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1.1 Coatings 

 

Coatings are ubiquitously present on materials we use today. They cover 

surfaces of cars, ships, airplanes, optic cables, laptops, mobile phones, tables, 

walls, cupboards, clothes, almost everything we see and we use. The very first 

term associated with coatings is ‘paint’.1 The human kind has been using paint 

to beautify different substrates (including ourselves) for thousands of years. 

Coatings are used not only as decorative, but also as protective layers. Paints, as 

ready-to-use mixtures of various ingredients became more complex over 

centuries and today they have a lot of different functions. For instance, the skin 

make-up in old Egypt contained only pigments (some of them even poisonous), 

but today make-up (‘skin-coating’) is a complex mixture containing also 

vitamins, anti-aging additives, hydrating agents etc.   

Industrial polymer coatings are mainly utilized for protection of various 

materials from influence of the environment (moisture and UV-radiation), 

chemicals (solvents, strong acids), corrosion, mechanical stress etc.2 A 

conventional industrial polymer coating formulation is composed of a binder, 

filler, solvent(s), pigment, and additives: dispersants, anti-skinning agents, anti-

foaming agents, biocides, driers, UV-absorbers, anti-corrosives, etc.3 Most of 

polymer coatings are thermosets. They are mainly applied as liquids. Upon the 

film formation, in a process called curing (or crosslinking), these liquids form a 

three-dimensional network of covalently interconnected polymer segments.4,5 

The highly-crosslinked network structure of coatings renders their high 

resistance to solvents and mechanical stress, in other words, a proper protection 

for the substrate.  

Over the years, materials have evolved to meet challenges of our high-tech 

society and coatings are not only protective and decorative, but also 

functionalized materials. Furthermore, with only a small amount of coating it is 

possible to functionalize the whole substrate, without altering its bulk properties 

(mechanical strength for instance). Therefore, functional polymer coatings, such 
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as antimicrobial, anti-fouling,6,6,7 easily cleanable,8-11 superhydrophobic,12,13 

anticorrosive,14 etc. have been developed and investigated extensively over the 

past decades. A coating’s function can originate from proper optimization of 

mechanical properties of a coating (for instance: scratch resistant),15 in a 

structured surface roughness (antireflective, superhydrophoic) or from a small 

amount of additives having desirable functional groups.3,16 These functional 

groups are commonly acting at interfaces: at the substrate (anticorrosive) or at 

the air interface (easily cleanable, antimicrobial, antifouling). For example, 

antimicrobial coatings often contain quaternary ammonium salts, easily 

cleanable groups are often perfluoroalkyl or polydimethylsiloxane (PDMS) etc.  

The work described in this thesis will focus on one group of functional 

coatings: low surface-energy coatings.  

 

1.2 Low surface-energy surface-segregated coatings 

 

Low surface-energy materials (and coatings) have weak interaction with 

anything that is in contact with their surface (dirt and other contaminants). Both 

polar and non-polar liquids do not spread over their surface, a property often 

referred to as water/oil repellency.8,8-10,10,11,17 Low surface-energy coatings are  

therefore considered to be easily cleanable. Easily cleanable coatings are 

applied on surfaces that are frequently exposed to various contaminants and 

need to be cleaned (machine parts) or on surfaces whose ‘clean’ appearance is 

desirable (top-coats of cars). Note that apart from the surface energy, there are 

several other aspects that need to be considered for designing easily cleanable 

coatings such as: structured surface roughness,18,19 chemical homogeneity of the 

surface,20,21 organization of low surface energy moieties22,23 and the mobility of 

moieties present at the surface  when in contact with different environments.24  

The low surface energy of a film is often provided by the fluorine/silicone 

containing functional moieties present at the surface of the film. Fluoropolymers 

are well known to have such functionalities, but difficulties in their processing 

and high price make them unsuitable for a wide range of applications.25 In 
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addition, the surface tension is a surface property and therefore a high amount of 

low surface-energy groups in the bulk of the material is not necessary (and very 

undesirable).  

During the past decades a lot of scientific and industrial attention has been 

drawn in the direction of employing surface stratification concept, as a way to 

easily control surface functionalities of polymer films.22 If the difference in 

surface energy of film components is substantial, there is a driving force for 

species with lower surface energy to move towards the air/film interface. This 

concept has been utilized for the preparation of low surface-energy coatings.8-

12,17 Surface-segregated coatings contain a low amount of low surface-energy 

additives that lower the surface energy of a complete coating and do not alter 

the bulk properties. The coating formulation of low surface-energy segregated 

coatings may consist of virtually any chemistry as long as the driving force for 

the surface segregation exists. Low surface-energy species should preferably 

react with the binder or crosslinker and so that they become tethered to the 

coating network. Typically, acrylic, melamine, polyurethane or epoxy 

formulation with perfluoroalkyl alcohols (or amines or epoxies) as low surface-

energy species are used for the preparation of such films. Perfluoroalkyl groups 

have shown a good performance in lowering the surface tension of coatings. 

Apart from perfluoroalkyl moieties, perfluoropolyethers (PFPE)26 and 

polydimethylsyloxanes (PDMS) seem to be promising low surface-energy 

additives. PDMS have already been used in antifouling coatings,6,20 with the 

advantage of having low contact angle hysteresis (important for easily cleanable 

coatings).11  

A principal characteristic of surface-segregated coatings is that the low 

surface-energy groups are mainly concentrated at the air-film interface and their 

concentration in bulk is low. For example, Ming et al. have shown, using a 

dynamic secondary ion mass spectrometry, that the fluorine-rich layer is 

approximately 20 nm thick for epoxy films containing perfluoroalkyl moieties.17 

Therefore, surface segregated coatings do not sustain low surface-tension upon 
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damage or wear off. This thesis will focus on improved sustainability of the low 

surface-energy character of coatings. 

 

1.3 Self-replenishing coatings 

 

Starting with the UN Conference in Rio de Janeiro in 1992, ‘sustainability’ 

became an important aspect in development of new technologies.27 Apart from 

general trends in sustainable development,28 chemistry of materials has its own 

demands, such as use of renewable raw materials,29 effective recycling of 

plastics30, lowering the emission of volatile organic compounds (namely 

solvents)31-33 and use of biodegradable materials. Among these requests, 

prolongation of a service life-time of materials is very important aspect in the 

sustainable development.34 Materials able to retain their function and/or the 

structural integrity after being damaged are therefore of great scientific interest. 

In the past decade there have been several attempts to prepare self-repairing 

materials or concepts that would lead to them.35,35-38,38-41 It was the autonomous-

repair, or more popularly called: self-healing materials that turned the scientific 

spotlight to this topic. 42 

Reported self-healing approaches mainly deal with retaining the integrity of 

the material by either filling the cracks of the damaged materials by an 

encapsulated liquid reactive agent (autonomous healing)35-38,41,42 or by 

reestablishing the chemical bonds through thermally-induced Diels-Alder 

reaction,43,44 or light-induced thiol-ene reaction.45 The common feature for all 

these ‘chemical’ healing approaches is that they include the chemical reaction or 

retaining of chemical bonding. The recovery of materials can already come from 

careful optimization of their visco-elastic properties, for example in crack-

healing coatings and this we may consider as ‘physical’ healing.15 it is 

worthwhile to mention here the re-association of multiple hydrogen bonding46-48 

as promising self-healing concept.  

Furthermore, functional coatings suffer not only from the reduction in 

mechanical strength or from losing the structural integrity, but from a loss of 
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their function. Reestablishing a particular property, i.e. functional groups at 

interfaces is of great importance for the service life-time of these materials. In 

order for the coating function to recover, the specific functional species need to 

be transported, or move by themselves, in a ‘self-replenishing’ fashion to the 

loci where the coating function diminishes. The driving force for such 

movement depends on the targeted interface, environment and the chemistry of 

these species. It may be difference in the surface energy, environmental changes 

(pH), temperature etc. In addition, the functional species should have a 

sufficient mobility to move relatively fast to the damage loci.  

Anti-corrosion coatings containing an inhibitor which is able to replenish at 

the coating/metal interface, triggered by a difference in pH, have already been 

developed.14 However, the air/film interface, healing has not been addressed so 

far, even though a large number of functional coatings have functional groups at 

their surface. This is particularly important for surface-segregated coatings, in 

which a high concentration of low surface-energy groups is present only at the 

air/film interface. Replenishing a certain concentration of low surface-energy 

groups at the damage-created air/film interface would prolong service-life time 

of these coatings. 

If it is possible to recover a certain concentration of low surface-energy 

groups at a surface after the damage or wear-off in a self-replenishing fashion, 

this concept could be further used to bring different functional groups to the 

damaged loci. Responsive materials development could benefit from these 

findings. 

 

1.4 The objectives and the scope of the thesis 

 

The objective of this thesis is to prepare surface-segregated coatings with the 

ability of the low-surface energy additives to self-replenish at the damage-

induced surface, thus the low surface-energy property is sustained.  

Various factors influencing the replenishment of low surface-energy groups 

have been considered: the driving force, mobility of the low-surface energy 



Introduction 
 

7 

groups and their distribution. The most important is the driving force that moves 

these species towards the damage-created interface during replenishment. It is 

the difference between the surface energy of the low surface-energy species in 

respect to that of the new interface. The driving force for the surface-

segregation of low surface-energy species is similar in origin to one that will 

cause the replenishment. In order to have a sufficient concentration of low 

surface-energy groups available at a newly created interface during 

replenishment, their bulk level has to be sufficient and their relatively 

homogenous distribution should render a uniform replenishment over the full 

depth of a coating. Mobility of low surface-energy groups and of the 

surrounding matrix is crucial for their movement from the bulk of the material 

to the newly created interface. A long polymer spacer introduced between the 

low surface-energy group and a crosslinked network increases the mobility of a 

low surface energy group and this appears to be the key-point of the self-

replenishing concept. Finally, the rate of replenishment strongly depends on the 

mobility of the crosslinked network, i.e. on the glass transition temperature of a 

coating.   

This research was a proof-of-principle study and therefore preparation of 

model polyurethane network from well-defined coating precursors was a 

necessity. Both the three-armed precursor (that was a basis for the coating 

network) and the low surface-energy group (with perfluoroalkyl group on one 

and hydroxyl group on the other end of a spacer) were well-defined oligoesters. 

They were prepared via ring-opening polymerization of ε-caprolactone. It is 

worthwhile to mention here that this specific reaction was chosen for the 

synthesis of precursors since it yielded not only well-defined species with 

narrow molecular weight distribution, but also side products, namely cyclic 

species, were eliminated as well. Furthermore, for describing the self-

replenishing behavior it was essential to compare coatings that comprised 

perfluoroalkyl group with and without the spacer.  
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1.5 The outline of the thesis 

 

The replenishment was studied via a closed-loop approach. The first step 

was the synthesis of coating precursors. The second step is the coating 

preparation, followed by characterization of coatings and replenishment 

assessment. Based on conclusions drawn from the characterization or the 

‘replenishing experiments’, the synthesis of precursors or the coating 

preparation were adjusted in order to achieve desired results.  

The synthesis of well-defined polycaprolactones that will be further used as 

coating precursors is described in Chapter 2. The ε-caprolactone and the 4-tert-

butyl-caprolactone are ring-open polymerized via activated monomer 

mechanism. Surface properties of blends of fluorinated and non-fluorinated 

polycaprolactones are discussed.  

Chapter 3 of the thesis describes the preparation of model polyurethane 

coatings, based on well-defined oligoesters and polyisocyanate crosslinker. The 

glass transition temperature of these coatings is tuned by changing the coating 

formulation. Perfluoroalkyl groups, attached to a polymer spacer, segregate at 

the surface of these coatings. The surface composition is studied by contact 

angle measurements and X-ray photoelectron spectroscopy.  

The study of fluorine distribution at the first several nanometers and through 

the full depth of a coating is presented in Chapter 4. Magnetic resonance 

imagining is used for the first time to investigate the fluorine depth profile. It 

also gives information on the inherent mobility of fluorinated groups. X-ray 

photoelectron spectroscopy is implemented for determining the fluorine level at 

a surface of a coating and, in combination with microtoming, to gain insight on 

its distribution in the bulk of the coating.  

The study of self-replenishing process is given in Chapter 5. The wettability 

and the fluorine concentration are examined before and after microtoming. The 

importance of the introduction of a polymer spacer between the fluorinated 

group and the crosslinked network for the replenishing ability is shown.  
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Chapter 6 demonstrates that coatings with a glass transition above the room 

temperature are found to be replenishing after annealing, as investigated by X-

ray photoelectron spectroscopy and force-displacement measurements.  

Chapter 7 highlights the most important results of previous chapters. The 

study described in this thesis can be used as a guide for applying the 

replenishing concept in industrial coatings and in this chapter some 

recommendations will be briefly discussed.  
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Summary 

 

In this chapter the synthesis of polyester precursors via controlled ring-
opening polymerization of ε-caprolactone and of 4-tert-butyl-caprolactone is 
described. The activated monomer mechanism leads to well-defined species 
with good control over the molecular weight and end-group functionality and 
without the formation of cyclic structures. The polymer architecture and 
functionality was tuned by using different initiating alcohols. Surface 
properties of films containing perfluoroalkyl-end-capped polycaprolactones 
are demonstrated. 

 
 
 
 
*Part of the results presented in this chapter have been published in: 

Dikic,T., Ming, W., Thune, P. C., van Benthem, R. A. T. M., de With, G. 
Journal of Polymer Science: Part A, 2008, 46, 218.   
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2.1 Introduction 

 

Model coating systems that will be further studied for their ability to self-

replenish require well-defined precursors. A well-defined structure of the 

coating precursors render a good control over the surface segregation of 

fluorinated species (namely perfluoroalkyl) and over the mobility of the network 

chains, which is important for the study of the self-replenishing concept. 

Furthermore, surface properties of the coating, before and after the damage, 

could be greatly influenced by even relatively small amounts of non-functional 

and non-reactive species, and therefore these should be avoided in the coating 

formulation.  

Once the perfluoroalkyl species are tethered to the coating network, it is an 

important issue to enable them to move and reorient under the influence of the 

temperature/environment, for the targeted replenishment to take place.1 This 

mobility can be effectively tuned by the introduction of an appropriate polymer 

spacer between the perfluoroalkyl group and the crosslinker. Since the high 

mobility of this spacer is a foremost important prerequisite for the replenishing, 

we used polycaprolactone chemistry (PCLs typically have a Tg of -60 °C), 

introduced to the perfluoroalkyl group by a ring-opening polymerization.2,3 

The ring-opening polymerization (ROP) of heterocyclic monomers has been 

studied for over 50 years.4 ROP of cyclic ethers5,6, lactones7,8, lactides7,9,10 and 

carbonates11,12 has been of the increasing research interest during the past 

decades because of the potential implementation of their polymers in the 

biomedical field (mainly due to biocompatibility and biodegradability). Cationic 

ROP of these monomers can undergo two different coexisting routes: via an 

activated chain end or an activated monomer (AM) mechanism, depending on 

the initiator, catalyst and the reaction conditions, as first proposed by Penczek et 

al.5 When the activated monomer mechanism governs the ROP, side reactions 

such as backbiting and end-to-end disproportiation do not occur (in contrast to 

other ROP mechanisms). Consequently, low molecular-weight products are free 

of nonreactive cyclic species. Okamoto was the first to polymerize ε-
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OH

OH

OH

OH

crosslinker 

three-armed 
precursor 

perfluoroalkyl group 

spacer 

caprolactone (CL) via activated monomer mechanism using ethylene 

glycol/triethyloxonium-hexafluorophosphate as initiating system and showed 

that ROP of CL advanced in a ‘living’ manner.13  Growing polymer chains in 

any living polymerization do not terminate and the reaction proceeds until all 

the monomer is consumed. Therefore, the molecular weight of the ‘living’ 

polymers can be controlled by the initiator/monomer ratio, and, in general, their 

molecular weight (MW) distribution is narrow.4,11,14 

Recently, Endo et al. have developed controlled ROP via activated monomer 

mechanism using an initiator (alcohol) and activator (acid).  Among other 

systems, the fumaric acid catalyzed reaction yielded PCL with the narrowest 

MW distribution.15 For the above mentioned reasons, the ROP of CL using 

fumaric acid as activator was a logical choice for preparation of coating 

precursors for this study. By using different alcohol initiators we have 

synthesized perfluoroalkyl-end-capped precursors (mono-hydroxyl, further 

employed as low surface energy moiety) and trifunctional precursors (tri-

hydroxyl, further employed for obtaining the crosslinked network).  

 

Scheme 2.1 Targeted coating network and its precursors.  

 

 

  

 

 

 

 

 

 

 

Besides CL, 5-, 6- and 4-member lactone rings can undergo ROP via the AM 

mechanism.13 We considered that the random copolymerization of CL with 

these monomers would yield precursors having different Tgs,  i.e. the mobility of 
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the polymer spacer attached to a perfluoroalkyl group or of network chains 

could be easily tuned by changing the composition of a copolymer.16 Significant 

differences in the reactivity and the basicity of these rings13 did not lead to a 

copolymer formation under the same reaction conditions. However, the attempt 

to polymerize 4-tert-butyl-caprolactone under similar reaction conditions was 

successful, and yielded a polymer with considerably higher Tg.17 

The polycaprolactone (PCL) and poly(4-tert-butyl-caprolactone) (PtbCL) 

oligomers were further employed as precursors for the preparation of low 

surface energy coatings. 

 

2.2 Experimental 

 

2.2.1 Materials 

Two perfluoroalkyl alcohols, perfluorohexyl ethanol (Rf6) and perfluorooctyl 

ethanol (Rf8), were supplied by Clariant GmbH (with trademarks of EA 600 and 

EA 800, respectively). ε-Caprolactone (CL) and 2-ethyl-2-(hydroxymethyl)-1,3-

propanediol (TMP) were purchased from Acros Organics and Merck, 

respectively. Fumaric acid, 4-tert-butylcyclohexanone (tbCH), β-butyrolactone 

(BL), β-propiolactone (PL), maleic acid, tin-octoate (2-ethylhexanoic acid 

tin(II) salt) and m-chloro-perbenzoic acid (m-CPBA) were purchased from 

Sigma-Aldrich. CL and BL were dried with anhydrous MgSO4 for 24 h and then 

vacuum-distilled to remove traces of water. PL and tin-octoate were used as 

received. Fumaric acid, maleic acid and alcohols were dried in vacuum oven at 

40 °C for 3 h prior to use. Solvents (purchased from Biosolve) were used as 

received without further purification, unless otherwise stated. 

 

2.2.2 Synthesis of 4-tert-butyl-ε-caprolactone (tbCL) 

The monomer tbCL was synthesized by means of Baeyer-Villiger oxidation 

of corresponding cycloketone (Scheme 2.2a). The procedure for the preparation 

of tbCL18 is as follows: tbCH was added dropwise from a CH2Cl2 solution (1 g 

in 10 ml) to a m-CPBA suspension in CH2Cl2 (2 g in 10 ml) during 2 h and then 
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mixture was stirred for 18 h at room temperature. The solid was then filtered 

off. The clear solution was extracted by Na2S2O3 aqueous solution (10 wt%), 

saturated aqueous solution of Na2CO3, and saturated aqueous solution of NaCl. 

The organic layer was dried with MgSO4 and the solvent was removed by means 

of vacuum distillation. tbCL was obtained by recrystalization in n-heptane from 

the crude product, with a 73% yield. It is a white solid with needle-like crystals.   

 

2.2.3 Ring-opening polymerization of 7-membered lactones  

The polymerization of both monomers is shown in Scheme 2.2b. To tune the 

molecular weight of the precursors, monomer and alcohol in different molar 

ratios were added to the flask. The molar ratio between monomer and fumaric 

acid was kept at 10. The synthesis was performed under a dry nitrogen 

atmosphere. 

A typical procedure for the synthesis of the TMP-initiated PCL precursor 

(TMP-PCL) is as follows: a mixture of TMP (0.964 g, 0.0072 mol) and fumaric 

acid (2.005 g) was heated to 90 °C and then CL (20 ml, 0.18 mol) was added to 

the flask. The reaction mixture was stirred with a magnetic stirrer. After 24 h it 

was diluted with tetrahydrofuran (THF) and the polymer was precipitated in n-

heptane. The formed precipitate was filtered off and washed with methanol (in 

the case of low-MW PCL initiated by TMP, a mixture of water and methanol 

(1:2) was used). A white, sticky powder was, after washing, dried in vacuum at 

40 °C for 4 h. After 24 h of reaction, the yield determined from 1H-NMR was 

84%, and decreased to 70% after the purification procedure.  
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Scheme 2.2  (a) Synthesis of tbCL via Baeyer-Villiger oxidation; (b) 
Ring-opening polymerization of CL and tbCL initiated by a fluorinated 
alcohol or TMP.  
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A typical procedure for obtaining TMP-initiated PtbCL is as follows: a 

mixture of TMP (0.500 g, 0.0037 mol) and fumaric acid (0.455 g) was dried in 

vacuum at 40 °C for 2 h prior to use. Then the mixture and tbCL (11.019 g, 

0.065 mol) were added to a dry flask and heated to 90 °C under strong stirring. 

After 24 h under dry nitrogen atmosphere, the reaction mixture was diluted with 

THF. The insoluble precipitate was filtered off. Unreacted monomer and 

fumaric acid were separated from the polymer using Biobeads column SX1 with 

distilled THF as the eluent. After the evaporation of solvent, a viscous 

transparent liquid was obtained. 

 

(a) 

(b) 
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2.2.4 Ring-opening polymerization of 4-membered lactones 

During all the procedures of ROP of 4-member rings, TMP was used as 

initiating alcohol. The attempt to use the conditions of the above-mentioned 

experiment with fumaric acid as a catalyst did not yield oligomers.  

The procedure for polymerization of BL using maleic acid as activator was 

as follows: the dried acid (4.192 g, 0.0313 mol) and TMP (0.595 g, 0.0044 mol) 

were added to the flask and heated to 90 °C under dry nitrogen flow. Then the 

BL was added dropwise to the flask (20 ml, 0.245 mol). The reaction mixture 

was stirred by a magnetic stirrer. The maleic acid dissolved in monomer during 

the course of the reaction. After 24 h the reaction mixture was dissolved in 

choloform (CHCl3) and precipitated in cold hexane (7 °C). The precipitated 

liquid was separated from the solvent, extracted with methanol (to remove 

traces of maleic acid) and then vacuum distilled for 4 h at 40 °C to remove the 

traces of monomer and solvents.  

The polymerization of PL in the presence of maleic acid proceeded under 

similar reaction conditions, except that the reaction temperature was lowered to 

70 °C (PL is a toxic monomer with a flash point of 70 °C); for example, 25 ml 

(0.398 mol) was reacted with 2.3 g (0.017 mol) of TMP in the presence of 5.49 

g (0.041 mol) of maleic acid. 

The polymerization of BL via insertation mechanism was performed with tin 

octoate as a catalyst.19 A typical procedure was as follows: TMP (1.2837 g, 

0.0096 mol) was added to the three-neck flask which was flushed with dry 

nitrogen. The mixture of BL (20 ml, 0. 245 mol) and catalyst, tin-octoate (0.316 

g, 0.25 mol) was added to the flask, heated to 100 °C. After 24 h, the reaction 

mixture was dissolved in CHCl3 and polymer was precipitated from n-heptane. 

The precipitate was dried in vacuum-oven overnight to remove traces of 

solvents.  

 

2.2.5 Preparation of PCL films 

Fluorinated PCLs of different molar masses were spin-cast (1000 rpm) from 

THF solutions (100 mg in 1 ml of THF) on aluminum panels and then annealed 
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in a vacuum oven at 60 °C for 2 h. Rf8-PCL (Mn = 2520 g/mol) was mixed in 

THF solution with 1-butanol-initiated PCL (Bu-PCL, Mn = 3000 g/mol) to 

examine surface segregation of fluorinated species during solvent evaporation. 

A 10 wt% THF solution of the polymer mixture was spin-cast on Si wafers and 

then annealed at 60 °C for 30 min. 

 

2.2.6 Characterization techniques 
1H-NMR spectra were recorded on a Varian 400 spectrometer at 25 °C, 

operating at 400.162 MHz. CDCl3 (with TMS as an internal standard) was used 

as the solvent.  

Melting temperatures were determined on a Perkin Elmer Pyris 1 differential 

scanning calorimeter (DSC) at a heating rate of 10 °C/min. The onset 

temperature during the second heating run was taken as the melting point. The 

Tg of polymer precursors was determined by the inflection point method.  

Thermogravimetric analysis (TGA) was preformed on the Perkin Elmer 

Pyris 6 instrument, with the heating rate of 10 °C/min, under dry nitrogen flow. 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-ToF MS) measurements were performed on a Voyager-DE Pro 

instrument (Perspective Biosystems, Framingham, MA). Polymers were 

dissolved in THF and NaTFA or KTFA (sodium or potassium trifluoroacetate) 

was used as the ionizing agent. Isotopic distribution was calculated by using 

DataExplorer Advanced Biosystems.  

Contact angle (CA) measurements were performed on a Dataphysics OCA 

30 instrument, using deionized water and hexadecane (>99%, Merck) as probe 

liquids. Dynamic advancing contact angles were collected.  



Synthesis of well-defined coating precursors 
 

21 

2.3 Results and discussion 

 

Scheme 2.3 Structures of monomers employed for the ROP in this study. 
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4-tert-butyl-caprolactoneε-caprolactone

 As previously mentioned, our first objective was to synthesize well-defined 

precursors with good control over the end-group functionality, molecular 

weight, which would have narrow MW distribution without the presence of 

nonreactive cyclic species. The targeted polymer was polycaprolactone (for its 

well-established mobility) attached to a perfluoroalkyl or a polyol group. Based 

on literature research, the fumaric acid has been chosen as a catalyst, because in 

its presence ROP of CL would yield the desired structure of oligomeric 

precursors. Fumaric acid is a weak acid and activates monomer at elevated 

temperatures for ROP (e.g. 90 °C); a long reaction time (e.g. 24 h) is necessary 

for conversions over 60%. Furthermore, it does not dissolve in monomer and it 

acts as a heterogeneous catalyst as if the polymerization is performed in the 

bulk, minimizing the occurrence of side reactions typical for the AM 

mechanism (namely transesterfication). The viscosity of the reaction mixture 

increases during the polymerization and good mixing is a necessity.  

To tune the mobility of precursors an attempt has been made to 

homopolymerize 4- and 5-member lactone rings under similar conditions as CL 

(6-member ring, even though reported to ring-open under milder conditions than 

CL would not bring drastic changes in the Tg of the precursors, compared with 
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PCLs). All lactones used in this study are schematically shown in Scheme 2.3. 

γ-butyrolactone, as expected, could not ring-open under even more extreme 

conditions due to its stable 5-membered ring17 and 4-membered cyclic 

monomers, namely β-butyrolactone and β-propiolactone could not be 

polymerized using the fumaric acid as a catalyst. However, when stronger acids 

were implemented as catalysts, such as maleic acid, 4-member lactones 

polymerized. Further more, it has been recently reported that coplymerization of 

CL and BL can proceed when organometallic catalysts are used, for example 

tin-octoate.16,19 Therefore, the homopolymerization of BL using this catalyst 

was attempted as well. The mass spectra of homopolymers of 4-member 

lactones are presented in Figure 2.1. The ring-opening polymerization in the 

presence of maleic acid had yields below 20% after the 24 h, whereas in the 

presence of tin-octoate the BL polymerized more successfully.  As clearly 

shown by MALDI-ToF MS spectra, none of these polymerizations yielded well-

defined, cycle-free products. Some species, among the numerous appearing in 

the MALDI spectra, are depicted as an example. However an extensive study on 

the optimal conditions of controlled copolymerization for different lactones is 

beyond the scope of this thesis.  

1000 1500

Cyclic species
Rf6-PBL74 D

m/z
 

(a) 
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Figure 2.1 MALDI-ToF spectra of products of (a) maleic acid catalyzed ROP 
of β-propiolactone, (b) maleic acid catalyzed ROP of β-butyrolactone (c) Tin-
octoate catalyzed ROP of β-butyrolactone.  
 

So far, we have established that CL monomers with a 4-substituent on the 

ring can be used for the preparation of well-defined oligomers. A tert-butyl 

group attached to the backbone of the a polymer would substantially hinder the 

(b) 

(c) 
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chain mobility and diminish the crystallinity of the polymer and lead to 

increased Tg of the corresponding polymer.17  

 

2.3.1 1H NMR  

The proton NMR spectra of the synthesized precursors, PCL and PtbCL, are 

shown in Figure 2.2. Signals at 4.0 - 4.1 ppm (Hh and Hc, CH2 next to the ester 

bond) and at 2.3 ppm (Hd, CH2 next to the carbonyl group) can be assigned to 

the CL monomer unit (Figure 2.2a). For the PCL initiated by TMP (TMP-PCL), 

the integral ratio of the signals Hz and Ha, A(Hz)/A(Ha) is 2, which corresponds 

well to the molecular structure of TMP-PCL. The degree of polymerization per 

branch (dp) can be estimated by: 

 

dp= A(Hh + Hc) / A(Hz)     (2.1) 

 

The number-average molecular weight of TMP-PCL is: 

 

Mn = 3 dp ⋅MCL + MTMP     (2.2) 

 

The perfluoroalkyl-end-capped PCLs initiated by Rf6 (Rf6-PCL) and Rf8 

(Rf8-PCL) appear to have indentical 1H NMR spectra (Figure 2.2b). There is 

noticeable difference between the spectra of Rf6-PCL and TMP-PCL: the peak 

Hj can be assigned to the CH2 next to the ester group connected to the 

perfluoroalkyl group. Another signal (Hi) emerges at 2.5 ppm, corresponding to 

the CH2 group neighboring the C6F13-group. The integral ratio of the signals Hj 

and Hz, A(Hj)/A(Hz) is 1, indicating that Rf6-PCL has a well-defined structure 

with a perfluoroalkyl group at one end of the chain and a hydroxyl group at the 

other end (further evidence is provided by MALDI-ToF MS analysis below). 

The degree of polymerization can be estimated by: 

 

                                             dp = [A(Hj)+A(Hh)]/A(Hz)                     (2.3) 
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Figure 2.2 1H NMR spectra of (a) TMP-PCL; (b) Rf6-PCL; (c) TMP-PtbCL and 
(d) 4-t-butyl-caprolactone (tbCL). 

 

The 1H NMR spectrum of PtbCL clearly differs from those of PCLs as 

depicted in Figure 2.2c. Signals at 4.1 ppm (Hh and Hc, CH2 next to the ester 

bond), 2.2-2.4 ppm (Hd, CH2 next to the carbonyl group) and 1.1 ppm (Ht and 

Ha, from CH3 group) indicate the tbCL unit is incorporated into the polymer. 

The dp per branch and Mn for TMP-PtbCL can be calculated by using equations 

similar to equations (2.1) and (2.2). The 1H NMR spectrum of tbCL is shown in 

Figure 2.2 d. Peaks assigned to CH2 next to the carbonyl group (Hd at 2.5-2.8 
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ppm) and CH2 next to the ester bond (Hh at 4.1-4.4) are split in two separate 

peaks due to the high ring strain of the tbCL. 

MW control during ROP of CL. 1H NMR has been implemented to 

determine the number-average MW of PCL and the CL conversion during the 

ring-opening polymerization. As depicted in Figure 2.3, the experimental Mn 

appears to be in accordance with the predicted values (the dashed line) 

calculated by assuming that a living polymerization occurs. This indicates that 

the MW of PCL can be controlled by tuning the monomer-to-initiator ratio.  
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Figure 2.3 Mn of Rf8-PCL as a function of CL conversion determined by 1H 
NMR. The dashed line corresponds to the theoretical values assuming living 
polymerization. 
 
 
2.3.2 MALDI-ToF MS analysis 

Although 1H NMR results indicate that the PCL and PtbCL precursors are 

well-defined, this technique cannot be used to detect the possible existence of 

cyclic PCL or water-initiated PCL, especially if these species are present in a 

very small amount. MALDI-ToF MS proves to be a very effective technique for 

end-group analysis and is therefore employed to further examine the precursors 

we have synthesized.20,21 The full MALDI mass spectrum for Rf8-PCL is given 

in Figure 2.4. The sets of signals are separated by 114 Da (Figure 2.4a), 
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characteristic of the CL repeating unit. The molecular weights of individual 

main peaks correspond to the expected structure: {C8F17CH2CH2O-[C(O)-

C5H10-O]n-H + Na}+. When we take a closer look at the mass spectrum (Figure 

2.4b), we notice two more sets of signals: one set corresponds to the potassium 

adduct of Rf8-PCL, while the other, much lower in intensity, can be attributed to 

the water-initiated PCL, {HO-[C(O)-C5H10-O]n-H + Na}+. Cyclic structures 

were not observed. Water initiated species, when present in a small amount, 

would not alter the stratification process. They contain OH functionality and 

therefore will react with the crosslinker and will be chemically bonded to the 

coating network. 

We also examined the isotopic distribution of the mass spectrum of Rf8-PCL. 

The perfect match between the experiment (Figure 2.4b) and the simulation 

(Figure 2.4c) confirms unambiguously the expected well-defined structure of 

Rf8-PCL: a perfluoroalkyl group at the one end of the polymer chain and a 

hydroxyl group at the other end.  

The MALDI-ToF MS spectrum of TMP-PtbCL is depicted in Figure 2.5. 

One can observe that only one polymer species is present and that the mass 

corresponds to the potassium adduct of TMP-PtbCL: 

{CH3CH2C[CH2O(COCH2CH2CH(C(CH3)3)CH2CH2O)nH]3 + K}+ with the 

repeating unit of 170 Da (the molar mass of tbCL). This clearly shows that tbCL 

has polymerized in a similar way to CL under the same reaction conditions, 

leading to a well-defined polymer. 
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Figure 2.4 (a) MALDI-ToF mass spectrum of Rf8-PCL, and an enlarged 
spectrum (b) for m/z between 2310 and 2340, which is comparable to a 
simulated spectrum (c). 
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Figure 2.5 MALDI-ToF mass spectrum of TMP-PtbCL. 

 

We also used size exclusion chromatography (SEC) to characterize the 

synthesized oligoesters, but the MW from SEC deviates significantly from the 

values determined by 1H NMR and MALDI-ToF MS, probably because of the 

significant difference in polarity and conformational characteristics between the 

polycaprolactone oligomers and polystyrene standards used during the SEC 

measurements.20 On the other hand, the SEC measurements confirmed that the 

PDI of these polymers is below 1.2, which allows us to use MALDI-ToF MS as 

the quantitative technique for determining the average molecular weight and 

MW polydispersity of the precursors.21 The Mn values have also been 

determined from 1H NMR, using equations 2.1, 2.2 and 2.3 which in general are 

in agreement with those from MALDI-ToF MS. 

 

2.3.3 Thermal properties of PCL and PtbCL precursors  

Polycaprolactones are well-known for the high mobility of their chains (in 

other words, the low Tg), with temperature interval between the melting and 

glass-transition point being as high as 80 to 100 °C.2 A typical second-heating 

thermogram is represented in Figure 2.6.  
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Melting and glass transition temperatures of the well-defined oligoesters, 

further employed as coating precursors are listed in Table 2.1. For PCLs with 

similar molar masses, the melting temperature varies between 32 and 52 °C; the 

3-armed precursor (TMP-PCL) appears to have the lowest melting temperature, 

while its linear counterparts have higher Tm. Interestingly, the perfluoroalkyl 

chain length also plays a role in the melting behaviour of these oligomers. For 

TMP-PtbCL, the introduction of tert-butyl group to the main chain diminishes 

its crystallinity, thus leading to the disappearance of the melting point; PtbCLs 

are viscous liquids at room temperature. 
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Figure 2.6 A typical thermogram of PCL polymer (taken for Rf8-PCL, 
MW=2200 g/mol). Cooling/heating rate was 10 °C/min and the second heating 
scan is represented.  
 

 

As can be seen in Table 2.1, all three PCLs have a Tg of ~ -60 °C. In 

contrast, the presence of a tert-butyl group in PtbCL hinders the mobility of the 

main chain, which results in an increase of its Tg to -20 ºC (for PtbCLs of higher 

molecular weight, the Tg can go up to -5 ºC).17 
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Table 2.1 Molecular weights, melting points (Tm), and Tg for some precursors. 
 

Polymer MW(MALDI MS) 
  Mn           PDI 

Mn (1H NMR) Tm (ºC) Tg (ºC) 

TMP-PCL 2820 1.11 2450 32 -62 

Rf6-PCL 2450 1.07 2160 45 -65 

Rf8-PCL 2520 1.16 2400 52 -64 

TMP-PtbCL 2700 1.15 2680 / -20 

 

TGA measurements. Since the synthesized PCLs were used as coating 

precursors, it was essential to determine at which temperature their thermal 

degradation begins. Degradation of coating components could also bring 

nonreactive species which would, in turn, alter properties of coatings. 

Precursors that were used for further study, start to thermally degrade (in the 

presence of nitrogen) at approximately 175 °C for both perfluoroalkyl-end-

capped and TMP-initiated PCLs, as shown in Figure 2.7. This is likely due to 

chain scission, typical for PCL polymers. This brings certain limitation to the 

conditions under which PCL coatings could be prepared. We considered that 

using these oligomers above the ’safe’ 150 °C can lead to formation of 

degradation products. For example, it would be meaningless to use these 

precursors with blocked isocyanates, since these crosslinkers are activated at 

temperatures above 150 °C. 
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Figure 2.7 TGA curves of (a)TMP-PCL and (b) Rf8-PCL having different 
molecular weights. 
  
 

2.3.4 Surface wettability of Rf8-PCL films 

By the introduction of a PCL spacer, the tendency of perfluoroalkyl-end-

capped species to segregate at a surface is expected to decrease. The existence 
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of a driving force for surface-segregation for these novel fluorinated species was 

examined. Their ability to enrich the surface of blends with nonfluorinated 

PCLs was measured. Perflurooctylethanol was already found to have a stronger 

driving force for segregation than perflurohexylethanol,22 and its product with 

the integrated PCL spacer was therefore used in this study.  
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Figure 2.8 Advancing contact angles of water and hexadecane on spin-cast Rf8-
PCL films. For the Bu-PCL film, contact angles for water and hexadecane are 
70° and 0°, respectively (hexadecane spreads over the non-fluorinated film). 

 

Wettability of Rf8-PCL was investigated by contact angle measurements 

using two probe liquids, water and hexadecane. For both water and hexadecane, 

the contact angles are significantly higher than those measured on the films 

from Bu-PCL (PCL initiated by 1-butanol), on which the contact angles for 

water and hexadecane are 70° and 0°, respectively. As shown in Figure 2.8, the 

lower the molecular weight of Rf8-PCL, the higher the contact angle for both 

probe liquids due to the higher overall fluorine content in the polymer. 
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Contact angle measurements were performed on films from blends of Rf8-

PCL and Bu-PCL mixed at different molar ratios. As can be seen in Figure 2.9, 

the addition of a small amount of Rf8-PCL can significantly increase the contact 

angles for both probe liquids, thus decrease the film wettability. Both the water 

and hexadecane contact angles reach plateau values at about 7 wt% of fluorine, 

which are similar to the contact angles on the pure Rf8-PCL film with an Mn of 

2520 (Figure 2.7), suggesting that at a fluorine content of 7 wt% the surface of 

the blend film is primarily saturated with Rf8-PCL and further increase of the 

fluorine content cannot further enhance the surface enrichment of the 

fluorinated species.  
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Figure 2.9 Advancing contact angles of water (a) and hexadecane (b) on films 
from blends of Rf8-PCL (Mn = 2520 g/mol) and Bu-PCL (Mn = 3000 g/mol).  

 

 

2.4 Conclusions 

 

The successful synthesis of perfluoroalkyl-end-capped and 3-armed 

polycaprolactone oligomers by ring-opening polymerization of ε-caprolactone 
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and 4-tert-butyl-ε-caprolactone with different alcohols as initiators is presented.  

Controlled molecular weight, low polydispersity (less than 1.2), good end-

group control and no cyclic oligomers are desired features of these precursors. 

The introduction of a tert-butyl group on a main chain substantially increased 

the Tg of precursors. The introduction of a polymer spacer did not limit the 

ability of the perfluorooctyl-end-capped product to segregate at the surface of a 

polymer blend, as illustrated by contact angle measurements. The temperature 

of curing of these coating precursors should not go above 150 °C.  
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PPPrrreeepppaaarrraaatttiiiooonnn   ooofff   lllooowww   sssuuurrrfffaaaccceee---eeennneeerrrgggyyy   pppooolllyyyuuurrreeettthhhaaannneee   
cccoooaaatttiiinnngggsss   fffrrrooommm   wwweeellllll---dddeeefffiiinnneeeddd   ppprrreeecccuuurrrsssooorrrsss   
   
   
Summary 
 

In this chapter we describe the preparation of low surface-energy 
polyurethane coatings via surface segregation of perfluoroalkyl-end-capped 
precursors during the crosslinking of the films. The synthesis of well-defined 
precursors, used for these coatings, is demonstrated in the previous chapter. 
Several approaches were employed to tune the glass transition temperature of 
coatings. Since the crosslink density and the mobility of the crosslinker and of 
the matrix influence the glass transition of coatings, we have accordingly varied 
the coating formulation.  Concomitantly, surface properties of as-prepared 
coatings differed from one composition to another. The exchange of a three-
armed precursor from polycaprolactone to poly(4-tert-butyl-caprolactone) 
decreased the ability of fluorinated species to segregate at the coating surface. 
The increase in the crosslink density, combined with the stiff crosslinker, led to  
substantially higher glass transition temperature of the coating while surface 
enrichment in fluorinated species still being present. 
 
 
 

*Part of the results presented in this chapter have been published in: 
Dikic,T., Ming, W., Thune, P. C., van Benthem, R. A. T. M., de With, G. 
Journal of Polymer Science: Part A, 2008, 46, 218.   
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3.1 Introduction 

 

Self-stratification (or auto-layering) was first introduced by Funke in 1976 

with heat-cured powdered polymers.1 So far, this phenomenon has been well 

documented for a variety of chemically heterogeneous polymer systems.2 It is 

considered that a significant difference in solubility parameters of blended 

polymers would lead to their spontaneous segregation and is guided by a 

difference in the surface energy of blend components. The bi-layered structure 

can be obtained in-one-package application and it has a good interlayer bonding. 

The surface tension of the constituting polymers and the viscosity of their 

mixture are two main factors influencing self-stratification. The difference in 

the surface tension of the polymers is the driving force for this process, where 

the component with lower inherent surface tension preferably segregates at the 

film/air interface.3 The viscosity of a film affects the kinetics of this process. 

Introduction of a solvent or a solvent mixture can further influence the 

stratification, preferential evaporation being one good example. The change in 

the viscosity and the change in the volume of the crosslinked network can 

induce the surface segregation of unreacted species, a process often applied for 

photo-cured patterning.4,5 

A process similar in its origin to self-stratification is surface segregation.3 

Additives containing low surface energy groups (for example perfluoroalkyl or 

polydimethylsiloxane) tend to segregate at the air/film interface.6,7 Even a small 

amount of these groups is usually sufficient to achieve the effect of considerable 

reduction in the surface tension of a material.8,9 Generally, only a thin layer, rich 

in low surface-energy species, is present at the surface and therefore additives 

usually do not alter the bulk properties of these materials.8 In the past decades, 

the surface segregation has been attracting a great deal of scientific attention as 

a strategy to control the surface functionality of polymer films. It is interesting 

from both fundamental and application point of view.10-13 A number of different 

systems have been developed in order to study the possibilities of surface 

segregation. Usually, the low surface energy group (perfluoroalkyl being the 
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‘most popular’ one) is connected to reactive group (hydroxyl, amine, acid)9,14. 

These moieties can be further reacted in order to prepare surface active species. 

For example, they can be used to end-cap the polymer11-13 or to be grafted on a 

backbone of a polymer chain.15,16 Fluoropolymer, as a block in a copolymer,17-19 

can act as surface active specie as well. The procedure for preparation of surface 

segregated films often assumes blending low surface energy species with 

different polymers (or polymer mixtures). Upon the film formation, they 

segregate at the air/film interface lowering the surface tension of the material. It 

is considered that these groups can not only be used to lower the surface energy 

of a material, but also as vehicles bringing various functional groups (amine, 

hydroxyl) to the surface of a film.7 

One of the most prominent uses of surface segregation is for creating low 

surface energy crosslinked films.20-22 These films have many desirable 

properties such as water/oil repellency, low friction coefficient and chemical 

resistance. They found application as easily cleanable, antigraffiti22 or 

antifouling23-25 coatings. Typically, acrylic, polyurethane or epoxy matrices with 

perfluoroalkyl or PDMS alcohols/amines/epoxies are used. Low surface energy 

groups diffuse towards the surface during crosslinking in order to lower the air-

film interfacial tension. Since low surface energy moieties also contain a group 

that will react with the matrix, they are tethered to the coating network. The 

cartoon in Scheme 3.1 illustrates this process.  

 

Scheme 3.1 Surface segregation of fluorinated species during the film 
formation.  
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Low surface-energy coatings based on solventless liquid oligoesters have 

recently been reported by Ming et al.8,9,20,26 This work, being the most relevant 

for the preparation of coatings described in this chapter, will be summarized 

below. Perfluoroalkyl alcohols, namely perfluorooctylethanol and 

perfluorohexylethanol were pre-reacted with solventless liquid oligoester (SLO) 

or with isocyanates (HDI, HDI trimer, blocked isocyanates). These species were 

mixed with the rest of the coating formulation and thermally or photo-cured (for 

this purpose, the partial flurorination was followed by introduction of acrylic 

double bonds). The addition of 1 wt% F reduced the surface tension of a film to 

15 mN/m. The amount of F that could be introduced without spontaneous 

dewetting of the film from the substrate was usually about 1 to 1.5 wt% (up to 4 

wt% F when blocked isocyanates were used). The surface enrichment was 

confirmed by X-ray photoelectron spectroscopy (XPS), which showed that the 

amount of fluorine at the surface was up to 80 fold above its bulk level. Based 

on Fourier transform infrared spectroscopy (FTIR), XPS and contact angle 

study, it was concluded that the surface segregation depends on two competing 

processes: diffusion of fluorinated species and the formation of the crosslinked 

network. When partially fluorinated isocyanates were implemented, the surface 

segregation yielded coatings with the lowest surface tension. Advancing contact 

angles of two probe liquids (polar and nonpolar) for these films are presented in 

Figure 3.1.26  
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Figure 3.1 Advancing water contact angle (a) and static hexadecane contact 
angle (b) for low surface energy polyurethane coatings based on solventless 
liquid oligoester and polyisocyanate as a function of the added fluorine content 
in films. 26 
 

The increase in water contact angle (up to 120°) and hexadecane (up to 80°) 

reflects the significant decrease of the surface tension of these films upon 

addition of fluorinated species to the coating. At already low fluorine levels, the 

contact angle for both probe liquids reached a plateau. This indicated that the 

surface of coating can be saturated with fluorinated species at a certain level of 

fluorine content. Further increase in fluorine content does not have an influence 

on surface properties of these coatings. 
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The preparation of low surface energy coatings based on well-defined 

oligoesters will be discussed in this chapter. Polycaprolactones are semi-

crystalline solids at room temperature (RT) and therefore it was necessary to use 

a solvent in the coating preparation. One more dissimilarity with the 

abovementioned work is the introduction of a polymer spacer between the 

perfluorooctyl and the OH group, which influences the miscibility of fluorinated 

species with the rest of the coating formulation (coatings could be loaded with 

up to 4 wt% of F). Surface properties of coatings were affected by this spacer as 

well. Coatings containing perfluorooctyl groups without the spacer were 

prepared for the sake of comparisons.  

The glass transition temperature of coatings was tuned by increasing the 

crosslink density (introduction of a low molecular weight polyol), use of 

different crosslinkers (trimers of aliphatic and cyclic aliphatic diisocyanates 

were exchanged) or on basis of different oligoester precursors (PCL or PtbCL). 

Surface energy of coating matrix and changes in viscosity during the film 

formation rendered a different surface segregation of Rf8-PCL species for 

different coating formulations. The surface segregation further influenced 

wettability of coatings. Based on wettability measurements we chose coating 

formulations suitable for replenishing experiments. 

 

 
3.2 Experimental 
 
3.2.1 Materials 

2-ethyl-2-(hydroxymethyl)-1,3-propanediol (TMP) was purchased from 

Merck. Perfluorooctyl ethanol (Rf8) was supplied by Clariant GmbH (with the 

trademark of EA 800). Dibutyltin dilaurate (DBDTL) was purchased from 

Aldrich and used as received. The synthesis of polycaprolactone  initiated by 

trimethyolopropane (TMP-PCL) and perfluorooctylethanol (Rf8-PCL) with Mn = 

2250 g/mol and Mn = 2820 g/mol, respectively, and of TMP initiated poly(4-

tert-butyl-caprolactone) (TMP-PtbCL), with Mn = 2700 g/mol is described in the 

previous chapter. Coatings containing TMP-PCL with Mn = 4000 g/mol were 
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used for calorimetry measurements. Two polyisocyanates were used to crosslink 

precursors: for low Tg coatings Tolonate HDT-LV2 (from Rhodia, further 

reffered to as tHDI), mainly consisting of hexamethylenediisocyanate (HDI) 

trimer, and for high Tg coatings Vestanat T 1890/100 (from Degussa) mainly 

consisting of isophronediisocyanate (IPDI) trimer (further noted as tIPDI). The 

structure of these two crosslinkers is shown in Scheme 3.2. All solvents were 

purchased from Bioslove and kept with molecular sieves.  

 

Scheme 3.2 Chemical structures for the main components of crosslinkers used 
in this study: (a) HDI trimer (tHDI) and (b) IPDI trimer (tIPDI).  
 

 

3.2.2 Preparation of low surface-energy polyurethane films 

General procedure. Polyurethane coatings were prepared from a mixture of 

three-armed and fluorinated precursors and a polyisocyanate crosslinker in N-

methyl pyrrolidone (NMP) as the solvent (30 wt % solid content). The molar 

ratio of NCO/OH was kept at 1.1 to ensure the full conversion of OH groups. 

Reaction mixtures that were used to determine the kinetics of curing by ATR-

FTIR had a NCO/OH ratio of 1.05 in both THF and NMP as solvents. Rf8-PCL 

was added in an amount according to the desired fluorine mass fraction. Films 

were applied on aluminum panels using a doctor blade driven by a 509 MC 

Coatmaster automatic film applicator and then cured at 125 °C in a vacuum 

oven (pressure was about 20 mbar) for 30 min. Some recipes of coating 
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formulations are given in Table 3.1 and 3.2. Typically, the thickness of the 

cured coatings was between 200 and 300 μm. 

 

Table 3.1 Typical coating formulations based on Rf8-PCL, tHDI, and TMP-
PCL or TMP-PtbCL.  
 

Rf8-PCL (g) TMP-PCL (g) TMP-PtbCL (g) tHDI (g) Overall F 

content 

(wt%) (Mn = 2520) a) (Mn = 2820) a) (Mn = 2700) a)  

0 / 2.350 / 0.50 

1 0.061 0.588 / 0.13 

2 0.236 1.041  / 0.25 

0 /  /  2.250 0.50 

1 0.086 / 0.824 0.19 

2 0.162  / 0.707 0.17 
a) MW was determined by MALDI-ToF MS 

 

3.2.2.1 Low surface-energy polyurethane films with a Tg below room 

temperature 

Coatings with the Rf8-PCL tethered to a coating network were prepared 

from a mixture of polycaprolactones: TMP-PCL and Rf8-PCL and crosslinked 

with tHDI. The general coating preparation procedure was used, even when the 

TMP-PCL was exchanged with the TMP-PtbCL. The upper part of Table 3.1 

shows some typical recipes for coatings with the polycaprolactone matrix, while 

the lower part of the table provides recipes of coatings with the poly(4-tert-

butylcaprolactone) matrix. 

Perfluoroalkyl group directly bonded to polyisocyanate crosslinker. 

Prior to coating preparation, Rf8 was pre-reacted with the crosslinker in order to 

ensure their full chemical bonding  to the coating network.20 Pre-reaction was 

performed in dry, freshly distilled THF at 60 °C for 2 h, with the addition 0.01 

wt% of DBDTL as a catalyst. The tHDI was added in excess (with molar ratio 
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NCO/OH = 40). For example, the THF solution of 0.17 g (0.36 mmol) was 

drop-wise added to a flask with a THF solution of 3 g of tHDI (15 mmol of 

NCO) and 0.02 g of DBTDL. After the reaction, THF was removed by vacuum-

distillation.  

The TMP-PCL (1.091 g, 0.36 mmol) and a part of a mixture (of 

polyisocyanate with partially fluorinated isocyanates, 0.3 g) were dissolved in 

NMP before applying to a substrate. The F content was 1 wt%.  

 

Table 3.2 Typical coating formulations based on Rf8-PCL, tIPDI, TMP and 
TMP-PCL.  

Rf8-PCL (g) TMP-PCL (g) TMP (g) tIPDI (g) Overall F 

content (wt%) (Mn = 2520) a) (Mn = 2820) a)   

0 / 0.176 0.022 0.200 

1 0.019 0.173 0.022  0.220 

2 0.041 0.169 0.021 0.198 
a) MW was determined by MALDI-ToF MS 

 

3.2.2.2 Low surface-energy PU films with a Tg above room temperature 

In order to prepare films with a higher Tg using the same precursors, the 

crosslink density of the coating was increased by addition of a low molecular 

weight polyol, TMP. In addition, the tHDI crosslinker was exchanged for the 

stiffer tIPDI. The OHTMP/OHTMPPCL ratio was kept to 7:3 for all recipes.  

For coatings with the Rf8-PCL tethered to a network a mixture of TMP-

PCL (for example, 0.176 g or 0.0624 mmol), TMP (0.0217 g or 0.612 mmol) 

and Rf8-PCL (0.0192 g or 0.0076 mmol) was dissolved in NMP. An NMP 

solution of tIPDI (0.220g, 0.858 mmol) was added to it. The general procedure 

for coating preparation was followed. As an example, some coating 

formulations are listed in Table 3.2. 

When the Rf8 group is directly bonded to a crosslinker, the pre-reaction of 

Rf8 with tIPDI was carried out in the same manner as with tHDI. The NCO/OH 
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ratio was kept to 32. For instance, 0.5 g of tIPDI (1.9 mmol NCO) was 

dissolved in freshly distilled, dry THF and then a THF solution of Rf8 (0.0277 g, 

0.059 mmol) and DBTDL (0.01 g) was added drop-wise. After the reaction (60 

°C for 2 h), the THF was removed by means of vacuum distillation. TMP-PCL 

(0.390 g, 0.14 mmol) was dissolved with 0.25 g of the mixture of tIPDI and of 

Rf8-tIPDI and with TMP (0.048 g, 0.36 mmol). The fluorine content was about 

1.2 wt%.  

  

3.2.3 Characterization techniques 

Melting temperatures were determined on a Perkin Elmer Pyris 1 differential 

scanning calorimeter (DSC) at a heating rate of 10 °C/min. The Tg of 

polyurethane films was determined by the inflection point method on the second 

heating scan.  

Contact angle (CA) measurements were performed on a Dataphysics OCA 

30 instrument, using deionized water and hexadecane (> 99%, Merck) as probe 

liquids. Dynamic advancing contact angles were collected. The contact angle 

was measured 3 times per probe liquid on each surface, and mean values were 

determined.  

XPS (X-ray photoelectron spectroscopy) measurements were performed 

with a VG-Escalab 200 spectrometer using an aluminum anode (Al Kα = 1486.3 

eV) operating at 510 W with a background pressure of 2 × 10-9 mbar. Spectra 

were recorded using the VGX900 data system. All carbon 1s (C1s) peaks 

corresponding to hydrocarbon were calibrated at a binding energy of 285 eV to 

correct for the energy shift caused by charging. The fluorine-to-carbon (F/C) 

atomic ratio was determined from curve fitted C1s window spectra, according to 

different carbon environment (C-C / C-H; C-O / C-N; C=O; C-F2; C-F3 bonds). 

The F/C atomic ratio was estimated from the corresponding area ratios by: 

 

F/C = 
( )[ ]

[ ])CC/CH()OC()OC()CF()CF(
3)CF(2CF

23

32

AAAAA
AA

+−+=++
⋅+⋅

     (3.1) 
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For the purpose of XPS measurements, films with different F concentrations 

and prepared in the same manner as for contact angle measurements, were 

applied on a Si-wafer by spin casting. 

Attenuated total-reflection Fourier-transform infrared (ATR-FTIR) 

spectroscopy was performed on a Bio-Rad Excalibur FTS3000MX infrared 

spectrometer with an ATR diamond unit (Golden Gate). Curing kinetics were 

studied using a real time FTIR with four scans per spectrum and a resolution of 

4 cm-1. A full spectrum was taken every 7 s. The measurement was performed 

by applying an NMP solution of the reaction mixture on the ATR diamond 

(previously heated to a desired temperature). The signal assigned to a carbonyl 

group at 1710 cm-1 was used as internal standard. 

Thermogravimetric analysis (TGA) was performed on a Perkin Elmer Pyris 

6 instrument, with a heating rate of 10 °C/min, under dry nitrogen flow. 

 

 

3.3 Results and discussion 

 

Preparation of low surface-energy coatings, based on surface segregation of 

low surface-energy species has been well-documented.7,26,27 We consider that 

the most important conclusion from the previous studies is that the surface 

segregation for these systems is mainly influenced by the competition between 

the diffusion of low surface energy moieties towards the surface, and the 

vitrification of the system, caused by the solvent evaporation and the curing 

reaction.20 The driving force for the diffusion of low surface-energy species  

towards the air/film interface is the difference in their surface energy and the 

surface energy of the rest of the coating formulation (further on, only 

‘fluorinated’ groups will be mentioned, but the same principle applies to all low 

surface-energy moieties). Having one reacting end-group, these species are 

tethered to the coating network during crosslinking. As a result of their 

segregation, the interfacial tension of the final coating is significantly lower 

when compared to fluorine-free coatings.8,28 Even though they are anchored to 
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the coating network, fluorinated species at surface interact with their 

environment and reorient towards energetically more favourable surroundings 

(with the ‘lower’ surface energy).21Rapid reorientation is generally considered 

to be a source of a high contact angle hysteresis, and coatings with surfaces rich 

in perfluroalkykl groups often exhibit this behaviour. 

Our goal was to create surface-segregated coatings that sustain low surface 

energy after mechanical damage. The importance of using well-defined 

precursors and their synthesis was already mentioned in the previous chapter. 

Coatings with the potential to be self-replenishing were designed to have 

network chains of rather high mobility and the low surface-energy group 

tethered to this network via a mobile polymer spacer.  

Precursors and crosslinker have strong impact on the glass transition 

temperature and the surface wettability of as-prepared coatings.  

The investigation described in this chapter on low surface-energy coatings is 

meant to give insight into surface properties influenced by varying the coating 

formulation in already-mentioned manner. 

 

3.3.1 Polyurethane formation 

Thermal curing of hydroxyl-end-capped precursors with polyisocyanates 

yields a polyurethane network. Polyurethane formation was monitored by real-

time ATR-FTIR. The evolution of the IR spectra of the reaction mixture (TMP-

PCL and tHDI in THF, with the NCO/OH ratio 1.05) is shown in Figure 3.2. At 

125 °C THF evaporates as soon as the mixture is cast on the FTIR unit and 

therefore only peaks attributed to precursors and polyisocyanate are visible in 

the spectra. The peaks at 2267 cm-1 and at 3553 cm-1, corresponding to the NCO 

and to the OH group, respectively, decrease gradually as the reaction proceeds. 

New peaks emerge at 3381 cm-1 (N-H stretching) and at 1520 cm-1 (N-H 

bending) both originating from the newly formed urethane group.26 The peak 

assigned to NCO disappears after 600 s, the time of the complete curing. 

Because of the fast THF evaporation, film formation using this solvent suffered 

from the presence of fluorinated species not being incorporated in the coating 



Preparation of low surface-energy polyurethane coatings from well-defined precursors 
 

51 

network. This is likely due to the fast segregation and eventual phase separation 

of Rf8-PCL favoured by the evaporation of THF. These species at the surface 

could not fully react with the crosslinker. Films appeared to be hazy. For this 

reason, NMP, having a higher boiling point (205 °C at atmospheric pressure), 

was further used as the solvent for coating formulations.  

4000 3500 3000 2500 2000 1500 1000 500
0.0

0.1

0.2

0.3

0.4

0.5

A
bs

or
ba

nc
e

Wavenumber [cm-1]

 
Figure 3.2 Real-time FTIR spectra of thermal curing of TMP-PCL with tHDI in 
a THF solution. The temperature of curing is 125 °C. 
 

NMP evaporates relatively slowly from thin films at 125 °C, and before it 

fully evaporates, most of OH groups have reacted with the polyisocyanate. 

Therefore OH groups from Rf8-PCL have enough time to react with the 

crosslinker and get tethered to the coating network without phase separation. 

The final film appears to be transparent. Two FTIR spectra, at the beginning and 

at the end of the reaction (with NMP as a solvent), at 125 °C are presented in 

Figure 3.3. Peaks assigned to NCO, OH and NH follow the same pattern as in 

the case of THF solution. It is also noticeable that all peaks change their 

intensity, irrespective of the ongoing reaction, probably due to the slow 

evaporation of NMP.  
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Figure 3.3. FTIR spectra of a coating mixture (consisting of TMP-PCL, Rf8-
PCL and tHDI in NMP solution) at the beginning and the end of curing at 125 
°C. 
 

The kinetics of the polyurethane formation have been determined from the 

disappearance of a distinctive peak at 2267 cm-1 (NCO), and the result is shown 

in Figure 3.4.  Alternatively, emerging NH peak at 1520 cm-1, visibly decreasing 

(Figures 3.2 and 3.3), can be used for the same purpose. Since the evaporation 

of the solvent changes the intensity of all peaks, it was necessary to choose a 

reference that will not change intensity as a result of the reaction or evaporating 

solvent. The carbonyl peak at 1730 cm-1 originating from the polycaprolactone 

precursors met these demands and was therefore used as an internal standard for 

the study of the kinetics. It is apparent from Figure 3.4 that the NCO 

conversion, for given conditions, gradually increases and reaches 95% in about 

1500 s. Since the NCO was in a slight excess (5%), the conversion is not 

complete in this time scale. The same kinetics of curing was observed for 

coating formulations containing TMP-PtbCL/tHDI and TMP-PCL/tIPDI. For 

the TMP-PtbCL/tHDI mixture and the TMP-PCL/tHDI mixture this is rather 

logical. But the tIPDI is known to react much slower than tHDI. We speculate 
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that the slow evaporation of NMP was the limiting factor in the reaction of these 

polyisocyanates.  
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Figure 3.4 Real-time FTIR measurement of the NCO conversion (peak at 2267 
cm-1) for a coating mixture (consisting of TMP-PCL and tHDI) cast from NMP 
at 125 °C. NCO/OH ratio was 1.05. 
 

Rf8-PCL can significantly add to the mass of a coating (with mass fraction 

up to 25 wt%, see Table 3.1 and Table 3.2), in contrast with Rf8-OH, whose 

amount is usually less than 1.5 wt%. It was therefore necessary to examine 

whether a substantial amount of Rf8-PCL species influences the kinetics of 

polyurethane coating formation. As can be seen in Figure 3.5, the addition of 

Rf8-PCL does not change these kinetics. The NCO-peak height decreases from 1 

to 0.1 within 600 s for both fluorine-containing and fluorine-free formulation.  
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Figure 3.5 Real-time FTIR measurement of the NCO-peak height for two 
different coating formulations, one of which comprising Rf8-PCL (2 wt% F). 
Mixtures were cast from NMP solution at 125 °C with the NCO/OH ratio 1.05. 
 
 
3.3.2 Determination of the glass transition temperature for various coatings 

Our objective was to prepare coatings with mobile backbone chains, in other 

words with very low Tg, in order to ensure they will not hinder the self-

replenishing process. PCL/tHDI coatings with Tg below -30 °C met these 

requirements. Because of the high network mobility at room temperature, 

replenishing may take place spontaneously after damage, as will be presented in 

Chapter 5.  Investigation of heat-triggered replenishing (Chapter 6) required 

coatings with a Tg above room temperature. Surface properties of these ‘high-

Tg’ coatings should be comparable to PCL-tHDI based coatings. In order to tune 

the Tg, coating formulations were altered in terms of using different precursors, 

by employing different crosslinkers or by increase of the cross-link density.  

Films with a matrix based on tHDI and PCL matrix have a Tg well below 

room temperature (from -50 to -30 °C, depending on the molecular weight of 

TMP-PCL). tHDI is a trimer of a linear aliphatic diisocyanate and therefore is 

considered to yield coatings with rather high mobility. When tHDI is exchanged 

for a cyclo-aliphatic IPDI trimer, the Tg of the coating can increase by 20 °C.  
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Matrices based on different precursors can yield different Tgs. As already 

mentioned in the previous chapter, a tert-butyl group hinders the mobility of a 

polymer chain. Therefore coatings prepared from PtbCL precursors have a Tg of 

about 30 °C higher than coatings based on PCL precursors of the same 

molecular weight.  

Variation of crosslink densities, using the same precursor, can be achieved 

by the addition of a low molecular-weight polyol (and therefore an additional 

equivalent of crosslinker). We applied TMP, which is already a component of 

TMP-PCL for this purpose. Using this principle, and with the addition of tIPDI, 

we were able to obtain coatings with Tg above room temperature still using the 

same TMP-PCL precursor. 

The above-mentioned considerations on different coating formulations are 

illustrated in Figure 3.6. The tHDI/TMP-PCL based coatings have a Tg well 

below room temperature (-48 °C). The exchange of the crosslinker (from tHDI 

to tIPDI), for the same precursors, increased the Tg by 24 °C and the exchange 

of the matrix (from PCL to PtbCL) increased it for more than 40 °C (this is also  

due to significant difference in the molecular weight of precursors). Finally, the 

thermogram of coatings with desirable Tg, of 33 °C (and with desirable surface 

properties as will be shown further on), prepared by combination of increase of 

cross-link density and use of stiffer crosslinker is depicted in this figure. 

Broadening of the Tg transition, typical for the high crosslink-density films, is a 

clearly visible feature of this thermogram. 
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Figure 3.6 Thermograms (the second heating scan is depicted) of coatings 
based on different coating formulations with the measured Tg.  
 
3.3.3 TGA 

Thermogravimetric analysis revealed that as-prepared coatings were 

thermally stable until 300 °C as shown in Figure 3.7.  
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Figure 3.7 TGA of PCL and tHDI based coatings comprising different fluorine 
fractions. 
 

TGA verified what we visually observed: the complete incorporation of 

Rf8PCL in the coating network when NMP was used as a solvent. The F content 
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(addition of Rf8PCL, ranging from 10 – 25 wt %), obviously did not have a 

strong influence on thermal degradation. In contrast to crosslinked films, the 

degradation of precursors starts at lower temperatures (175 °C as depicted in 

Figure 2.7). The formation of crosslinks thus increased the temperature at which 

the degradation starts.  

 

3.3.4 Wettability of fluorinated PU films 

The presence and mobility of perfluoroalkyl groups at the surface of 

polyurethane coatings was determined by contact angle and XPS measurements. 

This gave us an indication on the driving force of surface segregation of 

fluorinated species during the film formation. We considered that the driving 

force for segregation is equivalent to the force that will lead to replenishment 

after the damage. Therefore, surface characterization was used to reveal which 

coatings would be suitable for replenishment experiments  

0 1 2 3 4
0

20
40
60
80

F content (wt%)

(b)

80

90

100

110

C
on

ta
ct

 a
ng

le
 [o ]

(a)

 
Figure 3.8 Advancing contact angles of water (a) and hexadecane (b) on 
polyurethane films based on Rf8-PCL and TMP-PCL precursors and tHDI. 

 

Contact angle measurements were performed using water and hexadecane as 

probe liquids. The fluorine fraction was varied in the coating formulation in 
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order to determine its influence on the coating wettability. Figure 3.8 presents 

advancing contact angles measured for two probe liquids on targeted PCL-based 

coatings. In comparison with the contact angles for films that are free of 

fluorinated species, the water and hexadecane contact angles on fluorinated 

films are significantly higher, indicating that fluorinated tails are preferentially 

enriched at the air-film interface. The plateau values of contact angles (105° for 

water and 78° for hexadecane) are reached at low F concentrations (about 1 

wt%). In addition, it is envisaged that, when a higher concentration of 

fluorinated species is incorporated in the films, the F bulk concentration will be 

higher as well. 
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Figure 3.9 Advancing (  ) and receding (●) contact angles on coatings based on 
Rf8-PCL, TMP-PCL and tHDI that contain different fluorine fractions. 
 

Figure 3.9 demonstrates that while with the increase of fluorine content the 

water advancing contact angle increases from 87° to 105° , the water receding 

contact angle changes slightly (around 80°, except for the 0  and 0.1 wt% F film 

which have a receding angle around 70°). The contact angle hysteresis increases 

from 17° to 25° with the increase of F wt% from 0 to 1 wt%. This behavior can 

be explained by the mobility of perfluorooctyl chain-end, which ‘flips’ into the 

bulk of the film upon contact with water, exposing the PCL matrix. One can 
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therefore notice no significant difference in receding contact angle between 

coatings with high fluorine content and without any fluorine. This is one more 

indication that a perflurooctyl group, even though bonded to a PCL spacer, has a 

strong driving force and the mobility to move at the surface towards an 

energetically more favorable environment. 

Films prepared with TMP-PtbCL and Rf8-PCL have different behavior. As 

shown in Figure 3.10, the water advancing CA on the fluorine-free film is about 

100° (owing to the tert-butyl group), which is significantly greater than the 

contact angle on the film from TMP-PCL (Figure 3.8a). On the other hand, the 

CA increases only by 4° upon the addition of Rf8-PCL, even for rather high F 

concentrations (up to 3 wt% F). Hexadecane contact angles on the films 

containing TMP-PtbCL, exhibit a similar behavior: although the contact angle 

value increases from 0 to about 53° upon the addition of Rf8-PCL, the increase 

appears to be much less than for the films with TMP-PCL (Figure 3.8b), on 

which a contact angle plateau of 78° is reached. Note that nonpolar probe 

liquids such as hexadecane are more sensitive to the fluorine concentration at 

the surface than water. Therefore, the contact angle data suggest that, for the 

fluorinated polyurethane films from TMP-PtbCL, the surface fluorine content is 

lower than the films from TMP-PCL. This is likely due to the reduced driving 

force for the surface segregation for fluorinated species in the films containing 

TMP-PtbCL: the difference in the surface energy between tert-butyl and Rf8 is 

much smaller than that between Rf8 and the PCL segment, therefore the surface 

enrichment of the fluorinated species is not as strong as in the case of TMP-

PCL. This further implies that the driving force for replenishment will not be as 

strong as in the case of PCL and therefore coatings based on PtbCL matrix were 

not further used in this study. 
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Figure 3.10 Advancing contact angles of water and hexadecane on 
polyurethane films based on Rf8-PCL and TMP-PtbCL precursors and cured 
with tHDI.  
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Figure 3.11 Hexadecane (a) and water (b) advancing contact angle on 
polyurethane films based on Rf8-PCL, TMP-PCL, TMP and tIPDI. 
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Coatings with Tg above room temperature (consisting of TMP-PCL, TMP, 

Rf8-PCL and tIPDI) show a difference in wettability compared to their low Tg 

counterparts, as depicted in Figure 3.11. The increase of both water and 

hexadecane advancing contact angle is more gradual, without reaching a plateau 

or reaching as high values as in the case of low Tg coatings.  For 3 wt% F, the 

water contact angle reaches 101°, and the hexadecane contact angle is 51°. In 

contrast to the PtbCL based coatings, ‘high' Tg coatings have a more distinctive 

increase of water contact angle upon increase in F content. As shown in Figure 

3.10, the water advancing contact angle increases for 20° upon addition of 

fluorinated species. Therefore, the driving force for segregation (and 

replenishment) is stronger than in the case of the PtbCL-tHDI matrix, but still 

not as strong as for the PCL-tHDI matrix.  This behavior can be explained by 

the presence of tIPDI, which is more apolar than tHDI, and/or by faster 

vitrification during the film formation, due to the TMP addition, which does not 

allow complete segregation of fluorinated species. It should be noted that when 

perfluoroalkyl groups without a polycaprolactone spacer were used, the 

advancing contact angle was significantly higher than for all previously 

mentioned coatings (125 ± 1.2°).  

 

3.3.5 Surface F concentrations examined by XPS 

XPS has been used to determine F/C atomic ratio in the top 10 nm of the 

films. The F/C ratio is significantly higher on the surface than what can be 

expected from the coating formulation.10,15,29 Figure 3.12 shows F/C ratio for 

several coating recipes. The PCL/tHDI based coatings exhibit the highest F/C 

ratio for the same F wt% in the recipe. For example, the film with 1 wt% F has 

an estimated bulk F/C atomic ratio of 0.01, whereas the surface F/C ratio is 0.3, 

which shows that the fluorinated species preferentially segregates at the surface 

of this coating. In contrast, for the films containing PtbCL/tHDI, a much lower 

F/C ratio (~0.05) was observed, confirming that the surface enrichment of the 

fluorinated species is less significant than for films containing PCL/tHDI. 

TMP/PCL/tIPDI based films have F/C ratio between these two values. This is in 
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a good agreement with the contact angle data described in Figures 3.9, 3.10, and 

3.11.  
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Figure 3.12 F/C ratio for the top 10 nm of films containing different F contents 
as determined by XPS. (○) represents PCL-based coatings (♦) PtbCL-based 
coating and (■) PCL/TMP/tIPDI based coating.   
 

Based on surface characterization we can conclude that the driving force for 

surface segregation of TMP-PtbCL based films is not as strong as in the case of 

PCL based films. Therefore, the PtbCL matrix, even though prepared from well-

defined species, would not likely yield a replenishing coating. The replenishing 

experiments in Chapter 6 with the ’high Tg’ coatings were therefore performed 

with high crosslink density TMP-PCL/TMP/tIPDI based coatings.  

 
 
3.4 Conclusions 

 

Several coating formulations have been used to prepare low surface-energy 

polyurethane coatings comprising TMP-PCL and TMP-PtbCL precursors. The 

Rf8-PCL was employed as fluorinated additive. The influence of the 

polyisocyanate crosslinker, introduction of tert-butyl group on the backbone of 

the network chains and the crosslinking density on the Tg and surface wettability 
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of these coatings was investigated. Coatings prepared from PCL precursors with 

tHDI as a crosslinker showed the strongest driving force for the segregation of 

fluorinated species. Having a high mobility for network chains, they were 

suitable for studying self-replenishing effect.  

Further investigation required coatings with a Tg above room temperature 

(Chapter 6). One more requirement is the strong driving force for the 

segregation, since this implies that the same coatings have strong driving force 

for the replenishment. By addition of TMP and exchanging the crosslinker from 

tHDI to tIPDI, we have successfully obtained coatings with the Tg above 30 °C 

and sufficient surface segregation of fluorinated species. 
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FFFllluuuooorrriiinnneee   dddeeepppttthhh   ppprrrooofffiiillliiinnnggg   
   
   
Summary 

 

In this chapter the fluorine depth profiling of coatings containing surface-

segregated fluorinated species is addressed. X-ray photoelectron spectroscopy 

and magnetic resonance imaging were used to gain insight in the fluorine 

distribution at the air/film interface and along the full depth of a coating. XPS 

in combination with microtoming confirmed the homogeneous distribution of 

fluorine in the bulk as observed by the MRI setup. One-dimensional MRI was 

used for the first time to nondestructively depth-profile fluorine with a 5-

micrometer resolution. It was also utilized to gain insight on the inherent 

fluorine mobility in coatings where fluorinated species are tethered with or 

without polymer spacer to the coating network. 

 
 
*Part of the results presented in this chapter have been published in: 

Dikic,T., Erich, S. J. F., Ming, W., Thune, P. C., Huinink, H. P., van Benthem, 
R. A. T. M., de With, G. Polymer, 2007, 48, 4063.   
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4.1 Introduction 

 

It is a common feature for almost all self-healing materials to have a 

reservoir of reactive moieties that can ‘repair’ the damage once it occurs. For 

example, in the work of White et al., a reactive monomer is stored inside 

microcapsules.1 Once microcapsules are broken by propagating crack, the 

monomer fills the crack and polymerizes, restoring, to a certain degree, the 

integrity and mechanical properties of the material. For the targeted self-

replenishing coatings, this ‘reservoir’ would be a certain amount of fluorinated 

species, present throughout the coating. These species should be relatively 

homogeneously distributed and chemically bonded to the coating network. Note 

that non-bonded fluorinated species can be also employed for the same purpose, 

even more effective in recovering the amount of fluorine after the damage-

induced new surface than chemically bonded ones. However, the possibility of 

leaching of fluorinated species and the associated environmental issues make 

this approach non-desirable. If we consider fluorinated species as a ‘reservoir’ 

for the replenishment, then it is very important to determine the fluorine 

distribution through the full depth of the coating.  

Surface segregation (and, accordingly, fluorine distribution) of fluorinated 

species during the film formation is a result of the interplay between their 

diffusion and their ‘entrapping’ due to reaction with the crosslinker.2 In the 

previous chapter we have described the preparation of coatings with surface-

segregated perfluoroalkyl species tethered to the coating network. The 

introduction of a polymer spacer to perfluoroalkyl groups facilitated their 

miscibility with the coating formulation and therefore influenced their 

diffusivity, thus enabling higher concentrations in the bulk without spontaneous 

dewetting.3 In this chapter we will discuss how the polycaprolactone spacer 

attached to the perfluoroalkyl group affects the fluorine distribution. Several 

aspects of fluorine depth profiling will be covered such as the fluorine surface 

concentration, formation of a fluorine concentration gradient and the mobility of 

the perfluoroalkyl group (with and without spacer). 
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It is not an easy task, and also appears challenging, to determine the bulk 

fluorine level in surface-segregated fluorine-containing films. Generally, 

techniques used for depth profiling are either destructive (energy dispersive X-

ray spectroscopy (EDX), dynamic secondary-ion mass spectrometry (D-SIMS)7, 

X-ray photoelectron spectroscopy (XPS)) or nondestructive (Raman 

spectroscopy, Fourier-transform infrared spectroscopy (FTIR)). The sensitivity 

of these techniques is an important issue, since the amount of the fluorine in the 

bulk of surface-segregated films is targeted to be rather low. Therefore, using 

Raman and FTIR spectroscopy for these coatings is usually implausible. 

Different techniques do not measure on the same length scale. For instance, 

XPS is sensitive only to the first few nanometers of the surface, but it is 

quantitative; D-SIMS can depth profile even a few micrometers with a 

nanometer resolution4-6, but quantification is not straightforward.   

There have been several attempts to depth-profile polymer films containing 

surface-segregated fluorinated species.8,9 Mainly, XPS was utilized to measure 

the fluorine concentration at a surface of the film.10,11 Full-depth profiling in the 

first nanometers/micrometers has been shown by employing D-SIMS (or ToF 

SIMS)4 and laser-induced secondary neutral mass spectrometry (LI SNMS)12, 

but these destructive techniques may not give a true picture of the fluorine depth 

profile due to uncontrolled degradation/reaction during the data collection 

(‘matrix’ effect). Hinder et al. combined XPS with the ultra-low angle 

microtoming.13,14 A similar approach will be shown in this chapter but one has 

to keep in mind that the reorientation and the mobility of fluorinated species 

after microtoming can strongly influence this sort of depth profiling.  

It has already been mentioned in Chapter 3 that the coating preparation is 

based on work published by Ming et al.2,15 As reported, the fluorine-rich layer is 

very thin, in the range of 20 nm,15 determined by D-SIMS for epoxy-based 

coatings. However, a full fluorine depth profile of these coatings has not been 

investigated. Specifically, we compared coatings containing perfluoroalkyl 

groups with and without a polycaprolactone spacer. Using a nondestructive 

technique, one-dimensional high-resolution magnetic resonance imaging (MRI) 
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the fluorine depth-profile including possible gradient formation and the 

influence of the polymer spacer on the mobility of the fluorinated groups could 

be determined. This was the first time that 1D MRI is used for fluorine depth 

profiling. 

 

4.2 Experimental 

 

4.2.1 Materials 

The preparation of low surface-energy coatings with Tg below room 

temperature is described in Chapter 3. Precursors, TMP-PCL (Mn = 1850 g/mol, 

PDI = 1.11) and Rf8-PCL (Mn = 2520 g/mol, PDI = 1.16) or Rf8-OH 

(perfluorooctylethanol, without polymer spacer), were cured with the 

isocyanurate trimer of hexamethylenediisocynate (tHDI). N-methyl-pyrrolidone, 

NMP (purchased from Biosolve), was vacuum distilled prior to use. Films were 

drop-cast from an NMP solution (40 wt% solids). The Tg of coatings was about -

25 °C and the thickness varied from 100 to 500 μm. 

Perfluoropolyether, used as reference sample in MRI, was purchased from 

Du Pont (Krytox 157 (L)). 

Substrates. For the purposes of microtoming, substrates were round plates 

(∅ = 2 cm) made of nickel with a glass plate glued on top, grounded to have 

plane parallel sides. Thin glass plates (~100 μm) were used for MRI 

characterization and Silica-wafers for ToF SIMS depth profiling. 

 

4.2.2 Depth profiling using MRI 

A high spatial resolution MRI setup was used for depth profiling of 

hydrogen and fluorine concentration in polymer films at room temperature. This 

relatively new technique uses the GARField design and allows profiling of 

coatings with a resolution of approximately 5 µm.16,17 To achieve this high 

spatial resolution, a high magnetic field gradient is necessary to discriminate 

between layers inside a coating. The home-built MRI setup consists of an 

electromagnet operating at 1.5 T at the sample position, and has a magnetic field 
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gradient of 36.4 T/m perpendicular to the coating surface.18 This is the first time 

reported use of such set-up for fluorine profiling. Because of the difference in 

resonance frequency between hydrogen and fluorine, the magnetic field was 

increased by 6% to switch from hydrogen to fluorine detection. Switching 

between hydrogen and fluorine can thus be achieved without sample 

manipulation. As a result both fluorine and hydrogen profiles can be easily 

compared. The MRI profiles were corrected for inherent signal intensity 

variations, using profiles obtained from appropriate reference samples 

(perfluoropolyether).  

It is not straightforward to obtain a profile at a spatial resolution of 5 µm; the 

decreased fluorine sensitivity (80% compared to hydrogen) and the low amount 

of fluorine (1 wt %) reduce the signal-to-noise ratio and, as a consequence, 

require a total amount of signal averages of the order 106-107. Additional 

averaging was achieved by using the multiple spin-echoes acquired during the 

Ostroff-Waugh sequence ( o
x90 -τ-[ o

y90 -τ-echo-τ]n).19,20 This resulted in a total 

acquisition time of approximately one day. The amount of averages needed to 

obtain a hydrogen profile is of the order of 103, and these can be acquired within 

10 minutes. An inter-echo time setting of 2τ = 150 μs was used. The theoretical 

spatial resolution using this setting is 4.4 µm. As a result, profiling can only be 

achieved if the signal decay is at least longer than the necessary acquisition time 

(2τ = 150 µs). In general, the higher the polymer mobility, the slower the signal 

decay (which is indicated by a T2-relaxation time).21-23 Therefore, the Tg of the 

polymer film should be below room temperature in order to obtain sufficiently 

strong signal.  

 

4.2.3 X-ray photoelectron spectroscopy 

XPS measurements were performed with a VG-Escalab 200 spectrometer using 

an aluminum anode (Al Kα = 1486.3 eV) operating at 510 W with a background 

pressure of 2 × 10-9 mbar. Spectra were recorded using the VGX900 data 

system. All carbon 1s (C1s) peaks corresponding to hydrocarbon were 



Chapter 4 
 

72 

calibrated at a binding energy of 285 eV to correct for the energy shift caused 

by charging. Spectra were acquired at two different take-off angles relative to 

the surface normal: 0º and 60º, corresponding to the probe depths of ~10 and ~5 

nm, respectively.25 The fluorine-to-carbon (F/C) ratio was determined from 

curve fitted C1s window spectra, according to different carbon environment (C-

C / C-H; C-O / C-N; C=O; C-F2; C-F3 bonds). The F/C ratio was estimated from 

the corresponding area ratios by: 

F/C = 
( )[ ]

[ ])CC/CH()OC()OC()CF()CF(
3)CF(2CF

23

32

AAAAA
AA

+−+=++
⋅+⋅

   (4.1) 

The XPS was used in combination with microtoming to determine the fluorine 

level along the full depth of a coating.  

XPS imaging was carried out with a Kratos Axis Ultra system, equipped 

with a dual Al/Mg Kα  X-ray source and a hemispherical analyzer with an eight-

channeltron detector. Spectra were obtained using the aluminum anode (Al Kα 

= 1486.6eV) operating at 45 W and a constant pass energy of 40 eV. A 27 mm 

aperture was used. The background pressure was about 2 x 10-9 mbar. Images 

were obtained with pass energy of 80 W. The C1s spectra were collected from 

the surface and the cross-section with a spot-size of 20 μm and F/C ratio was 

determined as described above. 

 

4.2.4 Microtoming  

For the XPS characterization of sliced coatings it was necessary to guarantee 

that a slice was microtomed plane parallel to the surface of a coating.13 The 

average thickness of the coating was 300 μm and the slice diameter is 1-2 cm. 

Thus, an angle of 2° of the sample to the microtoming knife already poses a risk 

of cutting through the entire coating and reaching the substrate, hence damaging 

the knife. Plane-parallel slicing with an angle lower than 0.02° was therefore 

deemed necessary. Furthermore, the lower the angle of cutting, the lower the 

error of fluorine depth profiling introduced by microtoming. The home-made 

design of the sample holder ensured the plane-parallel to surface cutting and is 

illustrated in Scheme 4.1. The sample holder contained a magnet, covered by an 
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Coating 

Sacrificial layer 
Magnet 

Sample holder 

Plane parallel substrate 
(optical glass on a Ni 

carrier) 

Parallel planes 

XPS 
stopper 

epoxy sacrificial layer. Prior to microtoming, the sacrificial layer was trimmed 

and therefore its surface was plane parallel to the microtoming knife. The 

substrate made of nickel was attracted by a magnet to the sacrificial layer (see 

Scheme 4.1). Sufficient fixation of the substrate to the sample holder was 

ensured by an additional metal ring. Since the substrate itself had plane parallel 

sides, it was assumed that the microtoming knife, and therefore microtoming of 

coatings, was plane parallel to the substrate.  

 

Scheme 4.1 The design of a sample holder that ensures the plane parallelity of 
microtoming knife with respect to the surface of a coating.  
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A Cryostat HM 550 (Microm Systems) with knifes utilized in soft tissue 

microtoming, was used for this purpose. The temperature of the Cryostat 

chamber was ~ -25 °C and that of the sample holder ~ -35 °C. Coatings were 

microtomed slightly above their Tg to secure a low surface roughness of the 
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slices, which will be more elaborated in the next chapter. The edge relaxation on 

microtomed surfaces is significantly increased when working at temperatures 

close to the Tg of the material, thus, the edges of the slices were removed after 

cutting. The thickness of each slice was approximately 30 μm and it was 

directly glued to the XPS sample holder prior the microtoming as displayed in 

Scheme 4.1. XPS spectra were recorded for the top surface of each slice. An 

estimated error on the real thickness of the slices is about 10%. 

 

 

4.3 Results and discussion 

 

To our knowledge, fluorine depth profiling along the full depth of coatings 

with surface-segregated fluorinated species has not been addressed. The surface 

segregation is utilized to alter surface properties of polymer films and therefore 

prior studies did not focus on the bulk level of fluorine beyond the first few 

micrometers. However, from the perspective of self-replenishing it is important 

to determine the distribution of fluorine throughout the full depth of a coating 

(tens of micrometers). Ideally, a homogenous distribution of fluorinated species 

throughout the bulk would ensure a similar response of the coating to damage at 

any depth. The distribution of fluorine at the surface was examined by angle-

resolved XPS. 

 

4.3.1 1-D Magnetic Resonance Imaging 

Recently, nondestructive profiling of hydrogen density in coatings, with a 

spatial resolution as high as 5 µm, has become possible using magnetic 

resonance imaging (MRI).18 Furthermore, MRI has shown to be a useful tool in 

determining diffusion of water through a film,26,27 water evaporation,19 cross-

linking density of coatings,21,23 and evaporation of solvent and curing during 

film formation.16,17,28,29  In medical research, 19F MRI has already been used to 

image targeted tissue with fluorinated compounds as contrast agents.30,31 
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In this chapter the high-resolution MRI setup was used, to study full-depth 

profiles of the fluorine concentration (as low as 1 wt%) in coatings in a 

nondestructive manner. As will be discussed later, the results obtained by MRI 

were compared with depth profiles obtained by XPS measurements in 

combination with microtoming. This technique also gave us insight in the effect 

of the polycaprolactone spacer on the mobility of the fluorinated species. 

The MRI depth profiling was recorded on a coating containing 2 wt% of 

fluorine. Obtained profiles for hydrogen and fluorine are depicted in Figure 4.1.  
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Figure 4.1 MRI full-depth profiles of fluorine and hydrogen of a fluorinated 
polyurethane coating containing Rf8-PCL (2 wt% F).  

 

The surface of the coating is located at the left and the cover glass at the 

right side of these profiles. The receiver coil is located underneath the glass 

plate. 128000 spectral acquisitions were needed to obtain a high resolution 

profile, together with 11 echoes from the echo train. It is reasonable to consider 

that the hydrogen concentration is uniform throughout the coating. Therefore, 

the normalized hydrogen MRI profile can be used as an internal standard for the 

normalization of the fluorine MRI profile. In Figure 4.1, the fluorine and 

hydrogen profiles, within the experimental error, vary in a similar way. Based 



Chapter 4 
 

76 

on these spectra, we deduced that the fluorine concentration is constant along 

the full depth of a coating within the spatial resolution of 5 μm with the except 

for the top 10 nm of the film, as will be shown further on.   

It should be noted that the uniform fluorine distribution observed by MRI is 

surprising at a first glance since one would expect that surface segregation of 

the fluorinated species would yield a nonuniform distribution profile at least at 

the surface. However, each MRI data point represents the average of F content 

over a 5 µm section of a coating, and if a strong segregation is only present in 

the first ~20 nm, the bulk values of the first 5 μm would level out the surface 

value for the MRI profiling setup. 

This brings up the question whether the changes in fluorine concentration 

can be determined using the high spatial resolution MRI setup. Therefore, two 

samples with different fluorine concentrations (1 and 2 wt% F) were imaged 

during the same measurement (a glass slide of about 100 µm thick was 

sandwiched between the coatings)32, as shown in Figure 4.2. The hydrogen 

profiles were first acquired, followed by the acquisition of the fluorine profiles. 

For the fluorine profiling 80000 averages were used, including 11 echoes from 

the echo train. The relatively lower signal-to-noise ratio, visible at the left side 

in Figure 4.2, was caused by a reduced sensitivity at large distances from the 

MRI coil and a limited excitation volume. As expected, the hydrogen signal 

remains at the same level for the two coatings containing different amounts of 

fluorine. On the other hand, compared to the coating with 2 wt% F, a  decrease 

of about 40% in the fluorine signal was observed for the coating containing 1 

wt% F, indicating that the technique is sensitive enough to detect small fluorine 

concentration changes in a film. This experiment also shows that MRI can be 

successfully used for the fluorine depth profiling in multilayered systems. 

We also attempted to check the sensitivity limit for the one-dimensional fluorine 

profiling by using the current MRI setup. The fluorine profiles of two coatings 

containing 1 and 0.5 wt% F, respectively, are shown in Figure 4.3. Obviously, 

for the film with 0.5 wt% F, the normalized signal intensity is not significantly 
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above the noise level. Therefore, the lower sensitivity limit for this MRI setup is 

about 0.5 wt% F.  
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Figure 4.2 MRI fluorine and hydrogen profiles of two polyurethane coatings 
containing 2 and 1 wt % of F (originating from Rf8-PCL), respectively, with a 
glass slide of about 100 µm thick sandwiched in between.  

Glass slide 1 wt% F 

2 wt% F 
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Figure 4.3 MRI fluorine profiles of two polyurethane coatings containing 1 and 
0.5 wt % of F (Rf8-PCL). 
 

One may wonder whether this technique can be used for obtaining the 

absolute data on the fluorine content. The fluorine concentration at certain 

depths can be calculated by integrating over the MRI profile (the slope 

introduced by measurement has to be corrected by dividing the fluorine profile 

with the hydrogen profile) and coupling that result to the known amount of 

added fluorine. The absolute value of fluorine concentration can also be 

investigated if, prior to profiling of film with unknown fluorine concentration, 

the MRI setup is calibrated with films of known fluorine content. In this case, 

the fluorine T2 value for calibration standards and the investigated film should 

be similar. Note that all coatings presented in Figures 4.1, 4.2 and 4.3 have 

similar T2 value of hydrogen and fluorine nuclei.  

 

4.3.2 1-D MRI of coatings containing perfluoroalkyl groups with and 

without polycaprolactone spacer 

Apart from showing that there is no gradient in the fluorine concentration 

through the depth of the coating, the MRI was employed to compare coatings 
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containing perfluoroalkyl groups with and without a PCL spacer. Furthermore, 

the obtained MRI signals do not only give information on the density 

(concentration) of the hydrogen and \fluorine nuclei, but also on their mobility. 

This mobility is reflected by a transverse relaxation time T2 as the decay of the 

NMR signal.  

Figure 4.4 represents fluorine MRI signals for coatings containing 

perfluoroalkyl groups with (Rf8-PCL) and without spacer (Rf8-OH) having the 

same content of fluorine.  
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Figure 4.4 MRI fluorine profiles of two coatings containing perfluoroalkyl 
groups (Rf8-OH), and perfluoroalkyl groups attached to a spacer (Rf8-PCL). 
Fluorine fraction for both coatings was 1 wt %. 
 

MRI signals for these two coatings were recorded consecutively. For the 

fluorine profiling 80000 averages were used. Both signals were averaged over 

multiple profiles without and together with the eleven profiles of the echo-train 

and normalized to the reference sample. The coating with the Rf8-OH was much 

thinner (200 μm) than the coating with the Rf8-PCL (500 μm). Both signals 

show no gradient and they show overlap in the normalized signal intensity. 

Since the overall fluorine content was the same for both coatings, this was to be 

expected.  
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Figure 4.5 MRI hydrogen profiles of two coatings containing perfluoroalkyl 
groups (Rf8-OH) and perfluoroalkyl groups attached to a spacer (Rf8-PCL). 
Fluorine fraction for both coatings was 1 wt %. (a) Profiles are averaged over 
multiple profiles in the signal decay (12 profiles including echo train). (b) 
Profiles were not averaged over the echo train. 

 

However, in contrast to the previously described profiles, when hydrogen 

signals of the abovementioned coatings were not averaged over the whole echo-

train, they did not overlap, as shown in Figure 4.5a. Only when both hydrogen 
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signals are normalized over the complete signal decay (12 profiles per signal 

together with echo train) they overlap, as depicted in Figure 4.5b. Averaging 

over echo-trains can bring a much larger difference in the hydrogen than in the 

fluorine signal following from a fact that the signal intensity of hydrogen is 

much stronger. During the averaging over echo trains the decrease in the 

hydrogen signal is therefore more severe. 

A signal decay study indeed revealed that for these two coatings the T2 

values for hydrogen and fluorine differ. As previously mentioned, in order to 

quantitatively compare signals from two different coatings, their T2 has to be 

similar. Therefore, the MRI could be used to obtain information on the 

existence of a gradient, but not to determine possible differences in the bulk 

level for coatings containing Rf8-OH and Rf8-PCL. We can only speculate that, 

because of the same overall fluorine fraction and the ‘flat’ distribution, there is 

no difference in the fluorine level in the bulk as well.  

 In Table 4.1 the value of T2 for both hydrogen and fluorine is compared 

for the non-crosslinked Rf8-PCL film and the polyurethane coatings containing 

Rf8-OH and Rf8-PCL. The non-crosslinked film (Rf8-PCL) has the longest T2 

for both nuclei, i.e. the mobility for both fluorine and hydrogen is much larger 

for the non-crosslinked films. The difference in T2 values for coatings 

containing the same amount of fluorine is more than evident.  Higher fluorine T2 

values for the coating containing Rf8-PCL clearly suggests that by attaching a 

polymer spacer, the inherent mobility of the perfluoroalkyl group in the coating 

is increased. It is important to notice that the use of polycaprolactone as polymer 

spacer also influences the mobility of the hydrogen nuclei. Both crosslinked 

films have been prepared from the same precursors except for the fluorinated 

species. However, the weight fraction of the fluorinated additive is around 10% 

for Rf8-PCL and 1 wt% for Rf8-OH containing coating, which explains the large 

difference in hydrogen T2 values. Perfluoroalkyl group with the spacer, 

however, did not influence the Tg of a coating and both crosslinked films had 

the Tg of about -35 °C (Film from Rf8-PCL had a Tg of about -60 °C). This 
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explains why the hydrogen signals when not averaged over the complete echo-

train show dissimilar signal intensity (Figure 4.5a).   

 

Table 4.1 T2 values for several different films: Rf8-PCL, a polyurethane coating 
containing Rf8-PCL, a polyurethane coating containing Rf8-OH (no spacer). 
 
 

 T2
H (ms)     T2

F (ms) 

  Rf8-PCL, free      5.5        7 

Rf8-PCL, coating      2.5        5 

Rf8-OH, coating      0.7      0.7 

 

 

4.3.3 Surface composition and depth profiling by XPS 

XPS was employed to investigate differences in the surface composition in 

the first few nanometers of surface-segregated coatings with (Rf8-PCL) and 

without (Rf8-OH) polycaprolactone spacer attached to the perfluoroalkyl group. 

Carbon spectra for both coatings containing Rf8-PCL and Rf8-OH are depicted 

in Figure 4.6; C1s spectra were deconvoluted according to different carbon 

environments. The C1s spectra for both coatings for two different integral probe 

depths show that the CF2 peak area decreases significantly from the top 5 nm to 

top 10 nm. Thus, the amount of perfluoroalkyl-species decreases substantially 

within the first few nm. By comparing 4.6a and 4.6b it becomes evident that the 

coating containing Rf8 without spacer has a higher amount of fluorine at the 

surface than coatings containing Rf8 with a spacer.  
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Figure 4.6 XPS C1s signals of fluorinated polyurethane coatings containing 
Rf8-OH (a) and Rf8-PCL (b). Fluorine fraction was 1 wt%. The spectra were 
recorded at take-off angles of 0º and 60º, corresponding to the probe depth of 
~10 and 5 nm, respectively. 
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Figure 4.7 XPS wide spectra for coatings recorded at 0° relative to surface 
normal angle, from (a) Rf8-OH and (b) Rf8-PCL. Fluorine weight fraction for 
both coatings was 1wt%. 
 

The wide XPS spectra for coatings containing perfluoroalkyl species with 

and without polymer spacer are presented in Figure 4.7. This figure, like Figure 

4.6, shows a substantially higher amount of fluorine at the surface of the Rf8-

OH containing coating (compare F/C ratio). Note that the nitrogen peak 

(binding energy around 400 eV) is virtually absent from the XPS spectrum for 

Rf8-PCL containing coating. The N atom originates only from the crosslinker. 

Apparently, upon surface segregation, the fluorinated species and associated 

polymer spacer cover the surface and the crosslinker is difficult to detect by 

XPS.  

XPS measurements, in combination with microtoming, were employed to 

confirm whether the fluorine profile as measured with MRI truly represents the 

fluorine profile in bulk. The MRI data of the coating containing 2 wt% F 

(Figure 4.1) were compared with the F/C ratio obtained by XPS in combination 

with microtoming. For this purpose, the reaction mixture was cast on a special 

substrate (glass plate glued on the metal carrier). The specimen was then cured 

at the same reaction conditions as the films containing 2 wt% F previously 

prepared for MRI measurements. After curing, the coating was sliced into 
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plane-parallel slices using the microtome. XPS spectra were collected from the 

top surface of each slice, corresponding to certain depth of the original coating.  
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Figure 4.8 XPS depth profile of a coating containing 2 wt% F (from Rf8-PCL, 
TMP-PCL and tHDI). Each point corresponds to F/C ratio at different film 
depths in the top 10 nm of the surface of each slice. The dashed line is merely 
added to aid the eye. 
 

Figure 4.8 shows F/C ratios recorded on the surface of each slice obtained by 

microtoming at different depths of the coating. The film depth ‘0 µm’ represents 

the virgin surface of the film, while ‘120 µm’ is very close to the glass substrate 

side. The integral F/C ratio was taken for the top 10 nm of the surface of each 

slice. Note that for the virgin surface the F/C ratio in the top 5 nm is 0.28, 

significantly greater than the ratio in the top 10 nm which is ~0.16. Within the 

experimental error of the measurement and the fitting procedure, the F/C ratio is 

constant along the full depth of the coating. Throughout the depth of a coating 

containing Rf8-PCL, the F/C ratio as obtained by XPS, appears to be much 

higher that one would expect from the bulk F/C ratio from the coating 

formulation. However, highly mobile perfluoroalkyl end-capped chains of the 

coating (due to the PCL spacer with a Tg of -60 ºC) are able to easily reorient 

themselves toward the “fresh” surface after it has been created by microtoming, 

rendering them visible by XPS, a technique very sensitive for the depth of first 
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few nanometers of the surface. We will further elaborate on this behavior in the 

next two chapters.  

The coating containing perfluoroalkyl groups without a polycaprolactone 

spacer had the F/C ratio of 0.4 at the virgin surface and at a 30 μm depth this 

ratio was 0.05 (both F/C ratios were recorded for the 10 nm integral probe 

depth). These coatings have no ability to replenish, as will be discussed in the 

next chapter and therefore bulk values are significantly lower than for coatings 

containing perfluoroalkyl group with the spacer. However, the bulk F/C ratio is 

still much higher than the value calculated from the coating recipe (F/C was 

0.012), for which we have no explanation so far. 

In order to determine whether the microtoming allowed in situ reorientation 

of fluorinated species, and, if so, the XPS in combination with microtoming 

could not be used for depth profiling, the cross-section, formed by the freeze-

breaking of Rf8-OH containing coating (1 wt% of F), was imaged by XPS. The 

obtained images are presented in Figure 4.9. The black area represents the 

substrate and on the opposite side, the surface of a coating is visible, with the 

cross-section in the middle. The brighter the image, the more of the targeted 

atom is present. The carbon distribution, in Figure 4.9a, shows that the cross-

section is richer in carbon than the surface. In contrast, the fluorine distribution 

of the same specimen in Figure 4.9b shows that the fluorine concentration at the 

surface of the coating is considerably higher than at the cross-section. To 

confirm these findings, the F/C ratio was quantified at the surface and the cross-

section of a coating. As in the case of microtomed surfaces the F/C ratio in the 

bulk (in this case at the cross-section) is 0.06 and at a surface this value is 0.43. 

This confirmed that the microtoming in combination with the XPS can be used 

for determining the fluorine level in the bulk of a material. However, the 

question of high fluorine level in the bulk of coating containing perfluoroalkyl 

groups without a polycaprolactone spacer still remains open. 
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Figure 4.9 XPS imaging of (a) carbon and (b) fluorine distribution at a surface 
(top) and cross-section (middle) of a polyurethane coating containing Rf8-OH (1 
wt% F). 
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4.4 Conclusions 

 

MRI and XPS analyses indicate that the fluorine concentration is constant 

along the full depth of the surface-segregated coatings prepared in previous 

chapter. The exception is the top 10 nm of virgin surface for both coatings 

containing perfluoroalkyl groups with and without polymer spacer where a 

strong decrease in fluorine concentration is observed. Coatings containing 

surface-segregated perfluoroalkyl groups without spacer have a strong decrease 

in the fluorine concentration from the first 5 to first 10 nanometers, as shown by 

XPS. In contrast, if the polycaprolactone spacer is attached to the perfluoroalkyl 

group, the decrease in the fluorine concentration in the first few nm is not as 

strong but is still significant. In addition, the surface is covered with the 

fluorinated groups and the associated spacer and therefore the crosslinker is 

virtually not ‘visible’ by XPS. 

MRI also gave insight in the mobility of fluorine and hydrogen nuclei for 

different films. It was confirmed that the inherent mobility of the perfluoroalkyl 

group increases by the use of a polycaprolactone spacer. MRI was used for the 

first time to give full-depth information on fluorine level with a resolution of 5 

μm along the depth of a coating (it is envisaged that the MRI depth-

profiling is one-dimensional). Fluorine concentrations as low as 0.5 wt% can 

be detected by this technique.  
Since XPS gives useful information on the composition of the first 10 

nanometers of the surface, one may consider these techniques are 

complementary for investigating the fluorine distribution along the film depth 

and at a surface of polymer films.  
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SSSeeelllfff---rrreeepppllleeennniiissshhhiiinnnggg   lllooowww   sssuuurrrfffaaaccceee---eeennneeerrrgggyyy   cccoooaaatttiiinnngggsss      
   
   
Summary 

 

The self-replenishing concept, as a way to recover the surface functionality 

after wear or damage of coatings is presented in this chapter.  In this work, we 

targeted the recovery of a low surface-energy character of the coating. Low 

surface-energy coatings were prepared by surface segregation of 

perfluoroalkyl-end-capped species that contain a long, mobile polymer spacer. 

In case of damage, i.e removal of the top layers of the coating, these species 

reorient or move from sublayers to the new film/air interface. Thus, they lower 

the surface energy of the new interface. The process starts spontaneously at 

room temperature, given sufficient mobility of the coating network.  
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5.1 Introduction 

 

During the past decade there has been growing interest in developing self-

healing materials. Recently reported self-healing approaches are mainly based 

on reestablishing covalent bonds (“chemical” recovery), for example, through 

thermally-induced Diels-Alder reaction or photon-induced thiol-ene reaction or 

by microencapsulated reactive monomer and matrix dispersed catalysts. The 

encapsulation approach, introduced by White and his coworkers1, is the most 

distinguished one. If the microcapsules are broken due to mechanical damage of 

the material, the monomer fills the crack and, in contact with the catalyst, 

polymerizes. Using this concept a remarkable 75 % recovery of the strength of a 

material has been reported. This idea has further evolved, not only by using 

different materials2-5 or different triggers,2 but also by introducing, for instance, 

a micro-vascular system6 instead of microcapsules.  

For coatings, as a specific class of polymer materials, several different 

concepts seem to be promising: encapsulated liquid binders,7 reversible covalent 

networks8-11, etc. However, coatings are thin layers covering other materials and 

their scratch-healing can come already from balanced visco-elastic-plastic 

properties via deformation recovery (this concept has already been patented and 

implemented for car refinishing coatings).12 The latter can be viewed as a 

physical ‘healing’ of a material in contrast to all other suggested concepts that 

involve reactions/ recovery of chemical bonds. 

Polymer coatings are well-known to have a very complex chemistry because 

of different functions of coatings: protective, decorative, antimicrobial, etc.12,13 

A number of these functional groups are acting at interfaces of coatings: at a 

metallic substrate (as anticorrosion additives),14 at the filler (compatibilizers) or 

at the air/film interface (antifouling, low surface energy, antimicrobial, etc.).15 

Recovering a certain amount of functional groups at the desired interface would 

lead to repair of the function. Therefore, prolonged service life-time does not 

necessarily mean the recovery of the structural integrity of a coating. 
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If the bulk of the coating contains a high amount of functional groups that 

can potentially become active at the interface, their interfacial recovery after the 

damage is not in question. However, because of the high cost of these 

additives/chemistries or their influence on other coating properties (degradation, 

for example) high bulk concentrations are often undesirable. By definition, 

functional groups acting at interfaces are present only in a very low amount 

compared to the overall coating formulation. Therefore, a new concept had to be 

introduced in order to retain interface function after damage. Surface-segregated 

low surface-energy coatings are a good example for a coating function delivered 

by moieties present at the (air/film) interface.16-18 The water/oil repellency, low 

friction coefficient and good chemical resistance are common features of these 

coatings (see Chapter 3).  

Self-replenishing low-adherence films are defined as those able to sustain 

low surface energy upon damage by recovering a sufficient amount of low 

surface-energy species at the newly created surface in a physical self-healing 

fashion. 

We considered two main prerequisites for a replenishing process to take 

place. The fluorinated groups in the bulk act like a reservoir of low surface-

energy groups. It should be sufficient to ensure a certain concentration of 

fluorine at the new interface after replenishment. Fluorinated species need to be 

relatively homogeneously dispersed and tethered to the coating network. This 

would prevent the non-desirable leaching and ensure replenishment over a full 

depth of a coating. The other requirement is that fluorinated species should 

move towards newly created surface in order to minimize its surface tension. 

Therefore it is crucial that they have sufficient mobility. We have designed self-

replenishing coatings that have perfluoroalkyl groups as dangling chains 

connected to a long, mobile polymer spacer. The same architecture of the 

polycaprolactone spacer for both fluorinated and non-fluorinated precursors 

facilitated their miscibility and enabled us to increase the content of fluorine in 

the bulk of the coating without spontaneous dewetting. The preparation of 

surface-segregated coatings was described in Chapter 3. Depending on the 
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length of a polymer spacer, this atom mass fluorine percentage could go up to 4 

wt%. The depth profiling and influence of the introduction of a spacer are 

illustrated in Chapter 4. 

 

Scheme 5.1 Schematic representation of F profile before and after 
replenishment. 

 
Scheme 5.1 illustrates the F profile for self-replenishing coatings. 

Perfluorooctyl group without the spacer has a strong driving force to segregate 

and therefore the fluorine surface concentration for coatings from these groups 

is very high (dashed line). When a polycaprolactone spacer is incorporated on a 

perfluoroalkyl group, surface concentration of fluorine is lower, as 

demonstrated in Chapter 4, but the bulk concentration can be increased (solid 

black line). When the coating is damaged, fluorinated groups, enabled by a long 

spacer, move towards the surface. The fluorine level increases at the new 

interface, with the fluorine depletion beneath (blue line). This speculation is 

supported by the XPS data that will be presented later in this chapter.  

The most significant effect of the self-replenishing process is the increase of 

the F concentration at the newly created surface and, as its consequence, the 

decrease in the surface tension of a film. Therefore the characterization 

consisted of determining the changes of the F/C ratio by angle resolved XPS 

and changes in the surface tension by contact angle measurements. These 
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techniques were applied after the coatings were microtomed, which was 

considered as a well-defined equivalent of mechanical damage. However, the 

microtoming is also a source of roughness, which limits the possibilities of 

surface characterization. We have been developing a microtoming technique 

that introduces a roughness reduced to as low levels as possible. 

 

5.2 Experimental 

5.2.1 Materials 

The preparation of low surface energy coatings with the Tg below room 

temperature is described in Chapter 3. Precursors, TMP-PCL (Mn = 3000 g/mol) 

and Rf8-PCL (Mn = 2200 g/mol), were cured (at 125 °C in vacuum oven) with 

the trimer of hexamethylenediisocyanate (tHDI) from NMP solution (30 wt% 

solids). The Tg of coatings was about -30 °C and the thickness 200-300 μm. 

Substrates. For the purposes of microtoming, substrates were round plates 

(∅ = 2 cm) made of nickel, ground to have plane parallel sides.  

 

5.2.2 Microtoming techniques 

To our knowledge, microtoming is the only way to mechanically damage a 

film in a reproducible fashion, without altering the chemistry or charging the 

surface.19 This technique has been mainly utilized for the preparation of samples 

for microscopic techniques. Therefore, it lacks the control over the angle of 

cutting. To be able to cut slices plane parallel to the surface of a coating a 

special home-made sample holder was mounted on microtomes, as described in 

Chapter 4. The surface of polymer materials created after microtoming typically 

can have several forms of roughness such as shatters, knife traces, ripping of the 

material and relaxation on the edge of the cutting area. It was necessary to tune 

the temperature and force/speed of cutting to obtain films with acceptable 

roughness. Cryostat HM 550 (Microm Systems) with knifes utilized in soft 

tissue microtoming, was used. The temperature of Cryostat chamber was ~ -25 

°C and of the sample holder ~ -35 °C. The roughness was mainly due to knife 
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traces. There was no ripping of the material and microtomed surfaces appeared 

to be rather smooth over a large area. The edge relaxation on microtomed 

surface is significantly increased when working at temperatures close to the Tg 

of the material. Therefore, it was necessary to remove the edges of the slices for 

further XPS characterization. The topography image of the surface after the low 

temperature microtoming is represented in Figure 5.1a, showing the traces of 

the knife providing the anisotropic roughness. Figure 5.1b shows the height 

profile taken from the image. The x-axis represents a diagonal in Figure 5.1a, 

i.e. the height profile is taken almost perpendicular to the knife traces. 

Considering the length scales of this profile, the surface appears to be rather 

smooth to the eye of a viewer.  

Contact angle measurements were performed on the microtomed surface. 

Slices were mounted on XPS sample holders during the cutting as explained in 

Chapter 4.  

 

 

 

(a) 
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Figure 5.1 (a) Surface created after microtoming of low Tg coatings using 
cryotemperatures, recorded by contact-mode AFM imaging. It has directional 
roughness. (b) Height profile in lateral direction perpendicular to the knife 
traces (yellow line in (a)).  
 
 
5.2.3 Characterization techniques 

Contact angle (CA) measurements were preformed on a Dataphysics OCA 

30 instrument, using deionized water as the probe liquid. Dynamic advancing 

contact angles were collected from three different spots for each surface and for 

three different directions. The mean value of contact angles in the direction of 

the knife-traces was taken as the value of advancing water contact angle for 

microtomed films. 

XPS (X-ray photoelectron spectroscopy) measurements were performed 

with a VG-Escalab 200 spectrometer using an aluminum anode (Al Kα = 1486.3 

eV) operating at 510 W with a background pressure of 2 × 10-9 mbar. Spectra 

were recorded using the VGX900 data system. Spectra were acquired at two 

different take-off angles relative to the surface normal: 0º and 60º, 

corresponding to the probe depths of ~10 and ~5 nm,20 respectively. All carbon 

1s (C1s) peaks corresponding to hydrocarbon were calibrated at a binding 

(b) 
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energy of 285 eV to correct for the energy shift caused by charging. The 

calculation of the F/C ratio is described in Chapter 3. 

 

 

5.3 Results and discussion 

 

To obtain low surface-energy coatings with the potential to self-replenish, 

we considered three important aspects: the bulk level of low surface energy 

groups (perfluorooctyl in this work) and the mobility of the low surface energy 

groups should be sufficiently high, in order to enrich the newly created 

interface. Moreover, the driving force (difference in the surface tension of the 

coating matrix and the fluorinated group) has to be sufficient. These aspects 

were considered for preparation of low surface-energy coatings, which is 

described in Chapter 3. A perfluorooctyl group was placed on a polymer spacer 

and tethered to a mobile (low Tg) network. This spacer and the backbone of 

polymer network consisted of polycaprolactone, resulting in a Tg of coatings 

being around -30 °C. For describing the self-replenishing behavior it is essential 

to compare coatings that comprised perfluoroalkyl groups with a spacer (Rf8-

PCL) with those that comprised perfluoroalkyl groups without a spacer (Rf8-

OH). However, in coatings prepared with perfluorooctylethanol as a precursor 

the highest possible amount of fluorine was 1.5 wt%.17  

Microtoming was used to mimic the mechanical damage of coatings. For 

coatings with a Tg below room temperature the obtained microtomed surfaces 

(and slices) had an amplitude of roughness below 150 nm (Figure 5.1). This 

roughness, considering the source, is anisotropic in nature. Therefore, we 

considered the contact angle and the XPS measurements on these microtomed 

surfaces to be less accurate and to account for higher errors than is typical. 
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5.3.1 Advancing contact angle measurements on microtomed surfaces 

The water contact angle on smooth surfaces is a direct reflection of their 

hydrophobicity. Contact angle can be measured in a static and a dynamic mode. 

Dynamic contact angle measurements are done while the drop is 

advancing/retracting on a surface, i.e. the base diameter of a droplet is 

increasing/decreasing in all directions. Being the most reproducible, advancing 

contact angle is usually taken into account when addressing the hydrophobicity 

of surfaces. The introduction of a surface roughness can influence the values of 

contact angle substantially. It was shown by Wenzel 21,22 that the apparent 

contact angle in relation with the surface roughness is given by: 

SA r θθ coscos ⋅=                                           (5.1) 

with θA being the contact angle on a surface of roughness r and of inherent 

contact angle θS. Furthermore, the influence of roughness on dynamic contact 

angle data is also present as a stick-slip effect.23 The droplet ‘jumps’ and 

abruptly changes the contact angle and the base-diameter during the advancing 

on a rough surface. Typical dynamic contact angle measurement for smooth 

fluorinated polyurethane-PCL coatings is presented in Figure 5.2a. It is clearly 

visible from Figure 5.2a that the base diameter gradually increases (run number 

0 to 200) and that, at the same time, the contact angle changes only by ± 1.5°. 

The same surface was then microtomed, and the dynamic measurements in 

direction, perpendicular and parallel to the microtoming direction are presented 

in Figures 5.2b and 5.2c respectively. The in-direction mean values of 

advancing water contact angle (run number 0-250) are similar to values for the 

smooth surface, with higher oscillations during the measurement (± 3°) as 

presented in Figure 5.2b. The drop-base diameter increases gradually, with two 

abrupt changes (around run number 100 and 200). These ‘jumps’ are likely 

present due to a change of a knife trace. Figure 5.2c shows dynamic contact 

angle data perpendicular to knife trace-direction.  The stick-slip effect is 

evident, with abrupt changes of the base diameter (Figure 5.2c). Furthermore, 
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the advancing contact angle increase between each ‘slip’ and this measurement 

is generally very inaccurate.  
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Figure 5.2 Dynamic water contact angle measurements for the same fluorinated 
polyurethane coating: (a) on a smooth surface (b) in direction with the 
microtoming and (c) perpendicular to the direction of microtoming. 
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For this reason, the in-direction measurement, having acceptable accuracy, 

was used to determine the advancing contact angle on microtomed surfaces. For 

microtomed surface, in both directions, it was very difficult to determine the 

actual value of receding contact angles and therefore these data are not 

presented. 
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Figure 5.3 Advancing water contact angle for microtomed coatings and their 
virgin surface with different fluorine fractions: (a) no thermal treatment (b) 
annealed for 30 min at 100° C. PU coatings comprised Rf8-PCL as fluorinated 
species. 
 

We prepared coatings containing different amounts of Rf8-PCL in order to 

tune the bulk fluorine fraction. The advancing water contact angle was recorded 

(a) 

(b) 
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for each virgin surface and its microtomed counterpart (30 μm of the coating 

was cut off) and the values are depicted in Figure 5.3a. It is apparent that mean 

values of the advancing water contact angle for both microtomed and virgin 

surfaces do not differ much as a function of the fluorine content. Furthermore, 

the complete set of coatings was subjected to annealing at 100 °C for 30 min in 

a vacuum oven. This would ultimately increase the mobility of the coating 

network and allow the system to reach the thermodynamic equilibrium. After 

cooling to room temperature, advancing water contact angle measurements were 

repeated and the results are presented in Figure 5.3b.  No change of water 

contact angles for the virgin and microtomed surface of any of these coatings 

was observed. 

These measurements are a very strong indication that the self-replenishing 

took place spontaneously and immediately after the microtoming. This is rather 

logical considering that the Tg of these coatings is around 50 °C lower than the 

temperature of measurement.  Coatings comprising Rf8 without spacer (1 wt% 

of F) exhibited higher water advancing contact angles on a virgin surface 

(120°), but upon microtoming showed much lower values (95°). This is an 

important observation that indicates that the full recovery of hydrophobicity is 

the consequence of introduction of a polymer spacer between the perfluoroalkyl 

group and the crosslinked network.  

 

5.3.2 XPS investigation of self-replenishing 

Due to the self-replenishing process the fluorine concentration at the 

damage-created surface is much higher than the actual bulk values. This was 

investigated by using angle-resolved XPS. Thin slices of about 30 μm thickness 

were cut by means of microtoming and the top surfaces of these slices were 

examined by XPS. Figure 5.4 illustrates changes in C1s spectra upon 

microtoming. The relative peak height of signal attributed to CF2 is good 

indication of fluorine surface concentration. The microtomed surface at a probe 

depth of 60 μm was compared to the original surface for coatings containing 

fluorinated groups with (Figure 5.4 Rf8-PCL) and without (Figure 5.4 Rf8-OH) 
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polycaprolactone spacer. The CF2 signal for both 5 and 10 nm probe depths of 

coatings comprising Rf8-PCL (1 wt% F) was virtually unchanged upon 

microtoming. In contrast, for coatings from Rf8-OH (1 wt% F), the CF2 signal is 

almost not visible after the microtoming. For films from Rf8-OH, the signal 

corresponding to CF2 (Rf8: a5 and a10) is substantially larger than the CF2 signal 

for films from Rf8-PCL (Rf8-PCL: a5 and a10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 XPS C 1s signals for the PU coating comprising Rf8-PCL and Rf8 
fluorinated species (1 wt% F). (a)-represents signals collected from the virgin 
surface of a coating with two different probe depths (5 and 10 nm); (b) are 
signals collected from the surface of a slice (coating depth was 60 μm) with two 
different integral probe depths (5 and 10 nm). 
 

The F/C ratio was calculated from XPS-C1s spectra for all surfaces: original 

and microtomed to several different depths. Figure 5.5 represents these values 

for both Rf8-PCL and Rf8-OH containing coatings. For coatings comprising Rf8-

PCL, presented in Figure 5.5a, the F/C ratio appears to be constant throughout 

the bulk of the coating. Values for each slice are similar to those for the ‘virgin’ 

surface (0.15 for 10 nm and 0.26 for 5 nm integral probe depth). This 

corresponds to the previously mentioned contact angles. Similar F 

concentrations at the surface of these coatings yield similar wettability. The 
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most significant effect is that, for each slice, the F/C ratio in the top 5 nm is 

about 60% higher than in the top 10 nm of the slice.  

0 20 40 60 80 100 120
0.0

0.1

0.2

0.3

0.4

(a)

F/
C

 a
to

m
ic

 ra
tio

Depth [μm]

 Top 5 nm
 Top 10 nm

0 20 40 60 80 100 120
0.0

0.1

0.2

0.3

0.4

0.5

0.6

(b)

F/
C

 a
to

m
ic

 ra
tio

Depth [μm]

 Top 10 nm
 Top 5 nm

 
Figure 5.5 F/C ratios at two different integrated probe depths (5 and 10 nm) for 
slices cut from PU coatings containing (a) Rf8-PCL (replenishment possible) 
and (b) Rf8 (replenishment not possible). Values for F/C ratio at the depth ‘0’ 
represent the virgin surface.  
 

This clearly suggests that the replenishing took place after microtoming, 

with a fluorine enrichment at the new surface and possible fluorine-depleted 
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immediately beneath as already suggested by van de Grampel et al.24  Films 

from Rf8 do not have the possibility to replenish as shown in Figure 5.5b.  

The bulk (microtomed depths of 40 and 60 μm) shows no difference in F/C 

ratio (of 0.05) for two different probe depths of 5 and 10 nm. However these 

values are significantly lower than the F/C ratio at the original surface. In 

agreement with contact angle measurements, the F/C ratio of the virgin surface 

was 0.4, nearly 3 times higher than in the case of Rf8-PCL containing coatings. 

Contact angle measurements are in a good agreement with the XPS data, both 

showing that the introduction of a polymer spacer to the perfluorooctyl group 

enables the self-replenishing process. 

 

 

5.4 Conclusions 

 

In order for low surface-energy coating to have the ability to replenish, two 

main prerequisites have to be fulfilled: the bulk level of low surface-energy 

groups and their mobility have to be sufficient. For coatings with Tg below room 

temperature this was achieved by an introduction of a polycaprolactone spacer 

to a perfluoroalkyl group, which was tethered to the coating network. The 

fluorine level at the surface of coatings containing perfluoroalkyl groups with 

the spacer remained at similar values after the microtoming as demonstrated by 

XPS. The replenishment in low surface-energy groups was also reflected by 

wettability which was virtually unchanged. In contrast, coatings containing 

perfluorooctyl group without the spacer had fluorine level at the ‘virgin’ surface 

10-fold above the values on microtomed surfaces. Thus, the introduction of a 

polymer spacer between the crosslinked network and perfluoroalkyl group is 

crucial for the self-replenishing process. 
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TTTeeemmmpppeeerrraaatttuuurrreee---tttrrriiiggggggeeerrreeeddd   rrreeepppllleeennniiissshhhiiinnnggg   
   
Summary 
 

In this chapter we discuss the replenishing behaviour of fluorinated species 
in coatings with a glass transition temperature above room temperature. The 
replenishing process, resembling the one described in the previous chapter, is 
triggered by an increase of temperature. Annealing after the microtoming 
renders the necessary mobility of the coating network. This allows 
rearrangement and movement of perfluoroalkyl species towards the new 
interface. Coatings containing fluorinated species with and without a 
polycaprolactone spacer are compared. The importance of a mobile spacer 
presence to realize the replenishing behaviour was demonstrated. X-ray 
photoelectron spectroscopy and force-displacement measurements were 
employed to follow changes at the surface arising from the replenishing process 
after the damage. 
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6.1 Introduction 

 

Self-replenishing coatings are described in previous chapters. To summarize 

our considerations and findings, the surface created after the damage will fully 

replenish in fluorinated groups if:  

• the bulk of the coating contains a sufficient amount of fluorinated 

groups 

• the mobility of these fluorinated groups is sufficient 

• the driving force for their movement towards the new interface is 

sufficiently strong  

In the case of surface-segregated coatings, the diffusion of fluorinated groups 

during the crosslinking should be limited in order to increase the overall 

fluorine content. This can be done by fast-curing1, or by decreasing the 

diffusivity of fluorinated groups. The latter can be realized by increasing the 

molecular weight of fluorinated species or increasing the miscibility between 

the fluorinated species and other components of the coating formulation. The 

use of a polymer spacer facilitates the miscibility of perfluoroalkyl moieties 

with the coating formulation. Furthermore, the introduction of a polymer spacer 

appeared to be the key point of the replenishing process, because it enabled the 

mobility of the perfluoroalkyl groups, as shown in Chapter 5. The driving force 

for the replenishing process is the difference between the surface tension of 

fluorinated groups and the new interface, as briefly discussed in Chapter 2.  

The reorientation of fluorinated species that are exposed directly at the new 

interface as a result of damage alone is not sufficient for the replenishing 

process due to the low amount of fluorine in the film. It is also necessary for 

fluorinated species to move from sub-layers of the network towards the new 

interface. Therefore, in this chapter, we add one more dimension to the 

reorientation process of fluorinated species: the mobility of the surrounding 

network  has to be sufficient.2 The autonomous replenishing described in the 

previous chapter is due to the fact that the examined coatings had a Tg well 

below room temperature (approximately -30 °C). This ensured adequate 
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mobility of the coating network at room temperature. Most coatings used in 

various applications have their glass transition above room temperature, due to 

optimization of visco-elastic properties.3 As will be presented further on, 

coatings with Tg above room temperature do not exhibit autonomous 

replenishing in a rapid fashion at room temperature. Relatively fast replenishing 

has to be triggered by an increase of temperature.  

Surface segregation is a thermodynamically controlled process. It is driven 

by the free-energy gain due to the surface tension reduction with the entropy 

cost of demixing as an opposing force. Furthermore, the surface tension of a 

material decreases with the increase of temperature.4,5 Taking all this into 

account, surface segregation and therefore surface replenishment are limited at 

elevated temperatures. Su et al. investigated the temperature dependence of the 

adsorption of perfluoroalkyl-end-capped poly(ethylene oxide) at the air/film 

interface.6  Using X-ray photoelectron spectroscopy they showed a slight 

decrease in the fluorine concentration (at 2 nm probe depth) by increasing 

temperature from 70 to 110 °C. Ming et al. explored this phenomenon 

employing low energy ion scattering (LEIS) on films prepared from 

perfluorooctyl-end-capped PMMA.7 The decrease of fluorine concentration in 

the outermost atomic layer, when the temperature was increased to 180 °C, was 

substantial. These findings led to the conclusion that the increase in the mobility 

of the coating network should not interfere with the driving force for 

replenishment. Coatings, for which the replenishment is triggered by heating, 

may not have too high Tg. Therefore we only employed coatings with a Tg 

slightly above room temperature (their synthesis is described in Chapter 3).  

The characterization of replenishing properties of coatings with Tg above 

room temperature consisted of determining the fluorine concentration and 

surface tension after microtoming, before and after annealing. As in the 

previous chapter, we compared coatings containing network-tethered 

perfluorooctyl species with and without a polycaprolactone spacer.  

In order to compare coatings that were not annealed, i.e. replenishment was 

frozen in the immobile network, with annealed coatings, in which the 



Chapter 6 
 

112 

replenishment was possible, ‘the damage’ (microtoming) had to be carried out at 

or below room temperature. In contrast to low-Tg coatings (microtoming 

described in the previous chapter), the microtoming of high-Tg coatings was 

thus carried out below their Tg. This brought one drawback: a considerable 

surface roughness introduced by microtoming. Consequently, the fluorine 

surface level as determined by XPS, had a high error in the obtained F/C ratios 

as compared to smooth-surface measurements.8,9  Furthermore, standard 

techniques for determining changes in the surface tension, such as contact angle 

measurement, could not be employed. For example, it was shown decades ago 

by Wenzel that the contact angle strongly depends on the surface roughness. We 

therefore combined ultramicrotoming with a local, nanometer-scale probing of 

surface tension: force-displacement measurements.10 

 
6.2 Experimental 
 
6.2.1 Materials 

The preparation of low surface-energy coatings with Tg above room 

temperature is described in detail in Chapter 3. Precursors, TMP-PCL (Mn = 

3000 g/mol) and Rf8-PCL (Mn = 2200 g/mol), were cured with  a mixture of 

tIPDI and TMP  in NMP solution (30 wt% solids). The Tg of these coatings was 

about 40 °C.  

Substrates. For the purposes of microtoming, substrates were round plates 

(∅ = 2 cm) made of nickel, ground to have plane parallel sides. The thickness of 

coatings on these substrates was 200 μm. For purposes of ultramicrotoming 

silicon-wafer substrates were used. The thickness of the applied coatings was 

400-500 μm. They were cut into pyramid shape prior to ultramicrotoming.  

Given that the thickness of coatings was substantial, they were kept in vacuum 

oven overnight (20 mbar, 50 °C) in order to evaporate all NMP.   

 

6.2.2 Microtoming techniques 

Room temperature microtoming. The home-made design for surface-

parallel slicing, described in Chapter 4 was implemented for room temperature 
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microtoming as well. High Tg coatings were sliced with the RM2165 (Leica) 

using a tungsten carbide knife. Since the microtoming was performed below the 

glass transition temperature of the coatings, the edge-relaxation was not a strong 

effect. Therefore the diameter of each slice was approximately 1.5 cm. This 

enabled us to cut slices in two halves. We considered the roughness of these 

halves to be similar. Slices were mounted on an XPS sample holder during the 

cutting. Figure 6.1a represents the contact-mode AFM image of a microtomed 

surface. Knife traces are not visible. The roughness after this type of 

microtoming is on a micrometer scale, much higher than in the case of low-

temperature microtoming, described in Chapter 5. The contrast between these 

two rough surfaces is illustrated in Figure 6.1b (note that the roughness profile 

for cryomicrotoming has already been depicted in Figure 5.1b).  

 

 

 
 

(a) 
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Figure 6.1 (a) Contact mode AFM image of the surface of a coating 
microtomed at room temperature (b) Comparison between height profiles of 
surfaces of the low-Tg coatings using cryomicrotome and of the high-Tg coatings 
microtomed at room temperature. Polyurethane films contained 1 wt %F.  
 

Ultramicrotoming. For purposes of the AFM force-displacement 

characterization, microtoming was performed at room temperature with an 

ultramicrotome Leica  EM UC6-NT, using a diamond knife. The sliced area was 

typically 100-200 μm2.  

 

(b) 
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Figure 6.2 The topography images of virgin (a) and ultramicrotomed (b) 
surface recorded by contact-mode AFM. Both images present polyurethane 
films with the Tg above RT, containing 2 wt %F.  
 

Generally, the difference between room-temperature microtoming and 

ultramicrotoming is the smoothness of the knife, the latter did not ‘rip’ pieces 

off the material, yielding a surface with micrometer-sized ‘hills’, between which 

the surface appeared to be rather smooth (3 nm roughness amplitude). These 

areas were further used for force-displacement measurements. A ‘smooth’, 

unmicrotomed surface of a coating is compared with the ultramicrotomed 

(a) 

(b) 
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surface in Figure 6.2. Traces of the knife on a 5 μm scale are visible in Figure 

6.2b, and ‘smooth ’areas are also visible. 

 

6.2.3 Characterization techniques 

XPS (X-ray photoelectron spectroscopy) measurements were performed 

with a VG-Escalab 200 spectrometer using an aluminum anode (Al Kα = 1486.3 

eV) operating at 510 W with a background pressure of 2 × 10-9 mbar. Spectra 

were recorded using the VGX900 data system. All carbon 1s (C1s) peaks 

corresponding to hydrocarbon were calibrated at a binding energy of 285 eV to 

correct for the energy shift caused by charging. The fluorine-to-carbon (F/C) 

ratio was determined from curve fitted C1s window spectra, as described in 

Chapter 3. 

Force-displacement (FD) measurements were performed using a Ntegra-

Solver (NT – MDT, Russia), with the inverse scanning probe and ‘closed-loop’ 

feedback sensors integrated. These sensors read the real piezo-scanner 

displacement and compensate its non-linearity, hysteresis and creep.11,12 This 

configuration of the AFM equipment enabled FD measurements with a high 

accuracy regarding the indentation depth and limitation of the indentation force. 

Data were processed using Nova 1091 software. Gold coated silicon nitride 

cantilevers OMCL-TR400PSA-1 (from Olympus) were used for collecting FD 

curves. 

A FD curve is a plot of a cantilever deflection versus the piezo-displacement 

of the scanner.  In this case, a deflection of the cantilever is a consequence of 

interaction between the cantilever and the sample. One FD curve with an 

illustration of the deflection of a cantilever is depicted in Figure 6.3. The 

adhesion (pull-off) force was calculated from the withdrawal curve (snap-out). 
13,14 
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Figure 6.3 Deflection of the cantilever versus distance between the cantilever 
and the surface. The red line represents approach, and the blue line withdrawal 
of the cantilever.  
 

Prior to FD measurements each sample was scanned in contact mode (scan 

step 20 nm, scan area 5 μm x 5 μm) in order to determine the topography and 

lateral forces acting on the sample (to establish whether the surface is 

chemically homogeneous). All FD measurements were performed under 

ambient conditions. For each sample, FD curves were collected from 2 or 3 

different areas, using a grid of 5x5 points on area of 1 μm x 1 μm. All FD 

measurement were performed with the same retraction/approach velocity (curve 

collection time was 1 s per point). 

In order to quantify the differences in adhesion force between various 

samples and the cantilever tip, it was assumed that the stiffness of a sample does 

not have an influence on the contact line of the FD curve (this assumption is 

based on the fact that the spring constant was approximately 0.02 N/m, as 

indicated by the manufacturer). The adhesion force was then calculated from the 

deflection of the cantilever: 
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where Kc is the spring constant of the cantilever, z is the distance (in nm), and 

DFLs is the deflection signal (in nA). Δz, ΔDFL and DFL0 are taken from the 

reference measurement (one per one surface).13,15  Δz and ΔDFL represent the 

difference of the distance and the deflection (respectively) between two points 

in the reference measurement (taken from the approach curve). The acquired 

force of adhesion (Fadhesion) doesn’t only represent the van der Waals interactions 

between the tip and the sample, but is rather a superposition of several 

interactions. During contact, the tip can  e.g. pull off sample molecules or the 

sample can elastically deform; liquid contaminants (mainly water) can also act 

against the pull-off (many authors describe the pull-off as stretching of the 

liquid meniscus) and surface charges, acting as long distance forces, influence 

the adhesion force during the measurement.14,16  

In order to investigate small changes in adhesion force for different surfaces, 

the same tip has to be used during one set of measurements. The tip can be 

contaminated or worn off during the course of measurements, consequently 

altering the force of adhesion. Therefore, at the beginning and at the end of 

examination of one coating, a reference sample was probed to investigate 

whether possible changes of the tip have occurred during the earlier 

measurements.  

 
 
 
6.3 Results and discussion 
 

In Chapter 5, surface-segregated coatings with the ability of self-replenishing 

their low surface tension were demonstrated. One of the requirements for 

coatings to replenish is a certain mobility of the fluorinated species to move and 

reorient after the damage. This was accomplished by the introduction of a 

polymer spacer between the perfluoroalkyl group and the crosslinked network. 

Because the mobility of perfluoroalkyl group itself is not sufficient for 
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replenishing. The surrounding network has to be mobile as well. Furthermore, 

industrial coatings are usually considered to have a Tg above room temperature, 

so it was necessary to examine whether heating would trigger the replenishing 

process.  

When tHDI is exchanged with tIPDI as a crosslinker, and the crosslink 

density was increased by the introduction of a low-molecular weight triol, the Tg 

of polycaprolactone based coatings increased  to 40-45 °C (about 10-20 °C 

above room temperature). Their preparation and surface properties are described 

in Chapter 2. To investigate the replenishing process, we have microtomed these 

coatings and characterized their surface properties before and after the annealing 

procedure.  

 

6.3.1 XPS study 

XPS was employed to examine how the fluorine level changes after 

replenishing. For coatings with a Tg below room temperature, angle-resolved 

XPS showed that the same fluorine level is present before and after 

microtoming (Figure 5.5a). The 5 and 10 nm integral probe depths for 

microtomed and virgin surface showed substantial differences in F/C ratio, 

indicating that replenishment took place after microtoming. 

After microtoming of the coatings with a Tg above room temperature, slices 

were found to have substantial roughness, and angle-resolved XPS did not yield 

reproducible results.  Only when comparing results obtained from 0° take-off 

angle (relative to surface normal) sufficient reproducibility was attained and 

these results were used as a representative for each surface. Thin slices (20 μm) 

were microtomed from the coatings at room temperature and divided in two 

halves: one was annealed (80 °C in a vacuum oven for 1 h) and the other one 

was kept at ambient conditions. Annealed slices were cooled to room 

temperature and were examined by XPS together with their non-annealed 

counterparts.  
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Figure 6.4 Wide XPS spectra of annealed slice (a) and its non-annealed 
counterpart (b) of high Tg polyurethane coatings containing 1 wt% F from Rf8-
PCL.  
 

In Figure 6.4 we compare wide XPS spectra of these two halves of one slice, 

one half being annealed. It is clearly visible that ratio of the peak originating 

from fluorine (binding energy 687 eV) and carbon (binding energy 285 eV) 

increases upon annealing. It is also noticeable that the nitrogen peak (binding 

energy 402 eV), originating from the crosslinker, diminishes after annealing. If 

during the replenishment a perfluoroalkyl group reaches the surface, it will also 

bring its associated polycaprolactone spacer along. The bulky spacer shields the 

nitrogen containing moieties, making nitrogen less ‘visible’ by XPS. Note that 

the coverage of crosslinker by a polycaprolactone spacer was already discussed 

in Chapter 4.  

Each microtoming-XPS characterization was repeated three times to confirm 

the reproducibility. The same procedure was repeated for coatings containing 

perfluoroalkyl groups without a spacer, with the same amount of fluorine (1 

wt%).  
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Figure 6.5 F/C ratio determined by XPS on the surfaces of microtomed and 
annealed sections of the same coating. Two different coatings are compared, 
each with a Tg above RT, but one comprising Rf8-PCL and the other Rf8 as 
fluorinated species. (a) the C1s window at a probe depth of 60 μm before and 
after annealing and (b) corresponding histogram of F/C ratio for three different 
probe depths.  
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The results are summarized in Figure 6.5. The increase of the F/C ratio upon 

annealing of coatings comprising fluorinated species with spacer is clearly 

evident (from 0.07 to 0.15, more than 100%). In the case of high-Tg coatings, 

the fluorinated species without a spacer were unable to replenish even with an 

increase in temperature. The F/C ratio remained similar before and after 

annealing (between 0.04 and 0.06), indicating that no replenishing of fluorinated 

species took place. For both coatings the F/C ratio on the original surface did 

not differ from values obtained for low Tg coatings. 

XPS in combination with microtoming and annealing clearly showed that the 

replenishment of ‘high-Tg’ coatings was frozen at room temperature due to low 

mobility of the coating network. The increase in temperature triggered the 

replenishment by increasing the network mobility and, therefore, the fluorine 

level increased after annealing. These experiments also verified that the XPS 

data in Chapter 5 are not artifacts, but are actually the result of a spontaneous 

replenishing. 

 

6.3.2 Force-displacement measurements 

In order to link changes in the fluorine surface level with changes in the 

surface tension of coatings, it was necessary to find a method that is not 

sensitive to the roughness of samples. Unfortunately, this is not the case for 

macroscopic measurements of surface tension (such as contact angle 

measurement).  

Atomic force microscopy is widely used for imaging the topography of 

surfaces. Measurement of the tip-surface interaction is often used to distinguish 

between different materials, phases, charges, morphologies, etc. at a surface 

with a nm scale resolution.  We used force-displacement (FD) measurements 

to locally probe the adhesion force between the tip of the AFM cantilever and 

the coating. If the surface tension of the coating would change during the 

replenishing process, then this adhesion force would change as well. AFM 
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topography imaging before and after the FD measurement showed that no 

indentation occurred. 

Because of the ambient conditions we have used to collect the FD curves (in 

air, for coatings that have been applied from drop-cast films or even 

microtomed), the obtained Fadhesion is not an exact value of the force of adhesion 

between the surface and the cantilever tip.13,14 We considered that the water 

layer or relative humidity would not significantly influence these measurements 

since these surfaces are hydrophobic.16,17 Therefore it was important to 

determine whether changes in fluorine surface concentration affect the Fadhesion 

measured under atmospheric conditions. It was examined whether the F/C ratio 

(obtained by XPS) corresponds to the force of adhesion for the same surface 

(obtained by FD measurements). The fluorine weight fraction was varied from 0 

to 1%. The Tg of coatings was well below RT. The results are presented in 

Figure 6.6.  

With the increase of the fluorine level at the surface of a coating, the mean 

value of Fadhesion decreases. If the surface is not fully covered by fluorinated 

species, the heterogeneity on the nanoscale is visible by a large dissipation of 

Fadhesion data. The probe depth of XPS measurement is about 10 nm, but it is 

difficult to reason the probe depth of FD measurements. We suppose that the 

probe depth is similar for both techniques. 

After establishing that the FD measurements can differentiate between 

surfaces that have various fluorine contents under ambient conditions, this 

method was used to characterize temperature-assisted replenishing of high-Tg 

coatings. 
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Figure 6.6 Force-displacement measurements and F/C ratio (determined via 
XPS) of polyurethane coatings (‘high’-Tg coatings, comprised of TMP-PCL, 
Rf8-PCL, TMP and tIPDI) containing different fractions of Rf8-PCL. Lines are 
added to merely aid the eye. 
 
 
6.3.3 Annealing-FD measurements 

Coatings (containing 0, 1 and 2 wt% F) of 500 μm thickness were drop-cast 

on a Si-wafer. Fluorine-containing coatings had a Tg of about 44 °C; 0 wt% F 

was used as a reference (Tg was 50 °C) whereas 1 and 2 wt% F coatings were 

used for replenishing experiments. Rf8-PCL was the fluorinated additive. The 

procedure of annealing-FD measurements was as follows: 

FD curves were collected from a reference (R) sample at the start and the 

end of the procedure to observe whether changes in the geometry of the 

cantilever tip or contamination occurred during measurements. Before 

beginning a set of FD measurements, the topography of the scan area was 

determined by contact-mode AFM (3 x 3 μm) to avoid possible undesirable 

roughness on nm level and select areas with acceptable roughness. Coatings 

containing Rf8-PCL were ultramicrotomed with a smooth diamond knife at 

room temperature and positioned on a sample holder (sample denoted as M). 
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Typically, the total microtomed area was 200 μm x 200 μm. The FD curves 

were collected from the area where the surface roughness was suitable for FD 

measurements, after which the sample was taken to the vacuum oven and heated 

to 80 °C. After 1 h of annealing, the sample was cooled to room temperature 

and placed on the sample holder again and FD curves were collected once again 

(denoted as  A).  

The Fadhesion values calculated from collected FD curves are presented in 

Figure 6.7a. Clearly, the 0 wt% F containing coating, used as a reference, has 

the same mean value before and after examination of ‘replenishing’. The 

microtomed sample has a somewhat lower Fadhesion, but once it has been 

annealed, the mean value of this force drops substantially (from 5.0±0.2 to 

3.7±0.7 nN). The corresponding histogram (Figure 6.7b) shows that after 

annealing of the microtomed sample, the mean value of Fadhesion did decrease. 

However, values of Fadhesion are distributed over a large area that partially 

overlaps with the values for the non-annealed surface.  
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Figure 6.7 (a) The Fadhesion determined by force-displacement measurements 
before and after temperature-triggered replenishment (microtomed (M) and 
annealed (A) samples) of 2 wt% f PU coating. Reference measurements of the 0 
wt% F coating at the beginning and at the end of experiment are also presented 
(R-start, R-end); (b) corresponding histograms. 
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Figure 6.8 (a) The Fadhesion determined by force-displacement measurements 
before and after temperature-triggered replenishment (microtomed (M) and 
annealed (A) samples) of 1 wt%  F containing PU coating. Reference 
measurements of the 0 wt% F coating at the beginning and at the end of 
experiment are also presented (R-start, R-end); (b) corresponding histograms. 
 

Annealing

(a) 

(b) 



Chapter 6 
 

128 

The same experiment was repeated with the coating containing 1 wt% F and 

the results are presented in Figure 6.8. Values of the obtained Fadhesion differ 

from the previous experiment, because a different cantilever has been used. 

Both the reference (R) and microtomed (M) sample show higher Fadhesion. These 

results again show a considerable drop in Fadhesion of the microtomed surface 

after it has been annealed (A) (Figure 6.8a). This drop is even larger than in the 

case of the 2 wt% containing coating (from 7.3±0.2 to 4.5±0.4 nN). Note that 

for 1 and 2 wt% F (low-Tg coatings), the fluorine concentration at the surface is 

similar (Figure 3.12) while the bulk concentration is twice as high. The 

replenishment is expected to result in similar surface concentrations of fluorine, 

meaning that the increase for 1 wt % F coating will be stronger than for 2 wt% F 

coating. The corresponding histograms (Figure 6.8b) demonstrate that the 

substantial decrease in the Fadhesion after annealing still has a rather large scatter 

of data. However, all measured values of Fadhesion are much lower after annealing 

than for the as-microtomed surface. Note also that the reference sample shows a 

large scatter of data at the end of the experiment, suggesting that during this set 

of measurements the cantilever might have changed its geometry or has been 

contaminated. 

The changes in Fadhesion before and after annealing clearly support the 

information of the increase in fluorine surface concentration as determined by 

XPS. 

 
 
 
6.4 Conclusions 
 
 

We have successfully demonstrated that the introduction of a long polymer 

spacer on the perfluoroalkyl groups (further tethered to the coating network) 

facilitates their mobility, thus enabling them to move from sublayers towards 

the newly created surface in order to decrease the interfacial tension. The use of 

the polymer spacer is only partially responsible for this mobility. In order to 

have the ability to fully replenish, coatings should also have a sufficiently 
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mobile network, i.e. a Tg below room temperature. In this chapter we illustrated 

that for coatings with a Tg above room temperature replenishment is frozen at 

room temperature due to the low mobility of network chains and triggered by a 

temperature increase above the Tg. The fluorine surface level increased after 

annealing, as was demonstrated by XPS. Furthermore, the force of adhesion 

between the coating and the AFM cantilever substantially dropped after 

annealing as a consequence of the change in surface tension. The force-

displacement measurements used for local probing gave us in-depth picture of 

the replenishing process.  

It needs to be stressed that coatings from perfluoroalkyl-ethanol without a 

polymer spacer, have a very limited ability to replenish, irrespective of the 

mobility of the coating network. This confirmed that the attachment of a 

polymer spacer to the perfluoroalkyl group is crucial for replenishment to take 

place. 
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Prolonging the service-lifetime of materials has been in the focus of 

scientific community during the past decade. Several concepts have been 

promoted, mainly based on re-establishing the structural integrity of materials 

after damage via chemical reaction. Development of self-healing coatings can 

greatly benefit from these concepts. However, coatings owe some of their 

numerous properties to the functional groups lying at different interfaces (with 

air, substrate or filler). Sustaining the function of these coatings would depend 

on retaining a certain amount of functional groups at the desired interface even 

after damage. A very important group of functional coatings are easily-

cleanable coatings which often comprise a high amount of fluorinated groups 

(perfluoroalkyl for example) at the air/film interface. The focus of this thesis 

was on the replenishing of low surface-energy groups at the surface after 

damage in order to sustain low-adherence character of the coating. 

The approach we have taken was to place a long, mobile polymer spacer 

between the perfluoroalkyl group and the crosslinked network. In the case of a 

surface damage that leads to the loss of fluorinated groups, this spacer will 

render the mobility of fluorinated groups in the bulk to reorient or move from 

sublayers towards the new interface, thus lowering its surface tension.  

This was a proof-of-principle study and therefore model low-surface energy 

coatings have been prepared. The precursors for these coatings were 

polycaprolactones with well-defined functionality, synthesized via ring-opening 

polymerization of ε-caprolactone and its 4-tert-butyl substituent. What is 

significant is that the synthesized oligomers were virtually free of cyclic 

products. Other 7-member-ring monomers can polymerize via same route, as in 

the case of 4-tert-butylcaprolactone. The side-group can be easily introduced to 

the backbone of an oligomer by modifying the monomer via Baeyer-Villiger 

oxidation. Therefore, various model oligomers, with different functional groups 

and a range of Tgs can be synthesized by using the same principle.  

The ‘fluorinated additive’ was synthesized using perfluoroalkyl alcohols as 

initiators. These species segregate at the surface of the polyurethane coatings 

during the film formation, lowering the surface energy of the final coating as 
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described in Chapter 3. Their surface segregation was greatly influenced by the 

chemistry of the backbone of binder moieties. In the case of polycaprolactone 

binder (three-armed oligoester), the surface segregation was strong and the 

surface concentration of fluorinated groups was 20-fold above the bulk level. 

However, when the binder was composed of poly(4-tert-butylcaprolactone), this 

segregation was not as strong. High water contact angles for surfaces of these 

coatings even without a fluorinated additive clearly show that these coatings 

were very hydrophobic. If the water-repellency is more important for the final 

application than the low surface tension of a coating, then it can be achieved by 

placing a long alkyl group to the backbone of a binder.  

The non-destructive fluorine depth profile for surface-segregated coatings 

was investigated for the first time by using magnetic resonance imaging, as 

described in Chapter 4, and these results were confirmed by XPS. Even more 

importantly, this technique gave information on the inherent mobility of 

fluorinated species. Furthermore, it is envisaged that the MRI can be utilized in 

characterizing slow diffusion of fluorinated species thought coatings or 

multilayered systems.  

The microtoming was employed to mimic the mechanical damage of 

coatings. Surface tension and fluorine concentration have been examined for 

original surfaces and surfaces created after microtoming. Both XPS and 

wettability study showed that coatings with the Tg below room temperature have 

the ability to autonomously replenish fluorinated groups after damage, if those 

groups have the sufficient mobility. Hence, coatings containing fluorinated 

groups without a polymer spacer cannot self-replenish.  

Coatings with the Tg above room temperature could not replenish 

spontaneously, the mobility of fluorinated groups was hindered by the overall 

mobility of the coating network. Therefore the replenishing process was 

triggered by annealing. F/C ratio at the microtomed surface increased by more 

than 100% upon annealing. The force-displacement measurements were 

employed to probe changes in the surface tension of coatings upon annealing. 

This is the first time, to our knowledge, that the correlation between fluorine 
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surface-concentration and the adhesion force between the AFM tip and the 

coating was considered. It may be interesting for further force-displacement 

studies of functional groups at interfaces.  

The main goals of this study, the proof of self-replenishing concept and the 

development of characterization methods to study it have been achieved. 

However, as a reader could have already noticed, a more systematic study of 

this phenomenon is desirable in the future. The influence of the length and the 

chemistry of the polymer spacer, the crosslinked network mesh-size and 

mobility, on the self-replenishing process, with both practical and theoretical 

approach would give better insight in this phenomenon. These results could be 

further used for development and optimization of self-replenishing industrial 

coatings.  

Perfluoroalkyl species were used as low surface-energy additives in this 

study. However, there is a variety of low surface-energy groups such as 

polydimethylsiloxanes or perfluoropolyethers that could be used to obtain self-

replenishing low surface-energy coatings. Future study, with a focus on 

different low-surface energy groups or on using these groups as ‘vehicles’ for 

other functional groups (amine, hydroxyl, etc.) would expand the use of self-

replenishing concept for various coatings and applications.  
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SSSuuummmmmmaaarrryyy   
 

In light of the sustainable development, demands on polymeric materials 

with respect to their efficiency, ‘environmental friendliness’, etc. have 

increased. The service lifetime of materials would benefit from their ability to 

retain functioning upon damage or wear–off. Therefore, self-healing materials, 

having this ability, have been of the increasing research interest during the past 

decade. In the field of polymeric coatings, apart from sustaining the structural 

integrity of material, one important aspect in prolonging the service lifetime is 

retaining a certain amount of functional groups at different interfaces after the 

damage in a self-replenishing fashion.  

Low-adherence coatings, prepared via surface-segregation of low surface-

energy groups during the curing process, are widely used today for their 

water/oil repellency, making them easily cleanable. For such coatings, low 

surface-energy additives are usually species containing perfluoroalkyl group at 

one, and hydroxyl group (or any other group that reacts with the crosslinker or 

resin) at the other end of a molecule. The service lifetime of these materials 

suffers from having a very thin fluorine-rich layer (approximately 20 nm), 

which can easily be removed by damage or wear off, and therefore the low-

adherence character eventually may disappear.  

Herewith self-replenishing low-adherence coatings are those able to retain 

their low surface energy upon damage by recovering a sufficient amount of low 

surface-energy species at newly created surfaces.  

To summarize the findings of this research, the surface created after the 

damage will fully replenish in fluorinated groups if:  

• the bulk of the coating contains a sufficient amount of fluorinated 

groups 

• the mobility of these fluorinated groups is sufficient 

• the driving force for their movement towards the new interface is 

substantial  
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The approach we have taken is to relatively homogeneously distribute 

fluorinated species that contain a long polymer spacer throughout the bulk of a 

film. In the case of a surface damage, that leads to the loss of the top layers of a 

coating, these species can reorient or even move from sublayers in order to 

minimize the new air/film interfacial tension. Thus the low adherence character 

can be sustained.  

The synthesis of well-defined perfluoroalkyl-end-capped precursors was 

performed via ‘living’ ring-opening polymerization of ε-caprolactone with 

perfluoroalkyl-alcohol used as initiator, as described in Chapter 2. These 

fluorinated species were able to segregate at the surface of coatings during the 

curing of a film. The introduction of a polymer spacer facilitated their 

miscibility with the coating formulation, thus the bulk level of fluorine could be 

increased when compared to coatings containing fluorinated species that lack 

spacer as shown in Chapters 4 and 5. Once the top layer of a coating was 

removed by means of microtoming, the fluorinated species were reorienting 

spontaneously towards the new air-film interface. The F/C ratio remained 

similar to that of the original surface as shown by angle resolved XPS. 

Furthermore, the introduction of a polymer spacer appears to be the key point of 

the replenishing process, because it enabled the mobility of perfluoroalkyl 

group, as shown in Chapter 5. The driving force was the difference between the 

surface tension of fluorinated groups and the new interface, as briefly discussed 

in Chapter 2. The reorientation and movement of fluorinated species that are 

exposed directly at the new interface, as a result of damage, alone is not 

sufficient for the replenishing process. Movement of fluorinated species from 

sub-layers of network towards the new interface is a result of the mobility of the 

coating network as well. When the coating has a Tg well below room 

temperature, the replenishing process is autonomous. However, coatings with 

the Tg above room temperature do not have the ability of autonomously 

replenishing in a rapid fashion. Relatively fast replenishing can be triggered by 

the increase of temperature as described in Chapter 6. Microtoming in 
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combination with XPS and force-displacement measurements were used to 

characterize the replenishing of ‘high-Tg’ coatings after annealing.  

The self-replenishing of low surface-energy groups placed on the dangling 

chains of a coating network is a process that can be further employed for 

sustaining different surface functionalities in a self-healing fashion.  
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