer (CPD 030 Bal-Tec) and were 

finally sputter-coated (SCD 050 Bal-Tec) with a 10 nm thick layer of Pd-Au to 

minimize charging before the measurement.  

 

2.7.5 Kirby-Bauer zone of inhibition test 

Finally, possible leaching of bactericidal compounds from the polymer brushes was 

examined via the zone of inhibition test or the disc diffusion method.19 LB agar plates 

were produced as described above, followed by striking of  100 μl of B. cereus or E. 

coli suspension of a predetermined concentration of 1 × 106 CFU/ml. The samples were 

sterilized by immersion in methanol and were dried by heating at 100 oC for 30 min. 

Then, they were transferred to the LB agar plates with the active layer of bacteria, using 
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sterilized forceps under a Bunsen burner. The LB plates with the bacterial suspensions 

and the polymer films were incubated at 37 oC for 20 h to give colonies, with the 

presence of a zone of inhibition (ZOI) to declare leaching of bactericides towards the 

bacteria colonies, while the absence of a ZOI signifies a non-leaching contact-active 

surface. 
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3.1 Introduction 

This study aims in investigating the surface properties of homopolymer brushes with 

significantly different polymer characteristics. Tuning the surface properties of thin 

films is of significant interest, due to their potential applications in various fields i.e. 

microelectronics, biotechnology and other.1 The term ‘surface properties’ includes 

several parameters such as wettability, surface energy, surface charge and chemical 

functionality. The physical or chemical properties of flat surfaces can be tuned to 

produce water repellent, antifouling or cell adhesive surfaces.2 The development of self-

assembled organic monolayers (SAM’s) has been extensively investigated, however 

several limitations are encountered, regarding the layer thickness, the uniformity and 

stability of the monolayer and the range of the material surfaces that can be 

functionalized.3 Contributions from SAM’s and polymer coatings has led to the 

development of polymer brushes which are defined as dense layers of polymer chains 

tethered by one chain end to a surface. The distance between the chains is much less 

than the unperturbed dimensions of the tethered chains.4 Polymer brushes with well-

defined structure are useful for the determination of the surface properties of polymers 

at the nanoscale. “Smart” systems such as polymer brushes of different functional 

chemistries have been attained to produce surfaces with tunable properties.5  

Several controlled/“living” radical polymerization (CRP) techniques have been 

employed to grow polymer brushes from solid surfaces via the “grafting from” 

technique, as they provide a precise control over the structure and composition of the 

polymer chains across a wide range of grafting densities.6 Over the past years, atom 

transfer radical polymerization (ATRP) is the most widely employed technique to 

synthesize polymer brushes from flat and curved surfaces because, of the wide range of 

monomers that can be polymerized and its operation under mild conditions and 

temperatures.  “Grafting from” or surface initiated ATRP (SI-ATRP) can provide 

polymer films with high density of anchored chains per surface area and good control 

over the surface characteristics such as the brush height, and the smoothness of the 

surface.7   

The most common architecture constitutes the end-anchored homopolymer chains, 

comprising one type of monomer repeated unit. These systems can be further divided 

into neutral and charged polymer brushes. Neutral polymer brushes are based on 
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hydrophilic polymers such as poly(2-hydroxyethyl methacrylate) (PHEMA), 

poly(poly(ethylene glycol) methacrylate) (PPEGMA), poly(N-isopropylacrylamide) 

(PNIPAAm) and polyacrylamide (PAAm), nevertheless there are many examples of 

hydrophobic polymer brushes based on PMMA, PS, PGMA, that give their distinct 

properties to the surface of the material functionalized. Charged or polyelectrolyte 

(PEL) brushes have different properties compared to neutral brushes, and undergo 

changes in swelling and contraction in response to pH or ionic strength making them 

excellent candidates for “smart” surfaces. The charge density on a polymer chain in a 

polar solvent depends on the chain constitution and degree of dissociation of the 

ionizable groups. Based on the association of the charges and the polymer chains, PEL 

brushes are divided into (a) “strong” PEL brushes and (b) “weak” PEL brushes.8 The 

weak PEL brushes do not have permanent charges and the pH or ionic strength changes 

of their surrounding can tune their charge ratio and control their properties. Weak 

polyanionic brushes accept protons at low pH and release them at neutral and high pH 

when they become negatively charged. Weak polycationic brushes are deprotonated at 

high pH and become positively charged at neutral and low pH. The structure and 

properties of such polymer layers are dominated by electrostatic interactions. Due to 

electrostatic interactions the polymer segments are strongly stretched and show 

physical properties which are very different compared to neutral polymer brushes.8 

Poly(methacrylic acid) (PMAA) and poly(2-(dimethylamino)ethyl methacrylate) 

(PDMAEMA) brushes are the most widely studied weak PEL brushes. On the other 

hand, in strong PEL brushes, permanent charges are associated with strong acid or base 

groups, the degree of dissociation is not affected by the environment and as a 

consequence these brushes are insensitive to the local pH. The most common strong 

polybasic brush is poly(2-(methacrylolyloxy)ethyltrimethylammonium chloride) 

(PMETAC) (which is the substituted form of PDMAEMA with methyl chloride), 

poly(methyl-4-vinylpyridinium) (PMePVP) and poly(vinylbenzyltrimethylammonium 

chloride) (PVBTMAC).  

Strong PEL brushes with positively charged quaternary ammonium groups have been 

used thoroughly for switching the surface properties in several applications. A 

quaternization reaction, which involves the transformation of amino-based PEL brushes 

into the respective quaternary ammonium salt brushes has been employed to alter the 

wettability of the surfaces.9  An important key factor determining the surface properties 

https://en.wikipedia.org/wiki/Poly(N-isopropylacrylamide)
https://www.ebi.ac.uk/chebi/searchId.do?chebiId=53416
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proved to be the counterion type.10 Moreover, Spruijt et al. examined the control over 

the surface wetting properties of poly(2-(methacryloyloxy)ethyltrimethylammonium 

chloride) brushes by changing the redox state of the counterions using electrode 

potentials.11 On the other hand, Murata et al. investigated the antimicrobial activity and 

wettability of quaternized poly-(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) 

brushes with small alkyl bromides of different alkyl chain lengths.12 Lately, Armes et 

al introduced a pH-responsive wettability on quaternized PDMAEMA brushes in good 

and bad solvents using a long-alkyl chain iodide as the quaternization agent.13 

Nevertheless, the effect of the alkyl chain length of the quaternization agent on the 

properties of the polymer brushes has not been studied.  

On the other hand, fluorinated polymer coatings have attracted great attention, due to 

their unique properties e.g. thermal and chemical stability, low dielectric constant, low 

friction, low surface energy, low refractive index and high hydrophobicity.14 However, 

reports on the synthesis of fluorinated polymers grafted from solid surfaces are limited 

due to the difficulty to control the polymerization of fluorinated monomers. Takahara 

and co-workers have synthesized thick fluoropolymer brushes by ATRP using a PFA-

C8 fluoroacrylate monomer and demonstrated the effect of the molecular weight 

dispersity of the fluorobrushes on the wetting behavior of the polymer surface.15 In 

another study, Whittaker et al. evaluated the performance of fluorinated 

polyelectrolytes synthesized by transition metal mediated LRP as corona components 

in 19F-detectable nanoparticles.16 Recently, Zuilhof and coworkers studied the tuning 

of the adhesion and friction properties of fluoropolymer brushes when increasing the 

fluorine content of the brush which can find applications in dry lubricants.17  

In this chapter, we describe the synthesis of homopolymer brushes based on 

PDMAEMA or fluorinated methacrylates aiming to prepare polymer films that alter 

their surface properties at will. Silicon and glass were used as substrates. First the self-

assembled monolayer technique was used to successfully graft the ATRP initiator on 

the substrate. Next, four types of polymer brush films e.g, PDMAEMA, PTFEMA, 

POFPMA and PTDFOMA were synthesized from BIDS-immobilized silicon and glass 

substrates via the “grafting from” technique using SI-ATRP. The effect of the 

fluorinated alkyl chain length (FCL) on the surface properties varying as 1, 4 and 6 

fluorocarbon atoms (CF), was explored, referring to PTFEMA, POFPMA and 

PTDFOMA brushes, respectively. In addition, PDMAEMA brushes are a convenient 
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model-system to investigate the surfaces properties upon a facile post-modification 

reaction introducing different alkyl chain lengths on the side groups of the end-grafted 

polymer chains. The alkylating agents react with the tertiary amine groups of the 

PDMAEMA grafted chains and form quaternized PDMAEMA (PQDMAEMA) 

brushes, which comprise a strong polyelectrolyte with permanent cationic charges 

along the polymer chains. The effect of the alkyl chain length (ACL) of the 

quaternization agent on the wettability of the polymer surfaces was examined. Although 

PQDMAEMA brushes have been examined thoroughly in the literature, to the best of 

our knowledge, a systematic study of the effect of the ACL (ranging from one to 

eighteen carbon atoms) of the quaternary ammonium salt moieties on the 

physicochemical properties of the PQDMAEMA brushes has not been reported so far. 

Variations of the hydrophilicity/hydrophobicity and surface free energy of the brush as 

a function of the fluoroalkyl chain length and the alkyl chain length of the 

quaternization agent were determined by static contact angle (CA) measurements. Next, 

AFM silicon nitride tips were used to examine the adhesion and friction properties of 

the polymer brushes against sliding inorganic surfaces. Finally, the degrafting of the 

hydrophilic PDMAEMA and PQDMAEMA chains and the hydrophobic PTFEMA, 

POFPMA and PTDFOMA chains was examined. 

3.2 Results and Discussion 

3.2.1 Synthesis of the ATRP initiators 

Synthesis of the BIDS ATRP initiator. The synthesis of the surface ATRP initiator (3-

(2-bromoisobutyryl)propyl)dimethylethoxy silane (BIDS) was carried out via a two-

step reaction. The first step involves the esterification of allyl alcohol (AA) with 2-

bromoisobutyryl bromide to obtain allyl 2-bromoisobutyrate (ABIB). The synthetic 

approach is outlined in Scheme 3.1.  The successful synthesis and the purity of the 

precursor molecule ABIB was verified by 1NMR spectroscopy in CDCl3 (Figure 3.1). 

1H NMR (300 MHz, CDCl3): δ 5.93(m, 1H), 5.30(dd, 2H), 4.69(d, 2H), 1.98 (s, 6H). 

The appearance of a strong peak at 1.98 ppm is attributed to the methyl protons of the 

bromoisobutyrate moiety, which is required for the ATRP initiation. The two signals at 

5.30 ppm and 5.53 ppm are attributed to the vinylic hydrogens. The successful synthesis 

of the ABIB precursor is confirmed by the peak of the methylene protons at 4.69 ppm, 

whereas its purity by the absence of any further peaks in the spectrum.  
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Scheme 3.1. Synthesis of the allyl 2-bromoisobutyrate precursor. 

 

Figure 3.1. 1H NMR spectrum of allyl 2-bromoisobutyrate in CDCl3. 

The second step involves the hydrosilylation between ABIB and dimethylethoxysilane 

to synthesize a dual reactive molecule, namely BIDS, which comprises a mono-

functional ethoxy silane group that can react with the surface silanol groups and form 

siloxane bonds, and the 2-bromoisobutyl group which is an active initiator for 

controlled ATRP. The synthetic approach of the mono-functional initiator molecule is 

outlined in Scheme 3.2. The successful synthesis and purity of the monoethoxy ATRP 

initiator BIDS was verified by 1NMR spectroscopy in CDCl3 (Figure 3.2). 1H NMR 

(300 MHz, CDCl3): δ 4.15 (2H, m), 3.69 (2H, q), 1.95 (6H, s), 1.73 (2H, m), 1.20 (3H, 

t), 0.60 (2H, m), 0.14 (6H, s). The presence of a new strong peak at 0.14 ppm is 

attributed to the methyl protons of the silane group, while the previously depicted peaks 

of the vinyl group at 5.30 ppm and 5.53 ppm are shifted to 1.73 ppm and 0.60 ppm, 

respectively, which evidence the successful transformation of ABIB to BIDS. Finally, 

the absence of any further peaks in the spectrum defines the purity of the initiator. 
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Scheme 3.2.  Synthesis of the BIDS surface ATRP initiator. 

 

Figure 3.2. 1H NMR spectrum of BIDS in CDCl3  

Synthesis of the BIBPTES ATRP initiator. The synthesis of the surface ATRP initiator 

(3-(2-bromoisobutyryl)propyl)triethoxy silane (BIBPTES) was carried out via a two-

step reaction. The first step involves the esterification of AA with BIBB to obtain the 

allyl 2-bromoisobutyrate (ABIB) precursor molecule as described previously in 

paragraph 1.2.1.  

The second step involves the hydrosilylation between ABIB and triethoxy silane to 

synthesize a dual reactive molecule, namely BIBPTES, which comprises the 2-

bromoisobutyl group, an active initiator for controlled ATRP and the tri-functional 

ethoxysilane group, that can form siloxane bonds with the surface silanol groups of the 

silicon or glass substrates and react with the neighboring silane molecules with lateral 

Si-O-Si bonds, to form a chemically bonded layer network. The synthetic approach of 

the tri-functional initiator is outlined in Scheme 3.3. The successful synthesis and purity 

of the monoethoxy ATRP initiator BIBPTES was verified by 1NMR spectroscopy in 

CDCl3 (Figure 3.3). 1H NMR (300 MHz, CDCl3): δ 4.12 (2H, t), 3.81 (6H, q), 1.90 (6H, 

s), 1.76 (2H, m), 1.20 (9H, t), 0.66 (2H, t). 
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Scheme 3.3. Synthesis of the BIBPTES surface ATRP initiator. 

 

Figure 3.3. 1H NMR spectrum of BIBPTES in CDCl3 

3.2.2 Initiator self-assembled monolayer 

In a first attempt to control the immobilization of the ATRP initiator on silicon 

substrates, we investigated the effect of immersion time and concentration of the two 

different types of ester initiators on the surface coverage and the morphology of the 

substrates. Samples were treated with a piranha solution, in order to increase the silanol 

binding sites of the surface and the successful treatment was verified via contact angle 

measurements and AFM (Table 3.1) which showed the formation of smooth 

superhydrophilic surfaces.  Next, the samples were immersed in 0.5, 1 or 2 % v/v 

solutions of the mono- or tri-functional initiator in toluene for 3, 6, 12 and 24 h and 

were studied by ellipsometry, contact angle and AFM measurements. The modification 

of the silicon and glass substrates by the initiator via the SAM technique is illustrated 

in Scheme 3.4.  
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Scheme 3.4. Self-assembled monolayer (SAM) technique for the immobilization of 

the surface bound initiator BIDS (a) and BIBPTES (b) on planar substrates. 

Figure 3.4 demonstrates the immersion time dependence of the dry layer for various 

concentrations of the BIBPTES (a) and BIDS (b) initiators in toluene for silanization 

times up to 3 h, the dry film thicknesses of the SAM’s are quite low, less than 1 nm, for 

both BIBPTES and BIDS, which implies that the process of densely packed molecules 

is not completed, since the theoretical value of the stretched molecular lengths of the 

two molecules is 1.5-2 nm. After 6 h silanization time, the values of the dry layer 

thicknesses are between 0.8 and 1.7 nm for the BIDS layer and 2.2-2.3 nm for the 0.5 

and 1 % v/v BIBPTES, while the layer thickness of the 2% v/v BIBPTES increased to 

10 nm. This latter value indicates the aggregation of the initiator on the surface, 

probably due to hydrolysis and crosslinking of the triethoxysilane groups even in 

anhydrous toluene, and thus the formation of an intermolecular network of non-

adsorbed molecules to the surface.18 Nevertheless, ellipsometry measurements cannot 

provide information about the morphology and uniformity of the layers. Moreover, 

when the immersion time exceeds 6 h, we obtain different trends for the two initiators. 

For the BIBPTES film, the layer thickness is clearly affected by both the concentration 

of the initiator and the silanization time and only the film thickness for 0.5 % v/v 

BIBPTES is constant with time. On the other hand, the dry film thicknesses of the 

BIDS-modified surfaces, remain consistent at ~1.7 nm for up to 24 h, which means that 
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a monolayer of the mono-ethoxy initiator has been formed at 6 h for the 0.5, 1 and 2 % 

v/v BIDS. For the evaluation of the BIBPTES films, a further insight of the morphology 

of the surfaces is needed. 
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Figure 3.4. Dry thickness of the immobilized initiators BIBPTES (a) and 

BIDS (b) as a function of immersion time during the SAM process using 

0.5% v/v (■, black), 1% v/v (●, wine) and 2% v/v (▲, dark cyan) initiator 

in toluene at RT. 
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Figure 3.5. Static water contact angles (WCAs) for the immobilized 

initiators BIBPTES (a) and BIDS (b) as a function of immersion time during 

SAM process using 0.5% v/v (■, black), 1% v/v (●, wine) and 2% v/v (▲, 

dark cyan) in toluene at RT. 

A qualitative chemical information of the silanization process can be extracted by the 

comparison of the wettability of the samples. In Figure 3.5, the silanization time 

dependence of the water contact angles of the surfaces for various concentrations of the 

BIBPTES (a) and BIDS (b) initiator in toluene is shown.  Low contact angles for both 
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initiators are observed at low silanization times up to 3 h for all concentrations, which 

indicates a poor formation of the initiator layer since the immobilized films are expected 

to be moderately hydrophobic. For the 0.5 % v/v BIBPTES-modified surfaces, an 

abrupt transition to a slightly hydrophobic state of 72º at 6 h and 79º after 24 h, which 

is consistent with the CAs provided in the literature, implies the transformation of the 

substrates into hydrophobic surfaces and suggests full coverage by the hydrophobic 

molecules.19 For the 1 and 2 % v/v BIBPTES solutions, higher contact angles between 

85º and 89º are obtained, attributed to the larger dry layer film thickness discussed 

above. Finally, a profoundly consistent behavior of the wetting properties of the BIDS-

modified substrates was observed for all concentrations above 6 h silanization time, 

with a WCA of ~81º. 

Table 3.1. Ellipsometric film thickness, water contact angles and RMS 

data for silicon substrates modified with a mono-functional initiator BIDS 

and a tri-functional initiator BIBPTES at different silanization times.  

Sample Immersion 

time  

(h) 

Film thickness 

(nm)* 

WCA 

(o)** 

RMS 

(nm)*** 

“piranha” treated 

silicon substrate  
- - 12 ± 1 0.18 ± 0.02 

 

0.5 % v/v 

BIBPTES 

3 0.8 ± 0.2 30 ± 2 0.78 ± 0.03 

6 2.2 ± 0.3 72 ± 2 0.56 ± 0.03 

24 3.3 ± 2.3 79 ± 2 2.4 ± 0.1 

 

0.5 % v/v BIDS 

3 0.8 ± 0.3 22 ± 2 0.89 ± 0.03 

6 1.63 ± 0.3 80 ± 2 0.32 ± 0.02 

24 1.72 ± 0.4 81 ± 2 0.24 ± 0.03 

*by ellipsometry, **by WCA measurements, ***by AFM 

In order to assess the morphology of the films, AFM tapping mode was utilized. We 

studied samples modified with both the mono-functional BIDS and the tri-functional 

BIBPTES initiator, employing the same 0.5 % v/v solution in toluene, which was found 

to give consistent ellipsometry and water contact angle measurements. Figure 3.6 

presents the AFM images for the BIBPTES modified silicon substrates (Figure 3.6a) 

and the BIDS modified surfaces (Figure 3.6b). The BIBPTES-modified samples present 
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a homogeneous morphology for silanization times up to 6 h, with average roughness 

values below 1 nm. Nevertheless, the homogeneity deteriorates at longer silanization 

times since the characteristic RMS values increased to 2.4 nm, which means that the 

initiator layer is less uniform, probably due to undesirable crosslinking of the 

triethoxysilane groups far from the surface. In contrast the BIDS modified substrates 

present excellent uniformity for all stages of the silanization process, with profoundly 

low RMS values, suggesting the preparation of uniform self-assembled monolayers. 

The time-dependent behavior of the two initiators during the silanization process is 

illustrated in Scheme 3.5. Table 3.1 summarizes the surface characteristics of the 

SAM’s of the two initiators at the same concentration for three different immersion 

times. 

 

Scheme 3.5. Schematic representation of the formation of SAM of the tri-functional 

BIBPTES (left) and the mono-functional BIDS (right) initiator-modified surfaces, for 

immersion times 3, 6 and 24 h in a 0.5 % v/v initiator solution in toluene. 
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Figure 3.6. Tapping mode AFM images of tri -functional BIBPTES (left) 

and mono-functional initiator-modified surfaces (right), for immersion 

times 3, 6 and 24 h in 0.5 % v/v initiator solution in toluene. Each image 

resembles an area of 5 × 5 μm2. Scale bar: 1 μm, Z-scale bar: 0-10 nm.  
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Figure 3.7. ATR-FTIR spectrum of the BIDS ATRP initiator immobilized 

on a silicon substrate. 

For the synthesis of the homopolymer brushes, the mono-functional BIDS initiator was 

chosen to prepare the SAM of the initiator on silicon surfaces (0.5 v/v % initiator 

solution in toluene, 24 h, at 25 oC). The successful immobilization of the initiator was 

verified by ATR-FTIR spectroscopy, contact angle measurements and ellipsometry. 

The transmittance FTIR spectrum is shown in Figure 3.7 indicating the appearance of 

a characteristic peak at 1737 cm-1, which is attributed to the C=O stretching vibration 

of the carbonyl ester group, a peak at 2958 cm-1 due to the C-H vibration modes of the 

methylene groups and finally, the peaks at 1257 cm-1 and 1163 cm-1, due to the C-O 

stretching and at 1045 cm-1 due to the C-C vibrations. The characteristics of these 

surfaces are summarized in Table 3.1. 
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Scheme 3.6. Schematic representation of the synthetic procedure for the preparation 

of the SAM of the ATRP initiator and SI-ATRP of the functional methacrylates. 

3.2.3 Synthesis of homopolymer brushes via SI-ATRP 

A classical SI-ATRP of the functional DMAEMA and the semi-fluorinated TFEMA, 

OFPMA and TDFOMA methacrylate was carried out from the BIDS modified silicon 

substrates. The synthetic route for the preparation of all homopolymer brushes is shown 

in Scheme 3.6.  

3.2.3.1 Preparation of PDMAEMA brushes 

The SI-ATRP of DMAEMA was carried out from the initiator functionalized silicon 

substrates using the grafting from technique (Scheme 3.6). Control over the reaction 

kinetics was established by using EBIB as a free initiator, with CuIBr/HMTETA acting 

as the catalyst system, at RT. The polymerizations were performed in the bulk, and in 

THF at constant molar ratios of [DMAEMA]/[CuIBr]/[HMTETA]/[EBIB] = 500/1/1/2. 

Figure 3.8a shows the evolution of dry film thicknesses, as a function of the 

polymerization time for the SI-ATRP of DMAEMA for three volume ratios of 1:0 

(bulk), 1:1 and 4:1 v/v in THF, and a target degree of polymerization of 500. In these 

plots, higher initial growth rate of the polymer chains occurs in the absence of the 

moderately polar THF. A dry film thickness of 14 nm was obtained after 3 h, which 

indicates a rather fast growth rate of the polymer chains from the surfaces. The polymer 
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film thickness increases linearly up to 5 h after which it deviates and forms a plateau 

up to 15 h with a final dry film thickness of 38 nm. The loss of linearity in the longer 

reaction times is attributed to the reduced rate of monomer diffusion or to the partial 

loss of the active chain ends of the grafted polymer chains. This accelerated growth rate 

is thus not desirable. The presence of THF in a 1:1 v/v ratio affects clearly the 

polymerization rate and subsequently the thickness of the polymer brushes. An initial 

polymer film thickness of 7 nm at 3 h id obtained, followed by a linear increase for at 

least 18 h. Even though there is an excellent linear increase of the film thickness with 

time, the rate of polymerization and therefore the thickness of the final polymer film is 

profoundly decreased. The early termination in bulk polymerization and the moderate 

rate of polymerization in the 1:1 ratio of monomer to THF led to the study of a 4:1 

volume ratio of DMAEMA to THF. The PDMAEMA brushes follow a constant 

polymerization rate up to high thicknesses (ca. 48 nm in 12 h), and thereafter the 

polymerization rate is slightly decreased. 

The free polymers retrieved from the solution of the polymerization mixture were 

analyzed by SEC to obtain the molecular characteristics of the polymer brushes (see 

Table 3.2). Determining the molecular weight of the grafted polymer chains on a flat 

surface can be problematic, due to the tiny amount of polymer brush material in the 

typically explored areas of 1.0 - 1.5 cm2. The addition of free sacrificial initiator to the 

reaction mixture is the most widely employed method for determining the polymer 

molecular weights and molecular weight distributions.20 Figure 3.8b shows 

representative SEC traces of the free polymers obtained from the bulk and solution 

polymerizations at 12 h. Molecular weights varied between 28,000 and 77,000 for the 

synthesized polymers. Even though, the traces in all cases are monomodal, addition of 

THF in a 1:1 volume ratio led to a broader molecular weight distribution (Mw/Mn=1.38). 

On the other hand, the polydispersities of the polymers retrieved from the bulk and the 

4:1 volume ratio, are narrow between 1.1 - 1.2, which define a controlled 

polymerization process. 
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Figure 3.8. (a) Evolution of the dry film thickness vs polymerization time 

for the SI-ATRP of DMAEMA in the bulk (■, black) and in the presence of 

THF (●, red and▲, blue). (b) SEC traces for the PDMAEMA homopolymers 

obtained after 12h in the bulk and in the presence of THF.   

Table 3.2. Characterization data for the initiator SAM at 24 h silanization 

time and the synthesized PDMAEMA brushes after 12 h polymerization 

time. 

Monomer* Solvent Reaction 

time 

(h) 

Ellipsometric 

thickness 

(nm) 

Mn 

(g/mol) 

Mw/Mn Grafting 

density 

(chains/nm2) 

RMS 

(nm) 

BIDS toluene 24 1.7 ± 0.3 - - - 0.24 

 

 

DMAEMA 

 

THF 

1:1 

 

 

12 

19 ± 1 28,000 1.38 0.41 1.7 

bulk 38 ± 1 77,000 1.11 0.29 1.1 

THF 

4:1 
48 ± 1 61,000 1.18 0.47 0.8 

* [M]:[I] = 500:1 

Next, the grafting density σ, of the polymer chains on the surfaces was calculated using 

the equation (see Table 3.2): 

𝜎 =
𝑑×𝑁𝐴×ℎ

𝑀𝑛
                    (2.1) 

where h is the dry polymer film thickness (nm), d is the bulk density of the polymer 

(1.097 g/cm3 for PDMAEMA), Mn is the number-average molecular weight of the 
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chains grafted on the surface assumed to be the same as that of the polymer chains in 

solution (determined by GPC) and NA is the Avogadro’s number (6.023×1023). In the 

presence of a 1:1 volume ratio of DMAEMA to THF, the less concentrated 

polymerization mixture led to lower molecular weights on the surfaces thus resulting 

in low film thicknesses of the polymer brushes. At high polymerization times (12 h), 

the grafting density was calculated 0.41 chains/nm2, suggesting densely grafted 

polymer brushes on the surfaces. On the other hand, the grafting density of the polymer 

chains prepared in the bulk polymerization is much lower (σ = 0.29 chains/nm2), which 

verifies that the change in the viscosity of the reaction mixture impacts the growth of 

the polymer chains on the substrate more than those in solution. Opposed to the viscous 

bulk polymerization, the presence of a low amount of a moderate polar solvent (4:1 v/v 

THF), resulted in the highest grafting density (σ = 0.47 chains/nm2) of the polymer 

chains.  

Finally, the morphology of the PDMAEMA brushes was probed by AFM. Figure 3.9 

shows the AFM images of the polymer films prepared in 1:0, 1:1 and 4:1 volume ratio 

of DMAEMA to THF via SI-ATRP for 12 h. For 1:0 and 4:1 ratio, the polymer films 

present a homogeneous morphology with average roughness values ~ 1 nm, suggesting 

the preparation of uniform polymer films. For 1:1 ratio the polymer film presents the 

highest value of RMS at 1.7 nm, which may be attributed to the higher distribution of 

the grafted polymer chains, observed by GPC (Table 3.2). One of the main objectives 

of this thesis is to obtain well-defined smooth polymer brushes of high grafting 

densities, and therefore the brushes prepared at [DMAEMA]/[THF] = 4:1 were chosen 

for further studies. 
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Figure 3.9. AFM height images of the BIDS initiator  (Z:0-10 nm) (a) and 

the PDMAEMA brushes prepared at 1:1 v/v (b), 1:0 v/v (c) and 4:1 v/v (d) 

ratios of DMAEMA to THF. Each image resembles an area of 5 × 5 μm2. Z-

scale bar: 0-20 nm. 

 

Well-defined PDMAEMA brushes were synthesized by SI-ATRP in a mixture 

monomer: THF mixture 4:1 v/v, with Mn’s between 11,000 gr mol-1 and 170,000 gr 

mol-1 and low molecular weight distributions (Mw/Mn=1.1 to 1.35) (by SEC). The 

corresponding dry thicknesses are 9 up to 130 nm, respectively (see Table 3.3). Figure 

3.10a compares the dry film thicknesses of the attained PDMAEMA brushes and the 

molecular weights of the free polymers grown in solution, respectively, as a function 

of the polymerization time. A linear growth rate is vital for a good control of the 

polymerization and for high film thicknesses. Overall, a 9 nm film was obtained after 

3 h of polymerization, which increased to 24, 58 and 131 nm by prolonging the reaction 

time to 5, 12 and 38 h, respectively. A linear increase of the film thickness with the 

(a) (b)

(c) (d)
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polymerization time was observed for PDMAEMA brushes up to 12 h, after which 

increase in the film thickness becomes slower. This can be attributed to either a loss of 

the living character of the polymerization due to undesirable termination reactions or 

to inaccessible active polymerization sites, due to the increase in the viscosity of the 

reaction mixture at higher polymerization times, when large polymer chains are present 

in the solution. In addition, Figure 3.10b shows the SEC traces of the free polymers 

obtained in solution during the SI-ATRP. In all cases, the traces are uniform and 

monomodal with narrow molecular weight distributions. The grafting density σ (chains 

nm-2) of the PDMAEMA chains on the surface was calculated ~ 0.5 chains nm-2 for 

film thicknesses above 9 nm, suggesting the synthesis of densely grafted polymer 

brushes. Table 3.3 summarizes the characteristics of the synthesized PDMAEMA 

brushes. 
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Figure 3.10. (a) Evolution of the dry film thickness (■, black) and the 

molecular weight of polymer chains in solution (●, blue) with the reaction 

time for the synthesis of the PDMAEMA brushes. (b) SEC traces for the 

free PDMAEMA obtained from the solution during the SI -ATRP of 

PDMAEMA brushes. 
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Table 3.3. Characterization data for the synthesized PDMAEMA brushes.  

Monomer solvent Reaction 

conditions 

[M]:[I] 

Reaction 

time  

(h) 

Ellipsometric 

thickness 

(nm) 

Mn 

(g/mol) 

Mw/Mn Grafting 

density 

(chains/nm2) 

BIDS toluene - 24 1.7 ± 0.3 - - - 

 

DMAEMAa 

 

THF 

4:1 

 

1300:1 

3 9.0 ± 0.7 11,000 1.35 0.54 

5 (a=1) 24 ± 1 30,000 1.30 0.53 

12 (a=2) 58 ± 1 81,000 1.09 0.47 

38 (a=3) 131 ± 3 170,000 1.12 0.51 

 

 In order to verify the presence of the homopolymer chains on the silicon substrates, we 

performed transmittance ATR-FTIR analysis of the polymer films. Figure 3.11 shows 

the FTIR spectra for the three thicker PDMAEMA films with dry thicknesses of (a) 24 

nm, (b) 58 nm and (c) 130 nm, respectively (denoted as PDMAEMAa, where a = 1, 2 

or 3 (see Table 3.3)). The appearance of a characteristic peak at 1730 cm-1 which 

corresponds to the C=O stretching vibration of the ester group and the peaks at 2822 

and 2770 cm-1 attributed to the (CH3)2-N symmetric and asymmetric stretching 

vibrations of the polymer were observed. In addition, the absence of a peak at ~1630 

cm-1, which is characteristic of the C=C bonds, indicates that there is no residual 

monomer within the grafted polymer films. Finally, the increase of the intensity of the 

carbonyl peak with the film thickness, implies that the amount of grafted polymer 

increases, which is consistent with the ellipsometric and SEC data, discussed above.  
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Figure 3.11. FTIR spectra of the (a) PDMAEMA1, (b) PDMAEMA2 and (c) 

PDMAEMA3 brushes. 

3.2.3.2 Preparation of semi-fluorinated polymer brushes 

The SI-ATRP of TFEMA, OFPMA and TDFOMA was similarly carried out from the 

initiator functionalized substrates (Scheme 3.6). The low concentration of initiator on 

the surfaces cannot provide the sufficient amount of deactivator to control the ATRP 

reaction. Thus, sacrificial initiator, EBIB, was employed to synthesize well-defined 

brushes on the substrates. The polymerizations were performed in the presence of α,α,α-

trifluorotoluene (TFT), as a solvent, at 100 oC and at constant molar ratios of 

[fluoroMA]/[CuIBr]/[dNbpy]/[EBIB]. TFT was used as a good solvent for the SI-ATRP 

of the fluorinated monomers.  

The semi-fluorinated TFEMA, OFPMA and TDFOMA brushes differ in the amount of 

fluorine atoms present on the side groups of the grafted polymers, comprising three, 

eight and thirteen fluorine atoms bound to carbon atoms, respectively. The almost linear 

increase of the polymer film thickness with the polymerization time indicated a good 

control of the polymerization reaction (Figure 3.12a). A dry film thickness of 10 nm 

was obtained after 10 h polymerization of TFEMA, which indicates a rather 

moderate/slow growth rate of the polymer chains from the surfaces. The polymer film 

thickness increases almost linearly up to 48 h after which, it deviates for 60 h with a 

final dry film thickness of 26 nm. Deviations in the longer reaction times are attributed 

to the reduced rate of monomer diffusion or the partial loss of the active chain ends, 
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which slowed down the polymerization. Similarly, a 5 and 4 nm film was obtained after 

10 h of polymerization of OFPMA and TDFOMA, respectively, which increased to 15 

and 12 nm by prolonging the reaction time up to 60 h, respectively. The characterization 

data for the semi-fluorinated homopolymer brushes are summarized in Table 3.4 

(denoted as TFEMAn, OFPMAn and TDFOMAn, where n = 1, 2 or 3 for 12, 24 and 60 

h reaction time). The growth rate of the fluorinated brushes is slower compared to that 

of the PDMAEMA brushes using a 1:1 volume ratio of monomer to solvent, 

nonetheless direct comparison with the PDMAEMA brushes is not reliable since 

different catalyst systems and solvents were employed. The overall film thicknesses 

attained for the semi-fluorinated polymers decreased as the fluorinated alkyl groups 

became longer suggesting the slowdown of the polymerization reaction. Assuming that 

the reactivities of the semi-fluorinated methacrylate monomers are similar, the 

observed difference in the growth rate can be partly attributed to the larger size of the 

TDFOMA- and OFPMA-monomer in comparison to TFEMA (having 2.6 and 1.4 times 

higher molecular weight than TFEMA, respectively), so that propagation step adds 

more mass to the polymer layer in each case.  
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Figure 3.12. (a) Evolution of the dry film thickness with the polymerization 

time for the PDMAEMA (●, blue) PTFEMA (♦, dark blue) POFPMA (●, 

wine) and PTDFOMA (*, purple) homopolymer brushes (b) FTIR spectra of 

grafted (i) PDMAEMA1, (ii) PTFEMA3, (iii) POFPMA3 and (iv) 

PTDFOMA3 brushes. The vertical yellow line denotes the characteristic 

peak at 1131 cm-1 attributed to the C-F stretching vibration. 

 

The presence of the grafted semi-fluorinated PTFEMA3, POFPMA3 and PTDFOMA3 

chains on the substrates was confirmed by ATR-FTIR spectroscopy (Figure 3.12b). The 

appearance of a peak at 1730 cm-1 which corresponds to the C=O stretching vibration 
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of the ester group and the characteristic peak at 1131 cm-1 attributed to the C-F 

stretching vibration of the semi-fluorinated polymer units were observed.  

 

Table 3.4. Characterization data for the synthesized fluorinated brushes.  

Monomer Reaction 

time  

(h) 

Ellipsometric 

thickness 

(nm) 

Mn 

(g/mol) 

Mw/Mn Grafting 

density 

(chains/nm2) 

  

TFEMAn
 

  

12  10 38,000 1.31 0.24 

24 14 47,000 1.22 0.26 

60 26 75,000 1.24 0.30 

  

OFPMAn 

  

12 5 24,000 1.23 0.20 

24 10 50,000 1.18 0.19 

60 15 70,000 1.16 0.20 

  

TDFOMAn 

  

12 4  

NA 

 

 

NA 

 

 

NA 24 7 

60 12 

❖ TFT was used as a solvent for the polymerizations at 100 oC. 

 

The free polymers retrieved from the solution of the polymerization mixture were 

analyzed by SEC to obtain the molecular characteristics of the polymer brushes (see 

Table 3.2). The Mn’s were ranged between 38,000 gr mol-1 and 75,000 gr mol-1 for 

PTFEMA brushes and 24,000 gr mol-1 and 70,000 gr mol-1 for POFPMA brushes with 

low molecular weight distributions (Mw/Mn=1.16 to 1.31). The PTDFOMA polymer is 

insoluble in THF, thus its molecular weight and molecular weight distribution could 

not be analyzed by SEC. Figure 3.13 shows the SEC traces of the free polymers 

obtained in solution during the SI-ATRP of TFEMA and OFPMA. SEC is equipped 

with a refractive index detector (RI) and uses THF as the eluent. The SEC 

characterization of the POFPMA polymer gave a negative RI signal, which is 

characteristic for fluoropolymers with lower refractive index than that of the eluent 

solvent (npopfma < nthf). In all cases the traces are monomodal with narrow molecular 
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weight distributions (below 1.31) suggesting a good control of the polymerization 

reaction.  

The grafting density σ (chains nm-2) of the PTFEMA and POFPMA chains on the 

surface was calculated between 0.2 - 0.3 chains nm-2, suggesting the synthesis of 

densely grafted polymer brushes (see Table 3.2).  
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Figure 3.13. SEC traces of the free PTFEMAn (a) and POFPMAn (b) 

polymer obtained in solution during the SI-ATRP of the semi-fluorinated 

monomers after 12, 24 and 60 h polymerization time (n=1, 2 and 3, 

respectively) 

 

3.2.4 Post-polymerization modification of the PDMAEMA brushes 

Next, quaternization of the PDMAEMA brushes was carried out by a post-

polymerization modification reaction to convert the tertiary amine groups of the 

DMAEMA units to their quaternary ammonium salt analogues. Alkyl halides with 

different alkyl chain lengths (ACLs) were employed (see Scheme 3.7) to investigate 

their effect on the polymer film properties and the antimicrobial activity of the resulting 

PQDMAEMA brushes (denoted as PQDMAEMAa-CY, where a = 1, 2 or 3 and Y is 

the number of carbon atoms attached on the tertiary amine groups upon quaternization).  
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Scheme 3.7. Schematic illustration of the (i) initiator self-assembled monolayer 

formation, (ii) SI-ATRP of DMAEMA and (iii) quaternization of the PDMAEMA 

homopolymer brushes, using different alkyl halides, to obtain the PQDMAEMA 

brushes. 

 

The PQDMAEMA brushes were characterized by FTIR spectroscopy and 

representative plots for non-quaternized and quaternized PDMAEMA brushes with 

short and long ACL are presented in Figure 3.14. A new peak appeared at 2854 cm-1, 

which is attributed to the (CH3)3-N
+ vibration of the quaternary ammonium groups, 

verifying the successful quaternization reaction. The disappearance of the N-(CH3)2 

stretching vibrations of the tertiary amine groups, at 2821 and 2771 cm-1, for the 

PQDMAEMA-C1 brush, indicated the near quantitative quaternization of the amine 

groups. It is noted that the peaks, at 2821 and 2771 cm-1, were still observed for the 

PQDMAEMA-C18 brush suggesting the presence of some remaining tertiary amine 

groups, which were not quaternized. Moreover, the peak in the 2887-3000 cm-1 range, 

attributed to the C-H stretching vibration, became more intense after quaternization 

verifying the attachment of the alkyl chains on the polymer brushes.  
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Figure 3.14. Transmittance FTIR spectra of the PDMAEMA brush of an 

initial dry thickness of 24 nm (a), the PQDMAEMA-C1 brush (b) and the 

PQDMAEMA-C18 brush (c).  The vertical black dashed line denotes the 

characteristic peak at 2920-2857 cm -1 attributed to the N+-(CH3)3 vibration. 

 

3.2.5 Surface properties of the homopolymer brushes 

3.2.5.1 Morphology of the homopolymer brushes 

The surface properties of thin polymer films, such as the wettability, surface energy, 

friction, biological performance and others, are profoundly affected by the surface 

topography and the surface chemistry at the interface. The surface morphology of the 

homopolymer brush films was assessed via AFM measurements under ambient 

conditions. Figure 3.15a-d shows AFM height images of the PQDMAEMA1 brushes 

and semi-fluorinated PTFEMA3, POFPMA3 and PTDFOMA3 brushes. The average 

roughness of the polymer films was calculated from the AFM images and was found 

between 0.7 and 1.2 nm, indicating homogeneous and noticeable smooth surfaces. In 

addition, Figure 3.15e-f shows representative AFM height images for the 

PQDMAEMA1-C3 and PQDMAEMA1-C18 brushes. A small increase in the surface 

roughness was found after quaternization with an average RMS between 1.2 and 1.5 

nm for the PQDMAEMA brushes in the dry state, indicating that the quaternization 

reaction affected only slightly the morphology of the surfaces. Table 3.5 summarizes 

the mean-root square roughness of each sample. Since the surface morphology of the 

polymer brushes was smooth, with negligible variations in the average roughness, it is 
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clear that the surface chemistry will determine the surface properties of the thin polymer 

films. 

 

Figure 3.15. AFM  images of the PDMAEMA1 (a), PTFEMA3 (CF1) (b), 

POFPMA3 (CF4) (c) and PDTDFOMA3 (CF6) (d) homopolymer brushes and 

the PDMAEMA brushes after quaternization with iodopropane (e) and 

iodooctadecane (f). Each image resembles an area of 5 × 5 μm2. Z-axis scale 

bar: 0-20 nm. 

(a) (b)

(c) (d)

(e) (f)
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Table 3.5. Surface characteristics of the homopolymer brushes  

 

Monomer Reaction 

time  

(h) 

Ellipsometric 

thickness 

(nm) 

RMS 

(nm) 

DMAEMA1 5 24 0.7 

TFEMA3 60 26 0.9 

OFPMA3  60 15 1.1 

TDFOMA3  60 12 1.4 

DMAEMA1-C3 - 42 1.2 

DMAEMA1-C18 - 34 1.4 

 

 

3.2.5.2 Wetting behavior of the homopolymer brushes 

The surface wettability of the homopolymer brushes was investigated by static water 

contact angle (WCA) measurements, to study the effect of the ACL of the 

PQDMAEMA brushes and the number of fluorine atoms of the semi-fluorinated 

PTFEMA3, POFPMA3 and PTDFOMA3 brushes (denoted as CFY, where Y = 1, 4 or 6 

is the number of fluorinated carbon atoms attached on the side groups of the TFEMA, 

OFPMA and TDFOMA monomers, respectively) on the polymer film properties. WCA 

measurements were performed after immersion of the polymer films in a good solvent, 

THF for the PDMAEMA brushes and HFiP for the fluorinated brushes. The insets in 

Figure 3.16 shows photographs of water droplets placed on the polymer brushes. Figure 

3.16a represents the WCA values of the PDMAEMA and PQDMAEMA brushes for 

the three different film thicknesses. The WCA’s on the PDMAEMA films were 

measured ~60o which is in good agreement with the values reported in the literature for 

PDMAEMA brushes. Even though, PDMAEMA is a polar polymer due to the amino 

group and is a water-soluble polymer, the corresponding PDMAEMA brushes have 

relatively high WCAs. Next, the WCAs of the semi-fluorinated brushes was studied 

(Figure 3.16b). The introduction of 3 fluorine atoms (CF1) resulted in a hydrophobic 
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brush with contact angle 90o, whereas the contact angle increased to 108o and 118o for 

fluorinated alkyl chain lengths (FCL) of CF4 and CF6, corresponding to POFPMA and 

PTDFOMA brushes, respectively. This increase in WCA can be attributed to the 

presence of the fluorinated alkyl side chains at the outermost surface of the brush. The 

surfaces of the films are enriched with fluorinated domains, due to the phenomenon of 

vertical alignment of neighboring perfluoroalkyl units,21 attributed to the tendency of 

the fluorinated films to lower their overall free energy through migration of the low-

energy fluorine groups to the outer surface resulting in higher hydrophobicity.  

 

 

Figure 3.16. Static water contact angles (WCAs) for the homopolymer 

brushes (a) PDMAEMAa and PQDMAEMAa-CY brushes quaternized with 

different alkyl halides and (b) PTFEMA3, POFPMA3 and PTDFOMA3 with 

CF1, CF4 and CF6 FCL, respectively. The black line denotes the value of 

90o, which separates hydrophilic and hydrophobic surfaces. Insets: WCA 

images of the homopolymer brushes.  

The surface wettability of the PQDMAEMA brushes was examined as a function of the 

ACL of the alkylating agent bearing the same halide (iodide). Figure 3.16 depicts the 

WCA values as a function of the ACL (C1-C18) of the quaternization agent for the 

PQDMAEMA brushes. For small ACLs (C1-C3) of the quaternization agents, the 

WCAs were found lower than the value measured for the precursor PDMAEMA brush 

(57 o ± 2 o), indicating that the permanent positive charge on the polymer side groups 

increases the hydrophilicity of the surface. Moreover, the WCA increased 

monotonically from 36 o for C1, 39 o for C2 and 42 o for C3, signifying the influence of 

each additional methylene unit of the alkyl chain on the surface wettability. However, 
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the wettability of the surface changed dramatically for longer ACLs (C≥6), and a 

hydrophilic-to-hydrophobic transition was observed for C12 to C18 with WCAs in the 

range of 90 o-100 o. This suggests that despite the charged quaternary ammonium salt 

moieties, the surface wettability is dominated by the long hydrophobic alkyl chains 

attached onto the polymer side-groups, and renders the quaternization reaction a novel 

and facile approach to tune the hydrophilicity/hydrophobicity of a polyamine surface 

at will. It is noted that, the WCAs were not affected by the polymer molecular weight 

and therefore the thickness of the polymer films, when quaternized with the same alkyl 

halide, verifying that the wettability is a surface property influenced only by the 

outermost layer of the film. 

3.2.5.3 Surface free energy of the homopolymer brushes 

The surface free energy (SFE) values of the PQDMAEMA1 brushes were calculated 

from the static CA measurements of Milli-Q water and diiodomethane, using the 

equation of Owens and Wendt.22 Figure 3.17a shows the surface energy values of the 

homopolymer brushes. The surface energy of the neat silicon substrate after piranha 

solution was measured at 70 mN/m, which is similar to that of water at 72 mN/m. 

Moreover, the surface energy values decreased to 53º for the PDMAEMA1 brush (CF0), 

signifying the influence of the polar tertiary amine groups on the surface energy. 

However, the surface energy changed dramatically for the semi-fluorinated polymers 

(CF1, CF4, and CF6), and obtained values of 10, 15 and 23 mN/m. This suggests that, 

the surface wettability is dominated by the long-fluorinated alkyl chains and decreases 

monotonically with the increase of the FCL. This is again attributed to the tendency of 

the fluorinated units to migrate to the surface and thus lowering the surface energy. 

Figure 3.17b depicts the surface energy values as a function of the ACL (C1-C18) of 

the quaternization agent for the PQDMAEMA1 brushes. The PQDMAEMA1 brushes 

with small ACLs (C1-C3) exhibited higher surface energies compared to the value 

calculated for the PDMAEMA1 brush (53 mN/m), indicating the formation of a polar 

strong polyelectrolyte brush. Moreover, the surface energy values decrease slightly, 

from 62 to 60 mN/m, with the increase of the ACL (C1 to C3) of the quaternization 

agent. A more abrupt decrease of the surface energy, down to 33, 32, 29 and 27 mN/m, 

was found for the longer ACLs, C6, C12, C16 and C18, respectively, and verifies the 

presence of the long hydrophobic alkyl chains at the air-polymer interface, which 
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diminish the surface free energy of the films.  Table 3.6 summarizes the surface energy 

values of the homopolymer brushes. 

 

   

Figure 3.17. Surface energy values for the (a) homopolymer brushes and (b) 

PQDMAEMA1 brushes quaternized with different alkyl halides . The 

horizontal black line denotes the equilibrium value  (~20 mN/m), which 

describes the transition between low and high surface energy films.  

 

Table 3.6. Contact angle and surface energy values of the homopolymer 

brushes and the PQDMAEMA1 brushes quaternized with C3 and C18. 

 

Monomer 

Water 

CA 

(o) 

Diiodomethane 

CA 

(o) 

SFE 

 γSV  

(mN/m) 

DMAEMA (CF0) 58 38 53 

TFEMA (CF1) 97 78 23 

OFPMA (CF4) 108 87 15 

TDFOMA (CF6) 118  100 10 

QDMAEMA-C3 40 31 60 

QDMAEMA-C18 96 60 27 
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3.2.5.4 Film thickness and degree of quaternization of the PQDMAEMA brushes 

The dry film thicknesses of the PDMAEMA and PQDMAEMA brushes were measured 

by spectroscopic ellipsometry (Figure 3.18). For all samples, irrespective of the dry 

thickness of the precursor PDMAEMA brush, an increase in the film thickness was 

measured after quaternization, which was dependent on the ACL of the quaternization 

agent. A two-fold increase in the dry film thickness was found for the polymer brushes 

quaternized with iodomethane and was attributed to the increase of the molecular 

weight of the monomer repeat units, as well as to any remaining chemically-bound 

water molecules within the charged polymer brush. On the other hand, the increase in 

film thickness was lower as the ACL of the quaternization agent increased, suggesting 

that the mass balance alone, which increases with the ACL of the alkyl halide, cannot 

justify the measured film thicknesses for the PQDMAEMA brushes, assuming 100% 

quaternization of the tertiary amine groups.  

 

Figure 3.18. Dry film thicknesses for the PQDMAEMA1  (white), 

PQDMAEMA2 (grey) and PQDMAEMA3 (black) brushes quaternized with 

different alkyl halides.  

In order to elucidate further the effect of the ACL of the quaternization agent on the dry 

polymer film thickness, the chain swelling, defined as the difference of the dry brush 

thickness after quaternization, to the thickness of the precursor PDMAEMA brush, was 

calculated. The chain swelling was determined at 40% relative humidity and room 

temperature, at which conditions the PDMAEMA brush has been shown in the literature 

to exhibit negligible water uptake.23 Figure 3.19a depicts the chain swelling values for 
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the PQDMAEMA1, PQDMAEMA2 and PQDMAEMA3 brushes as a function of the 

ACL of the quaternization agent. For the PQDMAEMA brushes quaternized with small 

ACLs (C1-C3) high chain swelling values were obtained, which decreased gradually 

with the increase of the ACL (C1 to C3) of the quaternization agent, whereas, an abrupt 

decrease of the chain swelling was observed for longer ACLs (C≥6) and attained an 

almost constant value of ~13 nm for all PQDMAEMA1, PQDMAEMA2 and 

PQDMAEMA3 brushes, quaternized with C12, C16 and C18. These results are 

consistent with the discussion above that the mass balance of the PQDMAEMA brushes 

cannot justify the increase in the dry polymer film thickness and the chain swelling, 

assuming a 100% yield of the quaternization reaction. 

 

Figure 3.19. (a) Chain swelling values and (b) degrees of quaternization for 

the PQDMAEMA1 (●, grey), PQDMAEMA2 ( , blank) and PQDMAEMA3 

(■, black) brushes using different alkyl halides.  

Next, the dry thicknesses of the brushes after quaternization were used to calculate the 

effective degrees of quaternization, by a mass balance using a modified value for the 

molecular weight of the monomer repeat unit to include the mass of the quaternization 

agent (equations 2 and 3).24 The degrees of quaternization, shown in Figure 3.19b, and 

listed in Table 3.7 for PQDMAEMA1, decreased from ~92% to ~70% for the 

quaternization agents with short ACLs, C1, C2 and C3, irrespective of the initial brush 

thickness. Upon further increasing the ACL (C≥6) the degrees of quaternization 

decreased further, but deviated for the three PDMAEMA brushes of different film 

thickness, and became very low (<20%) for the thicker brushes and for C≥12. 
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Table 3.7. Characteristics of the PDMAEMA1 and PQDMAEMA1 

brushes. 

Brush Thickness 

(nm) 

DQ (%) 

(by 

ellipsometry) 

DQ 

(mol %) (by 

UV/vis) 

PDMAEMA1 24 ± 1 - - 

PQDMAEMA1-C1 46 ± 1 92 94 

PQDMAEMA1-C2 43 ± 1 81 78 

PQDMAEMA1-C3 43 ± 1 69 65 

PQDMAEMA1-C6 40 ± 1 50 48 

PQDMAEMA1-C12 37 ± 1 38 30 

PQDMAEMA1-C16 36 ± 1 26 29 

PQDMAEMA1-C18 34 ± 1 18 24 

 

The degrees of quaternization of the PQDMAEMA1 brushes were also determined by 

UV/Vis spectroscopy, using a colorimetric method based on fluorescent complexation 

(Chapter 2). The successful synthesis of the n-butyltrimethylammonium iodide 

detergent (Scheme 3.8) is confirmed by the peak of the methylene protons at 2.90 ppm, 

whereas its purity due to the absence of any further peaks in the 1H NMR spectrum 

(Figure 3.20). Figure 3.21 shows the UV/Vis spectra of the solutions of the adsorbed 

fluorescent dye for each PQDMAEMA1 brush. The characteristic absorbance peak of 

AO7 at 483 nm is observed. The peak intensity decreased with the increase of the ACL 

of the quaternization agent, suggesting a lower concentration of adsorbed dye, and 

hence, a decrease in the degree of quaternization of the polymer brush. The degrees of 

quaternization of the PDMAEMA1 brush ranged from 94.4% to 23.9% (Table 3.7), 

assuming a 1:1 interaction of the dye molecules with the quaternary ammonium groups 

of the polymer brush, as the ACL of the quaternization agent increased from C1 to C18, 

in good agreement with the values discussed above for the ellipsometric data, and the 

FTIR spectra. These results imply that small alkyl halides (C1-C3) can effectively 

diffuse within the dense hydrophilic polymer brush, and react quantitatively with the 

tertiary amine groups of DMAEMA, whereas, the diffusion of the alkyl halides with 
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longer ACLs (C≥6) in the brush is restricted and quaternize only partially the 

PDMAEMA brush.  

 

Scheme 3.8. Synthesis of the detergent molecule n-butyltrimethylammonium iodide. 

 

Figure 3.20. 1H NMR spectrum (in CDCl3) of the n-

butyltrimethylammonium iodide.  1H NMR (300 MHz, CDCl3): δ 3.11 (2H, 

t), 2.90 (9H, s), 1.56 (2H, m), 1.16 (2H, q), 0.74 (3H, t) 

 

Figure 3.21. UV/vis absorption spectra of the supernatant solutions 

following desorption of the adsorbed dye, AO7, from the PQDMAEMA 1  

brushes.  
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The thickness of the PDMAEMA films which was effectively quaternized by the alkyl 

halides was calculated using equation 2.2 (Figure 3.22). The quaternized thickness 

followed a similar trend to the chain swelling values discussed above, and was found 

to decrease gradually with the increase of the ACL (C1 to C3) of the quaternization 

reaction agent attaining a constant value of ~4-6 nm for the PQDMAEMA1, 

PQDMAEMA2 and PQDMAEMA3 brushes, quaternized with C12, C16 and C18, 

irrespective of the initial brush thickness. These results suggest that a constant 

outermost layer of the film becomes quaternized with the long ACLs, which prevents 

further diffusion of the alkyl halide molecules deeper into the brush (Scheme 3.9a).13, 
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Figure 3.22. Effective quaternized thickness of the PQDMAEMA1 (grey 

circles), PQDMAEMA2 (white squares) and PQDMAEMA3 (black squares) 

brushes using different alkyl halides. Inset: Magnification of the plot for 

PQDMAEMA1 (grey circles), PQDMAEMA2  (white squares) and 

PQDMAEMA3 (black squares) brushes for long ACLs. 
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Scheme 3.9. Schematic representation of the (a) effective quaternization of the 

PDMAEMA brushes with alkyl halides of different ACLs and (b) protonation of the 

PQDMAEMA brushes bearing long ACLs at the quaternary ammonium salt groups.  

3.2.5.5 pH-responsive behavior of the PQDMAEMA brushes 

PDMAEMA brushes have been widely explored for their pH-responsive behavior in 

aqueous solutions.9, 13, 26 The effective pKα of PDMAEMA homopolymer, which is a 

weak polybase, has been reported around 7-7.5.27 Therefore, the addition of a strong 

acid (HCl) in water-immersed PDMAEMA brushes, results in the protonation of the 

tertiary amine groups, and the polymer chains become stretched away from the surface 

to minimize the electrostatic interactions. Nevertheless, quaternization of the tertiary 

amine groups of PDMAEMA leads to the formation of a strong polyelectrolyte and 

eliminates the pH-responsive character of the polymer brushes. Between these two 

extreme cases, partially quaternized PDMAEMA brushes are expected to possess 

accessible tertiary amine groups, which can become protonated by acid, thus retaining 

the pH-responsive behavior of the brush. The pH-response of the PQDMAEMA 

brushes prepared in this work was studied by immersing the samples in water at pH 

values, 3, 7 and 11, under vigorous stirring. The effect of the solution pH was monitored 

by measuring the variation of the ellipsometric dry film thickness of the samples at the 

three pH values (Figure 3.23). For short ACL (C1-C3) the brushes presented only a 
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small decrease in the film thickness upon increasing the solution pH suggesting that 

only very few accessible amine groups are present in the brush, and verifying the near 

quantitative quaternization of the polymer. In contrast, the PQDMAEMA1 brushes 

bearing long ACLs (C≥6) exhibit a maximum in size at acidic conditions, and a 

significant decrease in thickness at high pH values, indicating the deprotonation of the 

non-quaternized amine groups of the brush. These results are consistent with the 

discussion above suggesting the quaternization of an outermost layer of the polymer 

brush when using alkyl halides with long ACLs and yield pH-responsive PQDMAEMA 

brushes. It is noted that, small HCl molecules can diffuse effectively through the dense 

polymer chains and protonate the free tertiary amine at low pH values (Scheme 3.9b). 

 

 

Figure 3.23. Dry film thickness vs. the pH, at values of 3, 7 and 11, for the 

PQDMAEMA1 brushes Surface characteristics of PDMAEMA and 

PQDMAEMA brushes. The lines are guides to the eye.  

3.2.6 Tribological behavior of the homopolymer brushes 

Surface forces control the adhesion and friction and play a significant role in the 

assembly, manipulation and operation of nanoscale devices or biological implants. 

AFM in the LFM mode enables the quantitative probing of the adhesion and friction 

forces at the nanoscale by measuring force-distance curves or lateral friction forces at 

given normal applied loads. The measurements were performed after treating the 

homopolymer brushes with a selective solvent.  
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3.2.6.1 Adhesion 

Adhesion measurements were performed under ambient conditions (RH ~50%) to 

obtain the tribological properties of the homopolymer brushes. Atomic force 

microscopy was employed for the determination of the adhesion properties under 

various applied loads using a silicon nitride (Si3N4) tip. Figure 3.24 shows the 

characteristic adhesion force vs distance curves for (a) a silicon wafer, (b) the 

PDMAEMA, (c) PTFEMA, (d) POFPMA and PTDFOMA brushes at 20 nN normal 

applied load. The silicon tip approaches the polymer brush until a maximum normal 

load of 20 nN is reached with a velocity of 0.25 μm/s and a distance of 2 μm. Upon 

retraction of the tip, an adhesive interaction is observed for all systems, which decreases 

as the number of the fluorine atoms in the side-group of the polymer increases. The 

high adhesion force and the adhesion hysteresis between the Si3N4 tip and the UVO-

cleaned silicon surface is related to the strong capillary forces, due to the adsorption of 

water molecules on the superhydrophilic surfaces. For the PDMAEMA brushes we also 

observe an adhesion hysteresis for over 0.5 μm, while for the PTFEMA, POFPMA and 

PTDFOMA brushes it is kept at ~0.2 μm. This suggests that the collapsed hydrophilic 

PDMAEMA chains in the dry state interact more strongly with the silicon nitride probe 

upon retraction compared to the semi-fluorinated films and is ascribed to interactions 

between the AFM tip and the polymer chains (i.e. hydrogen bonding, meniscus effect, 

electrostatic interactions). 
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Figure 3.24. Typical force vs distance curves of the (a) silicon wafer, (b) 

PDMAEMA, (c) PTFEMA, (d) POFPMA and PTDFOMA brushes at 20 nN 

normal applied load.  

Figure 3.25 shows the adhesion force values on the silicon substrate and the 

PDMAEMA, PTFEMA, POFPMA and PTDFOMA homopolymer brushes when 

increasing the normal applied loads from 10 to 100 nN, under ambient conditions. A 

meniscus effect, formed between the sharp silicon nitride tip and the surface under 

ambient conditions, is responsible for the relatively high values of adhesion obtained 

for the freshly cleaned silicon substrates. Lower adhesion force values are obtained for 

the PDMAEMA brush, which reduce even further for the semi-fluorinated brush. The 

increase of the FCL results in lower adhesion force values between the polymer films 

(a) (b)

(c) (d)

(e)
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and the AFM probe attributed to the so-called tribological inertness of the fluorine 

atoms.17a The interfacial adhesion force on the silicon surface was measured at 110 nN, 

the PDMAEMA brushes at 60 nN and the fluorinated brushes, <30 nN, under a constant 

normal applied force of 20 nN, implying that the silicon tip is highly attracted by the 

hydrophilic surfaces and not the hydrophobic. The lowest adhesion force value of 25 

nN was measured for the PTDFOMA brushes. This behavior is in agreement with the 

experimental work by Bhairamadgi et al., using colloidal probe microscopy on semi-

fluorinated homopolymer brushes, bearing 0, 3, 7 and 17 fluorine atoms.17a The higher 

values of adhesion force measured in our study are related to the difference in the radius 

curvature of the silicon nitride tip (20 nm) compared to the silica sphere colloidal probe 

(2 μm) used by others, and reflects to a possible deeper penetration of the silicon nitride 

sharp tip upon contact with the polymer brush surface. The differences between the 

AFM tips on the adhesion force measurements have been also explained in the study of 

Stamm et. al on the dry lubrication properties of polymer brushes.28 The low adhesion 

forces and the low surface energy values measured for these systems, confirm the low 

polarizability of the terminal CF2 and CF3 groups. 
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Figure 3.25. (a) Adhesion forces at various normal applied loads ( from 10 

to 100 nN) for the homopolymer brushes and (b) the adhesion forces 

measured at 20 nN normal applied load.  

3.2.6.2 Friction 

To estimate the friction between the silicon wafers modified with the homopolymer 

brushes and an inorganic surface (silicon nitride tip), LFM measurements using an 

MFP-3D atomic force microscope (Asylum) were performed for all homopolymer 

brushes, under ambient conditions at RT. Figure 3.26a shows the friction forces on the 
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PDMAEMA, PTFEMA, POFPMA and PTDFOMA homopolymer brushes when 

increasing the applied load from 10 to 100 nN, under ambient conditions. The recorded 

friction force increases linearly with the normal applied load for all systems. Friction 

measurements with sharp tips have shown that the friction response depends on the 

extension and rigidity of the brush layer. Linear friction and low friction coefficients 

(COF’s) are observed in non-adhesive systems, while non-linear friction is observed 

for collapsed brushes, when the probe adheres to the surface.29  

The friction coefficient values were extracted from the slopes of the friction force 

curves under different normal applied loads (Figure 3.26b). A relatively high COF 

value of 0.57 and 0.27 was found for the silicon surface and the PDMAEMA brush at 

pH 4, respectively, due to strong adhesive interactions between the silicon or PEL brush 

and the surface of the tip. Without suitable surface modification, silicon surfaces show 

high friction and adhesion.30 As explained above, the silicon surfaces showed an 

extensive adhesion due to the meniscus effect associated with the humidity (60%) and 

the formation of stable capillary bridges. In addition, an oxygen plasma treated tip was 

utilized, which has a negative charge due to the silanol groups at the outer surface, and 

thus interfacial interactions can occur with the positively charged PDMAEMA at pH 4. 

The pKa of PDMAEMA is around 7, which means that at this pH value the PDMAEMA 

brushes are typically carrying a positive charge. This is also consistent with the lower 

COF value of 0.20 measured for PDMAEMA at pH 9, when the polymer is uncharged, 

and thus electrostatic interactions are eliminated. In contrast, the PTFEMA brush 

showed a much lower COF value, under humid air (60%), of 0.074, which is one order 

of magnitude lower than that found for the silicon surface. Meanwhile, the increase of 

the FCL from CF1 to CF4 and CF6, results in a further decrease the COF values for these 

brushes. Low-surface energy coatings based on fluorocarbons (i.e. PTFE) are generally 

used in micro/nano-electromechanical systems (MEMS/NEMS) to prevent unwanted 

stiction associated with high adhesion and friction forces in the solid state. It has been 

shown, that the factors that influence friction in organic coatings are: (a) the chemical 

structure, (b) the surface coverage, (c) mechanical properties, such as the elastic 

constant and rigidity, (d) terminal polar or non-polar groups and (e) surface dipole 

orientations.31 In our case, the unique properties of the apolar C-F bonds compared to 

C-H bonds provide high hydrophobicity and low polarizability to the outer surface of 

the fluorinated polymer brushes, which are crucial to obtain low-friction coatings. The 
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lower polarizability of fluorine compared to that of hydrogen leads to very weak van 

der Waals interactions among the CF3 groups and polar water molecules, thus limiting 

the increase of adhesion and friction forces, due to capillary condensation. In addition, 

the high grafting density of the semi-fluorinated polymer chains results in a more 

stretched conformation of the polymer chains, that leads to a reduced compressibility 

and interactions with the opposing surface, and thus lower adhesion and friction.17b 

The COF values obtained in this study are typically not as low as those measured for 

fluorinated homopolymer brushes in the dry state, in the literature. This is attributed to 

the effective penetration of the sharp tip within the polymer layers, compared to the 

largest silica colloidal probes used in other studies.17a Nevertheless, it is sparkly clear, 

that the fluorinated brush layers can serve as dry lubricants, thereby reducing the 

interactions between the surface and the tip.  

The low adhesion and friction properties of the semi-fluorinated PTFEMA, POFPMA 

and PTDFOMA brushes prepared herein renders them effective solid lubricating 

polymeric films under dry conditions, which can be significant for applications in 

microfluidics and MEMS/NEMS.17b 
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Figure 3.26. (a) Friction forces at various normal applied loads (10 to 125 

nN) under ambient conditions and (b) COF values for the homopolymer 

brushes obtained from the slopes of the friction force vs applied load curves.  
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3.2.7 Stability of the homopolymer brushes 

The stability of the homopolymer brushes in good solvents for the polymer in which 

the brush will undergo strong swelling, was studied. Ellipsometry was employed to 

characterize the degrafting process by determining the dry film thickness of the 

homopolymer brushes at regular time intervals, following their immersion in the 

solvent medium. 

First, the PDMAEMA1 brush, with initial dry brush thickness of 24 nm, and their 

hydrophilic quaternized analogues, PQDMAEMA1-C1 and PQDMAEMA1-C3, with 

initial dry brush thicknesses of 46 and 43 nm, respectively, were incubated in two 

solvents, dry methanol and water and the dry film thicknesses of the brushes were 

monitored for prolonged time periods, of up to 3 months. As illustrated in Figure 3.27a, 

prolonged exposure of the PDMAEMA1, PQDMAEMA1-C1 and PQDMAEMA1-C3 

brushes to dry methanol did not reveal any alterations of their dry film thickness, 

suggesting that the brushes are stable. Nevertheless, incubation in water resulted in 

quite fast degrafting of the hydrophilic polymer chains. As shown in Figure 3.27b, 

degrafting occurs for the weak PDMAEMA1 brush in water after 30 days, whereas the 

degrafting is faster for the PQDMAEMA brushes at 7 and 14 days for the 

PQDMAEMA-C1 and PQDMAEMA-C3 brush, respectively. It is also noted that a 

minimum film thickness is obtained in each case, below which degrafting of the 

polymer layer does not occur further. The above results suggest that the degrafting of 

the polymer brushes in water is due to the tension applied as a result of the swelling of 

the dense end-grafted polymer chains, which may facilitated the hydrolytic cleavage of 

the siloxane or ester bonds at the polymer brush-substrate interface. As the incubation 

time progresses, the degrafting is slowed down and reaches a minimum value below 

which it does not occur anymore since the polymer grafting density and thus the tension 

at the polymer-substrate interface has decreased. At this point, further hydrolytic 

cleavage of the bonds does not take place and the dry polymer film thickness remains 

constant. The fact that, the degrafting process does not take place in methanol, which 

is a good solvent for the PDMAEMA and PQDMAEMA chains, suggests that the 

presence of water is necessary for the cleavage of the bonds at the brush-substrate 

interface. 
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Figure 3.27. Ellipsometric dry film thickness for the PDMAEMA1 (■, 

black), PQDMAEMA1-C1 (●, red) and PQDMAEMA1-C3 (▲, blue) brushes 

as a function of incubation time in (a) methanol and (b) water. The lines are 

guides to the eye. 

Next the PTFEMA, POFPMA and PTDFOMA brushes were incubated in HFiP (good 

solvent) and water (non-solvent), respectively followed by the monitoring of the dry 

film thickness for prolonged time periods of up to 3 months. As illustrated in Figure 

3.28a, long time exposure of the PTFEMA, POFPMA and PTDFOMA brushes to HFiP 

did not reveal any changes in the dry film thickness attributed to the lack of water, 

which induces the hydrolysis process. Similarly, no changes were observed in the dry 

film thickness of the fluorinated brushes after incubation in water (Figure 3.28b). This 

is explained because water is a bad solvent for the fluorinated polymer chains, which 

limit the access of the solvent to the polymer brush-silicon interface, thus increasing 

the stability of the polymer layer.  
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Figure 3.28. Ellipsometric dry film thickness of the PTFEMA (■, black), 

POFPMA (●, red) and PTDFOMA (▲, blue) brushes as a function of 

incubation time in (a) hexafluoroisopropanol and (b) water. 

Chain stretching in densely grafted polymer brushes can result in a tension that reflects 

on the bonds that are present in the vicinity of the polymer-substrate interface. The 

presence of a good solvent, which induces the swelling of the polymer brushes enhances 

this tension, nevertheless this is not sufficient for the degrafting of the swollen polymer 

chains. Degrafting can only occur when water is present, which induces the hydrolysis 

of the bonds in good agreement with reports in the literature.32 Moreover the 

introduction of permanent charges in strong PEL brushes, also promotes the tension on 

the anchoring points leading to faster cleavage of the brushes.33 Fluoropolymer chains 

can act as barriers for the water molecules to access the brush-substrate interface and 

therefore, prevent the hydrolytic cleavage of the labile ester or siloxane bonds of the 

ATRP initiator, leading to the stabilization of the polymer-brush layer. Finally, 

degrafting occurs until a limited threshold value, below which the tension is decreased 

by the lower grafting density, and the degrafting process ceases. 

3.3 Conclusions 

Non-fluorinated and semi-fluorinated polymer brushes bearing different fluorinated 

side chain groups were successfully synthesized by SI-ATRP from silicon surfaces. The 

effect of the FCL on the surface properties was examined for end-grafted semi-

fluorinated methacrylate chains bearing 3, 8 and 13 fluorine atoms. The fluorinated 

polymers resulted in moderate hydrophobic surfaces, with the hydrophobicity 

increasing with the FCL. In addition, the surface free energies of the polymer brushes 

decreased significantly with the increase of the FCL. Adhesion and friction studies 

between the semi-fluorinated brushes and inorganic silicon nitride surfaces (AFM tip) 

revealed that the introduction of the fluorinated moieties results in dry lubricant 

polymer layers that reduce their interaction with the tip.  

Moreover, PQDMAEMA brushes bearing different ACLs were prepared, by a facile 

post polymerization quaternization reaction of the tertiary amine groups of PDMAEMA 

using suitable alkyl halides. The effect of the ACL of the quaternary ammonium salt 

groups of the polymer on the surface properties of the quaternized PDMAEMA brushes 

was investigated. PQDMAEMA brushes were hydrophilic upon quaternization with 
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short ACLs (C1-C3), due to the permanent positive charges on the polymer side groups, 

whereas long ACLs (C≥6) yielded hydrophobic surfaces verifying that the alkyl chains 

dominate the surface wettability of the films. The degrees of quaternization and the 

chain swelling of the polymer films suggested that small alkyl halides (C1-C3) can 

diffuse more effectively within the dense polymer brush and react quantitatively with 

the tertiary amine groups of PDMAEMA, whereas the diffusion of alkyl halides with 

long ACLs (C ≥ 6) in the brush is hindered and thus only a top layer of the polymer 

film becomes quaternized. As a result, PDMAEMA brushes quaternized with short 

ACLs lose their pH-responsive behavior, whereas, partially quaternized brushes with 

long ACLs retain their pH-responsive character, after quaternization. 

Finally, it was found that upon immersion of the PQDMAEMA brushes in water, a 

significant amount of the chains is degrafted after only a few weeks. This process is 

attributed to the hydrolysis of either the silane or the ester bonds of the initiator at the 

brush-substrate interface, and is enhanced by the tension of the chains after immersion 

in a good solvent. The presence of charges on the polymer leads to stretching of the 

chains and therefore produces extensive tension at the interface. In the present study, 

the PDMAEMA brushes have both a high grafting density and are charged at pH below 

7 which favor the hydrolysis process in water. The PQDMAEMA brushes promote even 

higher tension to the anchoring points leading to faster cleavage upon incubation of the 

brushes in water, in the timeframe of a few days. This process is detrimental, because 

the morphology and the composition of the polymer films change and therefore their 

application underwater for prolonged periods of time is impossible. To address this 

problem, the grafting of fluorinated polymer brushes on the substrate which act as a 

“polymer carpet” underwater to repel the water molecules from the polymer-substrate 

interface prevents the hydrolysis process and stabilizes the grafted polymer layer. 
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4.1 Introduction 

The development of functional surfaces is challenging and important for a plethora of 

fundamental and industrial applications. Polymer surfaces have received great interest 

in the past decades, due to their ability to control the surface properties such as 

wettability, adhesion, friction and others, in many applications.1 A versatile method to 

control the surface properties of a polymer layer is by the utilization of covalently 

grafted polymer chains with high grafting densities on the surface which force the 

chains to stretch away from the surface forming the so called polymer brush.2 Polymer 

brushes of different chemistries have been attained to produce surfaces with tunable 

properties.3 Responsive polymer brushes are particularly attractive because they can 

switch their surface properties under the influence of external chemical or physical 

stimuli. Such “smart” surfaces, which can reversibly switch their properties as a 

function of the solvent type, pH, temperature, biochemical triggers or light irradiation 

have been proposed for use in different applications.4  

Atom transfer radical polymerization (ATRP) is the most widely used technique to 

synthesize polymer brushes from flat and curved surfaces because, of the wide range of 

monomers that can be polymerized and its operation under mild conditions and 

temperatures.  “Grafting-from” or surface-initiated ATRP (SI-ATRP) can provide 

polymer films with high grafting densities of the anchored chains and good control over 

the film characteristics such as the brush height and the smoothness of the surface.5 Due 

to the “living” character of ATRP, interesting architectures, such as block copolymer 

brushes comprising two or more different homopolymer segments connected via a 

chemical bond, have been prepared.6 The advantage of these systems is the ability to 

control their surface properties via the rearrangement of the blocks of the tethered 

polymer chains.  

Responsive diblock copolymer brushes have been employed to switch the surface 

properties, such as the wettability of the surface, by exposing the films to different 

solvents. In an interesting work, Zhao and coworkers, have demonstrated the 

rearrangement of PS-b-PMMA block copolymer brushes upon treatment with selective 

solvents.7 Husseman et al. employed NMP polymerization to prepare diblock 

copolymer brushes on silicon substrates comprising a PS inner block and a random 

copolymer PS-co-PMMA outer block. SI-ATRP was utilized by Matyjaszewski’s 
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group to synthesize amphiphilic PS-b-PAA brushes, after hydrolysis of the precursor 

PS-b-PtBA diblock copolymers.8 

Fluoropolymers are materials exhibiting excellent water repellent properties and low 

surface energies.9  However, reports on the synthesis of diblock copolymer brushes 

consisting of fluorinated methacrylates grafted from solid surfaces are limited due to 

the difficulty to control the polymerization of the fluorinated monomers. Granville et 

al. studied the behavior of semi-fluorinated diblock copolymer brushes comprising 

poly(methyl acrylate) and poly(n-fluoro acrylate) blocks (n = 3, 5, 17), in a good and a 

poor solvent for the fluorinated segments.10 It was found that solvent-responsive 

rearrangements of the two blocks resulted the tunability of the wetting properties of the 

diblock copolymer brushes, with the fluorine atoms playing a distinct role in the nearly 

full rearrangement of the polymer chains. AFM images of the diblock copolymer 

brushes upon selective solvent treatment suggested that the chains did not undergo the 

traditional phase separation reported for PS-b-PMMA brushes to form a regular 

nanopattern of pinned micelles, on the surface. An increase in the surface roughness, 

combined with the alteration in contact angle measurements upon treatment with 

selective solvents, and the natural affinity of the fluorinated segments to migrate to the 

air-polymer interface, led to the indication of some type of rearrangement being 

localized on the outermost surface, with no discernible regular nanomorphology. 

In this chapter, we present the synthesis, characterization and responsive behavior of 

amphiphilic diblock copolymer brushes, comprising a hydrophilic PDMAEMA block 

and a hydrophobic low-surface energy fluorocarbon block, grafted from silicon 

substrates via SI-ATRP. Semi-fluorinated methacrylates with 3, 8 and 13 fluorine atoms 

namely TFEMA, OFPMA and PTDFOMA were used as the monomers to prepare 

PDMAEMA-b-PTFEMA, PDMAEMA-b-POFPMA and PDMAEMA-b-PTDFOMA 

diblock copolymer brushes. Two families of brushes were prepared, the first comprising 

a lower content of the fluorocarbon block compared to the hydrophilic segment 

(PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-POFPMA103 and PDMAEMA267-b-

PTDFOMA34 brushes) and the second comprising a symmetric amphiphilic diblock 

copolymer (PDMAEMA100-b-PTFEMA108 and PDMAEMA100-b-POFPMA72 brushes). 

The switching of the wettability of the amphiphilic semi-fluorinated diblock copolymer 

brushes, upon immersion in different selective solvents for the two blocks, was 

investigated exhibiting large changes from 60o to 110o for water droplets. Nevertheless, 
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evidence of unwanted degrafting was found, attributed to the hydrolysis of the ester or 

siloxane bonds of the surface-bound initiator, after exposure in aqueous media for 

prolonged time periods. 

 

4.2 Results and Discussion 

4.2.1 Synthesis and self-assembly of the ATRP initiator  

In the first step a mono-functional ATRP initiator, namely BIDS, was synthesized and 

used to form the initiator self-assembled monolayers as described in Chapter 3. The 

deposition of BIDS on silicon and glass substrates was carried out in anhydrous toluene 

and the successful grafting of the initiator monolayer was verified by ellipsometry, 

ATR-FTIR and water contact angle measurements (see section 3.2.2). 

4.2.2 SI-ATRP for the synthesis of the diblock copolymer brushes 

As described in the experimental section (Chapter 2), the synthesis of a series of 

amphiphilic diblock copolymer brushes was carried out via sequential SI-ATRP from 

the initiator functionalized silicon substrates. The synthetic procedure followed for the 

synthesis of the diblock copolymer brushes is shown in Scheme 4.1. 

First, well-defined PDMAEMA homopolymer macroinitiator brushes, were 

successfully prepared from the BIDS-modified silicon substrates, with Mn’s 16,200 gr 

mol-1 and 41,900 gr mol-1 and corresponding dry thicknesses of 12 nm (9 h) and 32 nm 

(18 h), respectively. Figure 4.1a and b show the SEC traces of the free polymers 

obtained in solution during the SI-ATRP. The molecular weight distributions (Mw/Mn) 

remained low (below 1.3), which is typical for a control/living polymerization process. 

The grafting density σ (chains nm-2) of the PDMAEMA chains on the surface was 

calculated at 0.49 for film thickness of 12 nm and 0.51 chains nm-2 for film thickness 

of 32 nm (denoted as PDMAEMAx-Br, where x = 103 or 267,  is the degree of 

polymerization obtained by GPC (see Table 4.1)), suggesting the synthesis of densely 

grafted homopolymer brushes.  

Following the first SI-ATRP step, two families of amphiphilic diblock copolymer 

brushes, comprising a lower content of the fluorinated block compared to the 
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hydrophilic segments and an almost equal content of the two comonomers respectively, 

were synthesized on the silicon substrates.  

 

 

Scheme 4.1. Schematic representation of the synthesis of the diblock 

copolymer brushes 

 

4.2.2.1 Characterization of the free diblock copolymers synthesized in solution 

Representative GPC traces of the PDMAEMA-Br, PDMAEMA-b-PTFEMA, 

PDMAEMA-b-POFPMA and PDMAEMA-b-PTDFOMA polymers obtained in 

solution using the free initiator during the SI-ATRP are shown in Figure 4.1a and b. In 

all cases the traces are monomodal with a narrow molecular weight distribution. The 

shift of the signal towards lower elution times upon chain extension, without any trace 

of the PDMAEMA-Br homopolymer, verifies the successful synthesis of the 

amphiphilic diblock copolymers. The Mn’s of the diblock copolymer chains are 

depicted in Figure 4.1c and d and Table 4.1. For the copolymers with a lower content 

of the fluorinated block compared to the hydrophilic segments, the Mn’s of 
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PDMAEMA267 homopolymer increased from 41,900 gr mol-1 to 78,900 gr mol-1, 73,200 

gr mol-1 and 57,400 gr mol-1, respectively, suggesting the successful synthesis of the 

diblock copolymer chains (denoted as PDMAEMA267-b-PTFEMAy, PDMAEMA267-b-

POFPMAy and PDMAEMA267-b-PTDFOMAy, where y = 220, 104 or 35 is the degree 

of polymerization calculated by the Mn’s measured by GPC (Figure 4.1c)). Similarly, 

for the copolymers with an almost equal content of the two comonomers the Mn’s of 

PDMAEMA103 homopolymers increased from 16,200 gr mol-1 to 34,300 gr mol-1 and 

37,700 gr mol-1, respectively (denoted as PDMAEMA103-b-PTFEMA108, and 

PDMAEMA103-b-POFPMA72, where z = 108 or 72, the degree of polymerization by 

GPC (Figure 4.1d)). Sample PDMAEMA103-b-PTDFOMA?? could not be analysed by 

GPC because the final block copolymer is insoluble to THF, which is used as the eluent 

in GPC. This was attributed to the long fluorocarbon side chains which render the 

polymer insoluble in polar media such as THF. The Mw/Mn remained low (below 1.3), 

which is consistent with a controlled polymer chain growth. It is noted that for 

PDMAEMA103-b-POFPMA72 SEC characterization showed a complete inversion of the 

RI signal. The negative dRI signal is attributed to the lower refractive index of the 

fluoropolymer segments compared to the eluent (npolymer<nTHF), which dominates the 

dn/dc of the diblock copolymer for the fluoropolymer with the higher number of 

fluorine atoms and the higher content of the fluorinated block.11 All Mn and Mw/Mn 

values of the diblock copolymer chains are summarized in Table 4.1. 
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Table 4.1. Characteristics of the diblock copolymer brushes  

Polymer brush Thickness 

Inner 

block 

(nm) 

Thickness 

Outer 

block 

(nm) 

Total 

thickness 

(nm)  

 

Mn
* 

Inner 

block 

Mn
* 

Outer 

block 

Mn
* 

Diblock 

Mw/Mn
* σ  

(chains 

nm-2) 

Composition 

fluorinated 

segment** 

PDMAEMA267-Br 32 - - 41,900 - - 1.27 0.51 0 

PDMAEMA103-Br 12 - - 16,200 - - 1.10 0.49 0 

PDMAEMA267-b-PTFEMA220 32 15 47 41,900 37,000 78,900 1.23 0.44 39 

PDMAEMA103-b-PTFEMA108 12 7 19 16,200 18,100 34,300 1.18 0.42 45 

PDMAEMA267-b-POFPMA104 32 12 44 41,900 31,400 73,200 1.22 0.46 34 

PDMAEMA103-b-POFPMA72 12 7 19 16,200 21,500 37,700 1.24 0.41 42 

PDMAEMA267-b-PTDFOMA35 32 6 38 41,900 15,600 57,400 1.19 0.48 30 

PDMAEMA103-b-PTDFOMA?? 12 4 16 16,200 NA NA NA - NA 

* Determined by GPC 

** by 1H NMR spectroscopy 
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Figure 4.1.  SEC traces for the free (a) PDMAEMA267, PDMAEMA267-b-

PTFEMA220, PDMAEMA267-b-POFPMA104 and PDMAEMA267-b-

PTDFOMA35 and (b) PDMAEMA103, PDMAEMA103-b-PTFEMA108 and 

PDMAEMA103-b-POFPMA72 (co)polymers obtained in solution during the 

SI-ATRP. Molecular weight values of the (c) PDMAEMA267, 

PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-POFPMA104 and 

PDMAEMA267-b-PTDFOMA35 and (d) PDMAEMA103,  PDMAEMA103-b-

PTFEMA108 and PDMAEMA103-b-POFPMA72 (co)polymers. PDMAEMA is 

denoted in light blue, PTFEMA in navy, POFPMA in wine and PTDFOMA 

in purple. 

The composition of the copolymers was determined by 1H NMR analysis. Table 4.2 

summarizes the compositions of the synthesized PDMAEMA-b-PTFEMA, 

PDMAEMA-b-POFPMA and PDMAEMA-b-PTDFOMA copolymers. 

Typical 1H NMR spectra for the PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-

POFPMA104 and PDMAEMA267-b-PTDFOMA35, diblock copolymers are shown in 

Figure 4.2. The compositions of the diblock copolymer chains were determined by 

comparing the integrals of the peak at 4.01-4.05 ppm (peak d), assigned to the protons 

of the methylene groups of PDMAEMA, to the peaks at 4.30 ppm (peak e), 5.97 ppm 
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(peak g) and 4.24 ppm (peak f), assigned to the protons of the methylene groups of 

PTFEMA, the difluoromethyl groups of POFPMA and the methylene groups of 

PTDFOMA, respectively. Similarly, the compositions of the PDMAEMA103-b-

PTFEMA108 and PDMAEMA103-b-POFPMA72 copolymers were calculated by 1H 

NMR, nevertheless the PDMAEMA103-b-PTDFOMA?? chains could not be analyzed, 

due to their insolubility in CDCl3.  

 

  

Figure 4.2. Chemical structures (upper) and 1H NMR spectra in CDCl3 

(lower) of the PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-POFPMA104, 

and PDMAEMA267-b-PTDFOMA35 copolymers . 

The volume fractions of the amphiphilic diblock copolymer brushes were calculated 

from the molar and mass fractions of the PDMAEMA and PTFEMA, POFPMA and 

PTDFOMA blocks and their respective bulk densities (1.097 g/cm3 for PDMAEMA, 

1.451 g/cm3 for PTFEMA, 1.610 g/cm3 for POFPMA and 1.763 g/cm3 for PTDFOMA) 

PDMAEMA267-b-PTFEMA220 

PDMAEMA267-b-POFPMA103 

PDMAEMA267-b-PTDFOMA34 
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(see Table 4.2).  As shown in Figure 4.3, two series of amphiphilic diblock copolymer 

brushes, with 0.40 and 0.46 PTFEMA volume fraction, 0.34 and 0.48 POFPMA volume 

fraction, and 0.18 PTDFOMA volume fraction, were prepared. The PDMAEMA100-b-

PTDFOMA?? chains were insoluble in CDCl3, and other deuterated solvents, and 

therefore, its composition could not be determined by 1H NMR spectroscopy.  
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Figure 4.3. Volume fractions of the (a) PDMAEMA267, PDMAEMA267-b-

PTFEMA220, PDMAEMA267-b-POFPMA104 and PDMAEMA267-b-

PTDFOMA35 and (b) PDMAEMA103,  PDMAEMA103-b-PTFEMA108 and 

PDMAEMA103-b-POFPMA72 (co)polymers. DMAEMA is denoted in light 

blue, PTFEMA in navy, POFPMA in wine and PTDFOMA in purple. 

Table 4.2. Composition of the diblock copolymers. 

Polymer brush 
Molar 

fraction a* 

Molar 

fraction b 

Weight 

fraction a 

Volume 

fraction a** 

PDMAEMA267-b-PTFEMA220 0.55 0.45 0.53 0.60 

PDMAEMA103-b-PTFEMA109 0.47 0.53 0.46 0.54 

PDMAEMA267-b-POFPMA104 0.72 0.28 0.57 0.66 

PDMAEMA103-b-POFPMA72 0.58 0.42 0.43 0.52 

PDMAEMA267-b-PTDFOMA35 0.88 0.12 0.74 0.82 

* a corresponds to the PDMAEMA block 

** The bulk densities measured for each homopolymer (1.097 g/cm3 for PDMAEMA, 1.451 

g/cm3 for PTFEMA, 1.610 g/cm3 for POFPMA and 1.763 g/cm3 for PTDFOMA) were used. 

 

 



Chapter 4 Responsive amphiphilic diblock copolymer brushes 
 

225 

 

4.2.2.2 Film thickness and grafting density of the brushes 

The film thicknesses of the homopolymer and diblock copolymer brushes were 

measured by ellipsometry. Figure 4.4 and Table 4.1 shows the dry film thicknesses for 

the PDMAEMA and the diblock copolymer brushes. Polymerization of TFEMA, 

OFPMA and TDFOMA for 60 h from the PDMAEMA267-Br macroinitiator brush 

increased the film thicknesses from 32 nm to 47, 44 and 38 nm, respectively, due to the 

formation of a 15, 12 and 6 nm PTFEMA, POFPMA and PTDFOMA layer, respectively 

(Figure 4.4a). A similar procedure was followed for the synthesis of the amphiphilic 

diblock copolymer brushes using the PDMAEMA103-Br macroinitiator brush. The 12 

nm PDMAEMA films obtained after 9 h reaction, increased to a total thickness of 19, 

19 and 16 nm after 48 h polymerization of the TFEMA, OFPMA and TDFOMA 

monomers, respectively, (Figure 4.4b).  
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Figure 4.4. Dry film thicknesses for the (a) PDMAEMA267, 

PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-POFPMA104 and 

PDMAEMA267-b-PTDFOMA35 and (b) PDMAEMA103,  PDMAEMA103-b-

PTFEMA108, PDMAEMA103-b-POFPMA72 and PDMAEMA103-b-

PTDFOMA?? (co)polymers. PDMAEMA is denoted in light blue, PTFEMA 

in navy, POFPMA in wine and PTDFOMA in purple. 

The grafting density (chains nm -2) of each block was calculated using the 

equation (assuming that the initiation efficiency for the second block is very 

high): 

𝜎 =
𝑑×𝑁𝐴×ℎ

𝑀𝑛
                    (2.1) 

where h: is the dry polymer film thickness (nm),  
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d: is the bulk density of the polymer (1.097 g/cm3 for PDMAEMA, 1.451 g/cm3 for 

PTFEMA, 1.610 g/cm3 for POFPMA and 1.763 g/cm3 for PTDFOMA) 

Mn: is the number-average molecular weight of the chains grafted on the surface 

assumed to be the same as that of the polymer chains in solution (determined by GPC). 

 NA: is the Avogadro’s number (6.023×1023). 

Table 4.3. Grafting densities of the diblock copolymer brushes. 

Polymer brush 
σ (chains/nm2) 

inner block 

σ (chains/nm2) 

outer block 

σ (chains/nm2) 

diblock 

PDMAEMA267-Br 0.51 - - 

PDMAEMA103-Br 0.49 - - 

PDMAEMA267-b-PTFEMA220 0.51 0.35 0.44 

PDMAEMA103-b-PTFEMA108 0.49 0.34 0.42 

PDMAEMA267-b-POFPMA104 0.51 0.37 0.46 

PDMAEMA103-b-POFPMA72 0.49 0.32 0.41 

PDMAEMA267-b-PTDFOMA35 0.51 0.41 0.48 

PDMAEMA103-b-PTDFOMA?? 0.49 - - 

 

The grafting density values are listed in Table 4.3. The grafting density of the 

PDMAEMA267-Br and PDMAEMA103-Br brushes was calculated 0.51 and 0.49 chains 

nm-2, respectively, suggesting the synthesis of densely grafted homopolymer brushes.  

Two approaches have been used to calculate the grafting densities of the diblock 

copolymer brushes. In the first case, the grafting density of each block is calculated 

from equation 2.1, and the values ranged from 0.35 to 0.34 chains nm-2 for the PTFEMA 

blocks, 0.37 to 0.32 chains nm-2 for the POFPMA blocks and 0.41 chains nm-2 for the 

PTDFOMA block. The decrease in the grafting density for the second block is mainly 

attributed to the partial loss of the PDMAEMA macroinitiator active sites upon chain 

extension.  

The grafting densities of the diblock copolymers can be also obtained from the total 

film thickness, the system density and the molecular weight of the diblock copolymer. 

Grafting densities from 0.44 to 0.42 chains nm-2 for the PDMAEMA-b-PTFEMA 

brushes, 0.46 to 0.41 chains nm-2 for the PDMAEMA-b-POFPMA brushes and 0.48 

chains nm-2 for the PDMAEMA-b-PTDFOMA were calculated.  
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In both cases the grafting density values obtained suggest the synthesis of densely 

grafted diblock copolymer chains. 

 

4.2.3 Surface properties of the diblock copolymer brushes 

Contact angle (CA) measurements were performed in order to verify the successful 

synthesis of the diblock copolymer brushes (Table 4.4). The static water CAs increased 

after polymerization from ~60 o for the PDMAEMA267 brush to 94 o, 103 o and 110 o for 

PTFEMA220, POFPMA104 and PTDFOMA35, respectively which confirmed the 

successful growth of the hydrophobic fluorinated blocks. Similar contact angles were 

obtained for the PTFEMA, POFPMA and PTDFOMA brushes grown from the 

PDMAEMA103-Br brushes (90 o, 105 o and 108 o, respectively). It is also noted that the 

measured CAs are in good agreement with the values measured for the PTFEMA, 

POFPMA and PTDFOMA homopolymer brushes (see Chapter 3).  

Table 4.4. Thickness and surface characteristics of the diblock copolymer 

brushes 

Polymer brush 

Ellipsometric 

Thickness 

(nm) 

RMS 

(nm) 

WCA  
(o) 

inner 

block 

WCA 
(o) 

diblock 

PDMAEMA267-Br 32 0.8 - 61 

PDMAEMA103-Br 12 0.8 - 59 

PDMAEMA267-b-PTFEMA220 47 1.6 61 94 

PDMAEMA103-b-PTFEMA108 19 1.3 59 90 

PDMAEMA267-b-POFPMA104 44 1.5 60 103 

PDMAEMA103-b-POFPMA72 19 1.1 59 105 

PDMAEMA267-b-PTDFOMA35 38 1.8 60 110 

PDMAEMA103-b-PTDFOMA?? 16 1.6 62 108 

 

4.2.4 Morphology of the diblock copolymer brushes 

The morphology of the polymer films was assessed by AFM height images using the 

tapping mode. Typical images of the inner block layers and the diblock copolymer films 
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at ambient conditions are shown in Figure 4.5. In all cases, the surface topography of 

the PDMAEMA homopolymer films revealed a smooth and uniform layer with a 

roughness (Rq) below 1 nm (Table 4.4). Moreover, the growth of the second block from 

the PDMAEMA brushes had a slight impact on the roughness of the films which 

increased for the PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-POFPMA104 and 

PDMAEMA267-b-PTDFOMA35 brushes, between 1.5 and 1.9 nm under ambient 

conditions. Roughness is defined as the root-mean-square (RMS) of the height 

deviations taken from the mean data plane. The growth of the fluorinated blocks was 

featureless to the smooth morphology of the polymer brushes via sequential SI-ATRP, 

which is consistent with the literature on morphological studies of amphiphilic diblock 

copolymer brushes.12  

 

Figure 4.5. Tapping mode AFM images of the (a) PDMAEMA267-Br 

(b)PDMAEMA267-b-PTFEMA220 (c) PDMAEMA267-b-POFPMA104 and (d) 

PDMAEMA267-b-PTDFOMA35 diblock copolymer brushes after sequential 

SI-ATRP. Each image resembles an area of 5 × 5 μm2. Scale bar: 1 μm, Z-

scale bar: 0-20 nm. 

(a) (b)

(c) (d)
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4.2.4.1 Reversible wetting behavior and morphology of the diblock copolymer 

brushes 

The wetting properties of amphiphilic diblock copolymer brushes are widely known to 

be influenced by solvents of different polarity. The reversible wettability upon 

treatment with a selective solvent for each block was studied for the amphiphilic 

PDMAEMA-b-PTFEMA, PDMAEMA-b-POFPMA and PDMAEMA-b-PTDFOMA 

brushes of different compositions. HFiP was used as a good solvent for the fluorinated 

blocks and nanopure water as a good solvent for the PDMAEMA block. 

First, all samples with a lower content of the fluorinated blocks, namely 40, 34 and 18 

vol% of PTFEMA, POFPMA and PTDFOMA, respectively, were immersed in HFiP, 

which is a selective solvent for the perfluorocarbon blocks and a bad solvent for the 

PDMAEMA blocks, at RT for 6 h and were dried under a nitrogen steam. The polymer 

brushes were subjected to thermal annealing at 100 °C for 1 h, and were subsequently 

studied by static water contact angle (WCA) measurements. WCA values of 94 o, 103 

o and 110 o, were measured for the PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-

POFPMA104 and PDMAEMA267-b-PTDFOMA35, diblock copolymer brushes, 

respectively.  These values are only slightly lower compared to the WCA values 

measured for the PTFEMA, POFPMA and PTDFOMA homopolymer brushes (97 o, 

109 o and 115 o, respectively). The high WCA values obtained suggested that the 

fluorinated hydrophobic chains are exposed at the free surface and dominate the 

wettability of the surfaces. Next, the switching of the diblock copolymer brushes from 

hydrophobic to hydrophilic polymer surfaces was conceived by soaking the polymer 

films in nanopure water at RT for 12 h. The WCA values were measured below 65o for 

all three brushes, which suggests that the polar function groups of the hydrophilic 

PDMAEMA chains are oriented towards the free surface (Figure 4.6).  

Seemingly, the higher number of fluorine atoms in the side groups of the hydrophobic 

blocks resulted in larger transitions from hydrophobicity to hydrophilicity. The contact 

angle variations were found to be around 33o, 43o and 50o for the PDMAEMA267-b-

PTFEMA220, PDMAEMA267-b-POFPMA104 and PDMAEMA267-b-PTDFOMA35 

brushes, which constitute the largest switching in the wettability for flat surfaces 

reported in the literature so far. These results indicate that the polymer chains rearrange 

within the brush to alter the surface composition leading to an enrichment of the surface 



Chapter 4 Responsive amphiphilic diblock copolymer brushes 
 

230 

 

with C-F groups or water-soluble -N(CH3)2 moieties following immersion in a selective 

solvent. 

 

Figure 4.6. WCA values for the (a) PDMAEMA267-b-PTFEMA220 (■, 

black) (b) PDMAEMA267-b-POFPMA104 (●, red) and (c) PDMAEMA267-b-

PTDFOMA35 (▲, blue) brushes, following immersion in HFiP, water and 

HFiP again. The insets show the water droplets on the brush surface.  

The reversibility of the re-organization of the brushes was examined by the sequential 

immersion of the samples in the two selective solvents for several cycles. The average 

contact angles of water droplets residing on the block copolymer brushes for five 

solvent cycles are presented in Figure 4.7. An excellent responsive behavior was 

observed with a transition from the hydrophilic to the hydrophobic state with no 

deviations in the WCA values for at least 5 solvent cycles. This behavior implied that 

the polymer brushes are capable of internal rearrangements exhibiting a smart memory 

behavior of their surface wettability for repetitive solvent cycles.  
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Figure 4.7. Average WCA values for the PDMAEMA267-b-PTFEMA220 (■, 

black), PDMAEMA267-b-POFPMA104 (●, red) and PDMAEMA267-b-

PTDFOMA35 (▲, blue) brushes following successive immersion in HFiP 

and water. The schematic illustration in the right represents the structure of 

the brush in each selective solvent (●:DMAEMA and ●:fluoromonomer). 

However, a remarkably different behavior was found for the symmetric diblock 

copolymer brushes. Figure 4.8 shows the WCA of the brushes treated consecutively 

with HFiP, water and HFiP again (one cycle). The contact angles in one solvent cycle 

varied from 91o to 89o to 92o for PDMAEMA103-b-PTFEMA108, 100o to 96o to 97o for 

PDMAEMA103-b-POFPMA72 and 106o to 101o to 103o for the PDMAEMA103-b-

PTDFOMA?? copolymer brush. These results suggest that the brushes with the higher 

fluoropolymer content cannot rearrange to switch the wettability of the surface, and it 

is the outer hydrophobic block that remains constantly exposed at the free surface 

governing the polymer-air interface, despite the shorter length of these blocks compared 

to those of the lower fluoropolymer content brushes.13  

From the above we can conclude that the diblock copolymer brushes can attain two 

different morphologies, following immersion in water which is a good solvent for the 

surface anchored PDMAEMA inner block, which depend on the copolymer 

composition. For higher PDMAEMA content, the brush adopts the so-called 

“collapsed” morphology with the fluorinated blocks collapsing on the surface and the 

PDMAEMA blocks migrating at the outer free surface of the brush to shield the 

interactions between the fluorinated blocks and water.13 At lower PDMAEMA content, 

the “exposed” morphology prevails and the fluorinated blocks remain exposed to the 

bad solvent despite the stretching of the PDMAEMA block. At the high grafting 
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densities studied in this work, it seems that the increase in the fluorinated segment 

content prevents the organization of the brush and diminishes the responsive behavior 

of the grafted diblock polymer chains. 

 

  

Figure 4.8. Average WCA values for the (a) DMAEMA103-b-PTFEMA108 

(■, black), (b) PDMAEMA103-b-POFPMA72 (●, red) and (c) PDMAEMA103-

b-PTDFOMA?? (▲, blue) brushes, following immersion in HFiP, water and 

HFiP again. The schematic illustration in the right represents the structure 

of the brush in each selective solvent  (●:DMAEMA and ●:fluoromonomer). 

 

AFM studies were contacted to further investigate the solvent-responsive behavior of 

the diblock copolymer brushes and determine the surface morphology following 

immersion in the selective solvents. Figure 4.9 shows typical AFM height images for 

the PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-POFPMA104 and PDMAEMA267-
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b-PTDFOMA35 brushes, after treatment with HFiP (Figure 4.9a, b, c) and water (Figure 

4.9d, e, f). The average roughness values calculated from the height deviations of these 

images are listed in Table 4.4. The surface morphology of the brushes varied depending 

on the solvent immersed. Immersion in HFiP resulted in a relatively smooth surface 

with a surface roughness of 1.1 - 1.3 nm, even lower than the RMS found after treatment 

with TFT (1.5 - 1.8 nm). This suggests that the outer fluorinated blocks are localized at 

the polymer-air interface and the PDMAEMA block is segregated on the grafted 

surface, to give relatively smooth and uniform surfaces. However, when the diblock 

copolymer brushes were treated with water, which is a selective solvent for the inner 

block, the surface roughness increased to 2.0 - 3.1 nm suggesting the re-organization of 

the brush to adopt a non-linear conformation with the outer fluorinated blocks bending 

towards the inner part of the brush and contributing to the increased roughness. These 

results are consistent with the WCA values discussed above for the two solvents. It is 

noted however, that no discernible regular nanomorphology, which would suggest the 

microphase separation of the fluorinated blocks, was observed upon immersion of the 

brush in water. The proposed conformation rearrangement considers that the short 

fluorinated outer blocks loop back from the polymer-water interface and become 

miscible with the inner PDMAEMA blocks, which become stretched to reach the 

polymer-water interface (See illustration in Figure 4.7). A more detailed study of the 

phase behavior and conformational re-arrangements of the diblock copolymer brushes 

is essential to further elucidate the brush structure following immersion in the two 

selective solvents.  
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Figure 4.9. AFM topography images in 2D and 3D (2 x 2 μm2, Z: 20nm) 

for the (a and d) PDMAEMA267-b-PTFEMA220, (b and d) PDMAEMA267-b-

POFPMA104 and (c and e) PDMAEMA267-b-PTDFOMA35 block copolymer 

brushes following immersion in HFiP (a - c) and water (d - f). Scale bar: 1 

μm. 
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Table 4.5. Surface roughness values of the diblock copolymer brushes 

following immersion in TFT, HFiP and water.  

Polymer brush 
RMS 

TFT (nm)* 

RMS 

HFiP (nm)* 

RMS 

H2O (nm)* 

PDMAEMA267-Br 0.8 0.7 0.7 

PDMAEMA267-b-PTFEMA220 1.6 1.1 2.7 

PDMAEMA267-b-POFPMA104 1.5 1.3 3.1 

PDMAEMA267-b-PTDFOMA35 1.8 1.1 2.0 

 * measured by AFM 

 

4.2.4.2 Effect of quaternization on the switching behavior of the diblock 

copolymer brushes  

Quaternization of the PDMAEMA segments of the PDMAEMA267-b-PTFEMA220, 

PDMAEMA267-b-POFPMA104, and PDMAEMA267-b-PTDFOMA35 brushes was 

carried out by a post-polymerization reaction to convert the tertiary amine groups of the 

DMAEMA units to their quaternary ammonium salt analogues. 1-Iodopropane was 

used as the quaternization agent, in methanol at 50 ºC for 48 h.  

Table 4.6 summarizes the characteristics of the quaternized diblock copolymer brushes. 

For all copolymer brushes, a ~1.5-fold increase of the dry film thickness was measured 

after quaternization reaction, which is ascribed to the increase of the molecular weight 

of the DMAEMA monomer repeat units, as well as to any remaining chemically-bound 

water molecules within the charged polymer layer, as described in detail in Chapter 3 

for the PDMAEMA homopolymer brushes. 

 

 

 

 

 



Chapter 4 Responsive amphiphilic diblock copolymer brushes 
 

236 

 

 

Table 4.6. Characterization data of the quaternized semi-fluorinated 

diblock copolymer brushes. 

Polymer brush Thickness 

Inner block 

(nm) 

Thickness 

Outer block 

(nm) 

Total 

thickness 

(nm)  

 

PDMAEMA267-Br 32 - - 

PQDMAEMA267-b-PTFEMA220 48 15 63 

PQDMAEMA267-b-POFPMA104 50 12 62 

PQDMAEMA267-b-PTDFOMA35 45 6 51 

 

After quaternization, the diblock copolymer brushes were characterized by contact 

angle measurements following immersion in the two selective solvents, HFiP and 

water. As shown in Figure 4.10, the contact angles varied between 81o and 90o for 

PQDMAEMA267-b-PTFEMA220, 80o and 93o for PQDMAEMA267-b-POFPMA104 and 

85o and 94o for the PQDMAEMA267-b-PTDFOMA35 copolymer brushes. These values 

are between the WCAs measured for the PQDMAEMA brush (42 o, see Chapter 3) and 

the PTFEMA, POFPMA or PTDFOMA homopolymer brushes (97 o, 109 o and 115 o, 

respectively), in each case, suggesting that partial rearrangement of the two blocks and 

the switching behavior of the diblock copolymer brushes occurred, but to a much less 

extent compared to the precursor diblock copolymer brushes before quaternization. 

It was expected, that the tethered semi-fluorinated diblocks consisting of a 

PQDMAEMA inner block would exhibit a greater contact angle change upon solvent 

rearrangement compared to the corresponding PDMAEMA-based semi-fluorinated 

diblock copolymer brushes. The rearrangement of the diblock copolymer brushes has 

been reported to depend on several factors such as the length of the blocks, the 

copolymer composition and the Flory-Higgins interaction parameter (χ) of the two 

polymers. It is speculated that in our case the increase in the solubility parameter, the χ 

value, between the two blocks after quaternization prevents the complete rearrangement 

of the block copolymer brushes.14 
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In addition, the fluoropolymer chains with long fluorinated alkyl chains (17 fluorine 

atoms) have been shown to present crystallinity of the polymer side groups in dense 

polymer brushes, which contributes to a diminished flexibility of the polymer chains.15  

In this thesis, PTFEMA, POFPMA and PTDFOMA were shown to possess a decent in 

flexibility upon their introduction in diblock copolymer brushes. Therefore, the 

deterioration of the responsiveness of these brushes upon quaternization can be 

attributed to the loss of the flexibility of the polymer chains.  Apparently, the 

quaternization reaction results in a further constrain of the two immiscible 

PQDMAEMA and PTFEMA or POFPMA or PTDFOMA chains, which is supported 

by the semi-crystallinity of the mixed brushes at RT.  

 

 

Figure 4.10. Average WCA values for the (a) PQDMAEMA267-b-

PTFEMA220 (■, black), (b) PQDMAEMA267-b-POFPMA104 (●, red) and (c) 

PQDMAEMA267-b-PTDFOMA35 (▲, blue) brushes following immersion in 

HFiP, water and HFiP again. 
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Next, the morphologies of the brushes were studied by tapping mode AFM. Topography 

and phase images were captured to assess changes on the morphological characteristics 

of the brushes upon solvent treatment. The height images provide the topography and 

the characteristic roughness of the surface, while the phase images show the distribution 

of the two polymers in the film. AFM height images of the PQDMAEMA267-b-

PTFEMA220, PQDMAEMA267-b-POFPMA104 and PQDMAEMA267-b-PTDFOMA35, 

diblock copolymer brushes showed the loss of surface homogeneity of the brush and 

the possible formation nanostructures, signifying the phase separation of the two blocks 

which are both present at the polymer-air interphase (see Figure 4.11). This was verified 

by phase image AFM, which clearly shows the phase contrast in the polymer films 

verifying the microphase separation of the two blocks when immersed in water (Figure 

4.12), whereas similar morphologies were obtained in HFiP.  The phase separation of 

the diblock copolymer brushes depends on the copolymer composition, the polymer 

grafting density and the Flory-Higgins interaction parameter (χ).16 For high χ values of 

the two blocks, phase separation occurs due to the immiscibility of the polymer 

segments. Herein, the χ value between the two block increases after quaternization due 

to the presence of very dissimilar polymers, charged PQDMAEMA and semi-

fluorinated PTFEMA, POFPMA or PTDFOMA chains. Thus, it is believed that after 

quaternization the two different blocks cannot fully rearrange upon exposure to a 

selective solvent for the inner block, and both blocks co-exist in the outer surface, thus 

each affecting partially the surface properties of the film. This behavior is in agreement 

with similar studies on diblock copolymer brushes.10, 12b, 13  
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Figure 4.11. AFM topography images in 2D and 3D (2 x 2 μm2, Z: 20nm) 

for the (a) PQDMAEMA267-b-PTFEMA220, (b) PQDMAEMA267-b-

POFPMA104 and (c) PQDMAEMA267-b-PTDFOMA35 diblock copolymer 

brushes after immersion in nanopure water. 

 

Figure 4.12. AFM height (a, 2 x 2 μm2, Z: 20nm) and phase image (b, 2 x 2 

μm2, Z: 20 deg) for the PQDMAEMA267-b-POFPMA104 block copolymer 

brush after immersion in water.  

 

4.2.5 Stability tests of the amphiphilic diblock copolymer brushes 

The degrafting of the diblock copolymer brushes, upon prolonged immersion in 

fluorinated organic solvent and in water, was studied. Ellipsometry was employed to 

(a) (b) (c)

(a) (b)
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characterize the degrafting process before and after quaternization, by determining the 

dry film thickness of the PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-

POFPMA104 and PDMAEMA267-b-PTDFOMA35 brushes and their respective 

quaternized analogues at regular time intervals. 

Figure 4.13a shows the dry brush thickness as a function of immersion time in nanopure 

water. Incubation in water resulted in the degrafting of the end-grafted diblock polymer 

chains after 14 days, with the dry film thickness decreasing from 41, 37 and 40 nm in 

day 1, to 20, 13 and 14 nm in day 30, for the PDMAEMA267-b-PTFEMA220, 

PDMAEMA267-b-POFPMA104 and PDMAEMA267-b-PTDFOMA35 brushes, 

respectively, whereas thereafter it decreased slightly or remained almost constant until 

day 60. On the other hand, the rate of degrafting increased significantly for the strong 

polyelectrolyte PQDMAEMA brushes (Figure 4.13b) and degrafting occurred 

immediately with the thickness decreasing from 57, 54 and 49 nm in day 1 to 26, 20 

and 18 nm after 7 days in water for the PQDMAEMA267-b-PTFEMA220, 

PQDMAEMA267-b-POFPMA104, PQDMAEMA267-b-PTDFOMA35 brushes, 

respectively irrespectively of the length of the fluorocarbon side group. Again, after this 

time, the film thickness decreased slightly or remained almost constant until day 30. 

Similar to the discussion in Chapter 3, the degrafting of polymer brushes in water is 

attributed to the swelling of the end-grafted chains which is believed to facilitate the 

hydrolytic cleavage of the siloxane or ester bonds at the polymer brush-substrate 

interface. After a certain degrafting of the chains, the grafting density and thus the 

tension at the interface decreases, which slows down significantly the degrafting 

process, leading to an almost constant polymer film thickness (Scheme 4.2).  

For the diblock copolymer brushes, the grafting density was high (~0.5 chains/nm2 for 

the inner PDMAEMA block), and therefore the de-grafting process was fast, whereas 

an accelerated degrafting was observed after quaternization. In the latter case, the 

DMAEMA moieties carry a permanent charge and the PQDMAEMA blocks are highly 

stretched in water, to limit the electrostatic repulsions between the polymer chains. 

Therefore, the hydrolysis of the bonds at the brush-substrate interface is mechanically 

activated by the increased tension exerted on the chain, that results to the degrafting 

process. It is however interesting that, the degrafting process is faster for the diblock 

copolymer brushes (14 days for the  PDMAEMA267-b-PTFEMA220, PDMAEMA267-b-

POFPMA104, PDMAEMA267-b-PTDFOMA35 brushes and 7 days for the 
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PQDMAEMA267-b-PTFEMA220, PQDMAEMA267-b-POFPMA104, PQDMAEMA267-

b-PTDFOMA35 brushes), compared to the respective PDMAEMA and PQDMAEMA 

homopolymer brushes discussed in Chapter 3 (degrafting after 30 days for PDMAEMA 

and 14 days for PQDMAEMA-C3). It is suggested that the tension on the chain and the 

cleavage of the initiator bonds cannot be explained only by the introduction of the 

charged moieties, since the presence of the fluorinated segments at the outer surface 

seems to contribute to the process, when the brushes are immersed in water. A possible 

contribution could be a further increase in mechanical tension, caused by the partial 

rearrangement and the switching behavior of the diblock copolymer brushes, compared 

to the PQDMAEMA homopolymer brushes. 
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Figure 4.13. Ellipsometric dry thickness of (a) the PDMAEMA267-b-

PTFEMA220 (■, black), PDMAEMA267-b-POFPMA104 (●, red) and 

PDMAEMA267-b-PTDFOMA35 (▲, blue) brushes and (b) the 

PQDMAEMA267-b-PTFEMA220 (■, black), PQDMAEMA267-b-POFPMA104 

(●, red) and PQDMAEMA267-b-PTDFOMA35 (▲, blue) brushes, as a 

function of their incubation time in water. 

 

Scheme 4.2. Schematic representation of the degrafting process to reach a 

minimum in the grafting density and the dry film thickness.  
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4.3 Conclusions 

In summary, amphiphilic diblock copolymer brushes (PDMAEMA-b-PTFEMA, 

PDMAEMA-b-POFPMA, PDMAEMA-b-PTDFOMA) were successfully synthesized 

from silicon substrates via SI-ATRP. The diblock copolymer brushes exhibited a 

profound responsive behavior and their surface wettability was altered upon immersion 

in different solvents such as TFT, HFiP and water. The symmetric diblock copolymers 

could not undergo a rearrangement of their chains to expose the solvent soluble block 

at the free surface of the film, whereas the re-arrangement took place at higher contents 

of the inner PDMAEMA block. In addition, it was shown that quaternization of the 

amine groups of the responsive diblock copolymer brushes, deteriorated their 

responsiveness. This was attributed to the larger χ value between the two blocks after 

quaternization, due to the presence of two very dissimilar polymers, charged 

PQDMAEMA and fluorinated PTFEMA, POFPMA or PTDFOMA chains which leads 

to phase separation with both polymers being present at the polymer-air interface. 

Finally, the stability of the amphiphilic diblock copolymer brushes depends on the 

charge density along the polymer chains with the PQDMAEMA brushes undergoing 

significant degrafting in the first 7 days in water, whereas the non-quaternized 

analogues were stable for the first 14 days and exhibited significant degrafting between 

day 15 and 30 in the aqueous medium. 
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5.1 Introduction 

Functional or “smart” materials have been attracting increased attention during the past 

decade.1 The development of novel intelligent systems that can switch their surface 

properties, upon exposure to different stimuli, constitutes a prime demand. Stimuli-

responsive surfaces with switchable properties including wettability, cell adhesion, and 

so on, have been developed, operating  under the application of the solution temperature 

and pH, light irradiation, solvent treatment, electric and magnetic fields.2 Among these 

stimuli, the solvent quality is the most frequently utilized, to switch the surface 

properties of polymer brush surfaces. Diblock copolymer and mixed polymer brushes 

have been prepared for the development of stimuli-responsive surfaces with potential 

use in several applications including switchable stabilization/destabilization of 

colloidal dispersions, gating of mass transport, sensors, biointerfaces, designing of 

superhydrophobic surfaces and coatings, surfaces with tuned adhesion and 

electrochemical devices.3 

Tuning reversibly the friction of a surface by light, temperature, solvent, counter ions 

and electric field has been shown in the literature. Friction is a force that opposes the 

relative lateral motion of two solid surfaces in contact and constitutes a prime concern 

for energy loses and the mechanical deformation of materials. One way to reduce these 

side effects is the application of viscous liquid lubricants that combine properties such 

as low volatility, high chemical and thermal stability, anti-flammability, 

biocompatibility, etc. Polymer brush surfaces, as lubricating or hydrating layers have 

been introduced for industrial, technological and biological applications. Lubrication is 

related to the solvency of the polymer brushes, nevertheless, the presence of solvents 

as lubricants prohibtis the use of polymer brushes in systems or devices where liquids 

are excluded e.g. micro/nano electromechanical systems (MEMS/NEMS).4 So far, 

physisorbed PTFE thin coatings are employed to reduce the adhesion and friction forces 

on these devices, nevertheless these coatings possess long term mechanical instability 

and low wear resistance.5 Toward this direction, Bhairamadgi et al. introduced high dry 

lubrication layers with low adhesion and friction forces, by synthesizing homopolymer 

brushes that contain CF2 and CF3 fluoroalkyl groups on the side groups of each 

monomer unit.6 Moreover, simulation studies indicated that indeed the presence of 

fluorine atoms on the polymer brushes induced a marked reduction in the frictional 

forces that occur in the dry state.7 Binary mixed polymer brushes have been shown to 
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function as polymer surfaces with controllable and tunable dry friction and adhesion 

properties upon immersion in different good solvents.8 Amphiphilic mixed brushes 

comprising PDMAEMA chains and perfluorinated alkane units would not only form 

surfaces with reduced friction forces in the dry state, but may also provide surfaces with 

tunable dry friction properties.  

In this chapter, we report the synthesis of amphiphilic binary mixed polymer brushes 

comprising functional PDMAEMA chains and low-surface energy PTFEMA, 

POFPMA or PTDFOMA chains. The co-adsorption and step-wise methods were tested 

for the successful preparation of mixed SAMs from two ATRP initiator sites. First, the 

semi-fluorinated homopolymer chains were grafted from a pre-modified SAM on 

silicon substrates, via SI-ATRP. Next, the PDMAEMA chains were introduced via a 

second SI-ATRP process, to form the binary mixed brushes. We investigated the 

solvent-switchable surface properties of the brushes, such as wettability and friction, 

which are manipulated by the selective solvency of the binary amphiphilic mixed 

polymer brushes. Finally, the amphiphilic mixed polymer brushes show a remarkable 

stability in an aqueous environment. To the best of our knowledge, the mixed brush 

systems developed herein, comprise the first example reported in the literature, that 

reveal switchable friction properties with a shape memory functionality in the dry state. 

 

5.2 Results and Discussion 

5.2.1 Synthesis and self-assembly of the ATRP initiators and model mixed 

brush synthesis 

5.2.1.1 Synthesis of the “sacrificial” ATRP initiator 

The model sacrificial initiator, 2-bromo-2-methyl-N-pentylpropanamide (BMPA), was 

prepared, since it possesses similar chemistry to the surface-bound and the free initiator, 

which has been shown to be significant for the correlation of the polymer grown from 

the surfaces to those formed in solution.9 The synthetic approach followed for the 

preparation of the free amide initiator is outlined in Scheme 5.1. The successful 

synthesis and the purity of the molecule was verified by 1NMR spectroscopy in CDCl3 

(Figure 5.1). 1H NMR (300 MHz, CDCl3): δ 6.76 (1H, s), 3.25 (2H, t), 1.96 (6H, s), 

1.55 (2H, m), 1.35 (4H, m), 0.92 (3H, m). The presence of a peak at 0.14 ppm, attributed 
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to the proton of the amide group, evidences the successful reaction of amylamine with 

BIBB to form BMPA. Finally, the absence of any further peaks, attributed to the 

precursor molecules or possible side-products in the spectrum, defines the purity of the 

initiator. 

 

Scheme 5.1. Synthesis of the sacrificial initiator, 2-bromo-2-methyl-N-

pentylpropanamide (BMPA), via an amidation reaction between amylamine 

and 2-bromoisobutyryl bromide. 

 

Figure 5.1. 1H NMR spectrum of BMPA in CDCl3. 

 

5.2.1.2 Mixed initiator SAMs and PMMA/PDMAEMA mixed polymer brush 

synthesis 

For the synthesis of the binary mixed brushes via a two-step “grafting from” technique, 

monolayers comprising the ATRP initiator BIDS and the APDES precursor molecule 

were generated via the “co-adsorption” method, targeting the covalent binding of mixed 

silanes on the silicon surfaces, by condensation between their silanol groups (Scheme 

5.2). According to the literature, the ratio of the grafted molecules is hypothesized to 

be similar to that in the solution mixture, when the two organosilanes have comparable 

size and are well mixed.10 Mixtures of 100:0, 99:1, 90:0, 75:25, 50:50, 25:75 and 0:100 
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BIDS/APDES molar ratios in toluene at RT were used for the preparation of the mixed 

SAMs.  

 

 

Scheme 5.2. Schematic representation of the synthetic approach followed 

for the preparation of the mixed ATRP initiator SAMs via the co-adsorption 

and the stepwise method.  

 

When the mixed SAM was anchored on the silicon substrates, the binary mixed 

polymer brushes were synthesized via sequential SI-ATRP, as summarized in Scheme 

5.3. MMA and DMAEMA were used for the synthesis of the mixed polymer brushes, 

in order to evaluate the different BIDS/APDES molar ratios used for the SAM 
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formation. The first polymer was grafted using SI-ATRP. Next, the terminal bromine 

atoms were removed by dehalogenation in order to avoid synthesizing diblock 

copolymer brushes and an ATRP initiator was again immobilized on the surface. 

Finally, the second polymer was grafted again by SI-ATRP.  

 

Scheme 5.3.  Schematic illustration of the synthetic procedure followed for 

the preparation of the mixed polymer brushes by SI-ATRP from mixed 

silane modified silicon substrates.  

The first grafted polymer was PMMA. The polymerization time was adjusted to prepare 

free PMMA chains with Mn = 80,000 gr/mol in solution. This resulted in the preparation 

of a 57 nm thick polymer film for the substrates grafted with a 100:0 BIDS/APDES 

molar ratio. The grafting density of the polymer was calculated at 0.43 chains/nm2. 

Mixed SAMs prepared using different molar ratios of BIDS/APDES were placed in the 

same reaction to grow the PMMA brushes. Table 5.1 summarizes the polymer brush 

thicknesses obtained in each case and the grafting density values calculated using the 

Mn of the free polymer chains in solution. As seen, in the Table the immobilization of 

APDES decreased the PMMA film thickness from 24 to 9 nm with the decrease of the 

BIDS/APDES molar ratio from 99:1 to 25:75. This is obviously due to the decrease of 

the amount of active ATRP initiator on the surface for the SI-ATRP of MMA. 

Interestingly, the grafting density of the PMMA chains also decreased from 0.43 

chains/nm2 for the PMMA chains grafted from the 100:0 BIDS/APDES mole ratio to 

~0.2 chains/nm2 for 99:1 BIDS/APDES and then remained constant at ~0.10 

chains/nm2 for all other BIDS/APDES mole ratios. This clearly indicates that the 

anchoring of the BIDS and APDES molecules, does not depend solely on the feed ratio 

of the two compounds in the solution mixture, but a preferential anchoring of the 
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APDES molecules takes place possibly due to their smaller size compared to BIDS or 

their higher polarity, which renders their chemisorption on the silicon surface 

energetically favored.11 This is expected to have a direct impact on the composition of 

the mixed PMMA/PDMAEMA brushes, after the second polymerization step, and 

therefore, the approach is not preferred for the synthesis of the mixed polymer brushes.  
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Table 5.1. Characteristics of the mixed PMMA/PDMAEMA brushes prepared by the co -adsorption and the stepwise method.  

moles 

BIDS 

moles 

BIBAPDES 

PMMA 

vol % 

Thicknessa 

(nm) 

σ 

(chains/nm2) 

PDMA 

vol % 

Thicknessb 

(nm) 

σ 

(chains/nm2) 

Thicknessmixed 

(nm) 

σmixed 

(chains/nm2) 

100 0 100 57 0.43 0 0 - 57 0.43 

99 1 33 24 0.19 67 36 0.30 60 0.49 

90 10 18 12 0.09 82 55 0.46 67 0.55 

75 25 18 11 0.08 82 45 0.37 63 0.45 

50 50 21 13 0.10 79 48 0.44 61 0.54 

25 75 14 9 0.07 86 54 0.45 63 0.52 

0 100 0 - - 100 76 0.63 76 0.63 

BIDS 

time (h) 

BIBAPDES 

time (h) 

PMMA 

vol % 

Thicknessc 

(nm) 

σ 

(chains/nm2) 

PDMA 

vol % 

Thicknessd 

(nm) 

σ 

(chains/nm2) 

Thicknessmixed 

(nm) 

σmixed 

(chains/nm2) 

24 0 100 84 0.60 0 - - 84 0.60 

24 24 79 83 0.61 21 22 0.17 105 0.78 

12 24 81 85 0.60 19 19 0.15 104 0.75 

6 24 53 60 0.43 47 53 0.41 113 0.84 

3 24 39 42 0.31 61 66 0.51 108 0.82 

0 24 0 - - 100 84 0.61 84 0.61 

a: Mn of free PMMA chains in solution 81,400 g/mol 

b: Mn of free PDMAEMA chains in solution 79,800 g/mol 

c: Mn of free PMMA chains in solution 86,200 g/mol 

d: Mn of free PDMAEMA chains in solution 83,700 g/mol 
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Despite the above observations, the terminal bromine atoms of the PMMA chains 

grafted from the surface, were removed using a dehalogenation reaction in order to 

prevent the formation of diblock copolymer brushes. The dehalogenation procedure 

was adopted by Ionov and Minko using tri(n-butyl)tin hydride (TBH) and a temperature 

of 130 ºC.3b TBH is known to deactivate the living PMMA chains, during the formation 

of radicals by the copper catalyst in SI-ATRP.  

Next, the BIBAPDES ATRP initiator was synthesised on the surfaces, by the reaction 

of the free amino groups of APDES with BIBB. Along with the homopolymer brushes 

prepared in the first SI-ATRP, a silicon substrate modified with a 0:100 BIDS/APDES 

mole ratio was employed to form a BIBAPDES SAM. Next, the second SI-ATRP 

process commenced to grow the PDMAEMA chains from the surfaces. The reaction 

was adjusted again to prepare PDMAEMA chains with Mn = 80,000 gr/mol in solution. 

Table 5.1 summarizes the thicknesses of the mixed polymer brushes and the 

PDMAEMA brushes (as the difference of the total thickness minus the thickness of the 

PMMA layer), the corresponding values of the grafting densities and the volume 

fractions of the PMMA and PDMAEMA chains, calculated using the dry polymer film 

thicknesses.  

The successful synthesis of the binary mixed PMMA/PDMAEMA brushes was verified 

by the increase in the film thickness after the second SI-ATRP step from 36 nm up to 

54 nm. The PMMA homopolymer brushes, grafted from the 100:0 BIDS/APDES SAM 

verified that the dehalogenation reaction was successful, since the dry film thickness of 

this brush did not change after the second polymerization step. The preparation of a 76 

nm thick polymer film was obtained for the substrate grafted with the 0:100 

BIDS/BIBAPDES molar ratio, from which the grafting density was calculated at 0.63 

chains/nm2 which is higher compared to the grafting density of the BIDS-anchored 

substrates (0.43 chains/nm2). Moreover, the grafting densities for all mixed brushes 

after the second polymerization varied was calculated between 0.45 and 0.55 

chains/nm2, which are significantly higher than the values calculated for the respective 

homopolymer brushes after the first polymerization step, suggesting the synthesis of 

the mixed polymer chains on the surface. 

The volume fractions of the PMMA chains were calculated by the ratio of the dry 

thickness of PMMA brushes, after the first SI-ATRP of MMA from the mixed initiator 
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modified surfaces, to the thickness of the final mixed brush, measured after the second 

SI-ATRP of DMAEMA. Nevertheless, in all cases the fraction of the PDMAEMA 

chains was higher compared to the PMMA chains, which indicates that indeed 

BIBAPDES is preferentially anchored on the substrates compared to BIDS initiator. 

These results suggest that the preparation of 50:50 mixed PMMA/PDMAEMA brushes, 

employing the co-adsorption of BIDS and APDES molecules is complicated, due to the 

faster absorption kinetics of the APDES moieties.  

To evade the above problem, the “stepwise” method, for the immobilization of the 

ATRP initiating sites on the surface, was used (Scheme 5.3).12  In this approach, freshly 

cleaned substrates, using a piranha solution, were immersed in a 2% v/v solution of the 

BIDS initiator for a predetermined period of time, followed by a second immersion in 

a 2% v/v solution of the APDES molecules, aiming to fill the gaps of the first monolayer 

deposition. A qualitative analysis of the silanization process can be made by comparing 

the thickness and the wettability of the samples after each immersion step in the saline 

solution. Following the first SAM formation, WCA values of 80º were measured and a 

thin layer of 1.5 nm was formed, which denotes that the hydrophobic initiator was 

successfully grafted onto the silicon substrates. Next, upon the deposition of the second 

silane (APDES), a decrease of the WCA to 71º was found, suggesting the adsorption of 

the polar APDES moieties on the substrate. It is noted that the WCA of 71º is 

intermediate between the value for the pure APDES and BIDS SAMs (64º and 80º, 

respectively), verifying the mixed SAM formation. Moreover, a small increase in the 

film thickness to 1.6 nm was measured after the second immersion step, however, the 

difference is within the error bar of the measurements, and therefore, cannot justify the 

mixed SAM formation.  

Next, a similar sequential SI-ATRP process of MMA and DMAEMA commenced with 

an intermediate dehalogenation step, as described above. The data for the mixed 

polymer brushes prepared are summarized in Table 5.1. 

Again, the first grafted polymer was PMMA. Well-defined PMMA homopolymer 

brushes, were successfully prepared from the BIDS-APDES modified silicon 

substrates, with Mn=86,200 gr mol-1 in solution and corresponding dry thickness of 84 

nm for the substrates immersed for 24 h in BIDS. The grafting density of the polymer 

was calculated at 0.60 chains/nm2. Mixed SAMs prepared using different immersion 
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times first in BIDS and then in APDES were placed in the same reaction to grow the 

PMMA brushes. Table 5.1 summarizes the polymer brush thicknesses obtained in each 

case and the grafting density values calculated using the Mn of the free polymer chains 

in solution.  

The thicknesses obtained for SAM’s formed by immersion at 3, 6, 12 and 24 h in BIDS, 

followed by immersion in APDES for 24 h, were 42, 60, 85 and 83 nm, respectively. It 

is obvious that the PMMA film thickness remained constant at ~84 nm with the 

substrates immersed in BIDS above 12 h. Decreasing the immersion time to 3 and 6 h 

in BIDS, the PMMA film thickness decreased up to 42 nm. This clearly indicates that 

the anchoring of BIDS was less, implying the anchoring of both BIDS and APDES 

molecules following immersion of the BIDS functionalized substrates in APDES for 

24 h. Similarly, the grafting density of the PMMA chains remained constant for 

immersion times 12:24 h BIDS/APDES and 24:24 h BIDS/APDES, followed by a 

decrease from ~0.6 chains/nm2 to ~0.3 chains/nm2 for 3:24 h BIDS/APDES. 

Again, the terminal bromine atoms of the PMMA chains grafted from the surface, were 

removed using a dehalogenation reaction in order to prevent the formation of diblock 

copolymer brushes. The BIBAPDES ATRP initiator was synthesized on the surfaces, 

by the reaction of the free amino groups of APDES with BIBB. Along with the 

homopolymer brushes prepared in the first SI-ATRP, a silicon substrate modified with 

a 0:24 h BIDS/APDES was employed to form a BIBAPDES SAM.  

Next, the second SI-ATRP process commenced to grow the PDMAEMA chains from 

the surfaces. The successful synthesis of the binary mixed PMMA/PDMAEMA brushes 

was studied by ellipsometry. An increase of the film thickness between 19 and 66 nm, 

after the second SI-ATRP process, was measured. An almost 50:50 

PMMA/PDMAEMA brush was prepared from the substrate immersed in BIDS initiator 

for 6 h, followed by its immersion in APDES for 24h. Above 6 h for the first deposition 

of BIDS, polymer brushes of higher PMMA volume fractions were obtained, whereas 

for times lower than this threshold value produced brushes with higher PDMAEMA 

volume fractions. 

Another interesting aspect emanates from the higher grafting densities of the mixed 

polymer brushes, ~0.8 chains/nm2, compared to the grafting densities of the two 

homopolymer brushes synthesized from the single initiator SAM (~0.6 chains/nm2). 
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This can be attributed to the different grafting coverage of BIDS or BIBAPDES, the 

conversion of APDES to BIBAPDES and the size exclusion volume of PMMA and 

PDMAEMA. It seems that for a fully covered BIDS SAM, after 24 h, the addition of 

APDES molecules results in an increase of the grafting density suggesting that the 

APDES molecules are more pervasive. However, for a fully covered APDES SAM, 

either the larger size of PDMAEMA or the lower conversion of APDES to BIBAPDES 

results in a lower grafting density. 

 

5.2.2 Synthesis of binary semi-fluorinated mixed brushes 

Scheme 5.3 shows the general procedure for the synthesis of the binary mixed 

PTFEMA/PDMAEMA, POFPMA/PDMAEMA and PTDFOMA/PDMAEMA 

brushes, carried out using sequential SI-ATRP. The “stepwise” method was utilized for 

the preparation of the mixed SAMs. After the deposition of BIDS for 6 h, followed by 

the immobilization of APDES for 24 h, the modified surfaces were studied by 

ellipsometry. The thickness of the SAM layer was found 1.5 nm.  

Next, the binary semi-fluorinated mixed brushes were prepared by first polymerizing 

the fluorinated monomer (TFEMA, OFPMA or TDFOMA) by SI-ATRP followed by a 

second SI-ATRP process to grow the PDMAEMA chains, as described above for the 

PMMA/PDMAEMA brushes. Table 5.2 summarizes the characteristics of the prepared 

mixed polymer brushes. In all cases, homopolymer chains with molecular weights of 

42,700 g/mol for PDMAEMA, 43,100 g/mol for PTFEMA and 43,900 g/mol for 

POFPMA, were synthesized, as assessed by SEC analysis of the free polymer chains in 

solution (Figure 5.2a). The molecular weight distributions were also low, below 1.3, 

suggesting good control of the polymerization reaction. PTDFOMA is insoluble in 

THF, and therefore, its molecular weight and molecular weight distribution could not 

be determined by GPC. Figure 5.2b shows the film thicknesses of the mixed 

PTFEMA/PDMAEMA, POFPMA/PDMAEMA and PTDFOMA/PDMAEMA brushes 

measured by ellipsometry after each polymerization step. After the first SI-ATRP 

process, thin film with thicknesses of about 10 nm were measured for the fluorinated 

homopolymer brushes. The grafting densities of the brushes were calculated ~0.20 

chains/nm2 for all systems. Following the second SI-ATRP of DMAEMA, the polymer 
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film thicknesses increased to 30, 28 and 26 nm for the mixed PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA and PTDFOMA/PDMAEMA brushes, respectively (Figure 

5.2b), indicating the successful formation of the mixed polymer brushes. The grafting 

densities increased from ~0.2 to 0.5 chains/nm2, which also evidences the formation of 

mixed homopolymer brushes. The volume fraction of the fluorinated chains in the 

mixed brush was estimated around 30% (Figure 5.2c). This might be due to the different 

size or side group flexibility of the fluoro-methacrylates compared to MMA used in the 

control experiments (see previous section). Nevertheless, in Chapter 4 we showed that 

the optimum performance in terms of reversible wettability was found for the 

PDMAEMA-b-PTFEMA, PDMAEMA-b-POFPMA and PDMAEMA-b-PTDFOMA 

brushes with the lower content of fluoropolymer segments, since they are highly 

hydrophobic. Therefore, we decided to proceed with the investigation of the surface 

properties of these asymmetric binary mixed polymer brushes, whereas XPS 

measurements in the future would be highly advantageous to precisely determine the 

composition of the brushes. 
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Figure 5.2.  (a) SEC traces of the free PDMAEMA, PTFEMA and 

POFPMA chains obtained from the solution during the SI-ATRP process for 

the synthesis of the amphiphilic binary mixed brushes.  (b) Film thicknesses 

and (c) volume fractions of the PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA and PTDFOMA/PDMAEMA mixed brushes.  

Table 5.2. Characterization data of the semi-fluorinated mixed polymer 

brushes. 

Sample 
PFMA 

vol % 

Thickness 

PFMA 

(nm) 

σ 

(chains/nm2) 

Thickness 

PDMA 

(nm) 

σ 

(chains/nm2) 

Thicknessmixed 

(nm) 

σmixed 

(chains/nm2) 

PTFEMA-

PDMAEMA 
33 10 0.20 20 0.31 30 0.51 

POFPMA-

PDMAEMA 
32 9 0.20 19 0.29 28 0.49 

PTDFOMA-

PDMAEMA 
27 7 NA 19 0.29 26 0.46 

a: Mn of free PDMAEMA chains in solution 42,700 g/mol 

b: Mn of free PTFEMA chains in solution 43,100 g/mol 

c: Mn of free POFPMA chains in solution 43,900 g/mol 

(a)

(b) (c)

 PDMAEMA, 43,000g/mol, PDI 1.29

 PTFEMA, 43,000g/mol, PDI 1.21

 POFPMA, 43,000g/mol, PDI 1.28

9 10 11 12 13 14 15 16
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Figure 5.3. ATR-FTIR spectra of the (a) PTFEMA/PDMAEMA, (b) 

POFPMA/PDMAEMA and (c) PTDFOMA/PDMAEMA brushes. The 

vertical yellow line denotes the characteristic peak at 1131 cm -1 attributed 

to the C-F stretching vibration, while the orange line depicts the peaks at 

2852 cm-1 attributed to the (CH3)2-N stretching vibration of PDMAEMA. 

 

Qualitative confirmation of the presence of the end-grafted mixed brushes on the 

substrates was obtained by ATR-FTIR analysis. Representative spectra, presented in 

Figure 5.3, show the appearance of a characteristic peak at 1710 cm-1, which 

corresponds to the C=O stretching vibration of the ester group, and the peaks at 2852, 

attributed to the (CH3)2-N symmetric and asymmetric stretching vibrations, proving the 

successful grafting of the PDMAEMA chains. The presence of a new characteristic 

peak at 1131 cm-1, attributed to the bending frequency of the C-F bonds, verifies the 

successful synthesis of the PTFEMA/PDMAEMA, POFPMA/PDMAEMA and 

PTDFOMA/PDMAEMA mixed polymer brushes. 
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5.2.2.1 Quaternization of the binary mixed polymer brushes 

Quaternization of the PDMAEMA moieties of the PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA and PTDFOMA/PDMAEMA mixed brushes was carried out 

by a post-polymerization reaction to convert the tertiary amine groups to their 

quaternary ammonium salt analogues. 1-Iodopropane was used as the quaternization 

agent in methanol at 50 ºC for 48 h.  

 

 

Table 5.3. Characterization data of the quaternized semi -fluorinated 

mixed polymer brushes.  

 

Table 5.3 summarizes the characteristics of the quaternized mixed polymer brushes. 

For all mixed brushes, an ~1.8-fold increase of the film thickness was measured after 

the quaternization reaction, which is attributed to the increase of the molecular weight 

of the DMAEMA monomer repeat units, as described in Chapter 3 for the PDMAEMA 

homopolymer brushes. The volume fraction of the fluorinated polymer chains therefore 

decreased to 22, 21 and 19%, for the PTFEMA/PDMAEMA, POFPMA/PDMAEMA 

and PTDFOMA/PDMAEMA brushes, respectively. The successful quaternization of 

the mixed brushes was also verified by CA measurements discussed below in Section 

5.2.3.2. 

 

Sample 
PFMA 

vol % 

Thickness 

PFMA 

(nm) 

PQDMA 

vol % 

Thickness 

PQDMA 

(nm) 

Thicknessmixed 

(nm) 

PTFEMA-

PQDMAEMA 
22 10 78 36 46 

POFPMA-

PQDMAEMA 
21 9 79 33 42 

PTDFOMA-

PQDMAEMA 
19 7 81 30 37 
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5.2.3 Surface properties of the binary mixed polymer brushes 

5.2.3.1 Morphology of the mixed polymer brushes 

Samples were conditioned in TFT (non-selective solvent) and were then exposed to a 

selective solvent, either HFiP (for the PTFEMA, POFPMA and PTDFOMA chains) or 

water (for the PDMAEMA chains), then dried under a nitrogen steam to freeze the 

conformation and were characterized by AFM and CA measurements. In the dry state, 

both the PTFEMA and PDMAEMA chains are collapsed and the morphology of the 

surface depends on the solvent treatment prior to the AFM measurement. The 

morphologies of the brushes were studied in tapping mode AFM. Topography and 

phase images were captured to assess changes on the morphological characteristics of 

the brushes upon solvent treatment. Studies on mixed polymer brushes have shown that 

the surface properties can be vastly changed upon treatment with selective solvents.8, 13  

Figure 5.4 shows the characteristic AFM height images for the fluorinated mixed 

brushes after applying a single flattening procedure. After treatment with HFiP, which 

is a good solvent for PTFEMA and bad solvent for PDMAEMA, the 

PTFEMA/PDMAEMA brushes showed an increased RMS roughness (1.9 nm) (Figure 

5.4a’) but no discernible domain formation. No comparable domain formation was 

found also for the PTFEMA/PDMAEMA mixed brush after immersion in water, 

however lower RMS roughness was obtained (1.3 nm) (Figure 5.4a), possibly due to 

localization of the PDMAEMA chains at the outermost layer of the brush. Similar 

results were obtained for POFPMA/PDMAEMA and PTDFOMA/PDMAEMA mixed 

brushes with the roughness increasing up to 2.5 nm which however, still renders the 

surface as smooth. 
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Figure 5.4. AFM height images of the PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA and PTDFOMA/PDMAEMA mixed brushes after 

immersion in water (a,b,c) and  HFiP (a’,b’,c’). Each image resembles an 

area of 2 × 2 μm2. Scale bar: 1 μm, Z-scale bar: 0-10 nm. 

 

(a) (a’)

(b) (d)(b’)

(c) (c’)

RMS=1.3 RMS=1.9

RMS=2.5RMS=1.6

RMS=1.3 RMS=2.0
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Figure 5.5. AFM phase images of the PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA and PTDFOMA/PDMAEMA mixed brushes after 

immersion in water (a,b,c) and HFiP (a’,b’,c’). Each image resembles an 

area of 2 × 2 μm2. 

 

(a) (a’)

(b)
(d)(b’)

(c) (c’)
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The lateral phase segregation upon treatment with a selective solvent is clearly visible 

in the AFM phase images of the brushes. Figure 5.5 shows the characteristic phase 

images of the PTFEMA/PDMAEMA, POFPMA/PDMAEMA and 

PTDFOMA/PDMAEMA mixed brushes. After HFiP treatment, a “dimple” brush 

morphology was obtained with bright and dark domains for all brushes, whereas 

treatment with water results in a stronger lateral segregation exhibiting a “ripple” brush 

elongated morphology. These changes in the domain size and the different microphase 

separation of the systems into two states, clearly support their switchable properties 

upon HFiP and water treatment. The switching between the morphologies can be 

reasoned to the stretching or shrinkage of the semi-fluorinated and PDMAEMA chains, 

that occurs to minimize the interfacial energy under the applied solvent exposure.  In 

HFiP, the PTFEMA, POFPMA or PTDFOMA chains are swollen whereas the 

PDMAEMA chains are collapsed towards the silicon surface. Since the fluorinated 

polymer chains have higher affinity for HFiP, the as-depicted bright domains in the 

phase images are attributed to the hydrophobic polymer and the dark domains to the 

hydrophilic PDMAEMA which is insoluble in the fluorinated solvent. When the mixed 

brushes are immersed in water, the non-polar fluorinated chains will migrate towards 

the inner layer of the brush to avoid contact with water, and simultaneously the 

PDMAEMA chains will extent to cover the outer surface. Since the volume fraction of 

the PDMAEMA chains is higher in the brush, the PDMAEMA chains cover a broader 

area compared to the fluorinated polymer chains, and smoother surfaces with lower 

RMS roughness (from ~2 nm down to ~1.3 nm) are obtained in water. Moreover, a 

slightly increase in the domain size is observed for the POFPMA/PDMAEMA and 

PTDFOMA/PDMAEMA brushes after immersion in HFiP, compared to the 

PTFEMA/PDMAEMA mixed brushes. This may be attributed to the longer 

fluorocarbon side groups of POFPMA and PTDFOMA which exhibit a stronger 

segregation towards the outer brush surface upon immersion in the fluorinated solvent. 

The rippled and dimpled switching morphologies (Scheme 5.4) have been observed 

previously in other experimental and theoretical studies on stimuli-responsive mixed 

polymer brushes.14 The dominant role of the interactions between the polymer chains 

and the solvent appears when the grafting density is moderate (< 1.0 chains/nm2).15  
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Scheme 5.4. Schematic representation of the observed changes in the 

surface morphology of the binary mixed brushes upon immersion in the two 

selective solvents, water and HFiP. 

 

5.2.3.2 Wettability of the mixed brushes 

The surface properties, such as the wettability, morphology and the surface charge are 

known to significantly affect the performance of substrates. To assess the surface 

wettability of the mixed polymer brushes the WCAs (Figure 5.6a,b,c) and the surface 

energies (Figure 5.6a’,b’,c’) were measured.  

The static WCAs were determined after each synthetic step taking place in a common 

solvent. The WCA increased significantly from 67º to 91º, after the SI-ATRP of 

TFEMA which is slightly lower than the WCA of the PTFEMA homopolymer brush 

(Figure 5.6a). Subsequent polymerization of DMAEMA decreased the WCA to 84º due 

to the hydrophilicity of PDMAEMA, but still the CA remained quite high. 

Quaternization of the PDMAEMA chains with propyl iodide induced a larger reduction 

in the WCA to 58º, which corresponds to a moderately hydrophilic surface. This 

indicates the surface hydration of the amphiphilic binary PTFEMA/PQDMAEMA 

brush, nevertheless, the WCA is much higher than that found for the corresponding 

PQDMAEMA homopolymer brush (42 o, see Chapter 3), which indicates the presence 

of hydrophobic moieties on the outer surface of the brush.  

Similarly, the WCA increases to 107º after the synthesis of the POFPMA brush, and 

decreases slightly to ~93º after the formation of the mixed POFPMA/PDMAEMA 

brush (Figure 5.6b). Upon quaternization of the PDMAEMA chains, a relatively 

hydrophobic surface with WCA ~ 87º is obtained, which is ascribed to the presence of 

both the POFPMA and PQDMAEMA chains in the outermost surface of the brush. It 

is noted though that the WCA value is much higher than that corresponding to the 

PQDMAEMA homopolymer brush (42 o), indicating that the POFPMA chains play a 

HFiP 

water 
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dominant role on the surface wettability of the mixed POFPMA/PQDMAEMA brushes 

covering mostly the outer surface. Finally, the WCA values of the mixed 

PTDFOMA/PQDMAEMA brush exhibit a similar behavior suggesting again that the 

PTDFOMA chains dominate the surface wettability (Figure 5.6c). 

 

Figure 5.6. WCA (a,b,c) and surface energy (a’,b’,c’) values of the (a) 

PTFEMA, PTFEMA/PDMAEMA, PTFEMA/PQDMAEMA and 

PQDMAEMA brushes, (b) POFPMA, POFPMA/PDMAEMA, 

POFPMA/PQDMAEMA and PQDMAEMA brushes, and (c) PTDFOMA, 

PTDFOMA/PDMAEMA, PTDFOMA/PQDMAEMA and PQDMAEMA 

brushes. 
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When the surface energy of the solid is comparable to that of the liquid, a transition 

from partial to complete wetting is observed thus surfaces with very low surface 

energies are difficult to wet. The surface energy values of the PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA, and PTDFOMA/PDMAEMA brushes were calculated from 

the static CA measurements of two liquids, water and diiodomethane, using the OWRK 

method.16 Figure 5.6a’,b’,c’ depicts the surface energy values for all the mixed brushes 

synthesized in this work and the values of the respective homopolymer brushes (the 

surface energy of the silicon substrate after piranha solution was measured at 70 mN/m, 

which is similar to that of water at 72 mN/m). The PTFEMA, POFPMA and 

PTDFOMA homopolymer brushes prepared in the first SI-ATRP process, gave low 

surface energy values of 21, 15 and 10 mN/m, respectively, which are comparable to 

those of similar homopolymer brushes discussed in Chapter 3, indicating the formation 

of a non-polar brush layer. The surface energy value of the binary mixed 

PTFEMA/PDMAEMA brush increased to 30 mN/m, verifying the presence of the 

higher surface energy polymer. After quaternization the surface energy increased 

further to 46 mN/m for the PTFEMA/PQDMAEMA brush, which renders the polymer 

film a high surface energy material. On the other hand, the surface energy values of the 

mixed POFPMA/PQDMAEMA and PTDFOMA/PQDMAEMA brushes, remained 

low, between 19 – 25 mN/m, which verifies the presence of the long fluorinated alkyl 

chains at the air-polymer interface. 

 

5.2.3.3 Solvent-responsive wettability of the mixed polymer brushes  

In order to examine the responsive wettability of the mixed polymer brushes, all 

samples were first immersed in TFT, which is a non-selective solvent for both the 

fluorinated and non-fluorinated polymer chains. Next, the polymer brushes were dried 

under a nitrogen atmosphere, were placed in a vacuum oven for 6 h and were 

subsequently characterized by static WCA measurements. WCAs of 84º, 93º and 105º 

were measured for the PTFEMA/PDMAEMA, POFPMA/PDMAEMA and 

PTDFOMA/PDMAEMA mixed brushes, respectively.  These values are lower than the 

WCA values of the PTFEMA, POFPMA and PTDFOMA homopolymer brushes (97º, 
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109º and 115º), respectively and higher than the WCA of the PDMAEMA brush (~60o), 

suggesting that both the fluorinated polymer chains and the hydrophilic PDMAEMA 

are exposed on the surface of the film. Immersion of the PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA and PTDFOMA/PDMAEMA brushes, for 6 h in HFiP (a good 

solvent for the fluorinated polymer chains and a bad solvent for the PDMAEMA 

chains), followed by drying under a nitrogen flow and thermal annealing at 80 °C for 1 

h, resulted in a further increase of the WCA values at 95º, 108º and 111º, respectively, 

suggesting that the hydrophobic fluorinated chains have segregated at the free surface 

of the film. Next, the polymer films were soaked in nanopure water at RT for 18 h 

which induced the switching of the mixed brushes from hydrophobic into hydrophilic 

and a WCA lower than 60o was measured for all three brushes, suggesting that the 

hydrophilic PDMAEMA chains have migrated to the free surface. These results 

indicate that the polymer chains rearrange within the brush layer to expose the solvent-

soluble block at the outer surface of the film, which is in good agreement with the 

morphological rearrangements discussed above by AFM. Moreover, the 

PTFEMA/PDMAEMA, POFPMA/PDMAEMA and PTDFOMA/PDMAEMA brushes 

were stable with controllable and reproducible wettability switching for at least 5 cycles 

(Figure 5.7a).  
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Figure 5.7. Static WCA values of the (a) PTFEMA/PDMAEMA (■, black), 

POFPMA/PDMAEMA (●, red) and PTDFOMA/PDMAEMA mixed brushes 

(▲, blue) and the (b) PTFEMA/PQDMAEMA (■, black), 

POFPMA/PQDMAEMA (●, red) and PTDFOMA/PQDMAEMA mixed 

brushes (▲, blue) quaternized with propyl iodide, upon successive 

immersion in HFiP and water. 
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Figure 5.7b shows the switching of the wettability of the quaternized mixed brush 

analogues. Surprisingly, the WCA values of the quaternized mixed brushes varied only 

by ~6-10º, for the first cycle, after which the switching property deteriorated. 

Similar to the diblock copolymer brushes, discussed above, the increase in the χ value 

of the two polymers after quaternization is responsible for the incomplete polymer 

rearrangement.17 In addition, the deterioration of the responsiveness of these brushes 

upon quaternization can be attributed to the loss of the flexibility of the polymer chains.  

Apparently, the quaternization reaction results in a further constrain of the two 

immiscible PQDMAEMA and PTFEMA or POFPMA or PTDFOMA chains, which is 

supported by the semi-crystallinity of the mixed brushes at RT.  

 

5.2.4 Friction properties of the mixed polymer brushes 

Surface forces that control friction play a significant role in the assembly, manipulation 

and operation of nanoscale devices or biological implants. AFM enables the 

quantitative probing of friction forces at the nanoscale, by measuring lateral friction 

forces at given normal applied loads. To evaluate the solvent-switchable friction of the 

mixed polymer brushes, we investigated the kinetic friction between an inorganic 

surface (silicon nitride AFM tip) and the mixed PTFEMA/PDMAEMA, 

POFPMA/PDMAEMA and PTDFOMA/PDMAEMA brushes sliding in contact mode. 

The friction-vs-normal applied load profiles recorded by LFM showed that after the 

first immersion in HFiP, a linear friction force was obtained for the 

PTFEMA/PDMAEMA, POFPMA/PDMAEMA and PTDFOMA/PDMAEMA brushes 

(Figure 5.8a). The COF values extracted from these plots were low, μ = 0.07, 0.06 and 

0.05, respectively, but comparable to those of the homopolymer brushes (Figure 5.8b).  

After immersion in water, the friction forces increased again linearly with the normal 

applied load, and the profiles demonstrated an increase in the friction between the 

mixed brushes and the silicon tip to μ=0.19, 0.19 and 0.23, respectively. This verifies 

the responsive reorientation of the polymer chains upon exposure to the two different 

selective solvent, and results in the switching of the frictional properties of the smart 
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mixed brushes. The reversible transition from a high to a low friction coefficient was 

proven upon immersion in HFiP again (Figure 5.8b). The nanotribological properties 

of the binary mixed brushes appear to be uniquely ruled by their exposure in different 

selective solvents, either HFiP for the fluorinated polymer chains or water for the 

PDMAEMA chains, which makes them excellent smart systems.  
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Figure 5.8. (a) Friction-versus-applied load profiles recorded by LFM on 

the PTFEMA/PDMAEMA, POFPMA/PDMAEMA and 

PTDFOMA/PDMAEMA brushes. The plots were recorded while app lying a 

normal load between 10 and 125 nN using a silicon tip with a spring constant 

of 0.25 N/m. (b) Friction coefficients of the PTFEMA/PDMAEMA (■,  

black), POFPMA/PDMAEMA (●, red) and PTDFOMA/PDMAEMA (▲, 

blue) brushes upon immersion in HFiP, water and HFiP again .  

 

5.2.5 Stability of the semi-fluorinated mixed polymer brushes 

Poor stability of polyelectrolyte brush layers has been reported in water. In the presence 

of ppm of water highly solvated polymer brushes are subjected to osmotic forces that 

can catalyze the degrafting of the polymer chains due to hydrolysis or other chemical 

degradation of the surface anchoring groups. This drawback limits the potential 

applications of polymer brushes in engineering fields. To address this problem, a novel 

synthetic strategy proposes the formation of a barrier for the water molecules to access 

the substrate-polymer interface, thus improving the structural stability of the brush-

coatings.18 
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The stability of the amphiphilic mixed polymer brushes in an aqueous environment was 

examined via ellipsometry. Figure 5.9a shows the dry thicknesses of the mixed 

PTFEMA/PDMAEMA, POFPMA/PDMAEMA and PTDFOMA/PDMAEMA brushes 

as a function of immersion time in water. It is evident that no degrafting occured for at 

least 6 months, since the dry film thickness remained constant. The amphiphilic mixed 

brushes comprising PDMAEMA chains and perfluorinated alkane units provide 

fluorous confined spaces in water that prevent polymer degrafting. In addition, 

quaternization of the PDMAEMA chains to form the hydrophilic PQDMAEMA 

analogues, did not affect the stability of the brush in the aqueous medium, which clearly 

proves that the fluorinated polymer chains act as hydrophobic barriers under water, 

capable of protecting the labile initiator bonds (Scheme 5.5), in contrast to the 

fluorinated diblock copolymer brushes discussed in Chapter 4. The confined multi-

chain aggregation of the perfluorinated polymers has been shown in water.19 This 

behavior is very important for the use of the brushes in underwater applications. 
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Figure 5.9. Ellipsometric dry thickness of the (a) PTFEMA/PDMAEMA 

(■, black), POFPMA/PDMAEMA (●, red) and PTDFOMA/PDMAEMA (▲,  

blue) and the (b) PTFEMA/PQDMAEMA (■, black), 

POFPMA/PQDMAEMA (●, red) and PTDFOMA/PQDMAEMA (▲, blue) 

brushes, quaternized with propyl iodide, as a function of the incubation time 

in water. 
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Scheme 5.5. Schematic representation of the brush structure under water. 

 

5.3 Conclusions 

Semi-fluorinated amphiphilic binary mixed brushes were synthesized by two sequential 

SI-ATRP steps from mixed-silane modified surfaces using TFEMA, OFPMA and 

TDFOMA as the fluorinated monomers and DMAEMA as a functional hydrophilic 

monomer. ATR-FTIR measurements confirmed the grafting of the polymer chains on 

the silicon and glass substrates, whereas water contact angle measurements were 

employed to assess the wettability of the polymer films, which was found to decrease 

as the fluorinated alkyl chain length of the monomer repeat units increased. Solvent-

switchable surface properties (wettability, surface energy and friction) were shown for 

the amphiphilic mixed polymer brushes. An excellent reversible transition from a 

hydrophilic to a hydrophobic surface was found for all polymer brushes, following 

successive immersion in water and hexafluoroisopropanol (HFiP) (selective solvents 

for PDMAEMA and the fluorinated polymers, respectively) for at least 6 cycles. 

Rearrangement of the end-grafted homopolymer chains in the selective solvent medium 

induced the exposure of the solvent soluble moieties at the free film surface, and thus 

the change in the surface wettability and the surface energy, respectively exhibiting a 

responsive and shape-memory behavior. Moreover, the presence of the fluorocarbon 

side groups in the mixed polymer brushes introduced remarkable dry lubrication 

properties to the films. A reversible transition from low to high adhesion and friction 

forces, was observed, upon immersion of the films in HFiP and water, respectively. 

Quaternization of the DMAEMA units resulted in the loss of the responsiveness of the 

systems, however their surface energy values imply a compositional heterogeneity of 

their surface which may favor their use in non-fouling applications. Finally, the stability 

of the polymer films immersed in water over long time periods, was monitored by 

ellipsometry. A novel synthetic strategy is proposed to increase the stability of the 
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polyelectrolyte chains upon long-term exposure in water, by forming a fluorinated 

barrier for the water molecules to access the polymer-substrate interface. These surfaces 

with tunable wettability, friction and surface energy, in response to certain external 

stimuli, are significant for use in bio-nano-electronic devices, etc. 

 

5.4 References 

1. Mendes, P. M., Stimuli-responsive surfaces for bio-applications. Chemical 

Society Reviews 2008, 37 (11), 2512-2529. 

2. (a) Zeng, H.; Zhang, Y.; Mao, S.; Nakajima, H.; Uchiyama, K., A reversibly 

electro-controllable polymer brush for electro-switchable friction. J Mater Chem C 

2017, 5 (24), 5877-5881; (b) Zoppe, J. O.; Ataman, N. C.; Mocny, P.; Wang, J.; Moraes, 

J.; Klok, H.-A., Surface-Initiated Controlled Radical Polymerization: State-of-the-Art, 

Opportunities, and Challenges in Surface and Interface Engineering with Polymer 

Brushes. Chemical Reviews 2017, 117 (3), 1105-1318. 

3. (a) Barbey, R.; Lavanant, L.; Paripovic, D.; Schüwer, N.; Sugnaux, C.; Tugulu, 

S.; Klok, H.-A., Polymer Brushes via Surface-Initiated Controlled Radical 

Polymerization: Synthesis, Characterization, Properties, and Applications. Chemical 

Reviews 2009, 109 (11), 5437-5527; (b) Ionov, L.; Minko, S., Mixed Polymer Brushes 

with Locking Switching. Acs Appl Mater Inter 2012, 4 (1), 483-489. 

4. Palacio, M.; Bhushan, B., Ultrathin wear-resistant ionic liquid films for novel 

MEMS/NEMS applications. Adv Mater 2008, 20 (6), 1194-+. 

5. (a) Doms, M.; Feindt, H.; Kuipers, W. J.; Shewtanasoontorn, D.; Matar, A. S.; 

Brinkhues, S.; Welton, R. H.; Mueller, J., Hydrophobic coatings for MEMS 

applications. J Micromech Microeng 2008, 18 (5); (b) Biswas, S. K.; Vijayan, K., 

Friction and Wear of Ptfe - a Review. Wear 1992, 158 (1-2), 193-211. 

6. (a) Bhairamadgi, N. S.; Pujari, S. P.; Leermakers, F. A. M.; van Rijn, C. J. M.; 

Zuilhof, H., Adhesion and Friction Properties of Polymer Brushes: Fluoro versus 

Nonfluoro Polymer Brushes at Varying Thickness. Langmuir 2014, 30 (8), 2068-2076; 

(b) Bhairamadgi, N. S.; Pujari, S. P.; van Rijn, C. J. M.; Zuilhof, H., Adhesion and 

Friction Properties of Fluoropolymer Brushes: On the Tribological Inertness of 

Fluorine. Langmuir 2014, 30 (42), 12532-12540. 

7. Uehara, S.; Liu, Z. M.; Xu, J. X.; Ootani, Y.; Ozawa, N.; Kubo, M., Effect of 

Fluorination on Friction Forces between Concentrated Polymer Brushes in the Dry 

State: All-atom Molecular Dynamics Simulation Study. Chem Lett 2018, 47 (6), 784-

786. 

8. Vyas, M. K.; Schneider, K.; Nandan, B.; Stamm, M., Switching of friction by 

binary polymer brushes. Soft Matter 2008, 4 (5), 1024-1032. 

9. (a) Nomura, A.; Okayasu, K.; Ohno, K.; Fukuda, T.; Tsujii, Y., Lubrication 

Mechanism of Concentrated Polymer Brushes in Solvents: Effect of Solvent Quality 

and Thereby Swelling State. Macromolecules 2011, 44 (12), 5013-5019; (b) Watson, 

S.; Nie, M.; Wang, L.; Stokes, K., Challenges and developments of self-assembled 

monolayers and polymer brushes as a green lubrication solution for tribological 

applications. Rsc Adv 2015, 5 (109), 89698-89730; (c) Yamamoto, S.; Ejaz, M.; Tsujii, 

Y.; Fukuda, T., Surface Interaction Forces of Well-Defined, High-Density Polymer 



Chapter 5 Binary mixed polymer brushes with tunable surface and friction properties 
 

274 

 

Brushes Studied by Atomic Force Microscopy. 2. Effect of Graft Density. 

Macromolecules 2000, 33 (15), 5608-5612. 

10. Fu, Y.; Yang, Y.; Xiao, S.; Zhang, L.; Huang, L.; Chen, F.; Fan, P.; Zhong, M.; 

Tan, J.; Yang, J., Mixed polymer brushes with integrated antibacterial and antifouling 

properties. Progress in Organic Coatings 2019, 130, 75-82. 

11. Sui, X.; Zapotoczny, S.; Benetti, E. M.; Memesa, M.; Hempenius, M. A.; 

Vancso, G. J., Grafting mixed responsive brushes of poly(N-isopropylacrylamide) and 

poly(methacrylic acid) from gold by selective initiation. Polym Chem-Uk 2011, 2 (4), 

879. 

12. (a) Choi, I.; Kim, Y.; Kang, S. K.; Lee, J.; Yi, J., Phase Separation of a Mixed 

Self-Assembled Monolayer Prepared via a Stepwise Method. Langmuir 2006, 22 (11), 

4885-4889; (b) Feng, J.; Xu, G. H.; An, Y.; Zeng, X., Construction of the 

homogeneously mixed SAM composed of octyltriethoxysilane and 

octadecyltrichlorosilane by taking advantage of the molecular steric restriction. 

Colloids and Surfaces A: Physicochemical and Engineering Aspects 2008, 316 (1), 

194-201. 

13. (a) Vyas, M. K.; Nandan, B.; Schneider, K.; Stamm, M., Nanowear studies in 

reversibly switchable polystyrene-poly(acrylic acid) mixed brushes. J Colloid Interf Sci 

2008, 328 (1), 58-66; (b) Lemieux, M.; Usov, D.; Minko, S.; Stamm, M.; Shulha, H.; 

Tsukruk, V. V., Reorganization of Binary Polymer Brushes:  Reversible Switching of 

Surface Microstructures and Nanomechanical Properties. Macromolecules 2003, 36 

(19), 7244-7255. 

14. (a) Price, A. D.; Hur, S.-M.; Fredrickson, G. H.; Frischknecht, A. L.; Huber, D. 

L., Exploring Lateral Microphase Separation in Mixed Polymer Brushes by Experiment 

and Self-Consistent Field Theory Simulations. Macromolecules 2011, 45 (1), 510-524; 

(b) Messerschmidt, M.; Janke, A.; Simon, F.; Hanzelmann, C.; Riske, T.; Stamm, M.; 

Raether, B.; da Costa e Silva, O.; Uhlmann, P., Fluorocarbon-Free Dual-Action Textile 

Finishes Based on Covalently Attached Thermoresponsive Block Copolymer Brush 

Coatings. Acs Appl Mater Inter 2018, 10 (46), 40088-40099. 

15. Wang, L.; Zhong, T.; Quan, X.; Zhou, J., Solvent-responsiveness of PS–PEO 

binary mixed polymer brushes: a coarse-grained molecular dynamics study. Molecular 

Simulation 2017, 43 (13-16), 1322-1330. 

16. Owens, D. K.; Wendt, R. C., Estimation of the surface free energy of polymers. 

J Appl Polym Sci 1969, 13 (8), 1741-1747. 

17. (a) Zhulina, E. B.; Singh, C.; Balazs, A. C., Self-Assembly of Tethered Diblocks 

in Selective Solvents. Macromolecules 1996, 29 (25), 8254-8259; (b) Zhulina, E. B.; 

Singh, C.; Balazs, A. C., Forming Patterned Films with Tethered Diblock Copolymers. 

Macromolecules 1996, 29 (19), 6338-6348. 

18. Wang, J.; Klok, H.-A., Swelling-Induced Chain Stretching Enhances Hydrolytic 

Degrafting of Hydrophobic Polymer Brushes in Organic Media. Angewandte Chemie 

International Edition 2019, 0 (0). 

19. Koda, Y.; Terashima, T.; Sawamoto, M.; Maynard, H. D., Amphiphilic/fluorous 

random copolymers as a new class of non-cytotoxic polymeric materials for protein 

conjugation. Polym Chem-Uk 2015, 6 (2), 240-247. 



 

 

 

 

 

 
 

Chapter 6  

Dual-functional antimicrobial 

surfaces: bacterial-contact killing and 

bacterial-releasing properties 

  



Chapter 6 Dual-functional antimicrobial surfaces 
 

276 

 

6.1 Introduction 

Life-threatening infectious diseases, due to the microbial contamination of surfaces, 

constitute a prime concern of the global public health, with major risks in food 

packaging and storage, water filtration-purification processes, household sanitation, 

agriculture and the biomedical field.1 The widespread and injudicious use of antibiotics, 

to control the growth of bacteria, has resulted in antibiotic-resistant microorganisms 

that intensify the problem. Material scientists have focused on alternative methods to 

prevent the microbial contamination of surfaces, including the development of novel, 

contact-active, antimicrobial surfaces, which exert the killing of antibiotic-resistant 

bacteria by severe cell-wall distortion. The goal of these antimicrobial surfaces is to 

retard biofilm formation, and therefore inhibit the spread of microbial infections.  

Among the various biocidal materials developed so far, cationic polymers, bearing 

quaternary ammonium salt moieties along the polymer chains, have been shown to 

exhibit high efficacy in preventing the growth of drug-resistant microbes. Such 

polymers act primarily as non-leaching biocides and constitute an ideal platform for the 

development of long lasting, contact-active bactericidal surfaces.2 Electrostatic 

interactions between the anionic cell-wall of the bacteria and the quaternary ammonium 

groups of the polymers have been shown to induce severe cell membrane disruption, 

leading to the lysis of the cell.3 A hypothesis that the quaternary ammonium salt groups 

possess a different mechanism of biocidal action when confined on surfaces, compared 

to that in solution, has been reported.4 Major key factors, affecting the antimicrobial 

efficiency of these surface immobilized polymers, have been claimed to be either the 

polymer charge density or the alkyl chain length (ACL) of the cationic moieties or 

both.5 The effect of the ACL of  the cationic moieties on their antimicrobial properties 

in solution has been studied extensively, demonstrating that quaternary ammonium 

groups which bear alkyl chains with ten or more carbon atoms possess optimal 

bactericidal activity.6 Nevertheless, studies considering the effect of the ACL of the 

quaternary ammonium groups on the contact-killing action of surface-grafted polymers 

are inconclusive so far.  

In 2001, Tiller and coworkers, reported that poly(4-vinyl-N-alkylpyridinium bromide) 

brushes alkylated with 3, 4 and 6 carbon atoms exhibited higher bactericidal activity 

against both gram-positive and gram-negative bacteria strains compared to those 

functionalized with 8, 10, 12, and 16 carbon atoms.7 Similarly, other studies have 
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employed shorter ACL to produce polymer surfaces with enhanced antimicrobial 

properties.4b, 5a, 8 However, in 2013 Gozzellino et al.9 reported that copolymer films of 

a diacrylic resin and 2-(dimethylamino)ethyl methacrylate (DMAEMA), quaternized 

with 16 carbon atoms, exhibited enhanced bactericidal activity compared to those 

quaternized with an alkyl halide with two carbon atoms. This finding was attributed to 

the fact, that longer alkyl chains can interact more strongly with the lipid cell wall and, 

therefore, destabilize more effectively the bacterial membrane. Since then, numerous 

studies have employed ammonium salt derivatives with longer ACL to obtain surfaces 

with superior biocidal performance.10 Roy et al.11 stated that an ACL of eight carbon 

atoms is ideal to maintain a hydrophilic/hydrophobic balance and a superior biocidal 

efficacy of cationic polymer brushes. 

In another approach, the antibacterial potency of surfaces has been achieved by 

repelling the bacteria in the vicinity of the surface (antifouling). The antifouling 

property of polymer brushes was realized via negatively charged polymer chains for 

the electrostatic repulsion of the negatively charged bacteria, highly hydrophilic PEG-

based surfaces for the steric repulsion of bacteria or polymers with intrinsic low surface 

energies for the hydrophobic repulsion of bacteria.  

Overall, bactericidal activity can be realized either by bactericide-releasing or contact-

killing antimicrobial surfaces or both.12 

The first part of this Chapter investigates the influence of the ACL of the quaternization 

agent on the antimicrobial activity of well-defined, quaternized poly(DMAEMA) 

(PQDMAEMA) brushes. First, PDMAEMA chains were grown by surface-initiated 

atom transfer radical polymerization (SI-ATRP) on glass and silicon substrates, 

followed by post polymerization quaternization of the PDMAEMA brushes using alkyl 

halides of different ACL. The quaternization of the tertiary amine groups of 

PDMAEMA yields a strong polyelectrolyte brush with permanent cationic charges 

along the polymer chains and induces a potential antimicrobial action to the polymer.8a-

c, 10b, 13 Although quaternized PDMAEMA brushes have been examined as 

antimicrobial surfaces in the literature, to the best of our knowledge, a systematic study 

of the effect of the ACL (ranging from one to eighteen carbon atoms) of the quaternary 

ammonium salt moieties on the contact-active antibacterial activity of PQDMAEMA 

brushes has not been reported so far. In the second part, the influence of the fluorinated 

alkyl chain length (FCL) of semi-fluorinated methacrylate brushes on their bacterial-

releasing properties is examined. PTFEMA, POFPMA and PTDFOMA brushes bearing 



Chapter 6 Dual-functional antimicrobial surfaces 
 

278 

 

1, 4 or 6 fluorocarbon atoms on the side group, were synthesized via SI-ATRP on glass 

and silicon substrates. To the best of our knowledge, the effect of the FCL of the side 

group on the bacterial-releasing activity of the semi-fluorinated brushes has not been 

reported so far. 

In the final part of this study, mixed PQDMAEMA and PTFEMA, POFPMA or 

PTDFOMA brushes were examined in terms of the antimicrobial behavior. The binary 

mixed brushes not only maintained the bactericidal character of the PQDMAEMA 

surfaces, but also endowed the surfaces with a bacterial release property as a result of 

the low surface energy of the PTFEMA, POFPMA or PTDFOMA  chains.14  

 

 

6.2 Results & discussion 

6.2.1 Homopolymer brushes 

6.2.1.1 Surface accessible quaternary ammonium salt moieties 

Previous studies have shown that the number of quaternary ammonium salt moieties 

present on a surface is a critical factor determining its antibacterial properties, and 

charge densities (CDs) above a critical threshold of 1×1014 N+ cm-2 and surface charge 

densities (SCDs) above 1×1013 N+ cm-2 are required for an antibacterial active 

surface.5a, 15 The CDs and SCDs of the PQDMAEMA1 brushes prepared in this work 

were calculated from the degrees of quaternization of the polymer brushes, by UV-Vis 

spectroscopy, using a colorimetric method based on fluorescent complexation, 

described in Chapter 3 (Table 6.1). The CDs ranged from 3×1015 to 1×1016 N+ cm-2 and 

the respective SCDs from 7×1013 to 3×1014 N+ cm-2 therefore, all the PQDMAEMA1 

brushes prepared in this work are expected to exhibit effective antibacterial action.5a, 8a, 

13a  
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Table 6.1. Homopolymer brushes evaluated as antimicrobial surfaces 

Brush 
Thickness 

(nm) 

DQ (mol %) 

by UV-Vis 

Charge density 

(N+ cm-2) 

SCD 

(N+ cm-2) 

PDMAEMA1 24 - - - 

PQDMAEMA1-C1 46 94 1×1016 3×1014 

PQDMAEMA1-C2 43 78 9×1015 2×1014 

PQDMAEMA1-C3 43 65 8×1015 2×1014 

PQDMAEMA1-C6 40 48 6×1015 1.5×1014 

PQDMAEMA1-C12 37 30 4×1015 1×1014 

PQDMAEMA1-C16 36 29 4×1015 1×1014 

PQDMAEMA1-C18 34 24 3×1015 7×1013 

PTFEMA 14 - - - 

POFPMA 15 - - - 

PTDFOMA 12 - - - 

 

6.2.1.2 Bacterial contact-killing of the PQDMAEMA brushes 

The antibacterial activity of the PQDMAEMA brushes was studied against both gram-

negative (E. coli) and gram-positive (B. cereus) bacteria strains. So far, a reliable and 

effective protocol to evaluate the antimicrobial efficiency of bactericidal surfaces is 

lacking. Recently, van de Lagemaat and coworkers compared several different methods 

to assess the bactericidal activity of surfaces.16 They concluded that, the most frequently 

used methods in the literature, determine the antibacterial efficacy against bacteria 

strains in the supernatant solution, while neglecting the surface itself, whereas, the 

combination of these antibacterial methods with the, often employed, LIVE-DEAD 

assay is not reliable because in many cases bacteria indicated as dead by the staining 

method, can form colonies and proliferate.16-17 Therefore, FESEM or LIVE-DEAD 

staining gives only an indication of the membrane damage and safe conclusions on the 

bacterial cell death can only be drawn by culture-based assays. 
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Herein, the bactericidal activity of the polymer surfaces was quantified, in terms of log 

reduction of the number of viable bacteria colonies after contact with the polymer 

brush, by a plate counting method (PCM).8b, 13a It is noted, that the alive bacteria 

adhered very strongly onto the PQDMAEMA1 brushes quaternized with short ACLs 

(C1-C3), via electrostatic interactions, and could not be desorbed even after extensive 

washing of the polymer surface (which may have resulted in the contradictory 

bactericidal results published in the literature), therefore, the substrates were 

completely wrecked to recover all bacteria and evaluate the actual bactericidal 

efficiency of the polymer brushes.  

Figure 6.1 shows the logarithmic reduction in the number of bacteria for the two 

representative strains, as a function of the ACL of the quaternization agent, for the 

PQDMAEMA1 brushes. The horizontal line denotes an effective bactericidal surface 

with a 99% or 2log reduction in the number of colony-forming units (CFU) at the 

bacterial challenge, with respect to control silicon surfaces. The non-quaternized 

PDMAEMA1 brush showed minimal bactericidal activity, attributed to the protonation 

of a few tertiary amine groups of PDMAEMA (pKα ~ 7.0) at neutral pH, which induces 

some positively charged groups on the polymer surface. On the other hand, 

quaternization induced discrete antimicrobial activities to the PQDMAEMA1 brushes 

(Figure 6.1). An enhanced, ~2-3log (99-99.9%) reduction, was found for the 

hydrophilic cationic polymer brushes (C1, C2, C3), while a very moderate decrease of 

<1log (<90%), similar to that observed for the PDMAEMA brush, was measured for 

the hydrophobic cationic brushes (C≥6) (Table 6.2). From these results, it becomes 

apparent that the ACL of the quaternary ammonium salt moieties of the PQDMAEMA 

brushes dominates the interactions of the cationic brushes with the bacteria cells. For 

long ACLs (C≥6), the efficient killing of the bacteria by the cationic polymer surface 

is significantly hindered because of the formation of a cumbersome hydrophobic barrier 

by the long alkyl substituents, which compromises the interactions between the 

positively charged moieties of the brush and the bacteria deposited on the surface. On 

the other hand, the quaternized polymer chains with short ACLs are freely mobile in 

the aqueous bacteria culture medium and their positively charged units can interact 

effectively with the negatively charged wall of the bacteria, resulting in the perforation 

and lysis of their membrane. Since the SCDs of all brushes were found above the 

required threshold value, the antibacterial performance of the brushes is dictated by the 
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accessibility of the cationic charges to the bacteria cell wall, which is affected by the 

surface wettability and the mobility of the cationic brushes in the aqueous medium.18 

The observed differences in the bacteria reduction for the two representative strains are 

attributed to the much-complicated cell membrane structure of the gram-negative 

microorganism, comprising an extra peptidoglycan layer, which seals a higher 

protection to the integrity of the bacteria structure.19 From these results, we can 

conclude that the optimal ACL for the antimicrobial action of the PQDMAEMA1 

brushes is in the C1-C3 range, exhibiting a 99% and 99.9% reduction of the adhered 

viable E. coli and B. cereus bacteria, respectively, and we adopt the definition of 

“bactericidal cationic brushes” referring to hydrophilic PQDMAEMA brushes with 

short ACL (C1-C3), and “non-bactericidal cationic brushes” referring to the 

hydrophobic PQDMAEMA brushes with long ACLs (C≥6).  

 

Figure 6.1. Bactericidal activity of the PQDMAEMA1 brushes after 5 h 

contact with B. cereus  (grey bars) and E. coli (blue bars) at 37 oC. Each bar 

represents the log reduction from 3 different experiments carried out in 

duplicates (mean ± SD). The black line denotes the minimum value for 

effective bactericidal action (2log reduction).  
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Table 6.2. Homopolymer brushes evaluated as antimicrobial surfaces  

Brush 

%Bacterial-

releasing 

%Contact-killing 

B. cereus E. coli B. cereus E. coli 

PDMAEMA1 - - 81.8 40.4 

PQDMAEMA1-C1 - - 99.8 98.4 

PQDMAEMA1-C2 - - 99.7 99.2 

PQDMAEMA1-C3 - - 99.9 99.0 

PQDMAEMA1-C6 - - 77.1 31.7 

PQDMAEMA1-C12 - - 81.1 47.6 

PQDMAEMA1-C16 - - 67.7 36.5 

PQDMAEMA1-C18 - - 65.4 40.7 

PTFEMA3 50.9 85.0 - - 

POFPMA3 99.5 91.8 - - 

PTDFOMA3 99.6 92.4 - - 

 

To elucidate further the antibacterial activity of the PQDMAEMA brushes, the 

adhesion and morphology of the bacteria incubated on the polymer surfaces (washed 

with PBS, but not wrecked) were examined by FESEM analysis.20 Figure 6.2 shows 

characteristic FESEM images of the bacteria cells on the polymer surfaces. All 

quaternized and non-quaternized PDMAEMA brushes suffered from extensive 

bacterial adhesion, nevertheless with distinct antimicrobial action. A vast number of 

adherent bacteria were observed on the non-quaternized PDMAEMA1 brush attributed 

to the high surface energy of the film which rendered the surface adhesive. On the other 

hand, the hydrophobic PQDMAEMA1-C18 surface exhibited a lower number of 

adherent bacteria compared to the moderate hydrophilic PDMAEMA1 brush, attributed 

to the lower surface energy of the film (see Figure 6.2c), which induces the removal of 

a large number of alive bacteria, upon washing with PBS. 
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Figure 6.2. Representative FESEM images of adherent E. coli bacteria on 

the (a) PDMAEMA1, (b) PQDMAEMA1-C3 and (c) PQDMAEMA1-C18 

brushes. 

The cells maintained their smooth shape on the non-quaternized PDMAEMA1 brush, 

due to the inability of the surface to efficiently kill the bacteria. Similarly, the 

PQDMAEMA1-C18 brush exhibited intact adhered bacteria with only very few killed 

ones, despite the high SCD of the brush, suggesting an insufficient bactericidal activity 

of the polymer film. Finally, the PQDMAEMA1-C3 brush exhibited a high bactericidal 

efficacy and a large amount of debris of killed bacteria with collapsed cell morphology 

and damaged bacterial cell membranes, implying that the charged hydrophilic brush 

interacted strongly with the microbe cell membranes and killed he bacteria by the lysis 

of their cytoplasm, in agreement with the PCM results discussed above.  

 

6.2.1.3 Zone of Inhibition test 

A contact killing mechanism is proposed for the cationic polymer brushes prepared 

herein, since the antimicrobial polymer chains are covalently attached to the surfaces. 

In order to eliminate possible leaching of bactericidal species from the brush, which 

would interfere with the contact-active bactericidal action of the surfaces, all samples 

were studied by the disc diffusion method (Figure 6.3). No inhibition zones were 

observed around the PDMAEMA1, PQDMAEMA1-C3 and PQDMAEMA1-C18 

brushes against B. cereus and E. coli, verifying that the antimicrobial polymer chains 

would not leach from the polymer film during the antimicrobial tests.  

(a) (b) (c) 
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Figure 6.3. Zone of inhibition test for the (i) PDMAEMA 1, (ii) 

PQDMAEMA1-C3 and (iii) PQDMAEMA1-C18 brushes in (a) B. cereus and 

(b) E. coli  culture lawns after 24 h incubation.  

A favorable mechanism of antibacterial action suggests that locally enhanced attractive 

forces between the anionic lipids of the bacteria envelope and the positively charged 

quaternary ammonium species (“phospholipid sponge effect”) of the polymer, which 

can be also accompanied by the release of phospholipids from the cell wall, lead to 

bacteria death.5c An integral key factor affecting the bactericidal efficiency of a polymer 

film in this mechanism has been proved to be the charge density of the surface, which 

enhances the adhesion forces between the bacteria and the immobile cations. Herein, it 

is demonstrated that the ACL of the substituent of the immobilized quaternary 

ammonium salt groups is vital for the accessibility of the positively charged moieties 

and the phospholipid attack in the cell culture medium. PQDMAEMA brushes with C1-

C3 ACLs are effective bactericidal surfaces against both gram-positive and gram-

negative bacteria, whereas, PDMAEMA brushes quaternized with C6, C12, C16 and 

(iii) 

B. cereus 

(i) (ii) 

0 h 
24 h 

B. cereus 

(i) (ii) (iii) 

0 h 24 h 

E. coli 
E. coli 

(i) (ii) (iii) 
(i) (ii) (iii) 

(a) 

(b) 
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C18 alkyl chains exhibited a moderate antifouling action, but were found ineffective to 

kill the bacteria. In all cases, we evidence that bacteria first adsorb onto the polymer 

surfaces via electrostatic attraction. For the hydrophilic quaternized polymer brushes, 

the chains are mobile in the aqueous bacteria medium allowing the positively charged 

polymer units to effectively interact with the negatively charged walls of the bacteria, 

leading to the perforation and lysis of the cell membrane. On the contrary, bacteria 

adhere on the hydrophobic cationic polymer brushes, quaternized with long ACLs, 

however the hydrophobic polymer chains are immobile in the aqueous medium and 

thus the positively charged groups are inaccessible to the bacteria resulting in the 

suppression of the bactericidal action of the brush.13a  

 

6.2.1.4 Bacterial-releasing properties of the fluorinated brushes 

To prevent the irreversible bacterial contamination and biofilm formation on surfaces, 

it is important to inhibit or release initial adhered bacteria. The 

hydrophilicity/hydrophobicity and the surface energy of polymer films constitute 

important properties that can affect their biological action and the adhesion of cells, 

bacteria and proteins. Highly hydrophilic surfaces with high surface energies are well 

known to resist the adsorption of proteins/cells/bacteria, due to an exclusive volume 

effect.21 On the other hand, hydrophobic surfaces are more susceptible to protein or 

bacterial adhesion. However, hydrophobic polymer surfaces of very low surface 

energies and high interfacial energies with water, have been shown to exhibit very weak 

protein or bacterial adhesion and the facile detachment of the contaminants by water 

molecules under low applied frictional forces (i.e. water flow).22 

Herein, the antifouling activity, based on their low-surface energy values, of the 

fluorinated homopolymer brushes was studied against the adhesion of both gram-

negative (E. coli) and gram-positive (B. cereus) bacteria strains. All homopolymer 

brushes were incubated in a 1 ml bacterial suspension, with concentration 108 CFU/ml, 

for 2 h and were washed with PBS under gentle agitation at 150 rpm for 1 h, to examine 

the bacterial-releasing efficacy of the surfaces.  

The bacterial releasing properties of the homopolymer brushes were quantified using a 

plate counting method (Figure 6.4) (Table 6.2). A large number of B. cereus (1.1×106 
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CFU/cm2) and E. coli (5×106 CFU/cm2) bacteria adhered on the control silicon surfaces 

after 2 h, and their adherence was irreversible since the bacteria could not be detached 

through the rinsing and agitation process.  Moreover, a vast number of adherent bacteria 

were found on the PDMAEMA brushes (2.5×106 CFU/cm2 for B. cereus and 8.2×106 

CFU/cm2 for E. coli), attributed to the partial protonation of the polymer at neutral pH 

(pKα ~ 7.0) and the high surface energy of the film. Higher bacterial adhesion is 

expected for the PQDMAEMA brushes, which however, possess positively charged 

quaternary ammonium salt groups that act as contact-killing moieties, as discussed 

above in Section 6.2.1.2, and therefore, exhibited lower adhesion of the negatively 

charged B. cereus (4.0×104 CFU/cm2) and E. coli (1.3×106 CFU/cm2) bacteria.  On the 

other hand, the non-contact killing fluorinated PTFEMA, POFPMA and PTDFOMA 

brushes, exhibited a much lower number of adhered bacteria colonies, attributed to the 

lower surface energy (10 to 23 mN/m) and the hydrophobicity of their surface (WCA 

97o to 115o) compared to the bare silicon and the PDMAEMA brushes. For the 

PTFEMA brush, the decrease in the number of adhered, B. cereus and E. coli, was 51% 

and 85%, respectively. The increase of the FCL in the POFPMA brush layer, decreased 

further the adhered bacteria by ~2.5log (99.5%) and ~1log (91.8%) for B. cereus and 

E. coli, respectively, whereas similar results were obtained for the PTDFOMA brush, 

with ~2.5log (99.6%) and ~1.2log (92.4%) reduction for B. cereus and E. coli, 

respectively. From the above it is evident that the length of the FCL plays a key role in 

the bacterial-releasing behavior of the brushes for both bacterial strains, whereas, the 

differences in the release of the two representative bacteria are attributed to their 

different cell membrane structure, which mediates the bacterial adhesion.23  
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Figure 6.4. Quantitative analysis of adherent B. cereus and E. coli bacteria 

on the control silicon, the PDMAEMA, PQDMAEMA and the fluorinated 

PTFEMA, POFPMA and PTDFOMA brushes, after exposure in a suspension 

of 108 CFU/ml for both strains, at 37 ºC for 2 h.  

FESEM analysis verify qualitatively the bacterial adhesion, E. coli (Figure 6.5) and B. 

cereus (Figure 6.6), on the polymer films. The PDMAEMA brushes, show a large 

number of adhered bacteria after incubation for 2 h, which is irreversible since the 

bacteria could not be detached through the rinsing and agitation processes. The massive 

attachment of bacteria on the PQDMAEMA brushes, stems from the electrostatic 

attractions between the negatively charged bacteria and the positively charged 

quaternary ammonium salt groups of PQDMAEMA. In striking contrast to the almost 

complete coverage of the PQDMAEMA brushes by E. coli or B. cereus the semi-

fluorinated PTFEMA, POFPMA and PTDFOMA brushes reduced the bacterial 

attachment. This is attributed to the low-surface energy of the fluorinated homopolymer 

brushes which facilitates the detachment of the bacteria following agitation in water.  
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Figure 6.5. FESEM images of the (a) PDMAEMA, (b) PQDMAEMA-C3, (c) PTFEMA, (d) POFPMA and (e) PTDFOMA 

homopolymer brushes following incubation with E. coli at 37 ºC for 2 h and rinsing with PBS for 1 h. Scale bar: 10 μm. 

(a) (b) (c) 

(d) (e) 
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Figure 6.6. FESEM images of the (a) PDMAEMA, (b) PQDMAEMA-C3, (c) PTFEMA, (d) POFPMA and (e) PTDFOMA 

homopolymer brushes following incubation with B. cereus at 37 ºC for 2 h and rinsing with PBS for 1 h. Scale bar: 10 μm. 

Insets: Higher magnification images.

(a) (b) (c) 

(d) (e) 
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6.2.2 Binary mixed polymer brushes 

The binary mixed polymer brushes, combine the antifouling properties of the 

fluorinated PTFEMA, POFPMA and PTDFOMA chains (hydrophobic and low surface 

energy moieties with CF1, CF4 and CF6 FCLs) with the bactericidal activity of the 

cationic PQDMAEMA chains (hydrophilic QAS moieties with C3 ACL). The phase 

segregated domains of the brushes are in the range of nanometers (see Chapter 5) 

whereas, the bacteria are of micrometer size, and therefore the attached bacteria will 

come in contact with both the cationic and the fluorinated polymer chains.24 Upon 

contamination, we envisage that these surfaces could be easily cleaned under the flow 

of water, whereas simultaneously their bactericidal action will inactivate any bacteria 

that are eventually irreversibly attached. 

 

6.2.2.1 Bacterial-releasing properties of the binary mixed brushes 

In the present study, two representative bacteria strains, B. cereus and E. coli, were used 

to study the antifouling activities of the PTFEMA/PQDMAEMA, 

POFPMA/PQDMAEMA and PTDFOMA/PQDMAEMA mixed brushes. The 

characteristics of the mixed polymer brushes are summarized in Table 5.3 (see chapter 

5).  

To quantify the bacterial releasing ability of our polymer brushes, the number of 

bacteria attached on the surface after extensive rinsing with PBS was calculated by a 

plate counting method. As seen in Figure 6.7, the number of adhered bacteria on the 

binary mixed surfaces was lower compared to those found on the PQDMAEMA 

surfaces. The low surface energy of the mixed brushes, induced by the fluorinated 

polymer chains, resulted in the increased bacterial release following bacterial adhesion 

for short incubation times (2 h). For the PTFEMA/PQDMAEMA brush, a decrease in 

the number of adhered B. cereus and E. coli bacteria by 97.9% and 75.8%, respectively 

was found, compared to the bare silicon surface, whereas increasing the FCL from CF1 

to CF4 resulted in a further decrease to 99.9% (~3log) and 99.8% (~2.7log) for B. cereus 

and E. coli, respectively, for the POFPMA/PQDMAEMA brush layer (see Table 6.3). 

Similar bacterial releasing properties were found for the PTDFOMA/PQDMAEMA 

brush with CF6 (99.9% (~3log) for B. cereus, and 93.6% (~1.1log) for E. coli). The 
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observed differences in the bacteria releasing behavior for the two representative strains 

are attributed to the differences in their cell membrane structure, which mediates the 

adhesion of the bacteria on the surfaces. In fact, bacterial adhesion on a surface is a 

complex process that has several parameters as determinants (the properties of the 

bacterial cell surface, the liquid environment, and the properties of the material surface, 

etc.). According to the Baier curve of self-cleaning surfaces against biofilm formation, 

surfaces with intermediate WCA and high surface energy values are more prone to 

microbial fouling, whereas low surface energy and hydrophobic surfaces are less 

susceptible to fouling.25 In this work, the fluorine component on the treated fabric 

surface in this work seems to play an important role in bacterial anti-adhesion because 

of their low surface energy. The bacterial-releasing efficacy of the 

PTFEMA/PQDMAEMA brushes was lower than that of the PTFEMA brush analogues, 

which suggests that the presence of PQDMAEMA results to the increase of the surface 

energy (~46 mN/m) and the attraction of negatively charged bacteria, by the positively 

charged quaternary ammonium salt groups of PQDMAEMA. In striking contrast, the 

bacterial-releasing efficacy of the binary mixed brushes is higher compared to that of 

the fluorinated homopolymer brush analogues, thus it is anticipated that a second 

mechanism takes place (contact-killing by the PQDMAEMA chains) enhancing the 

sterilization process of the mixed polymer surfaces from the E. coli and B. cereus 

bacteria strains. The surface energy values of these systems were shown to remain low 

(see Table 6.3), preventing the colonization of bacteria and fewer bacteria to contact 

and adhere on the surface so as to enhance the bacterial anti-adhesion. 

Table 6.3. Binary mixed brushes evaluated as antimicrobial surfaces  

Brush 
SFE 

(mN/m) 

%Bacterial-

releasing 

%Contact-killing 

B. cereus E. coli B. cereus E. coli 

PTFEMA/PQDMAEMA 46 97.9 75.8 99.4 77.7 

POFPMA/PQDMAEMA 25 99.9 99.8 98.7 90.2 

PTDFOMA/PQDMAEMA 19 99.9 93.6 21.6 0.0 
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Figure 6.7. Logarithmic reduction of adherent B. cereus and E. coli 

bacteria on a control silicon substrate and the mixed polymer brushes 

following exposure in a 1 ml suspension of 108 CFU/ml, at 37 ºC for 2 h. 

 

FESEM was employed to verify the extent of bacterial adhesion on the polymer 

surfaces following immersion in the bacterial inoculums of B. cereus and E. coli (Figure 

6.8). The PQDMAEMA brushes, which exhibit a large number of adhered bacteria due 

to electrostatic interactions between the positively charged polymer moieties and the 

negatively charged bacteria membranes, were compared to the mixed polymer brushes. 

It is clearly seen that bacteria adhesion is reduced on the PTFEMA/PQDMAEMA 

mixed brushes, nevertheless, adhesion is higher compared to that on the PTFEMA 

homopolymer brushes, which is attributed to the presence of the positively charged 

quaternary ammonium salt groups in the mixed brushes, that attract the negatively 

charged bacteria. On the other hand, while the PTFEMA/PQDMAEMA brushes 

presented a relatively large number of adhered bacteria after 2 h of contact, the CF4 and 

CF6 FCLs, reduced significantly bacterial attachment on the POFPMA/PQDMAEMA 

and PTDFOMA/PQDMAEMA brushes, due to the lower surface energy. In particular, 

a much higher reduction in bacteria adhesion is observed for E. coli on the 

POFPMA/PQDMAEMA brushes compared to the PTDFOMA/PQDMAEMA brushes. 

This result is in good agreement with the PCM results discussed above and suggests 
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that a second mechanism takes place (contact-killing by the PQDMAEMA chains), and 

it is possible to enhance the preventing of the E. coli colonization in P 

POFPMA/PQDMAEMA brushes, whereas in PTDFOMA/PQDMAEMA brushes, the 

bacterial-releasing efficacy of PTDFOMA chains dominates on the outer surface of the 

brush, and the second mechanism is not favorable towards the more complex structure 

of E. coli compared to B. cereus. 

Finally, the observed morphological changes of the bacteria on the mixed polymer 

brushes (see inset in Figure 6.8) suggest that the besides the bacteria-releasing behavior 

of the polymer brushes upon contact, attributed to the low-surface energy properties of 

the fluorinated homopolymer chains, which leads to the detachment of the bacteria after 

agitation in water, a contact-killing action of the remaining bacteria, from the cationic 

PQDMAEMA chains (see section 6.2.2.2 below) also takes place. Therefore, the mixed 

binary brushes display an effective dual-action (antifouling and bactericidal) against the 

initial bacterial adhesion, offering better protection to the surface and retarding biofilm 

formation. 
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Figure 6.8. FESEM images of the (a,a’) PQDMAEMA, (b,b’) PTFEMA/PQDMAEMA, (c,c’) POFPMA/PQDMAEMA and 

(d,d’) PTDFOMA/PQDMAEMA brushes following incubation with (a,b,c and d) E. coli and (a’,b’,c’ and d’) B. cereus  at 37 ºC 

for 2 h. Scale bar: 10 μm. Insets: Higher magnification images.

(a) 

(a’) 

(b) 

(b’) 

(c) 

(c’) 

(d) 

(d’) 
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6.2.2.2 Bacterial contact-killing activity of the binary mixed brushes 

The remaining attached bacteria on a surface, following the release of the initially 

loosely adhered microorganisms, constitutes a significant issue. Killing these residual 

bacteria by a contact-killing mechanism is crucial to prevent the subsequent surface 

contamination and biofilm formation. The bactericidal activity of the 

PTFEMA/PQDMAEMA, POFPMA/PQDMAEMA and PTDFOMA/PQDMAEMA 

mixed polymer brushes was evaluated using the bactericidal assay described above for 

the homopolymer brushes (see Table 6.3). The surfaces were brought in contact with a 

bacterial suspension of B. cereus or E. coli for 5 h after which the supernatant was 

cultured on LB agar culture plates. Figure 6.9 shows the logarithmic reduction of the 

bacterial cells after being brought in contact with the quaternized binary mixed brushes. 

The PQDMAEMA-C3 homopolymer brush was used as a negative control. A very 

moderate decrease of 0.6log was measured for the PTFEMA/PQDMAEMA mixed 

brush against E. coli and a 2.2log reduction against B. cereus. On the other hand, the 

PTDFOMA/PQDMAEMA mixed brush showed no bactericidal activity against both 

bacterial strains, attributed to the high hydrophobicity of the brush (CA ~91º - 97º), 

which suggests that the contact-killing activity is impeded by the PTDFOMA chains. 

Finally, the POFPMA/PQDMAEMA brush exhibited a 1log (90%) and 1.9log (98.7%) 

reduction of the adhered viable E. coli and B. cereus bacteria, respectively, despite the 

moderate hydrophobicity (CA ~83º - 88º) of the brush. The observed differences in the 

bacteria killing for the two representative strains are attributed to the much-complicated 

cell membrane structure of the gram-negative microorganism, comprising an extra 

peptidoglycan layer.19 It is also noted that for both B. cereus and E. coli the bactericidal 

reduction was larger for the PQDMAEMA1-C3 homopolymer brush, with ~3log and 

~2log reduction, respectively, which might be related to the lower number of positively 

charged moieties in the outer surface of the mixed brushes (~75%) compared to the 

PQDMAEMA brush. From the above results, it becomes apparent that the 

POFPMA/PQDMAEMA mixed brushes exhibit optimal antimicrobial properties, since 

these systems combine the bacterial-releasing properties of POFPMA and the contact-

killing efficacy of PQDMAEMA-C3. 
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Figure 6.9. Bactericidal activity of the PQDMAEMA1-C3, PTFEMA/ 

PQDMAEMA, POFPMA/PQDMAEMA and PTDFOMA/PQDMAEMA 

brushes after 5 h contact with B. cereus (grey bars) and E. coli (blue bars) 

at 37 ºC. Each bar represents the bacteria log reduction from 2 different 

experiments carried out in duplicates (mean ± SD).  

 

6.3 Conclusions 

In the present work, the effect of the ACLs of the quaternary ammonium salt moieties 

of quaternized PDMAEMA brushes was investigated and was shown to play a 

significant role on the bactericidal activity of the polymer brushes. Bactericidal, 

hydrophilic, cationic brushes, with high antimicrobial activity against both gram-

positive and gram-negative bacteria strains are obtained for short ACLs as opposed to 

non-bactericidal, hydrophobic, cationic surfaces for ACLs with more than six carbon 

atoms. This dependence of the antibacterial activity of the PQDMAEMA brushes on 

the ACL of the quaternization agent provides new insights in the design of effective 

cationic bactericidal polymer surfaces to combat biofilm formation. 

In addition, the antifouling efficacy of semi-fluorinated brushes bearing different FCLs 

on the polymer side groups was examined. Higher bacteria-release, under the flow of 

sterile water, was found for POFPMA (CF4) and PTDFOMA (CF6) against B. cereus 
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and E. coli. This improved antifouling performance is clearly related to the low surface 

energy of these polymers which prevents strong bacteria adhesion. 

Finally, mixed amphiphilic polymer brushes comprising bactericidal PQDMAEMA 

and bacteria-release PTFEMA, POFPMA and PTDFOMA chains, were grown on 

silicon surfaces via SI-ATRP. Amongst these polymer brushes the 

POFPMA/PQDMAEMA system has provided effective dual-action antimicrobial 

properties. The initial adhesion of B. cereus and E. coli on this brush is reduced by more 

than 99.9% (~3log) and 99.8% (~2.7log), respectively, while simultaneously over 90% 

(1log) and 98.8% (1.9log) of the adhered B. cereus and E. coli bacteria, respectively, 

are killed by the cationic moieties, leading to a possible overall 99.99% (~4log) 

antimicrobial action. 
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7.1 Conclusions 

In this thesis, we have synthesized functional non-fluorinated and semi-fluorinated 

polymer brushes on silicon/glass substrates via SI-ATRP. The main directions pursued 

were to investigate the impact of the polymer functionality and architecture on the 

surface properties and the antimicrobial performance of these systems, grafted from 

solid substrates. The three brush architectures explored were homopolymer, diblock 

copolymer and binary mixed polymer brushes. The solvato-responsive behavior of 

these brushes was investigated using a variety of experimental techniques such as 

ellipsometry, contact angle measurements, AFM, LFM, ATR-FTIR spectroscopy and 

their interactions with representative Gram-positive and Gram-negative bacteria was 

assessed.  

 

7.1.1. Surface properties of the homopolymer brushes 

In the first part of the work, we report the synthesis of homopolymer brushes with 

different functionalities. Amine-based polymer brushes (PDMAEMA), leading to 

hydrophilic surfaces, and hydrophobic semi-fluorinated polymer brushes (based on 

PTFEMA, POFPMA and PTDFOMA), bearing different fluorinated side groups, were 

grown from silicon surfaces.  

PDMAEMA brushes were successfully grown from silicon surfaces, fully-coated with 

a BIDS ATRP initiator monolayer. Next, PQDMAEMA brushes bearing different 

ACLs were prepared, by a facile post polymerization quaternization reaction of the 

tertiary amine groups of PDMAEMA using suitable alkyl halides. Quaternization with 

short ACLs (C1-C3), resulted in hydrophilic surfaces, due to the permanent positive 

charges on the polymer side groups. On the other hand, post modification with long 

ACLs (C≥6) yielded hydrophobic surfaces verifying that the alkyl chains dominate the 

surface wettability of the films. Based on the degrees of the quaternization and the 

swelling of the polymer films, it is suggested that the diffusion of alkyl halides with 

long ACLs (C ≥ 6) in the brush is hindered, forming an upper layer of quaternized 

moieties. On the contrary, small alkyl halides can diffuse easily within the dense 

polymer film and react almost quantitatively with the PDMAEMA amine groups. 

Overall, partially quaternized brushes with long ACLs can retain their pH-responsive 
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character, after quaternization which is lost for the PQDMAEMA brushes with short 

ACLs.  

The fluorinated polymers resulted in moderate hydrophobic surfaces, with the 

hydrophobicity increasing with the FCL of the side group. Moreover, the surface free 

energies diminished with the increase of the FCL. Adhesion and friction studies 

between the semi-fluorinated brushes and inorganic silicon nitride surfaces (AFM tip) 

revealed that the fluorinated moieties introduce dry lubricant properties to the polymer 

layers and reduce their interaction with the tip.  

Finally, the synthesized PDMAEMA and PQDMAEMA brushes suffered a profound 

loss of the grafted polymer chains after a few days. This process is detrimental, because 

the morphology and the composition of the polymer films change and therefore, their 

application underwater for prolonged periods of time is impossible. The degrafting 

process was not observed for the semi-fluorinated polymer brushes grafted on the same 

substrate, suggesting the action of the chains as a “polymer carpet” underwater to repel 

the water molecules from the polymer-substrate interface, which prevents the 

hydrolysis process and stabilizes the grafted polymer layer.  

 

7.1.2. Responsive amphiphilic diblock copolymer brushes 

Solvent-responsive polymeric surfaces, based on amphiphilic diblock copolymer 

brushes (PDMAEMA-b-PTFEMA, PDMAEMA-b-POFPMA, PDMAEMA-b-

PTDFOMA) that can reversibly switch from the hydrophobic to the hydrophilic state, 

were synthesized. Two families of brushes were prepared, the first comprising a lower 

content of the fluorocarbon blocks compared to the hydrophilic segments and the 

second comprising almost symmetric amphiphilic diblock copolymer chains. The 

symmetric diblock copolymers could not undergo re-arrangement of their chains 

following exposure to water, whereas the re-arrangement took place for the copolymers 

with a higher content of the inner PDMAEMA block.  The latter smart surfaces are able 

to alter their surface properties, from hydrophilic (~60º) to hydrophobic (94º -110º), 

following immersion in water (selective solvent for PDMAEMA) and 

hexafluoroisopropanol (HFiP) (selective solvent for the semi-fluorinated segments), 

respectively, for at least 5 solvent cycles. 
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In addition, it was shown that quaternization of the amine groups of the responsive 

diblock copolymer brushes, deteriorated their responsiveness. This was attributed to the 

larger χ value between the two blocks after quaternization, due to the presence of two 

very dissimilar polymers, charged PQDMAEMA and fluorinated PTFEMA, POFPMA 

or PTDFOMA chains which leads to phase separation with both polymers being present 

at the polymer-air interface. 

Finally, undesired degrafting was observed, attributed to the hydrolysis of the ester or 

siloxane bonds of the surface-bound initiator, following exposure of the diblock 

copolymer brushes in aqueous media for prolonged time periods, which compromises 

their use in underwater applications. It was also found, that the stability of the 

amphiphilic diblock copolymer brushes depends on the charge density along the 

polymer chains, with the PQDMAEMA brushes undergoing significant degrafting in 

the first week in water, whereas the non-quaternized analogues were stable for the first 

two weeks, after which they exhibited significant degrafting in the aqueous medium. 

 

7.1.3. Binary mixed polymer brushes with tunable surface and friction properties 

Well defined amphiphilic binary mixed brushes were synthesized by two sequential SI-

ATRP steps from mixed-silane ATRP initiator modified surfaces using TFEMA, 

OFPMA and TDFOMA as the fluorinated monomers and DMAEMA as a functional 

hydrophilic monomer. The surface properties (wettability and surface energy) were 

tuned following immersion of the mixed brushes in water (selective solvent for 

PDMAEMA) and hexafluoroisopropanol (HFiP) (selective solvent for the semi-

fluorinated segments), respectively. An excellent switching behavior with a reversible 

transition from the hydrophilic to the hydrophobic state was found for all polymer 

brushes, for at least 6 solvent cycles. In addition, a reversible transition from low to 

high adhesion/friction, was observed, upon immersion of the films in HFiP and water, 

respectively, rendering these mixed polymer brushes attractive for use as switchable 

dry lubricant surfaces. Their responsive wettability was lost after quaternization of the 

DMAEMA moieties with propyl iodide, attributed to the increase of the Flory-Higgins 

χ parameter between the cationic and fluorinated polymer chains. Nevertheless, their 
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surface energy values indicated a compositional heterogeneity of their surface which 

may favor their use in dual action, non-fouling and bactericidal, applications.  

Finally, the stability of the polymer films upon prolonged immersion in water, was 

studied. The increased stability of the polyelectrolyte chains during long-term exposure 

in aqueous media was attributed to the localization of the fluorinated chains at the 

polymer-substrate interface, which hinders the access of water to the surface and 

diminishes the hydrolysis of the ester or siloxane bonds of the surface-bound initiator, 

enabling the use of the polymer brushes in underwater applications. 

 

7.1.4. Antimicrobial surfaces 

The antimicrobial efficiency of the homopolymer and binary mixed polymer brushes 

against Gram-positive and Gram-negative bacteria strains was investigated.  

The facile quaternization reaction of PDMAEMA produced cationic homopolymer 

brushes with high antibiotic performance. The effect of the ACLs of the quaternary 

ammonium salt moieties of the quaternized PDMAEMA brushes was investigated and 

was shown to influence the bactericidal performance of the polymer brushes. 

Bactericidal, hydrophilic, cationic brushes, with high antimicrobial activity against both 

bacteria strains were obtained for short ACLs as opposed to the non-bactericidal, 

hydrophobic, cationic surfaces for ACLs with more than six carbon atoms. These 

results create new understanding on the dependence of the antibacterial activity of the 

PQDMAEMA brushes on the ACL of the quaternized moieties and allows the design 

of effective surfaces to combat biofilm formation in various applications. 

The antifouling activity of the semi-fluorinated homopolymer brushes, bearing 

different FCLs on the polymer side groups, was examined. An increased bacteria-

release, under the flow of sterile water, was found for the POFPMA (CF4) and 

PTDFOMA (CF6) brushes against B. cereus and E. coli, signifying the requirement for 

a minimum number of fluorine atoms, which correlates with a low surface free energy 

of the brush, for effective antifouling performance. 

Finally, dual-action, amphiphilic, mixed polymer brushes comprising bactericidal 

PQDMAEMA and antifouling PTFEMA, POFPMA or PTDFOMA chains, were grown 
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on silicon surfaces via SI-ATRP. The mixed POFPMA/PQDMAEMA brush exhibited 

the stronger antimicrobial activity, combining effective dual-action bactericidal and 

bacterial-releasing properties. The fluorinated POFPMA chains exhibited a high 

antifouling action against the initial adhesion of both B. cereus and E. coli on the mixed 

brush 99.9% (~3log) and 99.8% (~2.7log), while, simultaneously the positively charged 

PQDMAEMA chains demonstrated a strong contact killing action 90% (1log) and 

98.8% (1.9log), of the adhered B. cereus and E. coli bacteria, respectively, leading to a 

profound antimicrobial efficacy of ~4log reduction. 

 

7.2 Future Perspectives 

This thesis presents the synthesis and characterization of novel smart polymer brushes 

to realize the influence of polymer functionality and architecture on the surface 

properties and the antimicrobial performance of thin polymer films. Three brush 

architectures were explored, namely homopolymer, diblock copolymer and binary 

mixed polymer brushes. 

Future work in this field would require the detailed investigation of the dependence of 

the degree of quaternization of the PQDMAEMA brushes bearing long ACLs (C≥6) on 

the polymer grafting density. PDMAEMA brushes with lower grafting densities can be 

prepared to possibly access higher degrees of quaternization and thus a different 

dependence of the surface properties of the PQDMAEMA brushes on the ACL of the 

quaternization agent. Additional work is also required to characterize the formation of 

an outermost quaternized layer in the polymer brush when using alkyl halides with long 

ACLs. XPS measurements could help in the characterization of this upper layer in the 

brushes (~10 nm penetration depth). Another interesting study could focus on the 

synthesis of a first thin, grafted semi-fluorinated layer at the polymer-substrate 

interface, followed by chain extension with DMAEMA to prepare the strong 

polyelectrolyte brushes, that would act as a barrier for the penetration of water 

molecules into the interphase and thus postpone or even completely eliminate the 

detrimental degrafting of the hydrophilic polymer chains. 

The responsive behavior of the amphiphilic PDMAEMA-b-PTFEMA, PDMAEMA-b-

POFPMA and PDMAEMA-b-PTDFOMA diblock copolymer brushes as a function of 
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solution pH and/or temperature should be addressed. Moreover, the synthesis of 

PTFEMA-b-PDMAEMA, POFPMA-b-PDMAEMA and PTDFOMA-b-PDMAEMA 

diblock copolymer brushes is proposed which could possibly retain their solvato-

responsive behavior, while, simultaneously preventing the degrafting process. In 

addition, the characterization of the rearrangement of the amphiphilic block copolymer 

chains upon immersion in different selective solvents holds great promise, since we 

evidenced a complex behavior with no obvious phase separation, implying the lateral 

organization of the end-grafted chains. Finally, the determination of the χ parameter 

and the solubility parameters of the PDMAEMA, PQDMAEMA and the semi-

fluorinated polymer chains could help to understand the phase behavior of the diblock 

and mixed polymer brushes and its influence on the organization of the polymer chains 

and the responsive properties on the surfaces. 

The PQDMAEMA brushes exhibited effective bactericidal activity, against both gram-

positive and gram-negative bacteria strains for short ACLs as opposed to the cationic 

surfaces with ACLs of more than six carbon atoms. Quaternization of PDMAEMA with 

appropriate alkylating agents to introduce more than one quaternary ammonium group 

per monomer repeat unit, will introduce a larger number of charges which might help 

to increase the bactericidal activity of the brushes. In this case the optimum chain length 

might also be different, due to the subtle balance between the number of changes and 

the hydrophilicity/hydrophobicity of the surface. In addition, a wider range of bacterial 

strains should be tested to broaden the scope of potential applications of these polymer 

surfaces. On the other hand, the semi-fluorinated chains, namely PTFEMA, POFPMA 

and PTDFOMA brushes, exhibited high bacterial-releasing properties for both E. coli 

and B. cereus. The antifouling performance of the brushes was shown to increase with 

the fluorinated chain length (CF1 to CF4 to CF6), which is clearly related to the low 

surface energy of these polymers providing antifouling surfaces under a flow of water. 

A closer resemblance to real life conditions could use a flow chamber that can apply 

the velocity of a marine boat to investigate the bacteria-release behavior of these 

surfaces against biofilm formation. 


