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Summary - Design and network characterization of 
low friction hydrophilic polyether-urethane coatings 
Hydrophilic polymer coatings are applied to substrates and devices in the bio-medical field, 

such as catheters, contact lenses, guidewires, implants and stents, in order to enhance the 

biocompatibility, reduce protein fouling or minimize the friction forces arising upon 

insertion of the device and upon dynamic contact with the body of the patient. The specific 

type of hydrophilic polymer coating used to coat medical devices such as catheters and 

guidewires is often a highly hydrated hydrogel coating which provides the device with a 

lubricious surface property. Although these coatings have been widely used on commercial 

products, the relation between the polymer network structure (and/or the influence of 

hydrophilic dangling chain ends) and the friction behaviour of the top-surface in an aqueous 

medium is very complex and still poorly understood. Therefore, a study on these structure-

property relations is needed in order to increase the insights thereof and to guide the coating 

design for tuning of their lubricious properties. Inspired by this challenge, such study is 

presented in this thesis on model systems consisting of well-defined hydrophilic polymer 

coatings and their resulting macroscopic friction behaviour in water against a hard (glass) 

counter surface. 

Chemically cross-linked networks based on the end-linking polyurethane (PU) 

formation between tri-isocyanate cross-linkers and hydroxyl functional polyethers were 

used as model coating systems. Poly(ethylene glycol) (PEG) was selected as a hydrophilic 

diol polymer network precursor, whereas mono-hydroxyl PEG mono-methyl ether (mPEG) 

was added to the coating formulations to design model systems which contain dangling 

polymer chains. Next to the hydrophilic PEG-based PU coatings, the properties of dual 

hydrophobic/hydrophilic PU coatings were studied. Such dual coatings were prepared by 

adding hydrophobic poly(propylene glycol) (PPG) polymer network precursors to the 

coating formulations. Properties like the water uptake, the indentation modulus of the 

swollen top surface and the surface hydrophilicity were measured. Moreover, the 

macroscopic lubricious properties of these model coatings were measured by using a 

custom-made tribology setup, designed for measurements of the friction behaviour of 

coatings when completely immersed in water. Subsequently, all obtained data was used to 

study the structure-property relations. 
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A crucial aspect of this model study was the design of well-defined polymer 

network structures with a good wet adhesion to the substrate during the measurements. A 

degradation study on PEG and PPG showed a surprisingly fast degradation of the PEG 

hydroxyl end-groups in the presence of oxygen after 10 h at 65 °C and after 10 minutes at 

125 °C. Next to a study on the stability of the network precursors, the coating preparation 

procedure had to be highly optimized to yield stable, well adhering water-swollen coatings 

to glass substrates (water uptake up to 400 wt%, with a total swollen thickness up to 

approximately 50 µm). This was accomplished by the application of a PEG-based PU 

primer layer, which contains a high loading of an amino-silane and a subsequent 

enhancement of the surface energy of this primer layer by a short UV/O3 treatment of 12 

seconds prior to the top-coat application.  

 Theoretical network models were employed to calculate network structure 

parameters from the swelling and indentation data obtained. The phantom network model is 

only able to describe the swelling behaviour of these PEG-based PU networks in water 

when a composition dependent polymer-water interaction parameter is used and the 

formation of allophanates in these PU networks is accounted for. By a proper use of the 

theoretical descriptions, a transition is found between a near ideal network formation to a 

formation of networks which contain additional trapped physical entanglements. This 

transition is found to be located at a PEG network precursor mass which is similar to the 

molecular mass of PEG to form entanglements in the melt. Correction factors to the 

classical network structure relations are proposed and validated for an accurate calculation 

of the molecular mass between cross-links of networks containing dangling chain defects. 

The use of the Miller-Macosko-Vallés statistical probability approach, has been proven 

successful in providing values for the proposed correction factors. 

 An in-plane restricted swelling deformation of the coatings needs also to be taken 

into account when using the phantom network model for an accurate calculation of the 

mesh size of water-swollen coatings from experimental data. By taking this properly into 

account, an empirical model (the first of its kind) is developed for a quantitative description 

of the aqueous friction behaviour of PEG-based PU coatings (not containing dangling chain 

ends), which only depends on the mesh size of the swollen coating and the sliding velocity.  

Next to this empirical description of the lubricious behaviour of PEG-based PU 

coatings prepared only from diol-PEG precursors, the friction behaviour of a large variety 
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of different PEG-based PU coatings containing mPEG dangling chains was studied. The 

friction response of these mPEG containing coatings can be, but is not necessarily, 

significantly smaller compared to PEG-based PU coatings without dangling chains with an 

identical swelling ratio, modulus or surface hydrophilicity. It is shown that the addition of 

very short mPEG chains (compared with the PEG-diol precursor in the coating) does not 

significantly influence the friction behaviour. However, for most systems an optimum was 

found in dangling chain length and concentration for the maximum enhancement of the 

surface lubricity. Furthermore, the addition of dangling chains to coatings with the highest 

cross-link density was shown to be most effective for the reduction of the friction response. 

The PU coatings with the lowest aqueous friction response measured in this work 

are the dual hydrophobic-hydrophilic systems. Also for these coatings trends were found 

for the addition of hydrophilic mPEG chains to hydrophobic PPG-based PU coatings, in 

which the addition of hydrophilic network precursors greatly enhances the lubricious 

properties of the PPG-based PU coatings. Furthermore, a dual hydrophobic/hydrophilic diol 

PU network exhibits a surface with a higher lubricity compared to coatings prepared from 

both individual precursors. Hereby, a large synergetic effect between the hydrophobic PPG 

and the hydrophilic PEG in the coatings is observed. 

In addition, the friction behaviour of the PPG-based PU coatings containing 

dangling hydrophilic chains can significantly outperform the benchmarks for commercial 

urinary tract and cardiovascular catheter coatings. Next to a coefficient of friction below 

0.012 in the velocity range between 0.0435 to 14.5 mm∙s−1, these outstanding lubricious 

properties are accompanied by a 15-fold lower water uptake and a 45-fold higher effective 

indentation modulus compared to the benchmarks. This clearly shows that a highly 

(homogeneous) swollen coating bulk is not a crucial requirement for a lubricious polymer 

network coating.  
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Publiekssamenvatting 
Een coating is een heel dun laagje van een materiaal (vaak enkele malen dunner dan een vel 

papier) dat aangebracht wordt op een ander materiaal. Dit wordt gedaan om verschillende 

redenen. Een goed voorbeeld van een coating is verf. Overal om ons heen wordt verf 

gebruikt voor decoratie (het aanbrengen van kleur) en/of het beschermen van het 

onderliggende materiaal (bijvoorbeeld tegen invloeden van vocht, temperatuur of UV-

straling (denk aan het voorkomen van roest of houtrot)). Naast de voor zichzelf sprekende 

voorbeelden van de verf op huizen, auto’s, meubels en witgoed, moet men zich realiseren 

dat ook vrijwel alle consumentenproducten, elektronica, drukwerk en verpakkingen van 

voedingsmiddelen een coating bevatten. Zelfs je papieren koffiebeker, de wikkel van je 

kauwgom en zowel de binnen- als de buitenkant van je blikje frisdrank bevatten een 

coating. 

Onderzoekers zijn continu bezig om de coatings die we gebruiken beter te 

begrijpen en te verbeteren zodat deze goedkoper, milieuvriendelijker, langduriger en 

veiliger gebruikt en geproduceerd kunnen worden. Denk hierbij bijvoorbeeld aan de 

overstap naar binnenmuurverf op waterbasis of de ontwikkeling van andere beschermende 

verfsoorten na het verbod op het gebruik van Chroom-6 houdende verf. Naast het 

verbeteren van decoratieve en beschermende eigenschappen van een coating zijn 

onderzoekers de laatste tientallen jaren bezig met het ontwikkelen van coatings die een 

extra of verbeterde eigenschap geven aan een product of materiaal. Hierdoor is het 

tegenwoordig mogelijk om een speciale, zogeheten functionele coating aan te brengen die 

er voor zorgt dat het oppervlak van materialen een waterafstotende, een krasbestendige, een 

zelfreinigende, een energie opwekkende, een antibacteriële of een lubricerende 

(“glijdende”) eigenschap krijgt. Hetgeen het materiaal niet, of in mindere mate, bezit 

zonder deze functionele coating. 

Een eigenschap die onder andere heel belangrijk is voor medische apparatuur en 

hulpmiddelen zoals katheters, voerdraden, implantaten, contactlenzen en stents is een 

hydrofiele (oftewel water minnende) oppervlakte eigenschap. Deze eigenschap zorgt er 

voor dat de hulpmiddelen beter “geaccepteerd” worden door het menselijk lichaam, dat 

ophoping en aanhechting van eiwitten, cellen en bacteriën wordt voorkomen of verminderd 

en dat ze gemakkelijker door/in het lichaam kunnen glijden. Deze “gemakkelijk glijdende” 
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functie is vooral van belang voor katheters, contactlenzen en voerdraden. Coatings die 

aangebracht worden op deze hulpmiddelen bestaan vaak uit een gel-achtig 

polymeernetwerk dat een grote hoeveelheid water bevat, de zogeheten hydrogel-achtige 

polymeren coatings. Ondanks het feit dat deze coatings goed in staat zijn om de 

lubricerende (“glijdende”) eigenschappen in een waterige omgeving, van bijvoorbeeld 

katheters, te verhogen, ontbreekt er nog veel kennis over hoe deze eigenschap nu 

daadwerkelijk tot stand komt en hoe deze samenhangt met de structuur van het gel-achtige 

polymeernetwerk. Als men iets over de lubricerende eigenschap van een coating (of 

materiaal in zijn algemeen) in water wil weten, betekent dit eigenlijk dat men iets wil weten 

over de wrijvingsweerstand tussen de coating en hetgeen waar deze tegenaan wrijft (dus de 

mate waarin de oppervlakken over elkaar glijden of juist schuren). Minstens net zo 

belangrijk is hoe deze wrijving verklaard, beschreven en voorspeld kan worden op basis 

van de moleculaire structuur van de coating en het wrijvingsmechanisme dat daadwerkelijk 

plaats vindt. 

Het doel van het werk beschreven in dit proefschrift was om de kennis over deze 

structuur-eigenschap relatie te vergroten. Met deze kennis wordt het wellicht gemakkelijker 

of efficiënter om coatings te ontwikkelen met verbeterde eigenschappen en een langere 

levensduur, of om nieuwe toepassingsgebieden voor dit type coating te vinden. Om het doel 

van dit onderzoek te bereiken werd er daarom voor gekozen om het wrijvingsgedrag van 

dunne, water minnende (hydrofiele) polymeernetwerk coatings te bestuderen terwijl deze 

zijn ondergedompeld in water. Door een geschikte chemische “vernettings”techniek en 

verschillende startsamenstellingen (qua lengte, aantal en type reactieve eindgroepen of type 

eenheden) te kiezen is het in theorie mogelijk om een groot aantal verschillende 

netwerkstructuren te vormen waarin gecontroleerde en systematische variaties in de 

structuur aangebracht kunnen worden. Hoe de structuur en de netwerkvorming (via 

chemische eindgroep reacties) van het bestudeerde type hydrofiele polymeernetwerk 

schematisch voorgesteld kan worden is te zien in Figuur I. 

Dit proefschrift beschrijft een nieuwe productiemethode voor het gecontroleerd, 

correct en reproduceerbaar maken van de coatings in een laboratorium. Enkele cruciale 

aspecten van het productieproces zijn de verrassend lage stabiliteit van de eindgroepen van 

de gebruikte polymeren wanneer zuurstof aanwezig is tijdens het vormingsproces van de 

netwerkstructuur en de optimalisatie die nodig is om er voor te zorgen dat de coatings goed 
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aan hun ondergrond blijven hechten tijdens het zwellen in water en tijdens de 

wrijvingsmetingen. Deze wrijvingsmetingen zijn uitgevoerd met behulp van een unieke 

meetopstelling die speciaal werd ontworpen voor de wrijvingsmetingen die zijn 

gerapporteerd in dit proefschrift. 

 
Naast het meten van de wrijvingseigenschappen van de coatings zijn ook gegevens over de 

netwerkvorming, de hydrofiliciteit, de wateropname en andere mechanische eigenschappen 

bestudeerd. Theoretische netwerkmodellen om absolute afstanden in het netwerk te 

berekenen uit experimentele data zijn getest en correcties voor bestaande modellen zijn 

 

Figuur I: Schematische weergave van de vorming van een polymeernetwerk via eindgroep reacties. 

Hydrofiel polymeer 
Een keten van water minnende eenheden (blauw), waarvan de  

eenheden veelal identieke of soortgelijke organische verbindingen zijn. 

Hydrofiel polymeer 
met twee reactieve 
eindgroepen (groen).  

“Vernettings”molecuul met 
drie groepen die onder de juiste 
condities met een groene 
reactieve eindgroep van het 
polymeer kunnen reageren. 

Onder de juiste condities laat de reactie tussen 
beide groepen de groepen “samensmelten” tot 
een andere groep waardoor het polymeer en 
het “vernettings”molecuul chemisch aan 
elkaar gekoppeld worden.    

Enkele eindgroep reactie van een reactieve eindgroep van een polymeer 

Hydrofiel polymeer met één 
reactieve eindgroep (groen) en één 
niet-reactieve eindgroep (rood).  

= 

= 

= 

Vorming van een driedimensionaal polymeernetwerk via eindgroep reacties  

Door de reactie-omstandigheden en de samenstelling juist 
te kiezen kan een driedimensionaal polymeernetwerk 
gevormd worden dat uit één zeer groot molecuul bestaat. 

Door verschillende polymeren (qua lengte, aantal en type reactieve eindgroepen of type eenheden) te gebruiken en 
te variëren in de aanvankelijke samenstelling, is het aantal verschillende netwerkstructuren dat gevormd kan 
worden gigantisch. Tel hier bij op dat er ook nog totaal andere manieren zijn voor de vorming van een 
polymeernetwerk en dat er in de praktijk ook (vaak willekeurige) fouten in de netwerkstructuur aanwezig zijn. 
Hierdoor is het totale aantal verschillende polymeernetwerken dat gevormd kan worden nagenoeg eindeloos. 
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voorgesteld. Een methode die is gebaseerd op een kansberekening voor netwerkfouten 

blijkt geschikt om een goede schatting te geven van de waardes van de correctiefactoren die 

hiervoor gebruikt moeten worden. 

Niet alleen is een netwerkvorming bewezen die volgens verwachting was voor de 

meeste geproduceerde coatings, ook zijn duidelijke trends gevonden in de wateropname, de 

oppervlakte hydrofiliciteit en de compressie eigenschappen, die bijna allemaal gecorreleerd 

kunnen worden aan de netwerkstructuur. Door een nauwkeurige berekening van de 

gemiddelde lengte tussen twee vernettingspunten (zwart in Figuur I) van netwerken die 

alleen uit de blauwe ketens bestaan (zoals in Figuur I afgebeeld zijn), is er een model 

opgesteld dat het wrijvingsgedrag van een dergelijk type coating beschrijft en dat alleen 

afhangt van de lengte van het gebruikte hydrofiele polymeer en de snelheid waarmee er 

bewogen wordt. 

Verder is duidelijk aangetoond dat de aanwezigheid van uitstekende 

polymeerketens (zoals rood in Figuur I) een zeer groot effect kan hebben op de 

wrijvingseigenschappen. Hier zijn ook een aantal duidelijke trends in gevonden. De 

resultaten laten zien dat de aanwezigheid van deze ketens aan het oppervlak de wrijving 

kan verlagen, maar dat de mate waarin dit gebeurt een zeer complexe combinatie is van de 

lengte van de ketens, de hoeveelheid ketens en de vernettingsdichtheid van het 

coatingnetwerk. Voor de meeste coating types kon een optimum gevonden worden voor de 

lengte en aantal uitstekende ketens. Het blijkt dat als er te veel relatief lange uitstekende 

ketens aanwezig zijn de wrijving toeneemt ten opzichte van lagere hoeveelheden. Veruit de 

laagste wrijvingswaardes zijn gevonden voor coatings die bestaan uit een combinatie van 

hydrofiele en hydrofobe (water wijkende) polymeerketens. Deze combinatienetwerken 

nemen weinig water op, maar hebben een zeer glijdend oppervlak. Dit komt waarschijnlijk 

doordat de hydrofiele ketens aan het oppervlak constant een dun waterlaagje tussen beide 

oppervlakken in stand kunnen houden, wat zorgt voor een zeer lage wrijving. De geteste 

coatings met de laagste wrijving hebben zelfs betere lubricerende eigenschappen 

vergeleken met commerciële referentie coatings voor katheters, terwijl sommige andere 

eigenschappen zoals de wateropname (veel lager) en vernettingsdichtheid (veel hoger) 

totaal verschillen. Dit laat zien dat door het slim ontwerpen van de netwerkstructuur, 

verbeterde lubricerende eigenschappen aan een coating of materiaal gegeven kunnen 

worden zonder dat er daar andere eigenschappen voor opgeofferd dienen te worden. 
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Glossary 
 

Symbols and abbreviations 
a radius of the circle of contact 
A Helmholtz energy (symbol A is also 

used for a fitting parameter in Chapter 
5) 

Ac actual surface area associated with 
one cross-linker molecule 

Ad average surface area associated with 
one dangling chain 

Ael elastic contribution to the Helmholtz 
energy 

Amix mixing contribution to the Helmholtz 
energy 

APTES (3-aminopropyl)triethoxysilane 
ATR attenuated total reflection 
b expansion factor 
C ratio of A-bearing precursors in MMV 

calculations 
CA static water contact angle 
CAair static captive air bubble contact angle 

in water 
CoF coefficient of friction 
C∞ characteristic ratio 
D dispersity 
DBTDL dibutyltin dilaurate 
E (indentation) modulus of elasticity 
E* effective indentation modulus 
EG ethylene glycol 
Eind modulus  of elasticity of an indenter 

out
A( )E W  calculated average expected mass of a 

pendant chain 
f functionality of a network junction 
fr fraction of network precursors in 

MMV calculations 
[F*] reduced force 
FN normal load 
FTIR Fourier transform infrared 

spectroscopy 
h film/coating  thickness 
1H NMR proton nuclear magnetic resonance 
k Boltzmann constant (symbol k is also 

used for a fitting parameter in Chapter 
5) 

K a function describing the constraints 
on the network junctions 

l average bond length 
L amount of extractable material 
m weight 

 
 
 
 
 
m0 

 
 
 
 
 
weight of an extracted dry network 

meq weight of a swollen network 
mi initial weight of a network after 

curing 
mPEG mono-hydroxyl poly(ethylene glycol) 

mono-methyl ether 
Mc molecular mass between consecutive 

cross-links  
indent
cM  Mc calculated based on indentation 

data 
swell
cM  Mc calculated based on swelling data 

Me critical molecular mass to form 
entanglements in the polymer melt 

Mm molecular mass of a repeating unit  
Mn number average molecular mass 
Mp peak molecular mass 
MMV Miller-Macosko-Vallés 
n1 number of solvent molecules 
NA Avogadro’s number 
Nb number of bonds per repeating unit 
NCO isocyanate 
OH hydroxyl 
p extent of polymerization reaction 
P load 
PEG poly(ethylene glycol) 

out( )P F  the probability that a reaction of a 
functional group leads to a finite 
(pendant chain) structure rather than 
to an infinite network structure when 
looking out from the functional group 

in( )P F  the probability that a reaction of a 
functional group leads to a finite 
(pendant chain) structure rather than 
to an infinite network structure when 
looking into the functional group 

PPG poly(propylene glycol) 
PU polyurethane 
PUPEG PEG-based PU network 
PUPPG PPG-based PU network 
Q volumetric swelling ratio 
r indentation mechanics: distance 

between center of indenter head and 
center of a lens, in context of MMV 
calculations: stoichiometric 
(im)balance of network precursors 
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2 1/2
0( )r  root-mean-square end-to-end distance 

between the cross-links 
R usually: ideal gas constant 

indentation mechanics: radius of 
curvature of the indenter 

Rg radius of gyration 
RSS residual sum of squares 
S surface spacing of dangling chains 
SEC size-exclusion chromatography 
t time 
tHDI trimerized hexamethylene-

diisocyanate  
T temperature 
Tg glass transition temperature 
TGA thermogravimetric analysis 
Tm melting temperature 
Tω torque 
UV ultra violet radiation 
v usually: velocity 

in the context of FTIR spectra: 
vibration frequency. In the context of 
MMV calculations: fraction of 
reactive B-groups belonging to a B2-
precursor 

V volume of a swollen network 
V0 volume of a network after formation 
Vn volume of the polymer in a swollen 

network 
Vs molar volume of solvent used for 

swelling of a network  
w initial fraction of reactive B-groups 

belonging to a B2-precursor in MMV 
calculations 

W precursor initial weight fraction 
We

 weight fraction of elastically active 
material 

Wp weight fraction of pendant material 
Ws weight fraction of soluble material 
α fraction of elastically active network 

chains in a network 
αc deformation ratio between a deformed 

and an undeformed swollen network 
β fraction of elastically active cross-link 

molecules in a network 
γ fraction of cross-linker molecules 

which bears at least one dangling 
chain 

δ NMR spectroscopy: chemical shift, 
indentation mechanics: indentation 
depth  

ε strain 
ζ network cycle rank 

λ  extension ratio between the dry and 
the swollen state of a network 

µ number of elastically active network 
junctions 

µeff number of effective elastically active 
network junctions 

1µ  reduced chemical potential 

1 mix( )µ  mixing component of the reduced 
chemical potential  

1 el( )µ  elastic component of the reduced 
chemical potential 

ν  number of elastically active network 
chains or Poisson’s ratio 

effν  number of effective elastically active 
network chains 

indν  Poisson’s ratio of the indenter 

ξ network mesh size 
ρ density 
ρn dry network density 
τ stress 
φEG initial weight fraction of ethylene 

glycol units in a dry network 
vol
EGϕ  volume fraction of ethylene glycol 

units in a dry network 
φn polymer volume fraction in a swollen 

network 

0nϕ  polymer volume fraction during the 
network formation 

φPEG hydrophilic fraction of diol precursors 
χ Flory-Huggins polymer-solvent 

interaction parameter 
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1.1 Functional coatings 

To start with something that might sound a bit odd, you may want to close this booklet for a 

moment and take some time to become fully aware of your surroundings. Regardless of 

your location, you will notice that you are surrounded by coatings. Ranging from all types 

of architecture to the screens of our electronic devices, and from all our transportation 

vehicles to consumer goods, such as chewing gum wraps and beverage cans: coatings are 

everywhere. Even if you would read this booklet on a beach on a deserted island, the 

coating on the cover of this thesis will still keep you company. 

 In general, a coating is a thin layer (or a stack of multiple thin layers) of a material 

applied to another material or end-product[1,2]. There are three main reasons why one 

(including nature) would apply a coating. The first reason is for decoration purposes. 

Colorful paints are applied on our buildings, our cars, our electronic devices and our 

consumer products. Next to their decorative purpose, coatings are applied for the protection 

of the substrate against external influences (e.g. UV radiation, temperature, moisture, 

atmospheric precipitates), mainly during outdoor usage[3-6]. The third reason for the 

application of a coating is to provide a surface with a specific functionality[3,7] other than 

the “classical” decorative and protective functions, such as scratch and abrasion 

resistance[8,9], thermal barrier[10,11], anti-icing[12], anti-fouling[13-16], self-cleaning[17,18], self-

healing[19-21], anti-reflective[22], solar light concentration[23], and lubricating properties[24-26]. 

Polymers are added as binder components in most industrial coating 

formulations[2], which makes them a very important class of materials for the coatings field. 

Moreover, a variety of functional properties mentioned above are provided by functional 

polymeric coatings. Next to the influence of the surface structure, these properties are all 

fundamentally related to the surface free energy of the polymer chains on the 

surface[13,17,24,26-28]. 

1.2 High surface energy surfaces and coatings in the biomedical 
field 

Water has a strong affinity to surfaces with a high surface free energy due to its own high 

surface free energy, therefore a surface with a high surface free energy is considered a 

hydrophilic surface[15,27]. This favorable interaction results in a permanent hydration layer 
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on the surface when it is in contact with liquid water or moisture. It is the presence of this 

hydration layer which gives rise to surface properties such as anti-fouling, biocompatibility 

and aqueous lubricity[13,15,16,24,27]. These properties are particularly important for bio-

medical devices in contact with the human body (e.g. catheters, contact lenses, guidewires, 

implants and stents). Since the materials these devices are made of, often do not possess the 

required surface properties, the hydrophilicity of their surface needs to be enhanced in order 

to increase the patient’s comfort and to reduce the risk of device-associated infections due 

to tissue damage and protein adhesion[29-32].  

Many techniques are available to create a hydrophilic surface on different types of 

material, such as surface treatment techniques that change the surface chemistry to become 

more polar (e.g. plasma treatment, flame treatment and radiation (γ-rays, UV, electrons) 

exposure)[27,33,34], via direct deposition of sub-micrometer particles or via vapor 

deposition[27,35], (electro)chemical treatments[36], self-assembly of monolayers[37,38], the 

formation of polymer brushes via physisorption or grafting approaches[26,28,38-41] and the 

application of hydrogel coatings[24,25,42,43]. Despite this large variety, the applicability in and 

suitability for the biomedical field of every technique varies, depending on the substrate 

material, preparation conditions and additional (functional) requirements for the aimed final 

application (e.g. durability, storability, mechanical properties, thickness, possibility to 

include active components)[15,27]. 

 When the focus is put on the specific surface requirements of vascular or urinal 

bio-medical devices such as catheters and guidewires, it can be seen that it is crucial to 

achieve and maintain a low friction between the device and the vasculature or urinary tract 

of the patient, in order to prevent tissue damage (and resulting infection)[24,25,27,30]. 

Therefore, the lubricious behaviour of the surface of these devices is of particular 

importance. The type of hydrophilic coating used to coat these bio-medical devices are 

often highly hydrated hydrogel coatings, either covalently or non-covalently bonded to the 

substrate[24,25]. A vast variety of hydrophilic polymers is available for the design of 

hydrogels in general[42,43], of which the most commonly used polymers for lubricious 

polymeric coating are poly(vinylpyrrolidone) (PVP)[44-47], poly(ethylene glycol)      

(PEG)[48-50], polysaccharides[51,52] and co-polymers comprising these polymers[53-55]. These 

coatings are often applied via dip coating processes, with a subsequent fast (UV) radiation 
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initiated polymerization step to graft the polymer layer to the substrate (or to a primer layer) 

or solely to increase the cross-link density of the polymer coating[24,47,48,51]. 

1.3 Aqueous lubrication by polymeric gels and brushes 

1.3.1 Friction behaviour and aqueous lubrication of polymer gels 

It is known that highly hydrated hydrogel coatings exhibit lubricious properties in an 

aqueous environment due to the hydrophilic nature of the polymer network[24]. The friction 

behaviour of these coatings is very complex and still poorly understood. Apart from the 

friction behaviour of thin lubricious coatings, the description of the friction behaviour of 

hydrogels in general is already challenging per se[26,56,57]. A large contribution to the field of 

hydrogel friction comes from the group of Gong, who proposed, together with Osada, a 

friction mechanism for hydrogels in 1998[58]. The model they proposed is based on a 

repulsion-adsorption model of polymer chains against a smooth counter surface. In the case 

of repulsion between the gel and the counter surface, the friction force is governed by the 

lubricious properties of the hydrated water layer at the interface and should be proportional 

to the sliding velocity. In the case of attraction, however, the friction behaviour of the 

hydrogel originates from two different contributions: 1) lubrication of the hydrated water 

layer of the network and 2) elastic deformation of polymer chains adsorbed to the counter 

surface (this is globally sketched later in Chapter 5). The latter contribution is similar to the 

adhesive friction of rubbers described by Schallamach[59], and is based on the adsorption 

life-time and re-adsorption time of polymer chains to a counter surface. Their model makes 

use of polymer scaling relations[60] for describing the gel as a collection of adjacent blobs 

(spheres) with a relaxation time which is related to their radius. Although the trends 

observed via this model could be explained qualitatively, quantitative descriptions remain 

challenging.  

Their hydrogel friction model shows a dependency on the cross-link density (via 

the modulus of elasticity E) of hydrogels at sliding velocities dominated by the elastic 

friction contribution[58]. This cross-link density dependency on the friction behaviour of 

gels has also been shown by others[61,62], and especially by Sawyer and coworkers for both 

hydrogel-hydrogel friction and hydrogel-solid friction[63-65]. For the former system, the 

authors report the existence of a so-called “Gemini hydrogel interface” for which the 
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friction response at low velocities, in contrast to the adsorption-repulsion model, is 

independent of sliding speed or contact time[66,67]. 

1.3.2 Friction and aqueous lubrication by polymer brushes 

Since the reduction of the frictional forces at the surface of hydrogels scales with a decrease 

of the cross-link density of the network, an increased lubricity goes at the expense of the 

mechanical integrity of these polymeric systems. Another approach for the design of a 

lubricious polymer top-layer is to make use of polymer surface brushes[26,40,68-71]. Probably 

the best examples of functional surfaces bearing polymer chains for a reduction of the 

friction between two counterparts in an aqueous environment are found in nature[26,28,40,72]. 

It is known that polysaccharide chains on the surface of cartilage play an important role in 

its mechanical properties and lubrication[73-77]. The friction and lubrication mechanisms of 

cartilage does not solely depend on polymer chains on the surface but on a complex 

combination of different lubrication mechanisms, which is not yet completely 

understood[26,28]. Nevertheless, the capacity of the polymer chains to maintain a highly 

hydrated layer under shear on the surface at contact pressures at which pure water would be 

expelled, is a crucial component of biological lubrication mechanisms[26,40,77,78].   

 In order to mimic and understand the lubrication mechanisms from nature, 

researchers studied the friction behaviour of various polymer bearing surfaces. A great deal 

of work on the friction behaviour of two brush bearing surfaces was done in the last 

decades, especially by Klein and coworkers[69,71,79-82]. It was found that the friction 

behaviour of these polymer-bearing surfaces greatly depends on the shear rate effects on the 

interfacial forces, interpenetration, viscous behaviour and conformation of the chains 

confined between the two counter surfaces[82-86]. Next to this, work of Spencer and 

coworkers was specifically directed to the lubrication of hydrophilic brushes in an aqueous 

environment by adsorbed bottle-brush polymers and hydrogel type surface  

structures[26,68,87-93]. Besides the work on the aqueous lubrication phenomena of polymer 

chains adsorbed on or grafted to rigid substrates, work done on the friction behaviour of 

gels has also shown a significant friction reduction by the presence of (polyelectrolyte) 

chains on the surface of the gel[65,70,94]. Although major insights were gained on the 

influence of adsorbed or grafted polymer chains on rigid and impermeable substrates, as 

well as on bulk gels, less attention went to the relation between the presence of dangling 
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polymer chains on the surface and the lubricating properties of lubricious polymer network 

coatings. This is, however, rather relevant in view of the fact that the design and 

preparation of commercial lubricious polymer coatings inevitably results in the formation 

of surface dangling polymer chains[24,47,49]. 

1.4 Aim and outline of this thesis 

The aim of this thesis is to increase the knowledge on the network structure-macroscopic 

lubricious property relation of lubricious polymeric network coatings. This target is 

approached from a fundamental, but also practical, material science point of view in which 

the effect of variations in the chain length, in the concentration of dangling chain ends and 

in the chemical nature of polymer network precursors of water-swollen chemically cross-

linked hydrophilic model network coatings is systematically studied. Since a well-defined 

network architecture is required in such a study, the use of an end-linking step growth 

polymerization chemistry is preferred over free radical initiated chain growth 

polymerization chemistries[95,96]. Therefore a model system based on the end-linking 

polyurethane (PU) formation between tri-isocyanate cross-linkers and hydroxyl functional 

polyethers was selected. Poly(ethylene glycol) (PEG) was used as a hydrophilic polymer 

network precursor due to its wide acceptance in the bio-medical field for its 

biocompatibility and anti-protein fouling properties[24,42,97]. Furthermore, PEG is relatively 

easy available in a range of well-defined molecular masses with low dispersity. Moreover, 

the effect of polymer brushes on the lubricious properties can be studied by adding mono-

hydroxyl PEG mono-methyl ether (mPEG) as dangling network chains to the coating 

formulations. Next to the PEG-based PU coatings, the properties of dual 

hydrophilic/hydrophobic PU coatings were studied by adding hydrophobic poly(propylene 

glycol) (PPG) polymer network precursors to the coating formulations. 

 The lubricating properties of the coatings prepared were characterized with a 

custom-made tribometer which is able to measure the macroscopic aqueous friction 

behaviour of coatings on a rigid substrate immersed in water. Furthermore, properties like 

the water uptake, the indentation modulus of the swollen top surface and the surface 

hydrophilicity were measured and, moreover, used to accurately calculate network structure 
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parameters via polymer network models and a probability approach for structure 

imperfections. 

 Given the high importance of the formation of well-defined coating structures in 

this study, a significant amount of time and effort was put in the optimization of the coating 

preparation procedure and control over the stability of the polymer coating precursors. 

Several highly interesting and important (practical) outcomes of these studies are presented 

in Chapter 2 (on a degradation study of PEG) and Chapter 4 (on the preparation of PEG-

based PU coatings with good wet adhesion on glass substrates when immersed in water). 

 In Chapter 3, theoretical network models are employed and evaluated for an 

accurate description of the network structure and formation of PEG-based PU free standing 

films. Data of the experimentally measured water uptake is used in these calculations. 

Adjustments to the classical polymer network structure relations used in polymer network 

models are proposed and validated for an accurate calculation of the molecular mass 

between cross-links of swollen PEG-based PU networks which contain a large fraction of 

dangling chain network defects. Correction factors for these relations are calculated based 

on the Miller-Macosko-Vallés statistical probability approach. 

In Chapter 5, the characterization techniques for the measurements of the immersed 

mechanical properties of the coatings studied in this thesis are presented. Furthermore, the 

macroscopic friction properties of PEG-based PU coatings which do not contain dangling 

chains are shown and related to the mesh size of swollen coatings making use of the 

insights obtained in Chapter 3. After an evaluation of the values for the calculated mesh 

size of the coatings based on experimental swelling data, experimental indentation data, and 

an accurate description of the swelling deformation of adhering thin films to a substrate, an 

empirical model for the description of the obtained friction data is presented. 

In Chapter 6, the effect of the presence of mPEG dangling chains in PEG-based PU 

coatings on their lubricious properties and coating network properties is shown. 

Furthermore, the relation between the molecular mass of the PEG-diol network precursors, 

as well as the molecular mass and concentration of added mPEG network precursors on the 

resulting aqueous friction behaviour is presented. For this, different surface structure 

representations are evaluated. 

   In Chapter 7, the effect of the presence of hydrophilic PEG coating precursors in 

hydrophobic PPG-based PU coatings on the network properties and resulting lubricious 
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properties of the coatings is presented. The PEG fraction in these dual 

hydrophilic/hydrophobic PU coatings is added as PEG-diol or as mPEG, in which the 

molecular mass, as well as the concentration is varied. The properties of the different types 

of dual PEG/PPG PU coatings are compared and evaluated with respect to pure PPG-based 

PU coatings, as well as to their pure PEG-based PU counterparts. 

Chapter 8 shows a retrospect on the work presented this thesis and puts it in a 

broader context. In addition, future perspectives are provided. 
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2  
Degradation study of poly(ethylene glycol) and 
poly(propylene glycol)  
 

– For a suitable preparation procedure for thermally cured hydrophilic polyurethane coatings  – 
 

Abstract 
Poly(ethylene glycol) (PEG) is a hydrophilic polymer which is widely used for its 

biocompatibility, non-toxic and physicochemical properties. Although it is known that PEG 

is prone to thermal oxidative degradation, the speed of this degradation at moderate 

temperatures is generally not recognized. A particular problem is the degradation of the 

PEG hydroxyl end-groups when these groups need to be available for (cross-)linking 

reactions. Especially, when a well-defined and controlled final structure is required. The 

work presented in this chapter was initiated by problems encountered in our laboratory 

associated with the use of PEG as a network precursor for the preparation of thermally 

cross-linked hydrophilic polyurethane coatings. ATR-FTIR, TGA, SEC and 1H NMR were 

used to study the oxidative degradation of PEG and poly(propylene glycol)(PPG) at 

temperatures between 65 °C and 125 °C. Next to the expected higher stability against 

oxidative degradation of the PEG backbone compared to the backbone of PPG, 

surprisingly fast degradation of the PEG end-groups was observed. The end-group 

oxidation of PEG was detected within 10 to 30 minutes at 125 °C in the presence of oxygen 

and after 10 h at the rather mild temperature of 65°C. Therefore, it is highly recommended 

to completely eliminate oxygen from the reaction set-up and reaction medium when using 

PEG in reactions at temperatures above 65 °C.  
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2.1 Introduction 

Poly(ethylene glycol) (PEG) is a hydrophilic polyether which is widely used in numerous 

fields for its biocompatibility, non-toxic and physicochemical properties, e.g. in bio 

(medical) technology[1-6], pharmaceutics[7-10], coating technology[11-13], and cosmetics[14]. 

From a molecular point of view, PEG can participate in various chemical reactions due to 

its hydroxyl-functional end-groups. One typical example is the polyurethane (PU) synthesis 

in which the hydroxyl end-groups can react with an isocyanate to give rise to a urethane 

group[15]. This chapter originates from problems encountered in our laboratory associated 

with the use of PEG as a network precursor in the preparation of cross-linked hydrophilic 

PU coatings. Attempts to thermally cure PEG-based PU coatings and freestanding films 

from solvent borne formulations, at temperatures ranging from 100 to 125 °C, for 

30 minutes up to 4 hours, in a vacuum oven at approximately 20 mbar, showed severe 

degradation of the PEG precursors. As a result, no cross-linked polymer network could be 

obtained. 

2.1.1 Oxidative degradation of poly(ethylene glycol) 

Poly(ethylene glycol) is prone to degradation when exposed to higher temperatures and/or 

high energy photons in the presence of oxygen. It is widely recognized that random 

oxidative cleavage of poly(alkylene oxide) chains proceeds via autoxidation reactions 

which produce hydroperoxides or peroxide radicals[10,16-20]. The formation of these labile 

species results in chain scission of the polymer backbone via a complex combination of 

various reactions which generally propagate the degradation pathways even further by 

forming additional radicals[18,21-23]. The conditions during degradation (e.g. temperature, 

light, presence of water and/or trace amounts of catalyst) influence these pathways[10,16], 

which probably explain the different conclusions from researchers who characterized the 

degraded polymers and/or volatile degradation products. It is outside the scope of this work 

to present all various proposed degradation pathways and detailed description of the 

process(es). Nevertheless it should be emphasized that many researchers found that the 

oxidative degradation products of poly(ethylene glycol) always consist of formic acid and 

formaldehyde (especially when degradation takes place in presence of water)[18,23-25]. 

Furthermore a variety of esters, carboxylic acids and aldehydes are found[21-27]. A simplified 
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representation of three proposed overall backbone chain scission pathways of PEG via 

oxidative degradation is given in Scheme 2.1. 

 

 

Scheme 2.1: Proposed thermal oxidative degradation pathways of a PEG backbone and various possible 
degradation products. Pathway A proposed by: [18,19,21,22,27]. Pathway B proposed by: [10,24]. Pathway C 
proposed by: [23,25,26]. Note that not all listed references provide full mechanistic details on the degradation 
pathways. 
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Next to oxidation of the polymer backbone, studies have shown specific degradation of the 

end-groups of PEG at temperatures of only 40 to 70 °C as given in Scheme 2.2[24,28-30]. Two 

different pathways were proposed (EA and EB) which start from a radical, and subsequent 

hydroperoxide formation, on the carbon at either the alpha or beta position relative to the 

primary alcohol group. It should be noted that pathway EB reported in[28,29] is not 

accompanied by a clear mechanism and only proposed the resulting end products. 

Therefore, the arrows shown in the scheme indicate the overall movement in order to yield 

the proposed products. Both pathways eventually yield formaldehyde, formic acid, water 

and PEG end-capped with a formate ester given the equilibrium reactions (1) and (2) shown 

in the scheme. Thereby, these pathway agrees with the observations of producing formic 

acid and formaldehyde as main products in the presence of water as stated earlier. Under 

dry conditions, however, mainly formate esters instead of formic acid can be expected[28].  

A special point of attention is the apparent lability of the end-groups of PEG under 

these rather mild conditions. Although it is known that the backbone of PEG is more stable 

against degradation than, for instance, the backbone of poly(propylene glycol) 

(PPG)[17,26,29], work of Glastrup shows that an ethylene glycol (-OCH2CH2OH) end-group is 

far more susceptible to oxidative degradation compared to a (1,2)propylene glycol 

(-O(CHCH3)CH2OH) or a (1,3)propylene glycol (-OCH2CH2CH2OH) end-group[29]. 

2.1.2 Chapter incentive, aim and approach 

The work of Glastrup[28,29] was inspired by observations of surprisingly fast degradation of 

PEG at a moderate temperature of 75 °C after 4 hours in the presence of oxygen[31]. 

Looking at the widespread usage of PEG, and degradation studies thereof (given the 

references provided in the previous section) in different fields, ranging from pharmaceutics 

to polymer (bio-medical) technology and waste water treatment to cultural conservation, it 

should be noted that, although it is widely known that PEG is susceptible to oxidative 

degradation, the speed of this degradation at moderate temperatures is generally not 

recognized. Moreover, the specific and apparent fast degradation of the hydroxyl-functional 

end-groups of PEG is not always detected, or even considered, when the studies focus on 

the degradation at higher temperatures (>80 °C). Since the degradation of the end-groups 

proceeds already rather fast at moderate temperatures, the reaction rate of this end-group 
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degradation is most likely also higher compared to the chain scission reactions at higher 

temperatures. 

 

 

Scheme 2.2: Proposed thermal oxidative degradation of the PEG hydroxyl end-groups, giving rise to the formation 
of formic acid, formaldehyde and formate ester-functionalized PEG under dry conditions. Pathway EA was 
proposed by [22,30]. Pathway EB was proposed by: [28,29], but is not accompanied with a mechanism. The dotted 
arrows in pathway EB shown here only give an indication of the overall bond movement in order to obtain the 
degradation products as proposed by the authors of [28] and [29].   
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In order to use PEG as end-linking network precursors for thermally cured hydrophilic PU 

networks and/or coatings, it is evident that degradation of the polymer prior or during the 

network formation should be prevented. When network formation and/or coating 

application procedures involve preparation steps in which it is complicated, or practically 

impossible, to completely exclude oxygen from contact with the reactants, this oxygen can 

potentially degrade the PEG before or during the network formation. 

Problems encountered with the preparation of PEG-based PU networks and coatings 

in our laboratory indeed pointed towards severe degradation of PEG as previously 

mentioned. Therefore the aim of this chapter is to study the degradation of PEG when 

heated at 65 °C up to 20 h (just above the melting point of PEG (Mn ≥ 2000 g∙mol−1)[32]) 

and at the targeted network formation temperature of 125 °C under a lab air environment, 

as well as an inert atmosphere. Next to PEG, the degradation of poly(propylene glycol) was 

studied for comparison purposes, however, most emphasis was given to the stability of 

PEG. The polymers were evaluated in-situ with FTIR spectroscopy and thermogravimetric 

analysis (TGA). Moreover, the development of the polydispersity (by SEC) and 

degradation products (by 1H NMR) of polymer bulk samples was studied in time. It is 

outside the scope of this work to provide a detailed evaluation of the degradation products 

or degradation kinetics of these polymers. Instead, the focus is on the differences between 

the exposure of the polymers to different temperatures in air and especially on the practical 

use of the obtained insights for the design of a suitable preparation procedure for well-

defined network structures from solvent borne (coating) network formulations comprising 

PEG and/or PPG as PU network precursors. 

2.2 Materials and methods 

2.2.1 Materials 

Poly(ethylene glycol) (PEG) and poly(propylene glycol) (PPG) with a molecular mass Mn 

of 2000 g∙mol−1 (Sigma Aldrich) (D of 1.03 and 1.04 (SEC), respectively) were dried at 

room temperature in a desiccator with P2O5 as desiccant for at least 4 days before use. 

Chloroform-d (Cambridge Isotope Laboratories) was dried with molecular sieves before 

use. Tetrahydrofuran (THF) (Biosolve), toluene (Biosolve) and acetic acid (Sigma Aldrich) 

were used as received. 
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2.2.2 Sample preparation 

For the bulk study, approximately 10 g of fresh dried polymer was loaded in a 25 ml three-

neck round-bottom flask. For the experiments under inert N2 environment the flask was 

flushed with dry N2 for 1 h prior to loading of the polymer. After loading, the flask was 

heated using an oil bath (65, 85 or 125 °C). A gas flow (dry N2 for the experiments under 

inert conditions and regular compressed air (150 l∙h−1) for the degradation experiments in 

presence of oxygen) was bubbled through the polymer melt, while stirring the melt at 

200 rad∙min−1 using a magnetic stirring bar. Small amounts of samples were taken in two-

fold from the flask with a syringe and needle after 0.5, 1, 2, 4, and 20 h for further 

characterization. 

2.2.3 In-situ polymer characterization  

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

FTIR was performed using a Varian Excalibur 3100 FTIR spectrometer, equipped with a 

diamond Specac Golden Gate ATR setup and an Eurotherm 2416 temperature controller. 

Measurements were performed over a spectral range of 4000 to 650 cm−1 with a resolution 

of 2 cm−1 at a constant temperature of 65 °C or 125 °C. Approximately 10 mg of fresh 

polymer was loaded on the ATR crystal after which spectra were recorded every 2 min for 

a duration of 20 h under laboratory air atmosphere or under a continuous argon flow. 

2.2.3.2 Thermogravimetric analysis (TGA)  

TGA was performed using a TA Instruments TGA Q500. Samples of 23 ± 3 mg of fresh 

polymer were heated with a heating rate of 10 °C∙min−1 to the required temperature (65 °C 

or 125 °C), followed by an isothermal heating period of 20 h under an air purge flow of 60 

ml∙min−1. Data analysis was performed using Universal Analysis 2000 software. 

2.2.4 Bulk polymer sample characterization  

2.2.4.1 Size-exclusion chromatography (SEC) 

SEC was performed on a system equipped with a Waters 1515 Isotactic HPLC pump, a 

Waters 2414 refractive index detector (35 °C), a Waters 2707 auto sampler, and a PSS SDV 

column (5 µm, 8 × 50 mm) followed by two PSS SDV 500 Å columns (5 µm, 

8 × 300 mm2) in series. THF with acetic acid (10 ml∙l−1) and toluene (2.33 ml∙l−1) was used 
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as eluent at a flow rate of 1 µl∙min−1. The dispersity index D was calculated using Empower 

Pro 2 software based on the molecular masses which were calculated against poly(styrene) 

standards (Polymer Laboratories, Mp = 139 Da up to Mp = 3.9∙104 Da). 

2.2.4.2 Proton nuclear magnetic resonance (1H NMR) spectroscopy 
1H NMR spectroscopy was performed on a Bruker 400 (400 MHz) spectrometer at 25 °C. 

Chloroform-d (CDCl3) was used as solvent for the measurements. For every measurement 

64 scans were acquired and the spectra were analyzed using MestReNova 7 software. 

2.3 Results and discussion 

This section will first show results of the in-situ ATR-FTIR and TGA measurements of 

fresh poly(ethylene glycol) (PEG) and poly(propylene glycol) (PPG). Emphasis will be put 

on the degradation of PEG, and especially on the development of the signals in the 

absorbance spectra in the region of the carbonyl stretch vibrations. Secondly, the results 

from the SEC and 1H NMR analysis of samples taken from the heated bulk polymer are 

shown. 

2.3.1 In-situ stability of poly(ethylene glycol) and poly(propylene glycol) 

Absorbance spectra of PEG (Mn = 2000 g∙mol−1) in time at different temperatures and 

different atmospheres are given in Figure 2.1. Only one spectrum recorded under an argon 

atmosphere (after 20 h at 125 °C) is given (Figure 2.1c) to clearly show the polymer 

stability when screened from oxygen during heating. As can been seen from Figure 2.1a, 

PEG does not show any molecular changes up to 10 h of heating at 65 °C in air. However, 

at longer exposure times, clear absorption bands in the region of the carbonyl stretch 

vibrations of acids, aldehydes and esters v(C=O) (1770 – 1650 cm−1)[33] appear as well as an 

increase in the region typical for the C-O stretch vibration of esters (around 1200 cm−1). 

The absorption region between 1770 and 1700 cm−1 clearly shows two peaks, indicating the 

formation of different carbonyl groups. The largest absorption peak is located in the region 

corresponding to formic esters (1730-1710 cm−1)[21,33], while the rather broad band around 

1750 cm−1 is located in the region where both formic acid[34,35] and formaldehyde[36,37] can 

be expected. No other changes in the absorption spectra at 65 °C can be observed in time. 
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a) 

b) 

c) 

Figure 2.1: FT-IR absorbance spectra of poly(ethylene glycol) (Mn = 2000 g∙mol−1) recorded in-situ during 
heating on the ATR stage, including insets of the area of carbonyl C=O stretch vibrations. a) At 65 °C under 
laboratory air atmosphere. b) At 125 °C under laboratory air atmosphere. c) At 125 °C under an argon flow. 
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This is clearly not the case at longer exposure conditions at 125 °C as shown in Figure 2.1b. 

However, similar changes in the spectra as in the spectra at 65 °C are observed at 125 °C up 

to 2 h. At longer exposure times a broadening and clear shift of the peaks in the carbonyl 

region is detected. This shows the formation of chemical groups which are not observed at 

65 °C or at 125 °C up to 2 h (possibly aldehydes or esters). Furthermore, large changes in 

both the 3000 – 2800 cm−1 region and the polymer fingerprint region (1450 – 650 cm−1) can 

be seen. This clearly shows a change in polymer backbone vibrations and (amount of) 

carbon-hydrogen vibrations. These observations at different temperatures point to an 

end-group degradation being the only oxidative degradation event at 65 °C whereas the 

degradation at 125 °C starts with primarily the end-group degradation after which at longer 

exposure times chain scission takes place. This will be further discussed after the FTIR data 

of PPG and the combined TGA data are shown.  

The absorbance spectra of PPG (Mn = 2000 g∙mol−1) at 65 and 125 °C under air 

atmosphere are given in Figure 2.2. A clear difference in the spectra recorded at 65 °C 

between PPG and PEG can be seen. While PEG (Figure 2.1) shows changes after 10 h at 

65 °C, no chemical changes are detected for PPG up to 20 h. These changes are also absent 

for PPG up to 2 h at 125 °C, whereas the degradation proceeds fast after 4 h. The intensity 

of the overall signal starts to drop after 10 h at this temperature. After 15 h no signal could 

be detected anymore since the (small amount) of remaining material completely flowed 

away from the ATR crystal. 

Figure 2.3 shows the TGA data of PEG and PPG heated for 20 h at 65 °C (a) and 

125 °C (b) under an air flow of 60 ml∙min−1. The TGA data of PEG at 65 °C shows no 

changes in the weight for 10 h, after which a gradual weight increase can be seen. The only 

explanation for this is the uptake of oxygen from the air, hereby oxidizing the polymer. On 

the other hand, this is not observed for PPG at 65 °C. This is in agreement with the 

differences between PEG and PPG as seen in the FTIR spectra at 65 °C. When the 

polymers are heated at 125 °C also a weight increase can be seen for PEG in the first 

20 min, after which the weight starts to decrease. Note that it takes 10 min after the start of 

the run to reach 125 °C, before the isothermal segment starts. PPG on the other hand seems 

stable for more than one hour, but when the degradation starts, the weight decrease 

proceeds faster compared to the weight decrease of PEG. Therefore, the differences in the 

stability between PEG and PPG observed during the FTIR measurements are also reflected 
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a) 

b) 

Figure 2.2: FT-IR absorbance spectra of poly(propylene glycol) (Mn = 2000 g∙mol−1) recorded in-situ during 
heating on the ATR stage, including insets of the area of carbonyl C=O stretch vibrations. a) 65 °C under 
laboratory air atmosphere. b) 125 °C under laboratory air atmosphere. 

a)                                                                    b) 

Figure 2.3: Thermogravimetric analysis (TGA) of poly(ethylene glycol) (PEG) and poly(propylene glycol) 
(PPG) (both Mn = 2000 g∙mol−1)  at 65 °C (a) and 125 °C (b) with an air purge flow of 60 ml∙min−1. Sample size 
is 23 ± 3 mg. 
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in the measured weight loss during the TGA runs. These differences between both 

polymers at different temperatures indeed point towards the higher end-group stability 

against oxidation of PPG compared to PEG, but at the same time to a lower backbone 

stability. 

2.3.2 Bulk study on the stability of poly(ethylene glycol) and poly(propylene glycol) 

 For further confirmation of the hypothesis that the observed oxidation of PEG at 65 °C 

does not result in chain scission and moreover  that end-group oxidation proceeds at 125 °C 

before chain scission events occur, samples taken in time from bulk batches of the polymers 

heated in presence of oxygen were analyzed with SEC. The SEC chromatograms of 

samples taken in time of PEG heated at 65, 85 and 125 °C and PPG heated at 65 and 

125 °C in the presence of air are shown in Figure 2.4. PEG heated at 65 °C in the presence 

of oxygen (Figure 2.4a) shows no increase in dispersity D after 18 h, whereas an increase in 

D becomes visible after 2 h of heating at 125 °C (Figure 2.4c). The fact that the molecular 

weight distribution does not change for at least 1 h at 125 °C confirms that in this time-span 

random chain scissions of the backbone could not be detected by SEC. Chromatograms of 

the samples after 4 h and, especially, after 20 h at 125 °C also show polymers with a higher 

molecular weight compared to the fresh polymer (lower retention times). This means that 

recombination of cut chains and/or cross-linking took place, which can be attributed to the 

generation of different radical species after oxidative cleavage of the polymer backbone. 

The chromatograms of PEG heated at 85 °C indicate that the polymer is stable at this 

temperature for at least 4 h, but also severely degrades after 20 h at 85 °C.  

 As expected from the FTIR and TGA data shown in the previous section, PPG 

heated at 65 °C in presence of air (Figure 2.4e) show no signs of degradation whereas the 

increase of the polydispersity at 125 °C (Figure 2.4f) is even faster compared to that of 

PEG. After 20 h at 125 °C a value for D cannot be calculated given the broad peak of very 

low molecular weight degradation products in the sample. As a reference for the stability of 

the polymers when screened from oxygen at 125 °C, the chromatographs of samples taken 

from both polymers heated at 125 °C for 20 h under an N2 atmosphere are shown in Figure 

2.4d. Next to SEC for the analysis of changes in weight distribution, samples taken in time 

from the bulk batches of PEG were analyzed with 1H NMR for a more detailed 

identification of the origin of the observed peaks in the FTIR spectra shown in the previous 
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Figure 2.4: Normalized size-exclusion chromatography (SEC) chromatograms of poly(ethylene glycol) 
(Mn = 2000 g∙mol−1) (a, b, c and d) and poly(propylene glycol) (Mn = 2000 g∙mol−1) (d, e and f) after different 
heating times at various temperatures under an air flow (all except d) or N2 flow (d). D is giving the calculated 
dispersity of each injected sample. 
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section. The products formed during the initial stages of the degradation are of especial 

interest to confirm the nature of the species formed after the end-group degradation. Figure 

2.5 gives an overview of the structure of PEG and possible thermal oxidative degradation 

products, together with the 1H NMR spectra of the samples taken from of the heated bulk 

batches of PEG in time. The spectrum of the PEG sample heated for 2 h at 125 °C in the 

presence of oxygen shows a clear peak around 8.09 ppm, which confirms the presence of 

formic acid (δ = 8.05 ppm) or formate ester (δ = 8.10 ppm). Next to the clear appearance of 

this peak, signals around 4.3 – 4.2 ppm show the appearance of protons near an ester (c) or 

aldehyde (e), although no signal of an aldehyde proton (δ = 9.72 ppm) is detected. The peak 

at 5.4 ppm could indicate the presence of the hemiacetal (d), although this is questionable 

given the lability of this component. The spectra of the samples after 20 h at 85 and 125 °C 

show an increase of the peak intensities which were already visible for PEG heated at 

125 °C for 2 h. Moreover, the presence of the aldehyde proton is visible (δ = 9.72 ppm). 

New residual peaks arise between chemical shifts of 5.1 and 4.7 which can not be 

attributed. Also the formation of a signal at 3.35 ppm, which is characteristic for –OCH3 

protons, can not be explained by the given degradation pathways. Furthermore, the intensity 

of the signals between the samples heated at 85 and 125 °C do no differ that much (far less 

than expected based on the results from the other characterization techniques). Finally, no 

signals from degradation products can be detected for the sample heated for 18 h at 65 °C 

in air.  

A possible explanation for the discrepancy between the results obtained by these 

different characterization techniques is the difference between the degradation environment 

of the in-situ measurements and the bulk degradation study. In the latter, an airflow is 

bubbled through the molten polymer, while at the same time there is an open connection 

from the reaction flask with the environment. This possibly creates slightly different 

degradation conditions and can remove volatile degradation products more easily from the 

reaction sites compared to the static air environment during the FTIR measurements. 

Moreover, the bulk degradation experiments are done with a larger amount of polymer 

(10 g versus 10-20 mg for the in-situ experiments). This most likely also leads to a different 

and/or inhomogeneous oxygen availability in the bulk melt, which changes the local 

degradation conditions and herby the degradation pathways and/or speed. Nevertheless, the 

NMR spectra show that the most abundant degradation products are indeed formic acid and  
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Figure 2.5: a) Poly(ethylene glycol) and possible thermal oxidative degradation products. b) 1H NMR spectra of 
poly(ethylene glycol) (Mn = 2000 g∙mol−1)  after 2 h (top) and 20 h (bottom) at different temperatures and gas 
flows (air or dry N2). Note the different magnification between the top and bottom graph given the CHCl3 satellite 
peak heights. #Sample taken after 18 h. 
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formate esters while aldehydes are hardly detected in the initial stages of the degradation 

process and in low amounts in later stages. 

2.4 Conclusions 

The thermal oxidative degradation of PEG and PPG with a molecular mass of 2000 g∙mol−1, 

at 65 °C and 125 °C, in the presence of air was followed in-situ for 20 h with ATR-FTIR 

and TGA. Moreover, the degradation products from the degradation of bulk samples in the 

melt were studied by SEC and 1H NMR. It is shown that specific end-group degradation of 

PEG[28,30] proceeds faster than, and moreover at lower temperatures compared to, backbone 

chain scission. Furthermore, the end-groups of PEG are more labile against oxidation 

compared to the end-groups of PPG, for which no signs of oxidation was detected within 

20 h at 65 °C. At the same time it was shown that the backbone stability of PEG is higher 

compared to the stability of the PPG backbone, as expected[29].  

End-group oxidation of PEG was detected within 10 to 30 minutes at 125 °C in 

presence of oxygen and after 10 h at the rather mild temperature of 65°C. The finding that 

PEG degrades is not qualitatively new, however, the speed of the degradation of the 

end-groups of PEG is surprisingly high and to the best knowledge of the author not widely 

recognized. Researchers should be aware of this critically fast end-groups degradation rate, 

especially when the end-groups need to be available for polymerization or (end-)linking 

reactions in the formation of well-defined and controlled final structures. Therefore, it is 

highly recommended to completely eliminate oxygen from the reaction medium when using 

PEG in reactions at temperatures above 65 °C. 
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3                                                     
Structure-property relations of well-defined swollen 
PEG-based PU networks and theoretical validation 
thereof  
 

Abstract 
Defects in a polymer network complicate an accurate calculation of structure parameters 

such as the molecular mass between cross-links (Mc) from experimental data. In this work 

poly(ethylene glycol)-based polyurethane networks (PEG-based PU networks) which 

contain PEG-mono methyl ether (mPEG) dangling chain controlled network defects, are 

prepared using various PEG and mPEG molecular masses (Mn). The influence of the 

network composition on the water uptake is studied both experimentally and theoretically. 

The phantom network model is able to describe the swelling behaviour of these networks in 

water best, when a composition dependent polymer-water interaction parameter is used 

and the formation of allophanates in these PU networks is accounted for. By a proper use 

of the theoretical descriptions, a transition is found between a near ideal network formation 

to a formation of networks which contan additional trapped physical entanglements, when 

using network precursors with a Mn which is higher than the Mn of PEG to form 

entanglements in the melt. Correction factors to the classical network structure relations 

are proposed and validated  for an accurate calculation of the Mc of networks containing 

dangling chain defects. The use of the Miller-Macosko-Vallés statistical probability 

approach, based on the composition of the initial network formulation and the measured 

amount of extractable material after network preparation, is proven successful in providing 

values for the proposed correction factors. This provides a new approach for studies which 

require an accurate estimate of the Mc, only based on experimentally straightforward 

swelling experiments. 
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3.1 Introduction 

Cross-linked polymer networks have a widespread use in numerous technical applications 

of great importance for our daily life, ranging from rubber tires[1,2] to drug release 

carriers[3,4] and functional coatings[5,6]. These networks are essentially three-dimensional 

molecules of “infinite” size which can be prepared via a wide range of different 

polymerization techniques using an even larger range of (polymer-) precursors[7-12]. The 

final network properties and morphology depend mainly on the network architecture but 

also on the chemical nature of the polymer material. For instance, the solvation properties 

of polymers are utilized for the design of cross-linked networks which swell in presence of 

a solvent. A good example of this are hydrogels, which rely on the capacity to absorb a 

substantial amount of water for the application they are designed for[3,4,13,14]. Although 

(swollen) polymer networks have been studied for almost a century, a universal and 

complete theoretical understanding and description of their structure-property relation is 

still lacking[10,15-17]. This is severely complicated by the fact that network defects are 

unavoidably present in all real polymer networks. Such defects are difficult (if not 

impossible) to detect directly by an experimental approach and their theoretical description 

is rather challenging. 

 The main aim of this chapter is to increase the knowledge on the structure-

property relation of chemically cross-linked swollen polymer networks and their theoretical 

description. Particular attention is dedicated to an accurate calculation of the molecular 

mass between cross-links Mc from swelling experiments when the swollen network 

contains dangling network chains, since these parameters are of great importance for bulk 

properties such as the network moduli[10,15] and drug-release rate[3,4] as well as surface 

properties, e.g. anti-fouling[18-20], self-cleaning[5] and lubricity[21-23].  

Given the high importance of polyurethanes (PUs) in general[11,24], and their 

potential use as hydrophilic networks in the bio-medical field, this study focuses on 

hydrophilic PU-networks. Since a well-defined network architecture is required, the use of 

an end-linking step growth polymerization chemistry is preferred over free radical initiated 

chain growth polymerization chemistries[7,9]. Poly(ethylene glycol) (PEG) is a hydrophilic 

polymer and is widely accepted in the bio-medical field for its biocompatibility and anti-

protein fouling properties[4,23,25]. Both PEG and PEG mono-methyl ether (mPEG) are easily 
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available in a range of well-defined molecular masses with low dispersity. Therefore model 

hydrophilic PU networks, built up of PEG, mPEG and a tri-isocyanate cross-linker units, 

were selected (see Figure 3.1).  

In this chapter the preparation of well-defined PEG-based PU networks containing dangling 

mPEG network chains based on various PEG-diols, as well as mPEG concentrations and 

chain lengths, is described. The effect of the network precursor and dangling chain mass on 

the swelling properties of the formed networks was investigated experimentally. From a 

theoretical point of view, the use of the phantom network model for the description of the 

relation between the experimental swelling data and network structure is examined. 

Moreover, for an accurate calculation of the molecular mass between cross-links of swollen 

PEG-based PU networks containing a high amount of dangling chains, fundamental 

corrections to the ideal network structure relations used in network models are proposed. 

3.2 Theory of polymer network swelling 

3.2.1 Swelling of polymeric networks 

Classically, the Flory-Rehner theory is used to relate the experimentally obtained swelling 

ratio to the cross-link density of a polymer network via the reduced chemical potential 

 

Figure 3.1: Overview of selected network precursors for the preparation of the model hydrophilic PU networks 
and schematic 2d representation of resulting ideal model network structures.     
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difference 1Δµ  between the solvent within and outside the swollen network[15,26]. The 

chemical potential, composed of a mixing component 1 mix(Δ )µ and an elastic component 

1 el(Δ )µ as shown in equation (3.1), is obtained by differentiating the total Helmholtz energy 

mix elΔ Δ ΔA A A= + of the swollen network with respect to the number of solvent molecules 

n1. Here R and T have their usual meaning. 

  ( ) ( )1 1mix el
1 1 mix 1 el

1 1
Δ (Δ ) (Δ ) A ART RT

n n
µ µ µ − −∂∆ ∂∆

= + = +
∂ ∂

    (3.1) 

An immersed network will reach its equilibrium swelling ratio when the chemical potential 

difference of the pure solvent and the solvent in the swollen network becomes zero. This 

occurs at the moment that the entropy, which facilitates the mixing of the solvent into the 

network, is balanced by the energy resulting from the elastic forces due to elongation of the 

network chains. The mixing component is directly obtained from the famous Flory-Huggins 

polymer solution theory, given by 

 2
1 mix n n n(Δ ) ln(1 )µ ϕ ϕ χϕ= − + +   , (3.2) 

where φn is polymer network fraction in the swollen network and χ is the polymer-solvent 

interaction parameter. 

In the last century, polymer network models have been developed to relate strain 

energy density functions[27,28] to topological molecular interpretations of the (swelling) 

deformation behaviour of elastomeric networks[10,15,16]. Depending on the model used,  

different expressions for the elastic Helmholtz energy elΔA will be found. An analytical 

expression for the elastic part of the chemical potential is the product of the derivative of 

elΔA  (eq. (3.3)) and the ideal network structure parameter relations[15] (eq. (3.4) to (3.6)). 

 el
1 el

1, ,

Δ /(Δ )
T p T p

A RT λ
λ n

µ ∂ ∂   =    ∂ ∂   
  (3.3) 

 1ζ ν µ ν µ= − + ≈ −  (3.4) 

 2 / fµ ν=  (3.5) 
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 n A
0

c

(1 2 / )f N
V M
ζ ρ−

=  (3.6) 

Here NA is Avogadro’s number, λ the extension ratio between the dry and the swollen state, 

n1 the number of solvent molecules, V0 the volume of the network after formation (V0 is 

equal to the dry weight before swelling since the network is formed in absence of a 

solvent), f the functionality of the network junctions, ρn the density of the dry (non-swollen) 

network, Mc the molecular mass between cross-links, ν and µ the number of elastic chains 

and junctions in the network, respectively, and ζ the cycle rank of the network, given by the 

number of bonds that need to be broken to reduce the network into a branched “tree-

structure” which does not contain any closed cycles anymore. 

Before going back to the classical models, the general expression resulting from 

the Flory-Erman constrained junction model for the Mc of an ideal isotropically swollen 

network[29,30]  is given by 

 

0

1/3
n

n s
n

c 2
n n n

21 1 ( )

ln(1 )

V K
f

M

ϕ µρ l
ϕ ζ

ϕ ϕ χϕ

     
− +     

    = −
− + +

  , 
(3.7) 

where Vs is the molar volume of the solvent, 0nϕ is the polymer volume fraction during the 

network formation (which is unity when the network is formed in absence of solvent) and 

K(λ) is a function comprising the constraints on the network junctions. Next to the 

constrained junction model, various variations, corrections and adjustments on classical 

models have been derived the last decades. These include, but are not limited to, the 

diffused constrained model[31] and tube models such as the Edward tube model[32], slip-link 

model[33], Gaylord-Douglas model[34] and Rubinstein and Panyukov model[35]. All these 

models try to provide a description for the topological deformation behaviour of “real” non-

ideal swollen polymer networks. The Flory-Erman theory, as well as others, does not 

predict values for the structure parameters ν, µ, ζ, or K(λ). Instead they are obtained 

empirically by fitting the models to experimental stress-strain data. An excellent overview 

of the determination of model parameters can be found elsewhere[10]. It is outside the scope 

of this work to go into the detail of all these different models and we will refer the reader to 
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reviews and textbooks for an overview and evaluation of the numerous models[10,15,35-38]. In 

addition, background information and elaborate derivations of all appropriate free energy 

terms can be found in several textbooks[15-17]. Although left unspecified, different choices 

for K(λ) will transform the Flory-Erman model into some of the other models, thereby 

making it the most general descriptive model[15]. 

The classical Flory-Rehner equation (eq. (3.8)), widely used to calculate the cross-

link density of polymer networks, is a special limiting case of eq. (3.7) (for which 

K(λ) = (1−λ−2)), predicting an upper boundary for Mc
[39-41]. In this model, the network 

deforms completely affine and  is proven to be appropriate for networks with a low degree 

of swelling[42]. 

 
0

0

n1/3 1/3
n s nn

n
c 2

n n n

21

ln(1 )

V
f

M

ϕρ ϕ ϕ
ϕ

ϕ ϕ χϕ

−   
− −  

  = −
− + +

 
(3.8) 

The other limit of eq. (3.7) is given by the phantom network model of James and Guth (eq. 

(3.9))[43,44]. In this model the network chains are presumed to have no cross-sectional area 

and no excluded volume effects are taken into account. Hereby, the chains do not feel each 

other, which allows them to pass freely through each other (as phantoms). Moreover they 

are only restricted by their connectivity to the network. The cross-links move 

macroscopically affine upon deformation but can fluctuate around their mean position. The 

absence of other interactions than transmitting strain between the chains and the junctions 

leads to the use of K(λ) = 0 in the Flory-Erman model. The mechanical behaviour of highly 

swollen polymer networks is shown to be best described by the phantom model, including 

insights of recent NMR studies[15,42,45-48]. 
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(3.9) 

3.2.2 Network defects 

Real polymer networks contain physical chain entanglements[49-57] and network defects 

such as closed loops[58,59] and dangling chain ends[60-65]. Figure 3.2 shows a schematic 
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sketch of a polymer (elastomeric) network indicating these types of network defects. These 

defects are hard to quantify while having a complex influence in the mechanical properties 

of the network. Although both experimental as well as theoretical work has provided a 

better understanding of the influence of network imperfections on the network swelling, 

theoretical descriptions of their effect on the network swelling are still absent. The only 

exception is a correction for dangling chain ends by Flory[16,66] in which the number of 

network chains is corrected to the number of elastically effective network chain elements 

νeff via  

 c
eff

n

21 M
M

ν ν  = − 
 

   and (3.10) 

 
1

n c

V
M

ν
ρ −

=  , (3.11) 

where Mn is the molecular mass of polymer network chains before cross-linking and V the 

volume of the network. This correction is originally proposed for randomly cross-linked 

rubbers via vulcanization processes, in which tetra-functional cross-links are formed by 

randomly joining two long chains[16]. Such a process inevitably leaves dangling chain ends 

in the network structure once no further reaction occurs further along the chain. 

 

 

Figure 3.2: Schematic sketch of a typical elastomeric polymer network. 
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From a fundamental point of view this correction is also suitable for randomly radiation 

cross-linked networks[67] and is often used for hydrogel type networks in the bio-medical 

field[4,13]. Next to networks prepared from random cross-linking reactions, this correction is 

also applied for networks prepared from end-linking chemistries[68-70]. However, given the 

nature of the developed correction, the use of this correction for networks prepared from 

end-linking chemistries seems questionable. 

 Next to the analytical expression for the dangling chains given by Flory, it should 

be noted that a great deal of work is done on describing the effect of trapped chain 

entanglements inside the network. Half a century ago, Langley[49] introduced an expression 

for the so-called trapped entanglement factor Te based on a probability approach, after 

which it became apparent that trapped entanglements significantly contribute to the elastic 

properties of polymer networks[50,51,54]. It is recognized to properly correct moduli from 

stress-strain experiments, as well as the free energy terms from network models for the 

effect of entanglements. Although additional factors to take these entanglements into 

account are added to models, a comprehensive analytical description is absent. It is outside 

the scope of this work to elucidate further on the topic of trapped entanglements and other 

textbooks should be addressed for more information[10,15,17]. 

3.3 Theoretical network swelling characterization 

This section provides the theoretical considerations for the corrections made in this work to 

the classical phantom model in order to accurately characterize the swollen PEG-based PU 

networks with a high amount of dangling mPEG chains. First, correction factors to the ideal 

network structural relations will be proposed, after which the probability approach used to 

calculate the correction factors will be introduced. Thereafter, the choice for the volume 

fraction dependent Flory-Huggins polymer-water interaction parameter χ will be elaborated 

on.   

3.3.1 Correction for network structural parameters 

As stated before, except for the adjustments for randomly cross-linked linear long chains by 

Flory[16], classical network models assume ideal network structure relations in order to 

calculate the mass between cross-links and/or network moduli. As shown by Saalwächter 
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and coworkers[62,71] by 1H double quantum low field NMR (DQ NMR) studies on PDMS 

networks, it is important to correct the phantom network model for the fraction of 

elastically active material in the network. For an estimate of the molecular mass between 

cross-links Mc, they directly multiplied the numerator of eq. (3.9) with the actual fraction of 

elastic active material as measured in their DQ NMR experiments. 

A short dangling network chain is elastically inactive (i.e. it is not able to transmit 

stresses in the network when the network is macroscopically deformed). Moreover, the 

moment a cross-linking point which is bearing a dangling chain has less than 3 connection 

points to the “infinite” network, it is not an effective junction in the network anymore. 

Therefore, the addition of dangling chains to the network changes both ν and µ in the 

network structure relations (eq. (3.4) to (3.6)). Instead of using the ideal number of ν and µ, 

it would be more appropriate, also for this type of networks, to correct both parameters for 

the effective amount of elastically active chains νeff and network junctions µeff via a simple 

correction factor 

 effν ν α= ⋅    ,   effµ µ β= ⋅    and (3.12) 

 eff eff eff eff1ζ ν µ ν µ= − + ≈ −   . (3.13) 

Eq. (3.13) is proven to hold for networks of any functionality by Flory[72].  Substituting eq. 

(3.12) into eq. (3.13) and making again use of eq. (3.5), modifies eq. (3.6) to 

 
n A

0
c

2 N
f

V M

α β ρ
ζ

  
−  

  =  , 
(3.14) 

where α is the fraction of elastically active network chains in the network and β is the 

fraction of elastically active cross-link molecules (i.e. active network junctions).  

We propose to use eq. (3.14) in combination with the expression for the elastic 

Helmholtz energy elΔA of a phantom network[15] as given by 

 ( )2 2 2
el,phΔ 3

2
x y z

kTA ζ l l l = + + − 
 

  , (3.15) 
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to yield the following corrected phantom model for the calculation of Mc for isotopically 

swollen PEG-based PU networks containing mPEG dangling network chains (see Appendix 

A.6 for the derivation): 
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c 2
n n n
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(3.16) 

 

3.3.2 Miller-Macosko-Vallés recursive probability calculations 

Values for the fraction of elastically active network chains α and fraction of active junctions 

β to be used in the corrected phantom model can be calculated using a statistical probability 

approach. Based on the network precursor ratio and precursor parameters (f, Mn and m) the 

average network structure can be calculated at any point during the network formation 

reaction. 

After the gel-point of a cross-linking polymerization mixture is reached, both a 

fraction of soluble finite molecules (sol) and a theoretical infinite network structure (gel) 

are present in the mixture[8]. The fraction and the structure of both species depends on the 

overall extent  of the reaction p (i.e. conversion of  functional groups). One statistical 

method to determine the average network structure is developed by Miller and Macosko in 

the late 1970’s[73], and later extended by Miller, Macosko and Vallés (MMV) and 

coworkers[57,74-76]. Their approach is based on average probability calculations of having 

reaction events taking place as function of the extent of the reaction, via the probability, 
out( )P F  (or in( )P F ) that the reaction of a functional group leads to a finite or pendant 

chain structure rather than to an infinite network structure when looking out (or in) from a 

functional group (see Figure 3.3). In this theoretical network formation an ideal network 

polymerization is assumed in which:  

1) all functional groups of the same type are equally reactive,  

2) all functional groups react independently of each other,  

3) there are no geometric restrictions for the precursors to find each other, and 

4) no intramolecular reactions occur in finite species (no loop formation in soluble   

fraction).  



 
Structure-property relation of well-defined swollen PEG-based PU networks 

 

41 
 

 

 
The average network structure can be calculated using a recursive probability approach 

based on the overall extent of the reaction p, once the fraction of soluble material 

(extractable material) of the experimentally prepared networks is measured. 

Next to the possibility for loop formation in real networks (and soluble material), 

no kinetic effects and topological restrictions on the possibility for the reactive groups to 

find each other after the gel point of the polymerization is reached, are captured in the 

model. Neither are side-reactions and precursors with a deviating functionality (due to 

impurities, dispersity in initial components or possible end-group degradation). 

Nevertheless, any deviation from the theoretical ideal network formation will increase the 

amount of network defects and thereby increase the amount of soluble material since it 

increases the chance that precursors are not connected to the infinite network structure. 

Note that it is therefore possible that the actual soluble material consists of different 

individual structures which comprises one or even more A and/or B bearing precursors. 

Therefore, by using this approach it is assumed that the measured amount of soluble 

material is a representative measure for the state of the average gel-network structure. 

Moreover, it is assumed that the experimental average final network structure can be related 

to the ideal theoretical average network structure at the calculated extent of the reaction 

based on the amount of measured soluble material. 

 

Figure 3.3: Schematic representation of the directions of “looking into” (in) or “looking out of” (out) A-
functional and B-functional network precursors. It can be seen that the first precursor encountered when “looking 
into” from a functional group, is the precursor to which the functional group is connected to, while the first 
precursor encountered when “looking out of” a functional group, is the precursor of which the functional group 
reacts with. 
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3.3.2.1 Network fraction allocation for a standard MMV AfB2 system 

For an AfB2 system, the extent of the reaction p is calculated using a recursive probability 

approach, after which p is used, employing the same probability equations, to determine 

e.g. the fraction of elastically active material We and the actual fraction of active cross-links 

in a network frAc,n. At any given time during the network formation after the gel-point (and 

after the network formation), a different role can be allocated to all initial network 

precursors. This is schematically depicted in Figure 3.4. At any given time there are four 

possible roles for a cross-linker Af in the resulting network structure. Af may be a fully 

reacted cross-linking point Ae, soluble material As, the root of a pendant chain A0 or being 

part of a pendant chain Ap itself. The fraction of Af allocated to each of those different roles 

(frAe, frAs, frA0 and frAp, respectively) in the network depends on the probability that after the 

reaction looking out from a functional A-group ( out
A( )P F ) is looked into a finite chain i.e. a 

pendant network chain. These fractions are given by 

Figure 3.4.: Schematic representation of the state of a network after the gel point. The arrows indicate reacted 
chain ends in the “infinite” direction of the network. The circles indicate finite ends. Blue: elastically active 
network material. Black: pendant network material. Red: soluble material which is not connected to the infinite 
network. Adapted from Villar et al. [75]  
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where f is the functionality of the cross-linker. Similarly, different roles for B2 can be 

allocated (B2-precursors are the only B-precursors in this example). B2 may be an elastic 

network chain, connected with both ends to the infinite network Be, soluble material Bs or 

(part of) a pendant chain Bp. The corresponding fractions are given by 

 ( )( )2out
e B1rf B P F= −   , (3.21) 

 ( )2out
s Brf B P F=   and (3.22) 

 ( ) ( )( )out out
p B B2 1rf B P F P F= −   , (3.23) 

where out
B( )P F is the probability that after the reaction looking out from a functional B-

group is looked into a finite chain. A set of probabilities can be formulated to yield an 

expression for out
A( )P F and out

B( )P F . From the initial weight fractions of all network 

precursors and the weight fraction of soluble material Ws, the weight fraction of elastically 

active material We and pendant material Wp can be calculated. The derivation of the set of 

probabilities and resulting weight fractions for a standard AfB2 system are given in 

Appendix A.1.2.  

3.3.2.2 MMV equations for systems containing multiple A and B functional precursors  

Addition of mono-functional B-precursors or other multi-functional A-precursors to the 

system requires adjustments to the equations for the standard AfB2 system given in Section 

3.3.2.1. Only the most important equations for an AfAkB2B1 are given here. See Appendix 

A.1.4 for the expressions for all precursor weight fractions and set of probability equations.  
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Parameters defining the stoichiometric (im)balance r, the initial fraction of reactive B-

groups belonging to a B2-precusor v and A-groups belonging to one of the A-precursors w 

are given by 

 
2 1

[A ] [A ]
2[B ] [B ]

f kf kr +
=

+
 , (3.24) 
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f k
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(3.26) 

where [Af], [Ak], [B2] and [B1] are the precursor concentrations. The presence of two 

different A-functional and B-functional species requires out
A( )P F  and out

B( )P F  to be 

corrected for the ratio between the two species. The recursive solutions as a function of 
out

A( )P F  for an AfAkB2B1 system are given by 

 ( ) ( ) ( ) ( )( )1 1out 2 2 out out
A A A1 1

f k
P F vrp vrp wP F w F

− − = − + + −  
  and (3.27) 

 ( ) ( ) ( )2out out
B A1P F p rpP F= − +   . (3.28) 

It is impossible for the B1-precursor to be part of the elastically active part of the network. 

Therefore the only possible roles for B1 are, 1) being part of the soluble material Bs or 2) 

being (part of) a pendant chain Bp. The fraction of the former is simply given by: out
B( )P F

and the fraction of the latter by out
B1 ( )P F− . Taking this into account, the expressions for Ws, 

We and Wp become 

 2 1s A s, A s, B s B sf kr f r k r rW W f A W f A W f B W f B= ⋅ + ⋅ + ⋅ + ⋅   , (3.29) 
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 p s e)1 (W W W= − + , (3.33) 

where A fW , AkW , 2BW  and 1BW are the initial weight fractions of the four precursors. 

Solving equation (3.27)  numerically for the experimentally obtained soluble fraction (the 

amount of extractable material after the network formation) gives an estimate for p, by 

taking into account the assumptions commented on in Section 3.3.2. We can be calculated at 

this extent of the reaction to obtain an estimate of the weight fraction of elastic active 

material in the resulting network. 

3.3.2.3 Calculation of correction factors α and β from the MMV calculations 

The MMV calculations yield estimated values for the weight fractions of the initial 

precursor material which end up as elastically active, inactive or as soluble material after 

network formation. If soluble material is detected after extraction, not all initial network 

precursors will end up being part of the network (i.e. soluble material will be washed 

away). Therefore small corrections need to be applied in order to calculate the real effective 

fractions of the resulting extracted network (since this network will be the dry network 

which will be swollen during the swelling experiments). The fraction of elastically active 

material in the extracted network α is calculated by dividing We, obtained from the MMV 

calculation, by the fraction of material ending eventually ending up in the extracted 

network via  

 
s

e

1 W
W
−

=α   . (3.34) 

The same is true for the effective amount of elastically active network junctions in the 

network β. A cross-linker molecule Af or Ak will end up being an effective junction as long 

as it is connected with at least three ends to the infinite network structure. In other words: 



 
CHAPTER 3 
 

46 
 

any cross-linker molecule which is connected with only two ends to the infinite network is 

still contributing to the weight fraction of elastically active material, but is not an effective 

network junction anymore. Therefore the actual mass between cross-links increases since 

the total mass of the elastic active components now is “shared” between less active cross-

linking points. When the cross-linker molecule is only connected with 1 end to the infinite 

structure, it is neither elastically active nor an effective network junction. Therefore the 

fractions of active cross-linker molecules frAf,C and frAk,C are given by 
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From these fractions, β is given by dividing the absolute weight fraction of active cross-

linker molecules by those actually ending up in the network via 
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where Cf is the ratio of the A-bearing precursors given by 

 [A ]C
[A ] [A ]

f
f

f k
=

+
  . (3.38) 

3.3.3 Estimation of the water-PEG-based PU network interaction parameter χ  

A crucial parameter to relate the swelling behaviour to the network structure is the Flory-

Huggins water-polymer interaction parameter χ. The estimation of absolute values for the χ 

for cross-linked networks is still subject of debate, especially for hydrophilic networks and 

water[38,48,77,78]. Due to its dependence on several parameters including the Mn of the 

precursors, φn, the actual chemical composition and moreover cross-link density[79], the 

calculated values for χ of swollen cross-linked networks are always larger than those 

calculated from osmotic pressure data of dilution of linear polymers in a solvent[47,80-82]. 

Therefore caution is needed when using values for χ from literature in the context of 
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network swelling. Work of Gnanou et al. on PUPEG-based networks showed calculated χ 

parameters ranging from 0.45 to 0.57 for polymer volume fractions between 0.033 and 

0.259[83]. By plotting their calculated χ parameters versus the corresponding polymer 

volume fraction of all available data (see Appendix A.3), the following linear fit is 

obtained: 

 n0.46034 0.4195χ ϕ= + ⋅   . (3.39) 

Note that the Adjusted R2 of the linear fit is only 0.64. Nevertheless, a linear fit still shows 

the best correlation. Given the close resemblance between their experimental networks and 

the networks studied in this work, the use of these experimentally determined χ parameters 

seems to be legitimate and the most accurate choice available. 

3.4 Materials and methods 

3.4.1 Materials 

Poly(ethylene glycol) (PEG) with different molecular masses (Mn = 1000, 2000, 4000, 

6000, 10000 and 20000 g∙mol−1) and poly(ethylene glycol) mono-methyl ether (mPEG) 

with different masses (Mn = 750, 2000 and 5000 g∙mol−1) (all D < 1.06 (SEC)) (Sigma 

Aldrich) were dried for 14 h at 40 °C at 20 mbar before use. Trimerized hexamethylene-

diisocyanate (tHDI) (equivalent functional weight of 183 g∙mol−1 NCO (manufacturer 

value)) was kindly provided by Perstorp as tolonate HDT-LV2 and used as received. 

Cyclohexanone (99.8%) (Sigma Aldrich) was dried on molecular sieves before use. 

3.4.2 Polymer network preparation 

3.4.2.1 Preparation of polyurethane PEG-diol based networks 

All glassware was dried in an oven at 100 °C at least 14 h prior to use. Network precursor 

stock solutions (typically 10 ml) of PEG (10-50 wt%) and of  tHDI (50 wt%) were made by 

dissolving PEG and tHDI in cyclohexanone at 55 °C and room temperature, respectively. 

This was done in closed glass vials under an argon blanket and continuous stirring. Contact 

of oxygen with the network precursors was minimized as much as possible to prevent 

possible degradation of the polymers during network preparation (see also Chapter 2). 
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Therefore, every time a vial was opened during the whole preparation procedure, it was 

thoroughly flushed with argon after opening and before closure. Moreover, the lid was 

wrapped with parafilm tape after closure.  

Network formulation solutions (typically 10 ml) were prepared by mixing 

different ratios of network precursor stock solutions in a closed glass vial at 55 °C under an 

argon blanket. The NCO/OH molar ratio of each formulation was kept at 1.1 to ensure full 

conversion of the OH-groups and to compensate for possible side reactions. The 

formulation solutions were poured in pre-cleaned and dried flat bottom aluminum foil 

molds with a diameter of 60 mm and put on a pre heated heating element (65 °C) placed in 

a chamber (with a volume of approximately 1.5 dm3), which after closure was continuously 

flushed with dry N2 (± 150 l∙h−1 at 1 bar). The aimed thickness of the resulting dry films 

was controlled via the volume of the solution added to the molds. 

The networks were formed by a solvent evaporation step of 2 h at 65 °C, to 

remove both the solvent as well as oxygen present in formulation, followed by a final cure 

step of 1 h at 125 °C, both under a dry N2 flow (± 150 l∙h−1 at 1 bar). After curing, strips of 

50 × 5 mm2 were cut out with a standard laboratory razorblade and immersed in 

demineralized water to delaminate from the aluminum mold and to extract the extractable 

and/or unreacted components from the cured networks. Samples were dried at ambient 

conditions and subsequently for 14 h  at 20 mbar at 40 °C and stored in a moisture free 

desiccator after extraction. From here onwards, purely PEG-diol based PU networks will be 

named PUPEG(Mn of used PEG). 

3.4.2.2 Preparation of polyurethane PEG-based networks with additional mono 

functional mPEG dangling network chains 

All glassware was dried in an oven at 100 °C at least 14 h prior to use. Network precursor 

stock solutions (typically 10 ml) of PEG/mPEG (10-50 wt%) network precursors were 

made by dissolving PEG and mPEG in cyclohexanone in closed glass vials under an argon 

blanket and continuous stirring at 55 °C. The same precautions regarding the exclusion of 

oxygen were met. The weight ratios of the selected PEG and mPEG in each stock solution 

were chosen in such a way to yield similar molar OHmPEG:NCO ratios, i.e. 1:9 or 1:30, for 

all PEG/mPEG networks to be comparable. The preparation of the network formulations, 

production and post-cure treatment of the networks containing dangling mPEG chains was 
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identical to the preparation procedure described above for purely PEG-diol based PU 

networks. From here onward, PEG-based PU networks containing mPEG dangling chains 

will be named PUPEG(Mn of used PEG)-mPEG(Mn of used mPEG) (OHmPEG:NCO). 

3.4.3 Attenuated total reflection Fourier transform infrared spectroscopy (ATR-

FTIR) 

FTIR absorbance spectra of cured networks were recorded in attenuated total reflection 

(ATR) mode using a Varian Excalibur FTIR-3100 equipped with a diamond Specac Golden 

Gate ATR setup. Measurements were performed over a spectral range of 4000 to 650 cm−1 

with a resolution of 2 cm−1. For each measurement 50 spectra were averaged. Next to 

recording the spectra of cured networks, the curing reaction at different temperatures of a 

PUPEG2000 network was followed in time on the ATR stage, equipped with an Eurotherm 

2416 temperature controller.  Measurements were performed over a spectral range of 4000 

to 650 cm−1 with a resolution of 2 cm−1. Approximately 10 ml of the network formulations 

were loaded on the ATR crystal after which spectra were recorded every 30 s for a duration 

of 2 h under a continuous argon flow. For each measurement 12 spectra were averaged. 

Given the large overlap of the C=O urethane stretch vibration (1720 cm−1) and the 

isocyanurate C=O stretch vibration (1675 cm−1) present in the networks, and moreover the 

C-N urethane stretch vibration band (1550 cm−1) being located at the fingerprint region, a 

reliable quantitative analysis of NCO to urethane conversion from the IR absorbance 

spectra is impracticable. Therefore, only the disappearance of the N=C=O asymmetric 

stretch vibration at 2270 cm−1 was used to analyze the NCO conversion of the cured 

networks at the surface. The normalization of the peak area was done by dividing its area 

by the peak area of the isocyanurate core vibration (766 cm−1)[84] and subsequently with this 

ratio between both peaks at t = 0 min. 

3.4.4 Experimental network swelling characterization 

The dry weight of the networks directly after curing and after extraction was measured 

gravimetrically. The amount of extractable material L will give a qualitative indication of 

the network formation and is calculated via 

 0 100%i

i

m mL
m
−

= ⋅   , 
(3.40) 
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where mi and m0 are the initial weight of a network after curing and of the extracted dry 

network, respectively. The extracted networks were immersed in demineralized water again 

to swell to equilibrium for at least 14 h. The swollen weight of the networks meq was 

measured gravimetrically directly after the networks were taken out of the water and after 

gentle removal of all excess water with absorbing lint free paper. Based on the absolute 

water uptake, the total polymer network volume fraction φn in the swollen network is 

calculated using 

 0
n

n
1V V

V V Q
ϕ = = =   , 

(3.41) 

where V is the total volume of the swollen network, Vn is the volume of polymer network in 

the total swollen network, V0 is the initial volume of the network before swelling and Q is 

the volumetric equilibrium swelling ratio. The equality of Vn and V0 is valid since the 

network is cross-linked in absence of solvent (i.e. during the second step in the curing 

procedure, see Section 3.4.2). Q can be calculated from the measured water uptake via 
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  , 
(3.42) 

where ρH2O is the density of water (1 g∙cm−3) and ρn the density of the unswollen network. 

Values for ρn slightly differ for different network formulations, given the different overall 

network composition.  Therefore ρn of each different dry network is estimated via 

 ( )vol vol
n PEG tHDIEG EG1ρ ρ ϕ ρ ϕ= ⋅ + −   , (3.43) 

assuming no excess volume upon mixing and polymerization, where ρPEG and ρtHDI are the 

densities of the PEG network precursors and tHDI in the network, respectively. Both are 

calculated with Molecular Modeling Pro software[85] using the molecular volumes based on 

the van Krevelen and Hoftyzer solubility parameters[86] (see Appendix A.2). vol
EGϕ is the 

volume fraction of ethylene glycol (EG) units in the dry network and is calculated from the 

mass ratio of the network precursors via their densities by 
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= + ⋅ − 

 
  , 

(3.44) 

where φEG is the initial weight fraction of EG units in the dry network. 

3.5 Results and discussion I: Network formation 

3.5.1 In-situ ATR-FTIR spectroscopy 

The NCO conversion of a PUPEG2000 network formulation was followed in-situ in time to 

determine an effective curing procedure for the preparation of the solvent borne PEG-based 

PU networks. The absorbance spectra of a PUPEG2000 formulation after 1 min and 120 

min, at 125 °C and under an inert atmosphere are shown in Figure 3.5a. A baseline 

correction was applied for the comparison of the spectra. At t = 0 min, the solvent present 

interferes with the interpretation of the data, hence, the spectrum at t = 1 min is shown 

instead. The absence of the NCO asymmetric stretch vibration at 2270 cm−1 after 120 min 

indicates a complete conversion of the NCO-groups near the surface of the ATR stage, 

within the sensitivity of the ATR-FTIR measurement. Furthermore, an increasing 

absorbance band in the region of the C-N urethane stretch vibration at 1550 cm−1 shows the 

formation of urethane groups. The normalized absorbance values of the NCO asymmetric 

stretch vibration at 2270 cm−1 in time, at different temperatures, are shown in Figure 3.5b. 

The presence of vibration bands corresponding to the solvent in the spectra, before it is 

evaporated, hinders a direct normalization of the peaks. Therefore both the peak area of the 

NCO asymmetric stretch vibration as well as the internal standard at 766 cm−1 were 

obtained by extrapolating the peak areas of the spectra which are undisturbed by the solvent 

signal back to t = 0 min. This extrapolation had to be done for: t = 0 min at T = 125 °C, for: 

t = 0 and 1 min at T = 80 °C and for: t = 0 up to 10 min at T = 40 °C. It should be noted that 

it is rather difficult to determine the NCO peak area at very high conversion (>98%) when 

the signal to background noise ratio becomes very low, e.g. above 10 min of curing at 

125 °C. For this reason the normalized absorbance values fluctuate around zero, where 

values below zero obviously have no physical meaning but are due to this experimental 

error. 
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It can be seen from Figure 3.5b that the disappearance of the NCO groups is very slow at 

40 °C, as expected. Furthermore a curing temperature of 125 °C yields a fast and complete 

disappearance of the NCO groups, whereas at 80 °C still NCO signal can be detected after 

2 h. Therefore it is decided to use a curing temperature of 125 °C for the preparation of the 

PEG-based PU networks and no further optimization for the selection of the curing 

temperature was done.   

3.5.2 Experimental network formation 

Although the cross-linking at 125 °C is very fast and complete as shown in Figure 3.5b, 

films prepared by a cross-linking step at 125 °C directly after casting the network 

formulations in the mold showed the tendency to curl-up during the reaction or after cutting 

of the cured film. This indicates a build-up of a stress gradient during the cross-linking 

reaction and thereby the possible formation of an inhomogeneous network. Therefore the 

two step procedure as described in the experimental section was used for the preparation of 

the networks, for which no curling of the networks during or after preparation was 

observed. An overview of the volumetric swelling ratio Q of PUPEG2000 networks 

prepared with varying film thicknesses (measured with a digital caliper with an accuracy of 

± 1 µm)  and cast from network formulations with varying solid weight contents is given in 

Table 3.1 (number of samples is typically 3). No trends can be observed between the solid 

weight content of the network formulation, resulting film thickness and Q of the networks, 

a) b) 

Figure 3.5: a) Absorbance spectra of a PUPEG2000 network formulation after 1 min (black) and 120 min (red) at 
125 °C. b) Normalized absorbance peak area of the NCO asymmetric stretch vibration (2270 cm−1) of 
PUPEG2000 network formulations in time at reaction temperatures; 40 °C,  80 °C and 125 °C in black, red and 
blue, respectively. Spectra recorded in-situ on the ATR-FTIR stage under an argon flow. 
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which indicates no influence of the film thickness on the swelling ratio of the networks 

prepared in this thickness range via the used preparation procedure. Furthermore no 

extractable material was detected for these networks. 

Table 3.1: Influence of solid weight content of a PUPEG2000 network formulation and the cured film thickness 
on the volumetric swelling ratio Q of the PUPEG2000 networks prepared via the two-step preparation procedure. 
The error shows the mean absolute deviation from the mean value. 

Solid weight content PUPEG2000 network 
formulation (w%) 

Cured film thickness (μm) Q (V/V0) 

30 65 ± 9 3.18 ± 0.06 

50 70 ± 8 3.01 ± 0.01 

10 75 ± 11 3.45 ± 0.02 

30 90 ± 5 3.09 ± 0.09 

30 150 ± 21 3.28 ± 0.01 

50 190 ± 32 3.24 ± 0.02 

50 408 ± 30 3.42# 

# Only one sample    

 
The absorbance spectra of PEG-based PU networks measured on the ATR stage directly 

after preparation are shown in Figure 3.6. For clarity, only the spectra of a few networks in 

the extreme ends of the data set are shown. All spectra show a complete disappearance of 

the NCO band at 2270 cm−1 after cross-linking, regardless of the Mn of the network 

precursors used or the presence of mono-functional dangling chains in the network 

formulation. Trends in the variation of the signals from vibrations corresponding to PEG, 

a) b) 

Figure 3.6: Normalized absorbance spectra of PEG-based PU networks prepared without (a) and with (b) mono-
functional dangling mPEG chains. Spectra of the networks are recorded on the ATR-FTIR stage directly after the 
cross-linking reaction in the curing chamber. 
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tHDI and urethane moieties in the network are as expected for networks prepared from the 

different formulations. Based on the observation of the complete NCO disappearance in the 

FTIR spectra and no tendency to curl, the prepared networks are suitable for our study on 

the structure-property relation of PEG-based PU networks. 

3.6 Results and discussion II: PEG-diol based PU networks 

3.6.1 Water uptake and calculated network parameters 

PEG-based PU networks with a dry film thickness of approximately 120 µm were used to 

study the experimental swelling properties (number of samples per network type was at 

least 6). An overview of the measured amount of extractable material after curing L and 

mass ratio of networks swollen to equilibrium in water meq/m0 is given in Table 3.2. The 

table also includes the theoretically calculated parameters φEG, ρn and χ used to calculate the 

volumetric swelling ratio Q and network volume fraction φn. The average amount of 

extractable material is less than 0.1 w% for all network types and typically not measurable 

with the balance used (accuracy ± 0.02 mg, network weight in the range of 50 to 100 mg). 

This shows that, if any, only a negligible fraction of network precursors leaches out of the 

networks after preparation. The calculated volumetric swelling ratio Q of the prepared 

PEG-diol based networks is shown as function of the Mn of the PEG network precursor in 

Figure 3.7. This figure clearly shows an increasing swelling ratio for networks prepared 

from precursors with a higher Mn, which is expected upon decreasing the cross-link density 

of the network. Furthermore the increase in water content is larger for networks prepared 

Table 3.2: Experimental measured amount of extractable material L and mass ratio meq/m0 and theoretically 
calculated ethylene glycol fraction in dry network φEG, dry network density ρn, and polymer-water interaction 
parameter χ, used to calculate the volumetric swelling ratio Q and the polymer fraction in swollen network φn of 
the prepared PUPEG-based networks without mPEG dangling chains. Dry film thickness of all networks ± 
120 µm. The error shows the mean absolute deviation from the mean value. 

PUPEG L        
[%] 

meq/m0 
[g/g] 

φEG  
[-] 

ρn  
[g∙cm−3] 

Q  
[V/V0] 

φn  
[-] 

χ  
[-] 

PEG1000 < 0.1 2.22 ± 0.09 0.712 1.238 2.50 ± 0.11 0.400 ± 0.016 0.628 ± 0.008 
PEG2000 < 0.1 3.01 ± 0.17 0.835 1.222 3.45 ± 0.20 0.291 ± 0.017 0.582 ± 0.007 
PEG4000 < 0.1 3.81 ± 0.08 0.908 1.214 4.40 ± 0.10 0.227 ± 0.005 0.555 ± 0.002 
PEG6000 < 0.1 4.24 ± 0.19 0.937 1.210 4.92 ± 0.23 0.204 ± 0.009 0.546 ± 0.004 
PEG10000 < 0.1 4.58 ± 0.04 0.961 1.207 5.32 ± 0.05 0.188 ± 0.002 0.539 ± 0.001 
PEG20000 < 0.1 5.09 ± 0.12 0.980 1.205 5.93 ± 0.14 0.169 ± 0.004 0.531 ± 0.002 
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with precursors on the low end of the dataset compared to networks prepared from high Mn 

precursors. 

 

 

3.6.2 Corrections for allophanate formation for the calculation of Mc 

The absence of NCO in the ATR-FTIR spectra indicates a complete disappearance of NCO 

in the network. Considering the network formation conditions (T = 125 °C for 1 hour) and a 

network Tg in the order of –40 °C, allophanate formation (Figure 3.8a) is likely to happen 

as long as unreacted NCO-groups are still present in the networks[87-89]. Taken into account 

the initial stoichiometric imbalance (NCO:OH = 1.1), a significant fraction of allophanate 

should be formed. The formation of an allophante in which a NCO-group from a tHDI 

molecules reacts with a urethane connected to another tHDI gives rise to an effectively 5-

functional cross-linking point (see Figure 3.8b). The presence of 5-functional network 

junctions, next to the absolute decrease of network junctions upon combination of two 

junctions, will influence the swelling properties of the networks and needs to be taken into 

account when calculating the Mc. If one assumes that the excess of initial NCO-groups is 

consumed via the formation of allophanates once no available OH-groups are present 

anymore, 6 out of 11 of the 3-functional tHDI molecules will combine into 3 of the 

5-functional network junction (3 out of 33 NCO-groups will react with an already formed 

urethane given the NCO:OH = 1.1 initial ratio). From the initial 11 3-functional network 

 

Figure 3.7: Mean volumetric swelling ratio Q of PEG-diol based PU networks prepared with varying Mn of the 
diol network precursor, and swollen to equilibrium in water. The error bars show the mean absolute deviation. 
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Figure 3.8: a) Reaction of an isocyanate with a urethane to form an allophanate. b) Formation of an allophanate 
between a tHDI molecule which has reacted with 3 PEG chains and a tHDI molecule which has reacted with 2 
PEG chains and still bears an unreacted NCO. c) Depiction of final network junction composition after allophanate 
formation, assuming an ideal scenario which starts from a 10% excess of NCO-groups. Essentially a 5-functional 
network junction (cross-linking point) is created upon the formation of 1 allophanate between two tHDI molecules. 

2 tHDI molecules after reaction with 5 PEG chains,  
leaving 1 NCO unreacted. 
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junctions, 5 3-functional junctions still remain. Therefore the overall network junction 

functionality f will become 5∙3 + 3∙5 /8 = 3.75, when taking the allophanate formation into 

account (see Figure 3.8c). 

As stated in the introduction, the swelling behaviour of highly swollen networks is 

best described by the phantom  model. Furthermore, since the affine and phantom models 

are in fact the two limits of the more sophisticated Flory-Erman constrained junction 

model, the behaviour of real swollen networks should indisputably lay between these limits. 

Calculated values for Mc from the measured swelling ratio for both the affine (eq.(3.8)) and 

phantom model (eq.(3.9)) for a 3-functional cross-linker, as well as the corrected phantom 

model taking into account corrections for the formation of allophanate by using f = 3.75, 

are given in Table 3.3 and shown in Figure 3.9a. All the values used for the network 

parameters are given in Table 3.2, whereas the molar volume of water is taken as 

Vs = 18.0685 cm3. It becomes clear from Figure 3.9 that two scaling regimes (for networks 

prepared with “high” and “low” Mn precursors) can be identified, regardless of the model 

used. 

Table 3.3: Calculated mean mass between cross-links Mc of PEG-diol based PU networks using the affine model 
(eq. (3.8)), phantom model and phantom model corrected for allophanate formation (eq. (3.9)). The error shows 
the mean absolute deviation from the mean value. 

PUPEG Mean Mc affine [g∙mol−1] 
standard, f = 3 

Mean Mc phantom 
[g∙mol−1] 

standard, f = 3 

Mean Mc phantom [g∙mol−1] 
f = 3.75 

PEG1000 1335 ± 213 542 ± 83 752 ± 119 
PEG2000 3552 ± 562 1385 ± 210 1923 ± 308 
PEG4000 6335 ± 318 2410 ± 116 3375 ± 162 
PEG6000 7983 ± 752 3007 ± 271 4115 ± 306 
PEG10000 9298 ± 174 3480 ± 62 4810 ± 137 
PEG20000 11392 ± 509 4227 ± 181 5815 ± 164 

 

First is focused on the low Mn regime to elucidate on the validity of the different networks 

models, whereas in the next section the focus is put on a more detailed evaluation of the 

phantom model in which f = 3.75 is used. For networks prepared with low Mn precursors 

(up to 4000 g∙mol−1), the value for Mc calculated using the affine model gives masses 

between crosslinks in the order of 1.5 times higher than the Mn of the used precursor, while 

the phantom model yields masses in the order of 0.6 times the Mn of the used precursors. 

Assuming that the effect of trapped chain entanglements only play a role in networks 
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prepared from high Mn precursors (this will be discussed next section), one would expect a 

near one-to-one scaling of Mc with Mn for networks prepared with low Mn precursors. The 

affine model yields a significantly higher Mc, which would indicate the formation of a loose 

network structure with a high fraction of network imperfections and unreacted precursors. 

Given the absence of leachable material after network formation (see Table 3.2), this 

scenario is highly contradicting, thereby confirming that this model is not describing the 

swollen networks properly, as expected. On the other hand, the standard phantom model 

with f = 3 yields a Mc almost two-fold lower than Mn. However, when using an overall 

cross-link functionally of 3.75 in the phantom model, the slope of Mc versus Mn is near 

unity for the low Mn precursors as can be seen from Figure 3.9a. This validates this 

theoretical model when taking into account the chemical arguments supporting the 

formation of allophanates in the prepared networks. Next to the sensitivity of the model to 

the correct junction functionality, the model is extremely sensitive to the value for the 

polymer-water interaction parameter χ (see Appendix A.4). The chosen network polymer 

volume fraction dependent value for χ (equation (3.39)), based on existing experimental 

data[83], seems to be an accurate choice for the theoretical description of the networks. 

  

a) b) 

Figure 3.9: a) Calculated mean mass between cross-links Mc of PEG-diol based PU networks with varying 
network precursor Mn swollen to equilibrium in water. Calculated using the standard affine model (red, f = 3 ) (eq. 
(3.8)) the standard phantom model (black, f = 3) (eq. (3.9)) and corrected for allophanate formation (blue, f = 3.75) 
(eq. (3.16)). b) Calculated mean Mc using the corrected phantom model for allophanate formation including two 
linear fit regimes. Blue solid line: weighted linear fit of first 3 data points through the origin of the graph (Adj. 
R2=0.993). Blue dotted line: weighted linear fit of last 3 data points graph (Adj. R2=0.988). The error bars show 
the mean absolute deviation. 
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3.6.3 Effect of contribution of trapped physical entanglements on the network 

swelling for networks prepared with network precursors with a Mn above Me 

A more detailed evaluation of the calculated Mc using the phantom model for which the 

junction functionality is corrected for allophanate formation is shown in Figure 3.9b. A 

clear transition of the slope of the curve is visible between networks produced with 

precursors with a Mn of 4000 g∙mol−1 and 6000 g∙mol−1. Fitting the values of Mc of the 

networks prepared with Mn ≤ 4000 g∙mol−1 to a weighted linear fit through the origin (Adj. 

R2 = 0.993) and the values of Mc of the networks prepared with Mn ≥ 6000 g∙mol−1 to a 

weighted linear fit (Adj. R2 = 0.988), gives an intersect of both fits at a network precursor 

Mn of about 4500 g∙mol−1. The slopes of both fits can be associated with all network 

junction constraints and network imperfections not accounted for in the theoretical network 

model.  A transition from a linear regime with respect of the Mn of the network precursor to 

the calculated Mc to another linear regime with a lower slope, can be seen as a transition 

between networks formed with a constant amount of constraints on the network junctions to 

networks which contain additional topological constraints (more constraints → less 

network swelling → lower slope). From a molecular model point of view this can be 

interpreted as an additional contribution of trapped physical entanglements to the network 

modulus[49-51]. The Mn of the intersect (≈ 4500 g∙mol−1) is apparently the molecular mass of 

the network precursor above which trapped physical entanglements start to contribute to the 

network topology in these PEG-based PU networks. This intersect value is close to the 

experimentally measured critical molecular mass for PEG to form physical entanglements 

in the melt Me (4410 g∙mol−1 for linear PEG)[90] as well as the calculated critical molecular 

mass with the entanglement model proposed by Wool (4500 g∙mol−1)[56]. Therefore this 

result indicates an additional constraint on the network swelling for networks prepared with 

PEG with a Mn above the Me of linear PEG in the melt, due to the presence of additional 

physical entanglements. This concluded that near ideal networks are formed for PEG-diol 

based PU networks using PEG with a Mn below Me (given the slope of the fit 0.88), with a 

transition to PEG-diol based PU networks which contain additional physical entanglements 

above this threshold.  

Although it is known that trapped entanglements play an important role in the 

overall network properties, these studies often focused on randomly cross-linked networks  

and highly swollen gels with precursors (far) above Me or ideal well-defined PDMS 
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networks[52,62,63,91-93]. Less attention was given to describing the structure parameters based 

on swelling experiments of end-linked PEG networks or PU networks in general. It is 

argued by Lutz[94], based on data from one single PEG precursor mass smaller than 

4410 g∙mol−1 in his work (i.e. 3000 g∙mol−1), that the scaling of the modulus of these PEG-

based networks with the precursor Mn is lower compared to networks with a higher Mn, 

because of this effect. Furthermore Teodorescu et al.[95] base their choice of using PEG-

based precursors with a Mn  below 4410 g∙mol−1 to build cross-linked networks on the 

assumption of increased difficulties in the interpretation of their data when using precursors 

with a higher Mn. Hence, the clear relation between Me of the PEG precursors and the 

changing slope of the Mc calculated from swelling experiments as demonstrated here, is, to 

the best knowledge of the author, not reported in literature so far for water swollen PEG-

based PU networks. 

3.7 Results and discussion III: PEG-based PU networks with 
mPEG dangling network chains 

Various PEG-based PU networks containing mPEG (Mn = 750, 2000 and 5000 g∙mol−1) 

were prepared to study the effect of the insertion of network dangling chains on the 

volumetric swelling ratio Q and the mass between cross-links Mc. These networks did not 

show any NCO-groups left after curing (as discussed in Section 3.5.2) nor the tendency to 

curl. Exceptions were the PUPEG1000mPEG5000 networks which broke into smaller 

pieces during swelling and delamination of the mold. Most likely due to too high swelling 

induced stresses in the network. 

3.7.1 Water uptake and amount of leachable material 

An overview of the amount of extractable material L, volumetric swelling ratio Q and PEG 

weight fraction φEG of all prepared PEG-mPEG based PU networks (all prepared in two-

fold) is given Table 3.4. The table also contains the theoretical values of extractable 

material as given by the calculated weight fraction of soluble material at the extent of the 

reaction for p = 1 for an A3A5B2B1 system, calculated using the Miller-Macosko-Vallés 

probability approach. (See also Section 3.3.2.2. More details on the input parameters for the 

calculations are given in the next section.) It can be seen from the table that the networks 

prepared with mPEG precursors show a measurable fraction of extractable material, in 
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contrast to the mPEG free networks discussed previously. Moreover, the measured amount 

of extractable material is larger as expected from the calculated soluble fraction for ideal 

networks. This discrepancy indicates the presence of additional network defects since more 

material ends up in the soluble fraction after the network formation. A reason for this can 

be the fact that the probability approach does not consider topological restrictions on the 

functional groups (i.e. the physical possibility to meet each other at higher conversions), 

nor takes possible loop formation or deviations in effective precursor functionality into 

account (see also the discussion in Section 3.3.2). Nevertheless, since the amount of 

extractable material for most networks is still less than 1 wt%, the networks are considered 

to be suitable for a reliable comparison of the absolute swelling ratios between them. 

Moreover, the measured amount of extractable material will be used in the next section, to 

correct the theoretical network model for the presence of additional defects, as explained in 

Section 3.3.2. 
Table 3.4: Amount of experimentally measured extractable material L, calculated theoretical amount of 
extractable material L,  volumetric swelling ratio Q and ethylene glycol fraction of dry the dry networks φEG for 
PEG-PU networks containing mPEG dangling chains (NCO:OH = 1.1 for  all networks). Dry film thickness of all 
networks ± 120 µm. Every sample made twice. The error represents the mean abs. deviation from the mean value. 

PU network experimental 
L [wt%] 

ideal th.  
L [wt%] 

Q [V/V0] φEG [-] 

PEG mPEG OHmPEG:NCO     
1000 750 1:9 0.67 ± 0.52 0.086 2.70 ± 0.02 0.724 

2000 1:9 0.93 ± 0.07 0.165 3.21 ± <0.01 0.769 
1:30 0.38 ± 0.01 0.005 2.58 ± 0.01 0.732 

5000 1:9 * 0.291 4.42 ± 0.02 0.834 
2000 750 1:9 0.32 ± 0.08 0.059 3.59 ± <0.01 0.829 

1:30 0.15 ± 0.04 0.001 3.33 ± 0.02 0.831 
2000 1:9 0.60 ± 0.33 0.117 3.97 ± 0.06 0.847 

1:30 0.56 ± 0.56# 0.003 3.40 ± 0.05 0.837 
5000 1:9 0.96 ± 0.96# 0.222 5.03 ± 0.03 0.878 

1:30 0.40 ± 0.36 0.007 3.84 ± <0.01 0.849 
6000 750 1:9 0.39 ± 0.01 0.028 4.94 ± 0.03 0.933 

2000 1:9 0.67 ± 0.08 0.056 5.22 ± 0.01 0.935 
1:30 0.18 ± 0.18# 0.001 4.65 ± 0.01 0.937 

5000 1:9 0.60 ± 0.19 0.115 5.75 ± 0.04 0.941 
10000 2000 1:9 0.93 ± 0.33 0.038 5.95 ± 0.03 0.959 

1:30 0.30 ± 0.13 0.001 5.55 ± 0.08 0.961 
20000 750 1:9 0.55 ± 0.01 0.013 6.47 ± 0.02 0.978 

2000 1:9 0.83 ± 0.12 0.023 6.52 ± 0.02 0.978 
1:30 0.70 ± <0.01 0.0004 6.66 ± 0.14 0.980 

5000 1:9 3.25 ± 0.45 0.045 8.51 ± 0.16 0.979 
*Unable to measure the amount of extractable material. #Amount of extractable material of one sample 
undetectable. Therefore only data of other sample used. 
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a)  

b)  

Figure 3.10: a) Mean volumetric swelling ratio Q of PEG-based PU networks with varying diol network precursor 
Mn swollen to equilibrium in water. a: Plotted against Mn for networks without mPEG (squares) and with mPEG 
2000 [g∙mol−1] OHmPEG:NCO = 1:9 (solid circles) or OHmPEG:NCO = 1:30 (open circles). b) Plotted against the 
total PEG fraction in the network φEG for networks with different Mn of the PEG-diol precursor (collors) and with 
or without mPEG of different molecular mass (symbols) for networks with OHmPEG:NCO = 1:9. Trend lines for 
networks with similar mPEG masses are shown to aid the eye. The error bars show the mean absolute deviation. 
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Figure 3.10a shows the effect of the introduction of mPEG dangling chains (Mn = 2000 

g∙mol−1) on the volumetric swelling ratio Q of PEG-based PU networks with different Mn 

precursors. The respective reference networks without dangling chains are also shown for  

comparison. The figure shows that an addition of these mPEG dangling chains in a relative 

low amount of OHmPEG:NCO = 1:30 to the network structure does not significantly change 

the water uptake for networks prepared from PEG-diol precursors with Mn < 10000 g∙mol−1. 

However, upon increasing the mPEG content to OHmPEG:NCO = 1:9, a clear increase in Q 

can be seen. These results indicate that for the studied PEG-based PU networks only at high 

fractions of dangling chains a significant increase in water-uptake can be expected, for 

which the relative contribution is largest for networks prepared from low Mn PEG-diols. 

Since tHDI is hydrophobic, the addition of mPEG dangling chains  influences the 

overall fraction of hydrophilic material inside the networks. In order to see the actual 

network structural effect on the water-uptake of these PEG-based PU networks, the 

networks are compared based on their overall ethylene glycol fraction φEG in Figure 3.10b 

(colors represent different PEG-diol Mn, whereas the symbols show the different mPEG Mn, 

OHmPEG:NCO = 1:9). Obviously, the addition of mPEG has the largest effect on φEG of 

PUPEG1000 networks (black). A comparison of the prepared networks based on their 

volumetric swelling ratio Q against φEG shows no crossing of the sketched trend lines 

between networks prepared with similar mPEG Mn and an increase in water uptake upon 

increasing Mn of mPEG, regardless of the PEG-diol precursor used. Furthermore, the graph 

shows the possibility to significantly increase the swelling ratio of PEG-based PU networks 

upon addition of dangling network chains, thus many opportunities for designing networks 

with similar (or different) Q having a different (or similar) φEG. 

3.7.2 Corrections for the presence of network defects in PEG-based PU networks 

containing mPEG dangling chains for the calculation of Mc 

Next to the increase in overall water uptake, the addition of dangling chains to the network 

introduces network defects, as a dangling end can be seen as a defect itself. Moreover the 

detection of extractable material after the network preparation indeed indicates the presence 

of additional defects since it exceeds the ideal theoretical amount of soluble material as 

shown in Table 3.4. These defects complicate an accurate calculation of Mc. Therefore it is 

proposed to account for these defects by adapting the ideal network structure relation using 
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effective fractions of elastically active material α and active cross-links β, calculated using 

the Miller-Macosko-Vallés approach, as explained in section 3.3.2. Table 3.5 gives the 

calculated values for Mc using the phantom model with ideal structure relations (eq. (3.9)), 

correction factors α (eq. (3.34)) and β (eq. (3.37)) and the Mc from the corrected phantom 

model using these correction factors (eq. (3.16)) of the prepared PEG-mPEG based PU 

networks. Again the allophanate formation is taken into account in both models by using 

f = 3.75. α and β are calculated based on an A5A3B2B1 system and the experimentally 

determined fraction of extractable material as given in Table 3.4. The system is corrected 

for the allophanate formation, in which the initial 10% excess NCO is modelled as an 

instantaneous pre-reaction, to yield a fraction of A5 precursors before the calculation starts 

while the overall stoichiometric imbalance r is corrected to 1. The pre-reaction of 3 out of 

33 NCO-groups yields 3 5-functional cross-linkers while 5 3-functional cross-linkers 

remain (see also Figure 3.8). This results in a weight fraction of 5/11 for A3 and 6/11 for A5 

of the initial cross-linker content. The mass of an A3 cross-linker molecule is taken as 

549 g∙mol−1 (based on the actual manufacturer value of the tHDI used), whereas the mass of 

an A5 cross-linker molecule is simply taken as twice the mass of an A3 molecule in the 

calculations.  

The calculated Mc using the standard phantom model for all networks with a high 

amount of mPEG chains (OHmPEG:NCO = 1:9) are shown versus the mPEG molecular mass 

in Figure 3.11a. From a structural point of view, by keeping the amount of dangling chains 

constant, a significant change in Mc is not expected if only the length of the dangling chain 

is increased. This is particularly valid for networks of which both the PEG-diol as well as 

the mPEG chain are chosen with a Mn below the Me of PEG, since this will not interfere 

with the formation (or removal) of physically trapped entanglements in the network. 

However, Figure 3.11a. shows different trends for the Mc of the prepared networks when 

using the standard phantom model, given the observed mPEG Mn dependent behaviour. 

This shows that the standard phantom model is not able to predict an accurate Mc for these 

kind of networks. 

On the other hand, this behaviour is observed for the Mc calculated from the 

corrected phantom model as can be seen in Figure 3.11b, in which a clear mPEG Mn  

independent behaviour can be seen for the networks prepared with PEG-diol with Mn ≤6000 

g∙mol−1. The calculated Mc for the PUPEG1000, 2000 and 6000 networks with mPEG  
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Table 3.5: Overview of Mc calculated using the standard phantom model taking into account the allophanate 
formation (eq. (3.9)), calculated fractions of effective elastically active material α (eq. (3.41)) , calculated effective 
fraction of active network junctions β (eq. (3.44)) and Mc calculated using the corrected phantom model taking into 
account the allophanate formation (eq. (3.16)) for PEG-PU networks containing mPEG dangling chains 
(NCO:OH = 1.1 for  all networks). Dry film thickness of all networks ± 120 µm. Every sample made twice. 
Correction factors obtained using the MMV approach for a A5A3B2B1 system. The error represents the mean 
absolute deviation from the mean value. 

PU network Mean Mc 
phantom 
[g∙mol−1]           
f = 3.75 

Effective fraction corrections 
calculated using MMV 

approach for a A3A5B1B2 
system 

Mean Mc 
phantom 
[g∙mol−1] 

corrected,            
f = 3.75 

PEG mPEG OHmPEG:NCO  α β  
1000 750 1:9 956 ± 25 0.79 ± 0.05 0.79 ± 0.06 760 ± 12 

2000 1:9 1597 ± 1 0.67 ± <0.01 0.79 ± <0.01 853 ± 2 
1:30 823 ± 7 0.84 ± <0.01 0.87 ± <0.01 659 ± 5 

5000 1:9 3418 ± 44 0.49* 0.82* 465 ± 6 
2000 750 1:9 2127 ± 2 0.85 ± 0.01 0.80 ± 0.01 1946 ± 20 

1:30 1761± 39 0.91 ± 0.01 0.86 ± 0.01 1669 ± 50 
2000 1:9 2710 ± 110 0.77 ± 0.02 0.80 ± 0.03 1967 ± 41 

1:30 1861 ± 93 0.86 ± 0.08# 0.86 ± 0.09# 1624 ± 42 
5000 1:9 4422 ± 56 0.60 ± 0.01# 0.78 ± 0.02# 1766 ± 19 

1:30 2500 ± 5 0.83 ± 0.04 0.90 ± 0.05 1870 ± 47 
6000 750 1:9 4241 ± 68 0.87 ± <0.01 0.77 ± <0.01 4216 ± 71 

2000 1:9 4715 ± 30 0.83 ± 0.01 0.76 ± 0.01 4274 ± 56 
1:30 3772 ± 201 0.86 ± <0.01#

 0.82 ± <0.01# 3587 ± 18 
5000 1:9 5621 ± 78 0.78 ± 0.01 0.80 ± 0.02 4282 ± 11 

10000 2000 1:9 5962 ± 64 0.82 ± 0.03 0.73 ± 0.03 5548 ± 79 
1:30 5262 ± 161 0.90 ± 0.02 0.85 ± 0.02 4991 ± 248 

20000 750 1:9 6875 ± 47 0.86 ± <0.01 0.74 ± <0.01 6924 ± 39 
2000 1:9 6967 ± 46 0.83 ± 0.01 0.72 ± 0.01 6735 ± 112 

1:30 7240 ± 317 0.84 ± <0.01 0.79 ± <0.01 6613 ± 289 
5000 1:9 10805 ± 386 0.69 ± 0.01 0.61 ± 0.02 8916 ± 189 

*Unable to measure the amount of extractable material. #Amount of extractable material of one sample 
undetectable. Therefore only data of other sample used. 

 

chains of 750 and 2000 g∙mol−1 is slightly larger than the reference, as expected, since the 

presence of dangling chains reduces the amount of active cross-links when reacted with a 

3-functional cross-linker (i.e. if a dangling chain reacts with an 3-functional cross-linker, 

the maximum amount of chains by which the cross-linker molecule is connected to the 

infinite network structure is less than 3, and therefore no longer an active cross-linking 

point). At the same time the total mass of the other two connected chains plus the mass of 

the cross-linker molecule itself is still elastically active material and thereby effectively 

increasing the overall Mc of the network. The slight decrease of apparent Mc for these 

networks with an mPEG of 5000 g∙mol−1 is believed to be due to the formation of physical 
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entanglements, since this precursor has a Mn above the Me of PEG. The increase in Mc for 

PUPEG10000 and 20000 networks can be explained by exactly the opposite effect, since in 

these networks a fraction of the high Mn PEG-diol is “replaced” by a low Mn mPEG. 

Hereby, it reduces the amount of trapped physical entanglements, which leads to an overall 

higher value for Mc. Only the larger increase in the PEG20000-mPEG5000 networks seems 

to be overestimated. It should be noted that these networks showed a significantly higher 

amount of extracted material (3.25 wt%) (see Table 3.4) compared to all other networks (< 

1wt%). Also the fact that the swelling ratio of these networks were relatively higher, gives 

enough confidence that this larger calculated Mc is real and due to more defects in these 

networks and not an error or limitation in the calculation method. 

 

3.8 Conclusions 

The influence of the PEG-diol network precursor mass on the swelling ratio and network 

formation of hydrophilic PEG-based PU networks is studied, both experimentally and 

theoretically. Moreover the study is extended to the influence of the presence of mPEG 

dangling network chains in the swollen networks. A suitable network preparation procedure 

a) b) 

Figure 3.11: Calculated mean mass between cross-links Mc of PEG-mPEG PU networks with varying PEG-diol 
Mn swollen to equilibrium in water. Plotted against the Mn of the incorporated mPEG (OHmPEG:NCO = 1:9) where 
the data points at 0 [g∙mol−1] gives the Mc of the reference networks without mPEG. a) Calculated using the 
standard phantom model taking into account the allophanate formation (eq. (3.9). b) Calculated using the corrected 
phantom model taking into account the allophanate formation (eq. (3.16)), corrected for effective elastically active 
fractions  α and β, calculated using the MMV approach for a A3A5B1B2 system. The error bars show the mean 
absolute deviation. 
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is found to obtain networks which contain no residual NCO-groups, amounts of extractable 

material below 1 wt% and showed no tendency to curl. 

 The swelling behaviour of PEG-based PU networks in water is best described by 

the phantom network as expected. In order to calculate an accurate value for Mc of the 

prepared networks from the measured water uptake, the formation of allophanates needs to 

be taken into account when assigning the overall junction functionality of the networks (i.e. 

f  = 3.75 in this work). Taking this into account, the phantom model yields values for Mc 

which indicate a near ideal network formation for low Mn precursors (slope = 0.88), while 

the use of higher Mn precursors gives rise to the formation of trapped physical 

entanglements (slope = 0.12). The transition point from the near ideal regime to the 

entangled regime is found to coincide with the molecular mass of PEG at which 

entanglements are formed in the melt (Me). Although it is known that physical 

entanglements suppress the swelling of swollen polymer networks and increase their 

modulus, this is the first time, to the best knowledge of the authors, that this transition point 

is shown for swollen PU networks using a set of well-defined networks. 

 The addition of dangling chains to PEG-based PU networks will increase the 

swelling ratio of the networks, regardless of the PEG-diol precursor used. This allows some 

freedom in the design of hydrophilic networks with varying water uptake capabilities and 

network architectures. Furthermore, when comparing the swelling ratios of the mPEG 

containing networks with the actual content of hydrophilic material in the network, clear 

trends in swelling ratio for different dangling chain masses are found. Most notably, it is 

shown to be of utmost importance to correct for network imperfection when using standard 

network swelling models to calculate the Mc for these PEG-mPEG PU networks. This is 

essentially true for all polymeric networks prepared via end-linking polymerization 

reactions. The proposed corrections to the classical ideal network structure relations, in 

combination with the statistical Miller-Macosko-Vallés approach to calculate overall 

network structure factors, shows to be able to predict an accurate value for the Mc of these 

swollen PEG-based PU networks containing high amounts of dangling network chains. 

This provides a new approach for studies which require an accurate estimate of Mc, only 

based on experimentally straightforward swelling experiments. 
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4  
Preparation of well-defined hydrophilic poly(ethylene 
glycol)-based polyurethane coatings with good wet 
adhesion to glass substrates 

 

Abstract 
An essential requirement for a reliable characterization of the mechanical properties of a 

swollen coating (surface) when immersed in water is a good adhesion of the coating to the 

substrate. This is a rather challenging requirement for chemically crosslinked poly(ethylene 

glycol)-based polyurethane coatings (PEG-based PU coatings) on glass substrates. 

Therefore the preparation procedure for well-adhering PEG-based PU coatings had to be 

highly optimized. The highlights of this optimization are presented in this chapter. The 

application of a primer network which contains a high loading of amino-silane and the 

enhancement of the surface energy of the resulting primer layer are essential and critical 

steps in the coating preparation procedure. Moreover, several aspects of the influence of 

the presence of oxygen during the coating preparation on the coating formation are 

discussed. The resulting optimized preparation procedure for well-defined PEG-based PU 

coatings will be used for further studies, which were impossible or yielded unreliable data 

without this optimized procedure. The studies on the coating properties and structure-

property relations of PEG-based PU coatings are presented in the next Chapters. 
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4.1 Introduction 

Poly(ethylene glycol)-based polyurethane networks (PEG-based PU networks) were 

selected as model systems for a study on the relation between the network structure and the 

mechanical and friction properties of water-swollen hydrophilic polymer coatings. 

Therefore, network formulations of the PEG-based PU networks (as studied in Chapter 3) 

were also coated on glass substrates in order to obtain thin network type coatings on a 

smooth, flat, rigid substrate. It was intended to characterize the mechanical properties of the 

swollen coating surface when it was completely immersed in water. Hence, an essential 

requirement for a successful and reliable mechanical characterization is sufficient wet 

adhesion to the substrate. Since the PEG-based PU networks absorb a substantial amount of 

water (up to 400% of their initial weight, as can be seen in Chapter 3), the coated films 

delaminate from the glass substrates within minutes after immersion in water when no 

precautions are taken to enhance the adhesion with the substrate. For further studies, 

coatings with a dry thickness in the range of 6 to 10 µm are needed. An example of a 

PEG-based PU “coating”, with a dry layer thickness of approximately 10 µm made on bare 

glass, after 10 min immersion in water is shown in Figure 4.1. 

 

Figure 4.1: Picture of a completely delaminated PUPEG6000 coating, coated on a clean bare glass substrate, after 
10 minutes immersion in water. 
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Another important requirement is the formation of well-defined coating network structures. 

Moreover, the preparation procedure should be suitable for preparing model coatings, as 

schematically depicted in Figure 4.2, with different molecular masses of PEG precursors, 

and which should retain strongly adhered to the substrate upon immersion in water and 

upon swelling. 

 
In order to meet these requirements, a substantial amount of effort and time was put into the 

optimization of the coating preparation procedure. Hence, this chapter originates from some 

solutions found for problems encountered with some critical and essential steps during the 

coating preparation procedure of these PEG-based PU coatings. The aim of the chapter is to 

highlight the effect of several parameters and critical steps in the coating preparation 

procedure. First, attempts to enhance the wet adhesion of the PEG-based PU top coat by a 

surface functionalization of glass substrates will be shown, after which the optimization of 

a primer network and primer UV/O3 exposure time before application of the top coat will 

be given. Secondly, the effect of the coating preparation conditions on the degradation of 

the coating precursors during network formation is presented. Finally, examples of coatings 

prepared with the highly optimized preparation procedure are provided. 

 

Figure 4.2: Overview of selected coating precursors for the preparation of the model hydrophilic PU coatings and 
schematic 2d representation of resulting model coating structures on a glass substrate. 
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4.2 Materials and methods 

4.2.1 Materials 

Poly(ethylene glycol) (PEG) with different molecular masses (Mn = 1000, 2000, 6000 and 

10000 g∙mol−1) and poly(ethylene glycol) mono-methyl ether (mPEG) (Mn = 2000 and 5000 

g∙mol−1) (Sigma Aldrich) (all D < 1.06 (SEC)) were dried at room temperature in a 

desiccator with P2O5 as desiccant for at least 72 h before use. Trimerized 

hexamethylenediisocyanate (tHDI) (equivalent functional weight of 183 g∙mol−1 NCO 

(manufacturer value)) was kindly provided by Perstorp as tolonate HDT-LV2 and used as 

received. Cyclohexanone (99.8%) (Sigma Aldrich) and Chloroform-d (Cambridge Isotope 

Laboratories) were dried with molecular sieves before use. Ethanol (HPLC grade) 

(Biosolve), dibutyltin dilaurate (95%) (DBTDL) (Sigma Aldrich) and 

(3-aminopropyl)triethoxysilane (>98%) (APTES) (Sigma Aldrich), hydrogen peroxide 

(30%) (H2O2) (Sigma Aldrich)  and sulfuric acid (concentrated) (H2SO4) (Sigma Aldrich) 

were used as received. 

4.2.2 Substrate treatments and PEG-based PU coating preparation 

4.2.2.1 Material handling 

All glassware was dried in an oven at 100 °C for at least 14 h prior to use. Every time a vial 

was opened during the whole preparation procedure, it was thoroughly flushed with argon 

after opening and before closure. Moreover, the lid was wrapped with parafilm tape after 

closure. Generally, glass substrates (soda-lime, extra low iron content) (49 × 49 × 1  mm3) 

were cleaned by rubbing with a tissue wetted with ethanol, dried in an oven at 100 °C for at 

least 14 h, and were given a UV-ozone (UV/O3) treatment (Novascan PSD-UVT) for 10 

min prior to use. 

4.2.2.2 Substrate piranha treatment and functionalization with APTES   

Two approaches were selected for a substrate functionalization study. The first was a 

treatment of the glass substrate with a piranha solution (3:1 volume based mixture of 

concentrated H2SO4 and H2O2 (30 %)) to enrich the surface with hydroxyl groups. A 

piranha solution was prepared in a glass container by dropwise addition of 25 ml H2O2 to 
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75 ml H2SO4. The glass substrates were immersed in the solution for 14 h, immersed in 

water and subsequently rinsed three times with water and once with ethanol.  

 Piranha cleaned substrates were also used for the substrate functionalization with 

an amino-silane (APTES). After the piranha treatment, the substrates were immersed for 

2 h at room temperature in 60 ml silanization solution (3 vol% APTES solution in ethanol 

(containing 2 vol% H2O)). The substrates were immersed in ethanol and subsequently 

rinsed with ethanol three times before the silane coupling reaction was done at 150 °C for 

14 h in an oven at 20 mbar. 

4.2.2.3 Primer and top coat formulations 

For the top coats, coating precursor stock solutions (typically 10 ml) of PEG (10-30 wt%) 

and of tHDI (50 wt%) in cyclohexanone were made by dissolving PEG and tHDI in 

cyclohexanone at 55 °C and room temperature, respectively. This was done in a closed 

glass vial under an argon blanket and continuous stirring. If the formulation contained 

mPEG precursors, then the weight ratios of the selected PEG and mPEG in each stock 

solution were chosen such to yield similar molar OHmPEG:NCO ratios, i.e. 1:9 or 1:30, for 

all PEG/mPEG coatings to be comparable. The coating formulation solutions (typically 

3 ml) were prepared in a glass vial by mixing the coating precursor stock solutions at 55 °C 

under an argon blanket. The NCO:OH molar ratio of each formulation was kept at 1.1 to 

ensure full conversion of the OH-groups. If DBTDL catalyst was added to the top coat 

formulations, approximately 0.1 solid wt% DBTDL, with respect to the total mass of the 

precursors, was added from a 10 mg∙ml−1 solution in cyclohexanone, just before the 

application of the top coat. 

Precursor stock solutions for primer formulations were made via a similar 

procedure with the exception that a PEG 10 wt% was always used. The primer formulation 

solutions (typically 10 ml) were prepared in a glass vial by mixing the primer precursor 

stock solutions at 55 °C under an argon blanket, after which APTES was added in a 

NCO:OH:NH2 molar ratio of 1.3:1:0.3 and stirred for 1 h before application. This ratio was 

chosen after several optimization experiments based on a primer layer containing PEG with 

a Mn of 6000 g∙mol−1. 
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4.2.2.4 Primer and top coat application 

The cleaned substrates were preheated at 65 °C prior to the application of the primer layer. 

The primer formulation solution (typically 0.4 ml) was spin coated (Laurell WS-650SX-

6NPP/LITE) for 15 s at 1000 rpm. The coated substrates were transferred to a preheated 

(65 °C) heating element placed in a chamber (with a volume of approximately 1.5 dm3), 

which after closure was continuously flushed with dry N2 (± 150 l∙h−1 at 1 bar).  

Top coats were applied after the substrate (with extracted and dried primer layer, 

see Section 4.2.2.5) was put on a preheated (65 °C) coating stage. Top coat formulation 

solutions (0.25 ml) were barcoated by hand using a spiral wire bar resulting in a wet-film 

thickness of approximately 40 µm. Generally, the wet coatings were transferred as fast as 

possible to the preheated (65 °C) heating element placed in the chamber, which after 

closure was continuously flushed with dry N2 (± 150 l∙h−1 at 1 bar). 

4.2.2.5 Network cross-linking step and pre-treatment 

Generally, the primers and top coats were formed by a solvent evaporation step of 90 min at 

65 °C (the influence of changes in the length of this step are evaluated in Section 0), 

followed by a network formation step of 14 h at 150 °C and 4 h at 125 °C, respectively, 

under a dry N2 flow (± 150 l∙h−1 at 1 bar). After the network formation, the cured primers, 

as well as the top coats, were immersed in demineralized water for at least 14 h, to remove 

the extractable components. After extraction, the primers and top coats were allowed to dry 

at ambient conditions first, and subsequently further dried at 20 mbar at 40 °C for at least 

2 h and stored in a moisture free desiccator before any further top coat application or 

characterization. 

From here onwards, purely PEG-diol based PU primers and top coats will be 

named PUPEG(X), whereas PEG-based PU coatings containing mPEG dangling chains will 

be named PUPEG(X)-mPEG(Y) (OHmPEG:NCO) where X = Mn of used PEG and Y = Mn of 

used mPEG. 

4.2.3 Characterization methods  

4.2.3.1 Coating and primer thickness 

A Bruker Veeco Dektak 150 profilometer was used to measure the dry thickness of 

coatings and primers. A scratch was made to completely remove a small part of the coating. 
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The height profile across the interface of the exposed substrate and the coating was 

measured at six random locations per coating. This was done by performing a line scan of 

1000 µm at a speed of 33.3 µm∙s−1. 

4.2.3.2 Water contact angle  

The water contact angle CA of functionalized substrates and of primer layers after UV/O3 

exposure was measured using a Data Physics OCA 30 goniometer. A water drop with a 

volume of approximately 5 µl was placed on the coating surface. The static water CA was 

measured at five different locations per sample. 

4.2.3.3 Proton nuclear magnetic resonance (1H NMR) spectroscopy 

An analysis of the extractable material after the extraction of cured top coats was done with 
1H NMR spectroscopy, which was performed on a Bruker 400 (400 MHz) spectrometer at 

25 °C. Chloroform-d (CDCl3) was used as solvent for the measurements. For the 

measurements 256 scans were acquired and the spectra were analyzed using MestReNova 7 

software. 

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

FTIR absorbance spectra of cured coatings were recorded in attenuated total reflection 

(ATR) mode using a Varian Excalibur FTIR-3100 equipped with a diamond Specac Golden 

Gate ATR setup. Measurements were performed over a spectral range of 4000 to 650 cm−1 

with a resolution of 2 cm−1. For each measurement 50 spectra were averaged. 

4.3 Results and discussion 

This section will first show the attempts to enhance the wet adhesion of a PEG-based PU 

top coat: first, by surface functionalization of the substrates, and secondly, by applying an 

optimized primer. Next, the effect of the coating preparation conditions on the degradation 

of the coating precursors during the network formation is presented, and finally, examples 

of coatings prepared with the highly optimized preparation procedure are provided. 
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4.3.1 Adhesion promotion 

Various functionalization methods were applied in order to enhance the adhesion between a 

water-swollen PEG-based PU coating and a glass substrate. These methods comprised the 

treatment of the substrates with a piranha acid solution (to enrich the surface with hydroxyl 

groups), the functionalization of the surface with an amino-silane (3-aminopropyl)-

triethoxysilane (APTES)) and the application of an APTES containing PUPEG6000 thin 

primer layer. The primer preparation procedure was optimized in terms of solid content of 

the formulation (10 solid wt%), spincoating speed (1000 rpm) and spincoating time (15 s). 

It is hypothesized that the APTES in the primer layer is able to covalently bind to the glass 

substrate, while the amine group is available for the formation of a urea group upon 

reaction with the isocyanate, to give rise to a network which is covalently connected to the 

glass substrate. Moreover, this covalently connected layer is believed to enhance also the 

adhesion of the top coat via partial interlocking of network chains between the two 

networks and/or reaction of components of the top coat with the primer network, during the 

top coat formation step. 

Although good wet adhesion to the substrate is a crucial requirement for the 

coatings used in this work, attempts to enhance the adhesion via a surface functionalization 

should not interfere with the film formation process, e.g. not inducing film defects or 

dewetting, after application of the top coat. The performance of PUPEG6000 top coats 

prepared upon substrates functionalized with different methods was evaluated as given in 

Table 4.1. Although homogeneous coatings can be prepared on bare (UV/O3 cleaned) glass 

substrates, as well as on the piranha treated substrates, the coatings delaminated within 

10 min after immersion in water. On the other hand, top coats applied on the 

NH2-functionalized substrates and the substrates containing the APTES loaded primers 

showed severe dewetting. This indicates that there is a mismatch between the surface 

energies of the surface and the coating formulation. A thin homogeneous film will only be 

formed on a surface when it is energetically favorable for the coating formulation to spread 

on the surface (thereby wetting the surface)[1]. This will happen when the surface energy of 

the surface is higher compared to the surface energy of the formulation. The fact that a 

coated film shows dewetting indicates that the surface energy of the surface is too low for a 

good film formation. A measurement of the contact angle (CA) of a water droplet on a 

surface gives information about the surface energy of the surface. The higher the water 
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contact angle, the lower the surface energy of the surface. The measured water CAs 

reported in Table 4.1, indeed show a decrease of the surface energy of the surfaces of the 

APTES functionalized substrates and the applied primers, given the higher CA values. As 

seen from the table, even a water CA of 44 ± 3 ° is too high for a good wetting of the 

surface by a PUPEG6000 top coat formulation. 

Table 4.1: Different glass substrate treatments and functionalization methods (see main text for explanation of the 
treatments and methods), giving rise to different functional top surfaces, characterized by: water contact angle 
(CA), wettability by the coating formulation after top coat application and resulting wet adhesion of top coat after 
immersion in water. Applied top coat: PUPEG6000 formulation (30 wt%), bar coated by hand with a wet film 
thickness of approximately 40 µm. 
glass substrate treatment functional surface water CA [°] substrate wetting 

by top coat 
formulation 

wet 
adhesion 

UV/O3 cleaning OH-functionalized glass < 10 yes no# 

piranha cleaning  OH-functionalized glass < 10 yes no# 

APTES functionalization NH2-functionalized glass 70 ± 10 no * 

PEG-based PU primer 
containing APTES  

PEG-based primer layer  44 ± 3 no * 

#
 Delamination within 10 min after immersion in water. 

*Not able to evaluate due to severe dewetting of the films. 

 

Dry primer layers (after extraction) were given a UV/O3 treatment (using a Novascan PSD-

UVT) before the application of the PUPEG6000 top coat, in order to enhance the surface 

energy of the primer. The effect of the duration of the UV exposure on the resulting water 

CA, primer wetting by the PUPEG 6000 top coat formulation and resulting coating 

homogeneity (evaluated by eye) is given in Table 4.2. A clear decrease in water CA can be 

seen upon an increase of the exposure time. This indicates that the surface energy of the 

primer layer is sufficiently enhanced after an exposure time of 30 s to give rise to complete 

surface wetting by the top coat formulation. Furthermore, the applied top coats appear 

homogeneous after the network formation step (evaluation by eye) and most importantly, 

the PUPEG6000 coatings with a dry thickness of approximately 10 µm show sufficient wet 

adhesion after immersion in water for more than 48 h, for all UV/O3 exposure times of 

≥ 30 s. 
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Table 4.2: Influence of UV/O3 exposure time of the primer layer before application of the top coat on the water 
contact angle CA, wettability by top coat after top coat application and homogeneity of resulting coating after 
network formation step. Applied primer: PUPEG6000 formulation with APTES (NCO:OH:NH2 = 1.3:1:0.3) 
(10 wt%), spincoated 1000 rpm for 15 s, dry thickness approximately 700 nm. Applied top coat: PUPEG6000 
formulation (30 wt%), bar coated by hand with a wet film thickness of approximately 40 µm. 
UV/O3 exposure time [s] water CA [°] Primer wetted by 

top coat 
Homogeneous coating after 

network formation 
0 44 ± 3 no no 
6 43 ± 3 no no 
30 38 ± 3 yes yes 
102 35 ± 2 yes yes 
300 30 ± 2 yes yes 

 

4.3.2 Optimization and wet adhesion evaluation for different primer – top coat 

couples 

The application of an APTES containing PUPEG6000 primer layer which was exposed to 

UV/O3 for 30 or more seconds was suitable for the preparation of PUPEG6000 top coats 

with a good wet adhesion after immersion in water. However, the use of a similar primer 

and exposure condition did not provide enough adhesion for PEG-based PU coatings 

prepared from the lower Mn PEG precursors of 1000 and 2000 g∙mol−1, as can be seen in 

Table 4.3. Therefore, other PEG-based PU primer layer – top coat couples were studied to 

yield a suitable preparation procedure for PEG-based PU coatings with various precursor 

masses. As can be seen from Table 4.3, after a UV/O3 exposure time of 30 s, none of the 

primer layers prepared from PEG-precursors with a Mn between 1000 and 10000 g∙mol−1 

resulted in adhering PUPEG1000 and PUPEG2000 top coats when immersed in water. 

However, a reduction of the exposure time to only 12 s leads to a sufficient wet adhesion 

for all top coats studied in a dry thickness range of 8-12 µm, only when combined with an 

APTES containing PUPEG6000 primer layer. These results show a crucial interplay 

between the chain length of the precursors used for both the primer and the top coat. 

Furthermore, the effect of the primer exposure to UV/O3 for an optimal enhancement of the 

surface energy is most likely balanced by a resulting decreased adhesion of the topcoat due 

to degradation of the surface of the primer network upon illumination. Both factors give 

rise to a critical and very narrow preparation window for well adhering PEG-based PU 

coatings on glass substrates when immersed in water. 
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Table 4.3: Wet adhesion of PEG-based PU top coats after immersion for 14 h in water of different top coat – 
primer couples with a UV/O3 exposure time of 12 or 30 s before the top coat application. Applied primers: PUPEG 
formulation with APTES (NCO:OH:NH2 = 1.3:1:0.3) (10 wt%), spincoated at 1000 rpm for 15 s, dry thickness of 
approximately 700 nm. Applied top coats: PUPEG formulations (30 wt%), bar coated by hand with a wet film 
thickness of approximately 40 µm. 
Top coat Primer UV/O3 

exposure time 
before top coat 
application [s] 

Wet adhesion on primer network containing APTES  
after 14 h immersion in water 

Primer 
PUPEG1000 

Primer 
PUPEG2000 

Primer 
PUPEG6000 

Primer 
PUPEG10000 

PUPEG1000 
30 

no no no no 
PUPEG2000 no no no no 
PUPEG6000 partial yes yes * 
PUPEG1000 

12 
no no yes yes 

PUPEG2000 no no yes partial 
PUPEG6000 no yes yes * 
* Not evaluated. 

 

4.3.3 Coating network formation optimization 

Next to sufficient adhesion when immersed in water, another important requirement for 

further studies is a high structural integrity of the coating after the network formation (i.e. 

the amount of precursor degradation induced by the preparation procedure and other 

structure defects should be kept at a minimum). Chapter 2 showed the rather surprisingly 

fast degradation at moderate temperatures of the PEG end-groups in the presence of 

oxygen. A degraded end-group will result in a network defect since this group is not 

available anymore during the formation of the network structure (which will be commented 

on later).  

The coating application is done in a regular lab environment and hereby it exposes 

the coating precursors to oxygen from the air. After opening of the vial for the application 

of the coating formulation on the substrate, it takes approximately 30 seconds for the 

application of the coating, the transfer to the cure chamber and the closure thereof. This 

means that although the contact of the coating formulation with oxygen during the coating 

formulation preparation is kept at a minimum, oxygen has time for at least 30 s to diffuse 

into the applied thin wet film (wet thickness of approximately 40 µm). Moreover, air will 

flow into the cure chamber after opening of the chamber to insert the samples. It is known 

from preliminary experiments in an attempt to cure the PEG-based PU coatings for 2 h at 

125 °C in a vacuum oven (volume of approximately 100 l) at 20 mbar, that the oxygen still 

present in the oven was responsible for severe degradation of the PEG network precursors. 

Under those conditions the gel point of the polymerization could not be reached due to the 
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extent of the precursor degradation. Therefore, the effect of the dry N2 purging time of the 

cure chamber (with a volume of approximately 1.5 l) after closure of the chamber on the 

resulting network formation was studied. 

The coating application and chamber purging step was done at 65 °C in order to 

prevent solidification of the PEG precursors during these steps as a result of evaporation of 

the solvent (Tm of PEG with a molecular mass between 1000 and 35000 g∙mol−1 is 

50 - 66 °C[2,3]). During an in-situ ATR-FTIR experiment at 65 °C in air, it was observed 

that the extent of the degradation of the PEG end-groups stayed under the detection limit 

for 10 h (as shown in Chapter 2). Hence, performing this step at 65 °C for a maximum of 

3 h is considered not to induce significant degradation of the PEG precursors. The influence 

of the length of the chamber purging step before the network formation step (4 h at 125 °C 

under a dry N2 flow (150 l∙h−1)) on the resulting material loss after extraction of the 

coatings is given in Table 4.4. The material loss is calculated as a decrease in coating 

thickness between coatings after the cure step and after extraction and drying1 (the dry 

thickness after network formation was in the range of 10 – 12 µm). It can be clearly seen 

from the table that purging the chamber for only 45 min prior to the cure step still results in 

a material loss of more than 50 % after extraction, regardless of whether the coating was 

put immediately in the cure chamber (B45) or was kept in air for 45 min first (A45). Upon 

an increase of the N2 purging time to 90 min, the material loss after extraction is reduced to 

14 ± 11 % (A90) but does not significantly decrease further when the purging time is 

extended (B130). Although the material loss of the thin coatings is reduced after this 

purging step, values of more than a couple of percent in measured material loss are not 

acceptable when a coating network with a minimal amount of network defects is required 

(since material loss is an indication of additional network defects in the resulting extracted 

network). Sample C90# from the table will be discussed in Section 4.3.4.  

Next to a clear difference in the measured decrease of the coating thickness, the 

visual appearance of the coatings with various N2 purging durations was also completely 

different. This is shown for coatings A0, A45, A75 and A90 (codes Table 4.4) in Figure 

4.3. Coatings A0 and A45 show large spherulites on their surface after coating formation[3]. 

                                                           
1 The gravimetrically measured material loss after extraction, measured for several coatings in later stages of this 
work, turned out to be in the same range as the measured thickness loss. Therefore the gravimetric weight loss will 
be used in the following chapters as quantitative measure for the amount of extractable material after extraction. 
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Table 4.4: Influence of different exposure conditions (either at 65 °C in laboratory air on the coating stage or at 
65 °C on the heating element in the closed cure chamber under a dry N2 flow (150 l∙h−1)) of an applied wet top 
coat before the cure step (at 125 °C under a dry N2 flow (150 l∙h−1)) on the resulting material loss after extraction 
and drying of the obtained coatings. Extraction is done by immersion in water for typically 14 h. The material loss 
is calculated based on the absolute difference in coating thickness between a coating directly after the cure step 
and after drying of the extracted coatings. Coatings: PUPEG6000 formulations (30 wt%) on top of a PUPEG6000 
primer layer, bar coated by hand with a wet film thickness of approximately 40 µm. 

Code Time at 65 °C on coating stage in 
air after coating application and 
before transfer to cure chamber 

[min] 

Time at 65 °C in the cure 
chamber under dry N2 flow 

(150 l∙h−1) before cure step [min] 

Measured thickness 
loss after extraction 

[%] 

A0 90 0 73 ± 6 
A45 45 45 54 ± 10 
A75 15 75 23 ± 9 
A90 0 90 14 ± 11 
B10 0 10 63 ± 9 
B45 0 45 59 ± 11 

B90 = A90 0 90 14 ± 11 
B130 0 130 18 ± 8 
C90# 0 90 2 ± 1 

#PUPEG6000 coating formulation containing 0.1 solid wt% DBTDL catalyst and prepared from a 15 wt% 
formulation. 

 

These spherulites are a result of the presence of a high amount of polymer chains with a 

mobility which is high enough for the formation of the crystals in the coating or on the 

surface[4]. Given the very large material loss after extraction for these coatings, the 

formation of the spherulites is most likely the result of the presence of a high fraction of 

unbound (i.e. not connected to the network) and/or low molecular mass material. Following 

this line of thought, caution is needed when these spherulites are observed after the coating 

preparation. 

Next to the deduced influence of the presence of oxygen in the coating network 

formation step, the extractable material of an A90  coating (14 ± 11 % material loss after 

extraction) was analyzed by 1H NMR spectroscopy. Figure 4.4 shows the 1H NMR 

spectrum of the extractable material of the A90 coating, as well as the spectrum of the pure 

PEG precursor which was heated for 4 h at 125 °C in the presence of oxygen. (The 

spectrum of the degraded PEG is taken from experiments shown in Chapter 2, see 

Chapter 2 for details on the degradation study of PEG.) As can be seen in Figure 4.4, the 

extractable material from the A 90 coating contains the characteristic signals of the formate 

esters (f and g) which are found to be the most pronounced degradation product of PEG in 

the early stages of the oxidative degradation (see also Chapter 2). Moreover, the spectrum 
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contains signals from −CH2−  HDI protons (a) of the tHDI cross-linker, as well as 

significantly large peaks expected from protons next to the urethane group upon reaction of 

PEG with tHDI (d and e). This clearly shows that the extracted material contains fragments 

of both network precursors which were (at least to a large extent) involved in the formation 

of the urethane bond, but did not end up in the final network structure due to degradation of 

the other end of the PEG network precursors. 

            
A0 

 73 ± 6 % material loss after extraction  

 

A45  

54 ± 10 % material loss after extraction  

 

  
A75 

23 ± 9 % material loss after extraction  

 

A90  

14 ± 11 % material loss after extraction  

 

 

Figure 4.3: Pictures of PUPEG6000 coatings A0, A45, A75 and A90 (see also Table 4.4) after network 
formation with different exposure times in air or under dry N2 purge flow before the network formation step 
and resulting material loss after extraction in water. Number in sample code represents the time (min) at 65 °C 
in the closed cure chamber flushed with dry N2 (150 l∙h−1) prior to the network formation step. Coatings A0 and 
A45 show large spherulites after the network formation step. 
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4.3.4 Discussion on the impact of extractable material on the coating network 

structure 

The 1H NMR spectra show direct evidence for the thermal degradation of the PEG network 

precursors in the presence of oxygen. The fact that the extractable material contains 

degraded PEG end-groups results in two main points of attention for the description of the 

state of the formed coating network. First, every degraded end-group will change the 

overall NCO/OH ratio during the network formation process. Secondly, since the extracted 

material contains degraded end-groups, the resulting coating network structure itself most 

likely also contains PEG precursors with a degraded end-group, hereby leading to dangling 

network chains which are connected with one end to the network. Therefore, the amount of 

extractable material reflects most likely only partially the extent of the degradation events 

 

Figure 4.4: ) 1H NMR spectra of extractable material from a A90 coating (maroon) (see also Table 4.3) and 
polyethylene glycol (PEG) (Mn = 2000 g∙mol−1) after 4 h at 125 °C in the presence of oxygen (black). Note that the 
network formation step of the coating preparation is also done for 4 h at 125 °C. The extractable material from the 
A90 coating contains signals which are also observed in degraded PEG (f and g) (see also Chapter 2) and signals 
from the −CH2−  HDI protons (a), as well as signals expected from protons next to the urethane group upon 
reaction of PEG with tHDI (d and e). 
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happening during the network formation step due to the presence of the oxygen. This is a 

crucial point of attention to take into account for the description of the coating network 

structure if extractable material is detected after network preparation. The remaining 

chapters of this work will therefore deal with the presence of additional network defects 

based on the measured amount of extractable material, if detected,  in the description of the 

network structure.  

 The PEG-based PU free standing networks without mPEG dangling chains 

(thickness ≈ 120 µm) studied in Chapter 3 did not contain a detectable fraction of 

extractable material after the network preparation, while the PUPEG 6000 coatings 

(thickness ≈ 10 µm) with a similar preparation procedure (example A90) do. An 

explanation for this is the hypothesis that most of the available oxygen is only present in the 

top surface layer, or near the interface, during the network structure formation. Since the 

thin coatings have a much larger surface to volume ratio (factor 100 higher) compared to 

the free standing thick films, the effect of the degradation in the thin coatings is more 

pronounced, while it may not even be detectable for thicker films within the experimental 

error. In order to reduce the material loss of the coatings it was decided to add a DBTDL 

catalyst (0.1 solid wt%) to the coating formulation in order to increase the reaction rate of 

the urethane formation. It was hypothesized that this increased reaction rate is able to 

accomplish the network formation before significant degradation of the functional groups 

can take place. This hypothesis turned out to be correct given the large reduction in amount 

of extractable material as seen in Table 4.4 (see C90#). 

4.3.5 Optimized coating preparation procedure for further studies 

A combination of all obtained results and insights reported in the previous sections results 

in the optimized preparation procedure of well-adhering water-swollen PEG-based PU 

coatings for further studies, which consist of: 

• A PUPEG6000 primer layer: 

 A high loading of APTES (NCO:OH:NH2 = 1.3:1:0.3). 

 10 solid wt% formulation in cyclohexanone. 

 Approximately 0.4 ml spincoated at 1000 rpm for 15 s. 

• The addition of a DBTDL catalyst (0.1 solid wt%)  to the top coat formulation. 
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• An exposure of the extracted and dried primer to UV/O3 for only 12 s before the 

top coat application. 

• A cure chamber N2 purging step of 90 min before the cure step. 

 

Pictures of the appearance of typical PEG-based PU coatings prepared via this optimized 

preparation procedure are given in Figure 4.5. Note the large difference between these 

pictures and those shown in Figure 4.1 and Figure 4.3.  

 

 

 
a) PUPEG2000-mPEG5000 (1:29)  

after formation 

  
b) PUPEG2000-mPEG5000 (1:29)  

Swollen  
total dry mass: 19.4 mg, extractable material: 1.0 wt%, 

water uptake ≈ 140 wt % 

c) PUPEG6000  
Swollen 

total dry mass: 26.6 mg, extractable material: 1.6 wt%, 
water uptake ≈ 220 wt% 

  

 
 

Figure 4.5: Pictures of coating (size 49 × 49 mm2) prepared with the optimized procedure (see main text). a) A 
PUPEG2000-mPEG5000 (OHmPEG:NCO = 1:29) coating after preparation. b and c) The PUPEG2000-mPEG5000 
(OHmPEG:NCO = 1:29) coating shown in a and a PUPEG6000 coating (C 90# from Table 4.4), respectively, 
swollen after immersion in water for 14 h and gentle removal of excess water. 
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Absorbance FTIR spectra after the network formation using this optimized procedure of 

typical PEG-based PU coatings, with and without mPEG dangling chains, are shown in 

Figure 4.6. None of the recorded spectra show the presence of the NCO stretch vibration 

band at 2270 cm−1, which indicates that the NCO groups were completely consumed during 

the network formation via this optimized coating preparation procedure. This provides 

further proof for the establishment of a suitable preparation procedure of reliable and 

reproducible PEG-based PU coatings to be used as model systems for further studies. 

 

4.4 Conclusions 

The influence of different substrate functionalization methods and the application of an 

APTES containing PEG-based PU primer layer on the resulting wet adhesion of PEG-based 

PU coatings to a glass substrate was studied. The application of an APTES containing PEG-

based PU primer layer is essential for sufficient wet adhesion of the top coat. However, a 

UV/O3 treatment of the primer surface before application of the top coats is needed to 

increase the surface energy and to prevent dewetting of the top coat formulation during 

application. The results show a crucial interplay between the chain length of the precursors 

of both the primer and the top coat, for which a PUPEG6000 primer is proven to be suitable 

for good wet-adhesion for all top coats studied. A UV/O3 exposure time of 12 s of the 

a) b) 

Figure 4.6: Normalized ATR-FTIR absorbance spectra of several PEG-based PU coatings prepared without (a) 
and with (b) mono-functional dangling mPEG chains (OHmPEG:NCO = 1.9). Spectra of the coatings are recorded 
on the ATR-FTIR stage of a piece of the coating removed from the substrate after the cross-linking reaction in the 
cure chamber. The spectra show the absence of the NCO stretch vibration at 2270 cm−1 for all measured coatings. 
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primer surface provides sufficient adhesion, whereas increasing this exposure time to 30 s 

or more results in loss of adhesion for top coats prepared from lower Mn precursors.  

Furthermore, the influence of the length of the cure chamber purging step prior to 

the network formation on the resulting coating network formation (in terms of material 

loss) was investigated. Purging of the cure chamber by flushing with dry N2 (150 l∙h−1) for 

45 min or less, results in a loss of more than half of the coating material after an extraction 

step in water. It is shown by an 1H NMR analysis of the coating extract, that the material 

loss is caused by thermal oxidative degradation of the PEG precursors, which indicates that 

oxygen was present during the network formation step. An increase of the cure chamber 

purging step to 90 min and the addition of a DBTDL catalyst to the coating formulation has 

proven to yield PEG-based PU coatings with a complete NCO conversion and sufficiently 

low amount of extractable material after the network formation. The PEG-based PU top 

coats with a dry thickness of approximately 10 µm, produced by this highly optimized 

preparation procedure, are therefore reproducible and reliable to be used as model systems 

for further studies on the relation between the network structure and resulting 

water-swollen coating properties. 
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5  
Structure – lubricious property relation of PEG-diol 
based hydrophilic PU coatings  
 

Abstract 
The macroscopic friction behaviour of water-swollen chemically cross-linked poly(ethylene 

glycol) based polyurethane coatings (PEG-based PU coatings) with varying PEG 

precursor mass, against a glass counter surface, is measured using a custom-made 

immersed tribology setup. Experimental data of the measured swollen coating network 

properties, such as the water uptake and the indentation modulus, is used to calculate an 

accurate value for the molecular mass between cross-links Mc. Which in turn, is used for 

the estimation of the actual coating mesh size ξ. An adjusted version of the phantom 

network model is used for these calculations, which uses correction factors for network 

imperfections based on the Miller-Macosko-Vallés approach. The phantom model, 

corrected further for an in-plane constrained swelling of the coatings, is able to predict 

values for Mc, which are close to the values for the Mc of well-defined isotropic swollen free 

standing PEG-based PU network films, whereas the phantom model, in which isotropic 

network swelling is assumed, severely underestimates the Mc for these swollen thin film 

coatings. The obtained friction, swelling and indentation data is used to successfully 

deduce an empirical model for the quantitative description of the friction behaviour of the 

PEG-based PU coatings against a glass counter surface. This empirical model only 

depends on the mesh size of the coatings and the sliding velocity, thereby providing the first 

model of its kind for the description of the friction behaviour of chemically cross-linked 

hydrophilic polymer coatings. 
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5.1 Introduction 

5.1.1 Lubricious coatings 

Hydrophilic polymeric coatings are applied to substrates and devices to reduce protein 

adhesion and to minimize drag resistance and friction (forces) arising upon moving such a 

surface through an aqueous medium or against an immersed counter surface. Hereby these 

coatings provide the substrate or device with a lubricious property[1,2]. This lubricious 

property is particularly important for bio-medical devices in dynamic contact with the 

human body, in order to increase the patient’s comfort and to reduce the risk of device-

associated infections due to tissue damage and protein adhesion[3-5]. 

 The type of hydrophilic coating used to coat bio-medical devices such as catheters, 

are often highly hydrated hydrogel coatings, either covalently or non-covalently bonded to 

the substrate[1,6]. A vast variety of hydrophilic polymers is available for the design of 

hydrogels in general[7,8], of which the most commonly used polymers for lubricious coating 

are poly(vinylpyrrolidone) (PVP)[9-12], poly(ethylene glycol) (PEG)[13-15], 

polysaccharides[16,17] and co-polymers comprising these polymers[18-20]. These coatings are 

often applied via dip coating processes, with a subsequent polymerization step to graft the 

polymer layer to the substrate (or to a primer layer) or solely to increase the cross-link 

density of the polymer coating[1,12,13,16]. 

5.1.2 Friction and aqueous lubrication of gels 

Although it is evident that highly hydrated hydrogel coatings exhibit lubricious properties 

in an aqueous environment due to the hydrophilic nature of the polymer network, the 

friction behaviour of these coatings is very complex and still poorly understood. In 

particular, the knowledge on the relation between the polymer network structure and the 

resulting lubricating properties is still largely lacking.  

Apart from the friction behaviour of thin lubricious coatings, the description of the friction 

behaviour of hydrogels in general is already challenging per se[21-23]. A large contribution to 

the field of hydrogel friction comes from the group of Gong, who proposed, together with 

Osada, a friction mechanism for hydrogels in 1998[24]. The model they proposed is based on 

a repulsion-adsorption model of polymer chains against a smooth counter surface. In the 

case of repulsion between the gel and the counter surface, the friction force is governed by 
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the lubricious properties of the hydrated water layer at the interface and should be 

proportional to the sliding velocity. In the case of attraction, however, the friction 

behaviour of the hydrogel originates from two different contributions: 1) lubrication of the 

hydrated water layer of the network and 2) elastic deformation of polymer chains adsorbed 

to the counter surface (this is globally sketched in Figure 5.1). The latter contribution is 

similar to the adhesive friction of rubbers described by Schallamach[25], and is based on the 

adsorption life-time and re-adsorption time of polymer chains to a counter surface. Their 

model makes use of polymer scaling relations[26] for describing the gel as a collection of 

adjacent blobs (spheres) with a relaxation time which is related to their radius. Next to the 

development of a gel-friction mechanism, Gong and coworkers studied, amongst others, the 

normal load dependency[27], the effect of the hydrophobicity[28] and roughness[29] of the 

counter surface, the effect of the preparation conditions[30], the effect of the addition of 

charged brushes and the use of interpenetrated networks[31] on the friction behaviour of 

various hydrogels. Although the trends observed could be explained qualitatively, 

quantitative descriptions remain challenging. 

 

 
Their hydrogel friction model shows a dependency on the cross-link density (via the 

modulus of elasticity E) of hydrogels at sliding velocities dominated by the elastic friction 

contribution[24]. This cross-link density dependency on the friction behaviour of gels has 

also been shown by others[32,33], and especially by Sawyer and coworkers for both hydrogel-

hydrogel friction and hydrogel-solid friction[34-36]. For the former system, they report the 

 

Figure 5.1: Schematic curve of a gel in a liquid against a counter surface for an attractive interaction between the 
gel and the counter surface as proposed by Gong and Osada [24]. Curve adapted from Kurokawa et al. [23]. 
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existence of a so called “Gemini hydrogel interface” for which the friction response at low 

velocities, in contrast to the adsorption-repulsion model, is independent of sliding speed or 

contact time[37,38]. 

5.1.3 Chapter aim and outline 

The main aim of this chapter is to increase the knowledge on the structure-lubricious 

property relation of water-swollen chemically cross-linked hydrophilic network coatings in 

an aqueous environment. Since a well-defined network architecture is required in such a 

study, the use of an end-linking step growth polymerization chemistry is preferred over free 

radical initiated chain growth polymerization chemistries[39,40]. Next to the wide acceptance 

of PEG in the bio-medical field for its biocompatibility and anti-protein fouling 

properties[1,7,41], PEG is relatively easy available in a range of well-defined molecular 

masses with low dispersity. Therefore a model system composed of a PEG-diol and a tri-

isocyanate cross-linker, to build up chemically cross-linked hydrophilic coatings, is 

selected. Moreover, by choosing this model system, the knowledge obtained on the 

preparation and the theoretical description of PEG-based PU free-standing networks, as 

studied in Chapter 3, can be used for a theoretical validation of the obtained results. 

In this chapter the preparation, characterization and tribological properties of well-

defined PEG based PU coatings on a glass substrate is described. The effect of the PEG-

diol precursor mass on the resulting water uptake, indentation modulus, surface 

hydrophilicity and macroscopic aqueous friction behaviour of the water swollen 

hydrophilic PU coatings against a glass counter surface was studied. For the latter, a 

custom-made tribology set-up was designed. The swelling and indentation data is used to 

calculate the molecular mass between cross-links assuming, either an isotropic or an in-

plane constrained swelling deformation. Furthermore, the calculations are based on the 

corrected phantom network model as described in Chapter 3. The values for the mass 

between cross-links are used to calculate the absolute mesh size of the coatings. Based on 

the calculated mesh size and measured friction behaviour, an empirical model for the 

description of the obtained friction data is deduced and analyzed. 
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5.2 Experimental 

5.2.1 Materials 

Poly(ethylene glycol) (PEG) with different molecular masses (Mn = 1000, 2000, 4000, 6000 

and 10000 g∙mol−1) (Sigma Aldrich) (all D < 1.04 (SEC)) were dried at room temperature 

in a desiccator with P2O5 as desiccant for at least 72 h before use. Trimerized 

hexamethylenediisocyanate (tHDI) (equivalent functional weight of 183 g∙mol−1 NCO 

(manufacturer value)) was kindly provided by Perstorp as tolonate HDT-LV2 and used as 

received. Cyclohexanone (99.8%) (Sigma Aldrich) was dried over molecular sieves before 

use. Dibutyltin dilaurate (95%) (DBTDL) and (3-aminopropyl)triethoxysilane (>98%) 

(APTES) were purchased from Sigma Aldrich and used as received. 

5.2.2 Coating preparation 

The coating preparation procedure was optimized to yield PEG-based PU coatings with 

sufficient wet adhesion to a glass substrate when immersed in water. See Chapter 4 for a 

schematic depiction of the coating precursors and for further details on the primer 

optimization and some critical steps in the preparation procedure. Contact of oxygen with 

the network precursors was minimized as much as possible to prevent possible degradation 

of the polymers during network preparation (see also Chapter 2). Therefore, every time a 

vial was opened during the whole preparation procedure, it was thoroughly flushed with 

argon after opening and before closure. Moreover, the lid was wrapped with parafilm tape 

after closure. 

5.2.2.1 Primer preparation 

All glassware was dried in an oven at 100 °C for at least 14 h prior to use. Primer precursor 

stock solutions (typically 10 ml) of PEG 6000 g∙mol−1 (10 wt%) and of tHDI (50 wt%) 

were made by dissolving PEG and tHDI in cyclohexanone at 55 °C and room temperature, 

respectively. This was done in closed glass vials under an argon blanket and continuous 

stirring. The primer formulation solutions (typically 10 ml) were prepared in a glass vial by 

mixing the primer precursor stock solutions at 55 °C under an argon blanket after which 

APTES was added in a NCO:OH:NH2 molar ratio of 1.3:1:0.3 and stirred for 1 h before 

application. Glass substrates (soda-lime, extra low iron content) (49 × 49 × 1  mm3) were 
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cleaned by rubbing with a tissue embedded with ethanol, dried in an oven at 100 °C for at 

least 14 h and were given a UV-ozone treatment (Novascan PSD-UVT) for 10 min prior to 

use.  

The substrates were preheated at 65 °C after which the primer solution (0.4 ml) 

was spin coated (Laurell WS-650SX-6NPP/LITE) for 15 s at 1000 rpm. The coated 

substrates were transferred to a preheated (65 °C) heating element placed in a chamber 

(with a volume of approximately 1.5 dm3), which after closure was continuously flushed 

with dry N2 (± 150 l∙h−1 at 1 bar). The primers were formed by a solvent evaporation step of 

90 min at 65 °C, to remove both the solvent as well as the oxygen present, followed by a 

final cure step of 14 h at 150 °C under a dry N2 flow (± 150 l∙h−1 at 1 bar). The cured 

primers were immersed in demineralized water for at least 14 h to extract the extractable 

components. The extracted primers were allowed to dry at ambient conditions and were 

further dried at 20 mbar at 40 °C for at least 2 h before the top-coats were applied. 

5.2.2.2 PEG-based PU coating preparation 

All glassware was dried in an oven at 100 °C for at least 14 h prior to use. For the top coats, 

coating precursor stock solutions (typically 10 ml) of PEG (10-15 wt%) and of tHDI 

(50 wt%) in cyclohexanone were made by dissolving PEG and tHDI in cyclohexanone at 

55 °C and room temperature, respectively. This was done in closed glass vials under an 

argon blanket and continuous stirring. The coating formulation solutions (typically 3 ml) 

were prepared in a glass vial by mixing the coating precursor stock solutions at 55 °C under 

an argon blanket. The NCO:OH molar ratio of each formulation was kept at 1.1 to ensure 

full conversion of the OH-groups. Just before application, typically 0.1 solid wt% DBTDL, 

with respect to the mass of the precursors, was added from a 10 mg∙ml−1 solution in 

cyclohexanone. 

Prior to the coating application, the extracted and dried primed substrates received 

a UV-ozone treatment (Novascan PSD-UVT) for 12 s and were put on a preheated (65 °C) 

coating stage. The coating solutions (0.25 ml) were barcoated by hand using a spiral wire 

bar resulting in a wet-film thickness of approximately 40 µm. The wet coatings were 

transferred to a preheated (65 °C) heating element placed in a chamber (with a volume of 

approximately 1.5 dm3), which after closure was continuously flushed with dry N2 

(± 150 l∙h−1 at 1 bar). The coatings were formed by a solvent evaporation step of 90 min at 



 
Structure-lubricious property relation of PEG-diol based PU coatings 

 

99 
 

65 °C, to remove both the solvent as well as the oxygen present, followed by a final cure 

step of 4 h at 125 °C under a dry N2 flow (± 150 l∙h−1 at 1 bar). The cured coatings were 

immerse in demineralized water for at least 14 h to extract the extractable components. The 

extracted coatings were allowed to dry at ambient conditions and further dried at 20 mbar at 

40 °C for at least 2 h and stored in a moisture free desiccator. From here onwards, purely 

PEG-diol based PU coatings will be named PUPEG(Mn of used PEG). 

5.2.3 Network characterization 

Following the network characterization of the PEG-based PU free standing networks as 

explained in Chapter 3, a similar approach for the network characterization of the PEG-

based PU coatings is applied. 

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

FTIR absorbance spectra of cured networks were recorded in attenuated total reflection 

(ATR) mode using a Varian Excalibur FTIR-3100 equipped with a diamond Specac Golden 

Gate ATR setup. Measurements were performed over a spectral range of 4000 to 650 cm−1 

with a resolution of 2 cm−1. For each measurement 50 spectra were averaged. As explained 

in Chapter 3, only the disappearance of the N=C=O asymmetric stretch vibration 

(2270 cm−1) was used to check the NCO conversion of the cured coatings. 

5.2.3.2 Experimental network swelling characterization 

The weight of the substrates as well as the primers and coatings was measured 

gravimetrically before and after each application, curing and extraction step. The amount of 

extractable material L was calculated via 

 0 100%i

i

m mL
m
−

= ⋅   , (5.1) 

where mi and m0 are the initial dry weight of a coating before extraction and of an extracted 

dry coating, respectively. The extracted coatings were immersed in demineralized water 

again to swell to equilibrium for at least 14 h. The swollen weight of a coating meq was 

measured gravimetrically directly after the coating was taken out of the water and after 

gentle removal of all excess water with absorbing lint free paper. Based on the water 

uptake, the polymer network volume fraction φn in a swollen coating was calculated using 
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 0
n

n
1V V

V V Q
ϕ = = =   , (5.2) 

where V is the total volume of the swollen coating, Vn the dry volume of the coating, V0 the 

initial volume of the coating before swelling and Q is the volumetric equilibrium swelling 

ratio. The equality of Vn and V0 is valid since the coating is cross-linked in absence of 

solvent. Q is calculated from the measured water uptake via 

 
2

eqn
0

H O 0
1 1mVQ

V m
ρ

ρ
 = = + − 
 

  , (5.3) 

where ρH2O is the density of water (1 g∙cm−3) and ρn the density of the dry coating. The 

composition dependence of ρn as shown in Section 3.4.4 is also applicable to the PEG-

based PU coatings, therefore values for ρn for each individual network are given by eq. 

3.43. The weight fraction of ethylene glycol (EG) units φEG in the dry network is simply 

calculated by  

 PEG
EG

PEG tHDI

m
m m

ϕ =
+

  , (5.4) 

where mPEG and mtHDI are the masses of the precursors in the coating formulation. 

5.2.3.3 Coating thickness 

A Bruker Veeco Dektak 150 profilometer is used to measure the dry thickness of the 

coatings. A scratch was made to completely remove a small part of the coating. The height 

profile across the interface of exposed substrate and the coating was measured at five 

random locations per coating. 

5.2.4 Static captive air bubble contact angle measurements in water 

The hydrophilicity of the coatings was evaluated by static captive air bubble contact angle 

CAair measurements in water using a Data Physics OCA 30 goniometer. Coatings, swollen 

to equilibrium for at least 14 h, where placed upside-down in a glass container filled with 

demineralized water. An air bubble with a volume of approximately 4 µl was placed on the 

coating surface after which the static air contact angle was measured. A picture of a captive 
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air bubble which is “hanging” on a coating surface is given in Figure 5.2. The static air 

CAair was measured at five different locations per sample. 

 

 

5.2.5 Mechanical characterization: immersed nano-indentation 

Nano-indentation measurements on completely immersed and swollen coatings were 

performed using an optical interferometer based Piuma Nanoindenter (Optics11 B.V. 

Amsterdam (NL)). Two different probes were used throughout the measurements of the 

whole dataset. The probes were equipped with a spherical glass tip (with a radius of 19.0 

and 19.5 µm, respectively) connected to a cantilever (with a stiffness of 17.3 and 18.9 

N∙m−1, respectively) (Optics11 B.V.). An Optics11 OP1550 interferometer (laser 

wavelength of 1550 nm) was used to detect the sample deformations by detecting the 

cantilever deflections completely immersed in water.  

Coatings, swollen to equilibrium for at least 14 h, were immersed in a petri dish 

filled with demineralized water after which the indentation modulus was measured at 5 

random locations on each sample. Generally, each indentation was done by a 

piezoelectrical controlled downward movement of the indenter head of 18.6 µm at a 

velocity of 1.86 µm∙s−1. The probe was held at the maximum depth for 5 s after which it 

was withdrawn within 1 to 2 s.  

 

Figure 5.2: Picture of a captive air bubble with a volume of approximately 4 µl which is “hanging” on a coating 
surface (PUPEG4000) while the coating is completely immersed in demineralized water. The shown contact 
angles are determined by the software. 
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The load-displacement curve of each indentation was recorded and the effective 

indentation modulus E* was calculated using standard Hertzian contact mechanics for a 

rigid indenter and an elastic half space[42,43] as given by 

 

 3
*

3
4

PRa
E

=   and (5.5) 

 2a
R

δ =   , (5.6) 

where a is the radius of the circle of contact, P the applied load, R the radius of the indenter 

and δ the indentation depth. For the calculation of the indentation modulus of the top 

surface of the coating E, the value of E* was taken at 5% of the total load to ensure an 

indentation depth to film thickness ratio δ/h < 0.1, preferably < 0.05, in order to minimize 

the effect of the modulus of the substrate on the measured coating response[44]. Since the 

indenter is position controlled with a fixed cantilever stiffness, the absolute depth of the 

indentation into the coating surface varied for all coatings. Nevertheless, even for the 

coatings with the lowest E, the absolute indentation depth at 5% of the maximum load did 

not exceed a depth of 1300 nm. The indentation modulus E is calculated from the measured 

E* via 

 ( ) ( )2 2
ind

* ind

1 11
E E E

n n− −
= +   , (5.7) 

where Eind is the modulus of the glass indenter (Eind ≈ 70 GPa), indn  is Poisson’s ratio of the 

indenter ( indn  ≈ 0.25), ν is Poisson’s ratio of the coating which is taken as 0.5 for an ideal 

rubber, assuming ideal elastic deformation during the measurement. The second term on the 

right hand side of eq. (5.7) can be neglected since (1− 2n )/E >> (1− 2
indn )/Eind because E is 

in the order of 1 to 10 MPa. 

5.2.6 Mechanical characterization: immersed tribology 

5.2.6.1 Custom-made immersed tribology setup 

An AR-1000N Rheometer (TA Instruments) was adapted to use as a tribology setup for the 

measurements of the macroscopic friction response of the coatings immersed in water. An 
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Figure 5.3: Overview of the custom-made tribology setup used in this work. a) Front view of the adapted 
rheometer. b and c) Bottom-view of the indenter head showing the three spherical lenses used as indenters. Radius 
of curvature of the lenses is 0.25 m. The center of the lenses is placed 0.0145 m out of the center of the indenter 
head. d) Top-view of the cup mounted on the bottom plate of the rheometer containing the water and immersed 
sample. e) Top-view of the indenter head which shows the single lead spring connection (spring compliance is 
1000 µm∙N−1) between the indenter head and the rotating shaft of the rheometer.  
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Immersed coating in cup filled with water. 

Indenter lenses radius of curvature R = 0.25 m. 
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lens 



 
CHAPTER 5 
 

104 
 

overview of the used equipment is shown in Figure 5.3. The custom-made indenter head 

contains three spherical optical grade N-BK7 glass lenses (Borosilicate Crown glass), with 

a large radius of curvature (R = 0.25 m) and a diameter of 0.025 m, mounted with the center 

of the lenses 0.0145 m out of the center of the indenter head. This shallow curvature is 

chosen to ensure a large contact area between the indenters and the coating (in the order of 

mm2 per lens), thereby minimizing the contact pressure and ensuring a close-to-

homogeneous stress distribution in the deformed coatings. The indenter head is mounted to 

the rotating shaft of the rheometer via a single leaf spring (with a spring compliance of 

1000 µm∙N−1)  to carefully follow the surface of the coatings during rotation. A cup which 

can contain the measurement medium (demineralized water) and the immersed coating was 

mounted on the bottom plate of the rheometer. 

5.2.6.2 Experimental procedure and data analysis 

The tribometer can be operated in a velocity window between 10−3 to 70 rad∙s−1 

and up to a normal load of 20 N, with a bandwidth of 0.1 N around the set-point at a 

constant longitudinal position of the rotating shaft. Forces are recorded with a normal force 

resolution of 0.0057 N and a torque resolution of 0.01 µN∙m. All measurements were 

performed in demineralized water at approximately 20 °C.  

Coatings, swollen to equilibrium for at least 14 h, were immersed and equilibrated 

in the setup at a normal load of 0.5 N for 30 min prior to the measurements. Each series of 

measurements comprised of a sequence of individual constant velocity segments at a 

programmed normal load. The duration of every velocity segment is shown in Table 5.1, 

for which at velocities of ≥ 0.01 rad∙s−1 at least one complete rotation was assured. The 

segment length of the lowest velocities were chosen such that the complete circular sliding 

path was measured once. A stationary equilibration time of 1 min, at the set normal load, 

was allowed between each velocity step. If a sample was measured at different normal 

loads, the velocity steps at the lowest load were programmed first, after which the same run 

at a higher load was programmed with 30 min of stationary equilibration, at the subsequent 

normal load, in between. The recorded applied normal load and measured torque were 

averaged over the total segment time except for the first 30 s. From the resulted average 

torque Tω and normal load FN , the Coefficient of Friction (CoF) was calculated via 
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N

/
CoF

T r
F
ω=   , (5.8) 

where r is the distance between the center of the indenter head and the center of a lens 

(r = 0.0145 m in this study). 

Table 5.1: Overview of each selected stepwise velocity segment and programmed segment length. 
1 rad∙s−1 = 0.0145 m∙s−1     

Velocity (rad∙s-1) Time for 1 complete rotation 
(min) 

Programmed velocity segment 
time (min) 

0.001 105 35 
0.003 35 20 
0.01 10 15 
0.03 3.5 10 
0.1 1.0 5 
0.3 0.35 3 
1 0.10 3 
3 0.035 3 
10 0.010 3 
30 0.003 3 

 

5.3 Results and discussion 

This section will first show the measured network properties such as water uptake, 

indentation modulus and static air contact angle of the PEG-based PU coatings, after which 

the measured friction response will be shown. In line with the study on the free-standing 

PEG-based PU networks of Chapter 3, the molecular mass between cross-links Mc is 

calculated from the swelling data and from indentation data. In order to calculate the mesh 

size of the coatings, a closer look at the actual coating swelling deformation is taken in this 

section. Finally, an empirical relation between the calculated mesh size ξ and the friction 

response of the PEG-based PU coatings is presented. 

5.3.1 Coating preparation and network properties 

PEG-based PU coatings with an average dry film thickness of 6 – 7 µm (as measured with 

the profilometer) are studied in this work. As shown in Chapter 4, the IR absorption spectra 

of the measured PEG-based PU coatings show that after cross-linking the NCO band at 

2270 cm−1 completely disappears, which indicates a full NCO conversion. Nevertheless, the 

prepared coatings contained a small fraction of extractable material as given in Table 5.2. 
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Although not completely negligible, the fractions of extractable material are small enough 

to conclude that qualitatively good coating network structures were formed for our further 

studies. This is also confirmed by the significant differences and clear trends, as expected, 

in the measured network properties such as water uptake, indentation modules E and 

surface hydrophilicity (via the static air contact angle in water CAair) (see Table 5.2 and 

Figure 5.4). Moreover, the amount of extractable material will be taken into account in the 

calculations of the molecular mass between cross-links Mc in Section 5.3.3. See Chapter 4 

for a discussion on the extractable material after coating preparation. 

Table 5.2: Amount of extractable material L, mass ratio meq/m0, ethylene glycol fraction in dry network φEG, dry 
network density ρn, volumetric swelling ratio Q, indentation modules E and static captive air bubble contact angle 
in water CAair of the prepared PUPEG-based coatings. Number of samples per coating type varies between 4 and 
6. The dry thickness of the coatings is 6 -7 µm. The error shows the mean absolute deviation from the mean value. 
PUPEG L  

[%] 
meq/m0 
[g/g] 

φEG  
[-] 

ρn  
[g∙cm−3] 

Q  
[V/V0] 

E 
[MPa] 

CAair 

[°] 
PEG1000 2.5 ± 1.3 1.80 ± 0.07 0.713 1.238 1.96 ± 0.12 6.2 ± 0.8 142 ± 1 
PEG2000 0.8 ± 0.4 2.28 ± 0.15 0.833 1.223 2.57 ± 0.18 3.8 ± 0.1 146 ± 1 
PEG4000 1.4 ± 0.4 2.78 ± 0.24 0.908 1.214 3.16 ± 0.29 2.3 ± 0.2 147 ± 1 
PEG6000 2.6 ± 1.2 3.12 ± 0.12 0.937 1.210 3.45 ± 0.31 1.9 ± 0.2 148 ± 1  
PEG10000 5.1 ± 1.3 3.53 ± 0.35 0.961 1.207 4.05 ± 0.42 1.1 ± 0.01 150 ± 1 

 

Typical indentation curves as measured by the immersed nano-indentation of the swollen 

coatings are shown in Figure 5.5. It can be clearly seen that the response of the swollen 

coatings upon indentation is elastic, especially for the coatings with the lowest Mn 

precursors. This validates the use of elastic Hertzian contact mechanics to calculate the 

a)  b) 

Figure 5.4: Measured properties of the PEG-based PU coatings swollen to equilibrium in water. a) Mean 
volumetric swelling ratio Q and indentation modulus E. b) Mean air contact angle measured using a captive air 
bubble in water. The error bars show the mean absolute deviation. 

0 2000 4000 6000 8000 10000
1

2

3

4

5  Q [V/V0]
 E [MPa]

Q
 [V

/V
0]

Mn diol network precursor [g⋅mol−1]

0

2

4

6

8

E 
[M

Pa
]

0 2000 4000 6000 8000 10000
130

140

150

160

C
A

ai
r [

o ]

Mn diol network precursor [g⋅mol−1]



 
Structure-lubricious property relation of PEG-diol based PU coatings 

 

107 
 

indentation modulus E from the indentation loading curves. The waviness of some of the 

indentation curves in Figure 5.5 is believed to be an artifact of the nano-indenter used. We 

came to this conclusion from observations of the overall data set in which all the 

indentation curves from the first part of the data set (in chronological order) do not show 

this waviness, while all curves of the second part of the datasets do. This includes coatings 

studied also in other chapters of this thesis and was observed independently of the used 

probes, indentation speed and applied total load. Nevertheless, the indentation curves show 

significant differences between different coating types with high accuracy and reliable 

overall behaviour. As explained in Section 5.2.5, the values of E shown in Table 5.2 and 

Figure 5.4 are based on E*, calculated at 5% of the maximum load for each indentation 

curve. If a waviness occurred in the indentation curve, it was judged by the Herzian fit of 

the curve, based on the data at 5% of the maximum load, if the fit described the average 

curve well. If the fit did not describe the mechanical behaviour well, the best Herzian fit 

based on values around 5% of the maximum load, at slightly higher or lower percentages of 

the maximum load (from 4% up to 10%), was fitted and evaluated again, to obtain the best 

overall fit. The resulting value of E* is used to calculate E. 

 

 
 

 

Figure 5.5: Typical measured immersed indentation curves of the swollen PEG-based PU coatings. Solid lines: 
loading curves. Dotted lines: unloading curves. Unloading after 5 seconds on maximum load. 
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The measured trends of increasing volumetric swelling ratio Q and decreasing indentation 

modulus E for the coatings upon increase of the Mn of the PEG network precursor as shown 

in Figure 5.4a are in agreement with each other. Moreover these trends are according to 

expectation upon decreasing the cross-link density of the coating networks. Furthermore, 

although the differences in surface hydrophilicity are small, an increase in hydrophilicity 

(higher CAair values) is observed for coatings prepared with higher Mn precursors (thus 

higher φEG) as seen in Figure 5.4b. Note that a higher air bubble contact angle in water 

means a lower water contact angle, CAwater = 180° − CAair. The contact angles presented 

show the average value of the sample means and their mean absolute deviation for each 

coating type. The mean absolute deviation within each coating is of the same order as the 

mean absolute deviation between sample means. 

5.3.2 Friction behaviour of water-swollen PEG-based PU coatings 

The lubricious properties of the coatings were measured with our custom-made immersed 

tribology set-up as explained in 5.2.6. An example of a typical measured friction response 

is given in Appendix A.5. The calculated average Coefficients of Friction (CoFs) at each 

velocity segment are given in Figure 5.6. The global trend shows a lower CoF at higher 

loads, as expected for swollen hydrophilic networks[21]. Most coatings could be measured at 

a normal load of 0.5 N without being damaged, whereas experiments at higher loads often 

ruptured the coatings during the measurement, resulting in visible damage and (partial) 

removal of material in the sliding path. Since the absolute (shear) stresses in the coating are 

higher at higher loads, this is most likely the cause of the rupture of the coating. Given the 

limited amount of data at higher loads, we focus our study on the lubricating properties of 

the coatings at a normal load of 0.5 N. 

Next to the expected trend of a lower CoF at higher normal loads, different friction 

behaviour can be clearly identified for two velocity regimes. At velocities above 3 rad∙s−1 

the friction response of all networks becomes independent of the network architecture as 

seen from Figure 5.6a. This figure shows the transition to the hydrodynamic lubrication 

regime in which the indenters lose contact with the coating surface and where the friction 

response is governed by the viscosity of the medium in the gap[21,45]. At lower velocities, 

the indenters make actual contact with the coating and differences in network architecture 

give rise to a difference in friction response of the coating. A clear trend of a decreasing
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CoF upon increasing the PEG-diol precursor Mn can be observed. This behaviour agrees 

well with the work of Sawyer and coworkers on hydrogel-hydrogel friction which shows a 

decreasing CoF upon increasing mesh size of their prepared polyacrylamide gels[34,35]. 

Moreover, the network mesh size is known to influence the friction behaviour of gels as 

described by the repulsion-adsorption model proposed by Gong and Osada[24]. As stated in 

the introduction of this chapter, the elastic friction component in the proposed mechanism 

                a)  

b)  c) 

Figure 5.6: Mean Coefficient of Friction (CoF) versus radial velocity v of the water swollen PEG-based PU 
coatings with varying precursor Mn, immersed in demineralized water against a glass counter surface. Measured at 
different normal loads; a) 0.5 N, b) 1 N and c) 3 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean 
absolute deviation. Note: the amount of reliable data at loads above 0.5 N is limited. 
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originates from a contribution of the elastic deformation of the adsorbed polymer chains to 

the surface and a contribution of the lubrication of the hydrated layer of the polymer 

network. The former is similar to the adhesive friction of rubbers described by 

Schallamach[25], in which the peak stress increases with increasing modulus of 

elastomers[46]. If one compares the overall friction behaviour of the studied coatings with 

these theories of rubber friction and gel friction, qualitatively similar behaviour is observed. 

5.3.3 Swelling deformation evaluation and mesh size calculation of swollen coatings   

5.3.3.1 Mesh size calculation 

In order to relate the network architecture to the friction behaviour of the swollen coatings, 

an accurate calculation of the molecular mass between cross-links Mc is needed for an 

estimation of the absolute mesh size ξ of the coatings. The mesh size ξ of a network is a 

structure parameter which gives the average distance between two neighboring cross-links 

(see Figure 5.7).  

Once the average molecular mass between cross-linking points in the structure is known, 

the mesh size of the structure can be calculated using the intrinsic characteristics of the 

polymer between the cross-links[47]. The parameter ξ in the swollen network is calculated 

from the root-mean-square end-to-end distance between the cross-links 2 1/2
0( )r  via 

 1/3 2 1/2
n 0( )rξ ϕ −=   , (5.9) 

where 2 1/2
0( )r  is given by 

 

Figure 5.7: Schematic depiction of a cross-linked network with mesh size ξ. The average mesh size of a 
network is based on the root-mean-square end-to-end distance between two neighboring cross-links and the 
polymer volume fraction of the swollen network. 

average ξ 
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 1/2
b c2 1/2 1/2

0
m

( ) N Mr l C
M

∞
 =  
 

  , (5.10) 

where l is average bond length of the PEG backbone taken as 1.464 Å[48,49], C∞ the 

characteristic ratio of PEG (typically 4.0)[48,50], Nb the number of bonds per ethylene glycol 

unit in the backbone (3) and Mm the molecular mass of the ethylene glycol unit 

(44 g∙mol−1). 

5.3.3.2 Calculation of Mc assuming isotropic swelling deformation  

Based on the theoretical network characterization for isotropically swollen networks 

described in Chapter 3, the corrected phantom network model is used to calculate the Mc of 

the swollen PEG-based PU coatings from the obtained swelling data according to  

where ρn is the dry network density, Vs the molar volume of the solvent (18.0685 cm3), φn 

the polymer volume fraction in the swollen network, 0nϕ the polymer volume fraction 

during the network formation (which is unity in this work since the networks are formed 

after evaporation of the solvent), f the functionality of the network junctions, χ the Flory-

Huggins water-polymer interaction parameter, α the fraction of elastically active network 

chains in the network and β the fraction of elastically active cross-link molecules. The 

parameter χ is taken as a linear function of φn ( n0.46034 0.4195χ ϕ= + ) based on data of 

Gnanou et al.[51] as explained in Section 3.3.3. Due to the presence of extractable material 

after the network formation, corrections for network imperfections are needed. Hence the 

phantom model is corrected with the correction factors α and β (eq. 3.34 and 3.37, 

respectively). Both correction factors are calculated using the Miller-Macosko-Vallés 

(MMV) approach [52-54] for an A5A3B2 system, in which the allophanate formation has been 

taken into account as explained in Section 3.6.2. A derivation for the MMV equations for 

an A5A3B2 system is given in Appendix A.1.3. 

Next to swelling data, mechanical data is often used to the calculate the Mc of a 

swollen network. To evaluate which data provide the most accurate calculation of Mc, the 

 

0

1/3
n

n s
n

c 2
n n n

2

ln(1 )

V
f

M

ϕρ α β
ϕ

ϕ ϕ χϕ

    
−    

   = −
− + +

  , 
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values of Mc from the both data are compared. In order to calculate Mc from the measured 

indentation modulus, the elastic Helmholtz energy for the phantom network model needs to 

be related to the stresses in the network during deformation. The stress τ for an isotopically 

swollen phantom network in simple compression (see Appendix A.7 for an derivation)  

given by[55] 

 
( )

0

1/3
n 2 1

c c0
n

kT
V

ζ ϕτ α α
ϕ

− 
= − 

 
  , (5.12) 

where ζ is the cycle rank of the network, k the Boltzmann constant, T the temperature, V0 

the volume of the network after formation and αc the deformation ratio between the 

deformed and the undeformed swollen network. The reduced force [F*] during the 

deformation is given by[55]  

 1/3
n

2 1
c c

[ ]F τϕ
α α

−
∗

−
=

−
  . (5.13) 

In the limit of small deformations, [F*] can be related to the modulus E by making use of 

Hooke’s law, Eσ ε= , where τ equates to σ and 2 1
c cα α −−  may be taken as 3ε. Therefore 

eq. (5.13) reduces in the limit of small deformations to  

 1/3 1/3 1/3
n n n

2 1
c c

[ ]
3 3

EF τϕ τϕ ϕ
εα α

− − −
∗

−
= = =

−
  . (5.14) 

Making use of the corrected network relations  as proposed in Section 3.3.1 and given as 

 

 
n A

0
c

2 N
f

V M

α β ρ
ζ

  
−  

  =   , 
(5.15) 

Mc can be calculated from eq. (5.14), after substitution of eq. (5.15) into eq. (5.12), via 
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assuming simple compression deformation during the indentation experiments. To prevent 

confusion in the next section, the value for Mc calculated from the indentation data (eq. 

(5.16)) is named indent
cM , whereas the Mc value obtained from the swelling data (eq. (5.11)) 

is named swell
cM . The calculated values for swell

cM and indent
cM  for isotropically swollen 

phantom network coatings (superscript iso) and the correction factor (2 / )fα β−  are given 

in Table 5.3 and Figure 5.8a. Although the values for Mc calculated from the swelling and 

indentation data are comparable, it becomes clear that the calculated values are two-to-three 

fold lower compared with the studied free standing films in Chapter 3 (see also table 3.3). 

This is also expected for the Mc calculated from the swelling data, since the absolute water 

uptake itself is significantly lower for the coatings compared to the free-standing films. If 

this discrepancy is a real structural effect, it indicates a completely different network 

formation between the preparation of free-standing films (thickness ±120 µm) and coatings 

on a substrate (thickness ± 6 µm). This conclusion is highly doubtful, therefore a closer 

look is needed to the models used to describe the swelling deformation of the coatings. 

5.3.3.3 Constrained swelling in thin film coatings 

The aspect ratio h/l of the coatings is in the order of 10−4. Since the coatings are adhering to 

the substrate, they are limited to swell out-of-plane only and are constrained in-plane (i.e. 

the x-y plane). If one takes such a constrained swelling deformation of the coatings into 

account, the derivation of the elastic part of the chemical potential for the phantom model 

el,phµ∆   needs to be adjusted for the proper deformation gradient tensor. The deformation 

gradient tensor for such in-plane swelling deformation is given by 

 

 0 0 1 0 0
0 0 0 1 0
0 0 0 0

x

y

z z

λ
λ

λ λ
= =λ   , (5.17) 

where λz is the extension ratio in the z-direction. After a proper derivation, the expression 

for el,phµ∆  becomes (see Appendix A.6 for the derivation) 
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Table 5.3: Calculated correction factor (2 / )fα β− using the MMV approach for a A5A3B2 system and the 

mean swell
cM  and indent

cM  for the swollen PEG-based PU coatings assuming isotropic swelling (iso) or in-plane 
constrained swelling (in the x-y plane) (con).  f = 3.75. The error shows the mean absolute deviation. 

PUPEG  −
2
f

α β [-]  swell, iso
cM

[g∙mol−1] 

indent, iso
cM  

[g∙mol−1] 

swell, con
cM  

[g∙mol−1] 

indent, con
cM  

[g∙mol−1] 

PEG1000 0.364 ± 0.021 255 ± 56 437 ± 76 659 ± 201 1098 ± 216 
PEG2000 0.402 ± 0.008 705 ± 134 679 ± 27 2573 ± 623 2514 ± 62 
PEG4000 0.392 ± 0.013 1288 ± 348 1066 ± 92 6183 ± 2319 4889 ± 170 
PEG6000 0.370 ± 0.016 1709 ± 223 1186 ± 111 9559 ± 1690 6537 ± 405 
PEG10000 0.340 ± 0.013 2037 ± 462 1822 ± 135 13644 ± 4813 10969 ± 896 

 

 
 

By making use of this expression for el,phµ∆  , the expression for the average Mc for an in-

plane constrained swelling deformation is given as 
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(5.19) 

A full derivation of eq. (5.19) is given in Appendix A.6. The derived expression for 
swell, con
cM  is only different from the one for isotropic swelling (eq. (5.11)) in the scaling 

with the polymer volume fraction φn, to the power −1 and 1/3, respectively. Note that the 

a)  b) 

Figure 5.8: Calculated mean swell
cM  and indent

cM  for the swollen PEG-based PU coatings assuming isotropic 
swelling (a) and in-plane constrained swelling  (e.g. in the x-y plane) (b).  f = 3.75. The error bars show the mean 
absolute deviation. 
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polymer volume fraction during formation of the coating network 0nϕ is unity. In a similar 

fashion, indent, con
cM  can be derived (see Appendix A.7 and Section 5.3.3.1) and is given by  

  

 

0

1
n

n
nindent, con

c

23RT
f

M
E

ϕρ α β
ϕ

−    
−    

   =   . 
(5.20) 

Like in the analysis based on swelling data, the only difference between indent, con
cM  and 

indent, iso
cM  is the scaling with the polymer volume fraction φn to the power −1 instead of to 

1/3. 

 The calculated values for swell, con
cM and indent, con

cM  are also given in Table 5.3 and 

in Figure 5.8b. Like for isotropic swelling, the values for Mc calculated from the swelling 

and indentation data, based on the analysis in which constrained in-plane swelling is 

assumed, are comparable. Moreover, the slope of the Mn versus calculated Mc is close to 

unity and in the same range as the Mc calculated for the isotropically swollen free standing 

films studied in Chapter 3. This confirms that the relation between the network parameters 

and the coating swelling is best described theoretically by an elastic in-plane constrained 

deformation. The values for swell, con
cM and indent, con

cM are a little higher compared to the 

values obtained for the free standing film reported in Chapter 3. This deviation is explained 

by the fact that the PEG-based PU coatings showed a small fraction of extractable material 

and therefore a larger fraction of network imperfections, which most likely resulted in a 

slightly looser network. Moreover, the assumption that the complete network behaves like a 

phantom network is possibly slightly less accurate for constrained in-plane swelling than 

for an isotropically swollen network, due to possible additional constraints on the network 

junctions in the former. 

The errors on the mean values for Mc are significantly larger for swell, con
cM

compared to those for indent, con
cM , especially for the coatings which contain higher Mn 

precursors. This is most likely due to the high sensitivity of swell, con
cM on the polymer-water 

interaction parameter χ. Since χ is a function of the polymer volume fraction φn, indent,con
cM

is less sensitive towards deviations in the measured water-uptake compared to swell,con
cM , 
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while at the same time the errors in the measured water-uptake for the coatings are higher 

compared to the free standing films studied in Chapter 3. Therefore the values for 
indent, con
cM are used to calculate the mesh size ξ  of the PEG-based PU coatings. Both values 

are given Table 5.4. 

Table 5.4: Mean mass between cross-links indent, con
cM and corresponding mean mesh size ξ of the PEG-based PU 

coatings. The error shows the mean absolute deviation from the mean value. 

PUPEG indent, con
cM  [g∙mol−1] ξ [nm] 

PEG1000 1098 ± 216 3.2 ± 0.3 
PEG2000 2514 ± 62 5.3 ± 0.1 
PEG4000 4889 ± 170 8.0 ± 0.4 
PEG6000 6537 ± 405 10.1 ± 0.3  
PEG10000 10969 ± 896 13.7 ± 0.9 

5.3.4 Mesh size – friction behaviour relation of PEG-based PU coatings 

The PEG-based PU coatings vary in absolute PEG content. Under the assumption that the 

aqueous friction behaviour of the coatings is governed by the hydrophilic flexible chains 

between the more rigid cross-linker molecules, the actual calculated mesh size ξ should be 

scaled by the overall PEG fraction of the polymer network φEG (see also Figure 5.9). The 

deduced empirical descriptive model, which will be elucidated on this section, turns out to 

give the best fit with the measured CoF when developed based on ξ∙φEG instead of ξ. 

Therefore only the model development based on ξ∙φEG is shown in this section. 

 

 

Figure 5.9: Chemical structure of the chain between two neighboring cross-linker molecules of the PEG-tHDI 
PU networks and schematic depiction of the actual hydrophilic fraction of the average mesh size ξ. Of course the 
difference between ξ and  ξ∙φEG is the larger when the fraction of ethylene glycol units in the coating is the lower 
(i.e. when the Mn of the used PEG precursors for the formation of the coating network is low). See also Table 5.2. 
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Once the mesh size is known, it can be related to the measured friction response as reported 

in section 5.3.2. The measured CoF of the coatings is plotted against the calculated mesh 

size ξ∙φEG in Figure 5.10 for different sliding velocities. A clear linear relation between the 

measured CoF and ξ∙φEG is found when plotting the data in a log-log plot as shown in 

Figure 5.10b. This indicates a power law scaling between ξ∙φEG and the resulting CoF of the 

swollen coatings. The fitting parameters and value of the adjusted R2 (Adj. R2) of these 

linear fits are given in Table 5.5. It can be seen from the Adj. R2 values of the linear fits that 

the fit describes the relation well, especially for velocities below 0.3 rad∙s−1. The power law 

scaling is lost around the transition point to the hydrodynamic lubrication regime 

(approximately 3 rad∙s−1 when looking at the raw data), which is expected since the friction 

behaviour no longer depends on the network structure and contact is lost with the indenters 

at those sliding velocities. Note that the data was also plotted in a semi-log plot to see if the 

friction behaviour is better described  by an exponential relation, but the Adj. R2
 values of 

these linear fits, as shown in Appendix A.8, are significantly lower. Therefore it can be 

concluded that a power law scaling describes the relation best. 

  

 

 
 
 

 

a)  b) 

Figure 5.10: Mean Coefficient of Friction (CoF) at different sliding velocities versus calculated mesh size ξ∙φEG 
of the water swollen PEG-based PU. CoF measured at a normal load of 0.5 N. Data shown in a) a linear-linear 
plot and b) a log-log plot including best weighted linear fits. The error bars show the mean absolute deviation. 
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Table 5.5: Overview of fitting parameters A and k from the intercept and slope, respectively, of the fits of 
log[CoF] versus log[ξ∙φEG] at different sliding velocities v of the PEG-based PU coatings and Adjusted R2 value of 
the weighted linear fit. 

velocity [rad∙s−1] A k Adj. R2 

0.001 0.732 ± 0.188 -0.799 ± 0.123 0.912 
0.003 0.873 ± 0.176 -0.914 ± 0.116 0.939 
0.01 1.019 ± 0.102 -1.015 ± 0.068 0.982 
0.03 0.769 ± 0.117 -0.887 ± 0.074 0.972 
0.1 0.543 ± 0.143 -0.767 ± 0.089 0.949 
0.3 0.074 ± 0.245 -0.507 ± 0.144 0.739 
1 -0.423 ± 0.151 -0.266 ± 0.085 0.686 
3 -0.844 ± 0.228 -0.059 ± 0.129 -0.247 
 

Analyzing these results, it turns out that there is a strong correlation between the obtained 

fitting parameter k (the power of the scaling ration between the CoF and ξ∙φEG, i.e. the 

slopes of the fits in log-log plots in Figure 5.10b) and the sliding velocity v, as shown in 

Figure 5.11a. The relation between k and log[v] can be described with a parabolic function 

(B0 = 1.16288 ± 0.16279, B1 = 1.04006 ± 0.11613, B2 = 0.12973 ± 0.0184, Adj. R2 = 0.969). 

Further extension of the polynomial function to the third order does not yield an 

improvement of the resulting empirical model between the mesh size of the network and 

the CoF (see Appendix A.9), as described next section. Next to the clear relation between k 

and v, the fitting parameter 10A (the intercepts of the fits in the log-log plots in Figure 

5.10b) is found to also strongly correlate with k. Figure 5.11b shows a clear linear relation 

between A and k (C0 = −0.88302 ± 0.05248,  C1 = −1.90644 ±  0.06358, Adj. R2 = 0.992). 

 

a) b)  

Figure 5.11: a) Plot of fitting parameter k (from the slope of the fits of log[CoF] versus log[ξ∙φEG]) versus the 
sliding velocity v. Including 2nd order polynomial fit, showing k(log[v]). c) Semi-log plot of k versus 10A, 
including linear fit, showing A(k). The error bars show the mean absolute deviation. 
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Given these strong correlations between the intercept and slope of the linear fit of the 

coating mesh size and the resulting friction response, and moreover the strong correlation 

between the fitting parameters and the sliding velocity, the following empirical descriptive 

model for these PEG-based PU coatings is formulated: 

 

 ( )EGCoF 10 kA ξ ϕ= ⋅   , (5.21) 

in which 

 0 1+ 10 10A C C k⋅=   , (5.22) 

while 

 2
0 1 2log[ ] log[ ]k B B v B v= + +   . (5.23) 

Substitution of eq. (5.22) and eq. (5.23) into eq. (5.21) gives 
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log[ ] log[ ]
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CoF 10 10

10 10

kC C

B B v B vC C

ξ ϕ

ξ ϕ
+ +

= ⋅ ⋅

= ⋅ ⋅
  , (5.24) 

where B0 = 1.16288, B1 = 1.04006, B2 = 0.12973, C0 = −0.88302 and C1 = −1.90644. 

The equation for the description of the friction behaviour only depends on the 

corrected mesh size and the sliding velocity for this type of PEG-based PU coating. To 

validate the empirical model, it is plotted up to 4 rad∙s−1 in Figure 5.12 together with the 

measured data. It can be seen that the model succeeds in describing the trends in the 

decrease of CoF upon increase of the coating mesh size rather quantitatively up to the 

transition to the hydrodynamic lubrication regime. The largest deviation seems to exist at 

the lowest velocity measured, 14.5 µm∙s−1. This velocity is close to the operating limit of 

the tribometer used. Furthermore, the whole sliding path of each coating is measured only 

once during a tribology measurement at this velocity. Therefore the deviation at this 

velocity is believed to be due to experimental limitation and increased experimental error. 

As stated before, the fitting procedures are also done for the uncorrected mesh size ξ. The 

resulting total Residual Sum of Squares (RSS) between the empirical model for CoF(ξ) and 
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the means of the measured data turn out to be larger compared to the total RSS from the 

model for CoF(ξ∙φEG) (i.e. the model above) and the measured data, as shown in Appendix 

A.9, thereby indicating that the presented empirical model provides the best description 

when ξ is scaled with φEG of the network. 

  

 

 
The obtained empirical model is, to the best knowledge of the author, the first model 

describing the friction behaviour of chemically cross-linked hydrophilic lubricious 

coatings, quantitatively. The strong correlation between the fitted parameters and the 

sliding velocity is evident. Looking at the shapes of the curve of k versus log[v] a minimum 

was found which, given the linear relation between A and k, results in a maximum of 

Figure 5.12: Measured mean Coefficient of Friction (CoF) (symbols) versus the sliding velocity v of the water 
swollen PEG-based PU coatings with varying Mn precursors, measured in demineralized water against a glass 
counter surface at a normal load of 0.5N and empirical predictions (solid lines) based on the calculated mesh size 
ξ from the obtained indentation modulus E. The error bars show the mean absolute deviation. 
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10A versus log[v] at the same velocity (not explicitly shown here). It is interesting to see 

that the shape of the curves seems to be symmetric. This symmetric shape of the behaviour 

versus log[v] is also seen in the adhesive friction and shear stress of rubbers[25,46,56,57] as 

well as in the elastic adhesive friction dominated regime in the gel-friction mechanism[21,24]. 

This indicates that information about the intrinsic polymer (structure) relaxation times and 

surface adsorption/desorption times is included in the fitted parameters. Furthermore it is 

expected that performing a similar study on well-defined polymer coatings prepared from 

different cross-linkers and/or polymer precursors, will possibly yield different values for 

the fitted parameters. In turn, these values could be compared to yield a structure-parameter 

relation for a more generic empirical model for the structure-friction behaviour relation of 

hydrophilic cross-linked polymer coatings in general. Although this is outside the scope of 

this work, it could be an interesting follow up study. 

5.4 Conclusions 

The coating network properties and aqueous friction behaviour of swollen PEG-based PU 

network coatings with varying network precursor molecular masses Mn were studied. The 

water uptake and hydrophilicity of the surface increases upon increasing the Mn of the 

precursor, whereas the indentation modulus of the swollen immersed coatings decreases, as 

expected. The molecular mass between cross-links Mc is calculated based on the swelling 

data and on the indentation data. The calculations were based on the phantom network 

model, taking into account network imperfections, for which values are calculated based on 

the amount of measured extractable material by using the Miller-Macosko-Vallés approach. 

The model yields comparable values for Mc  calculated on both the swelling data and the 

indentation data. The models corrected for an in-plane constrained coating swelling, as 

expected for coatings with a very small aspect ratio while adhering to a stiff (glass) 

substrate, are able to predict values of Mc close to the values reported in Chapter 3 for well-

defined isotropic swollen free standing PEG-based PU network films, whereas standard 

models which assume isotropic network swelling severely underestimate the Mc for these 

swollen thin film coatings. This validates the use of the correct adjustments for the swelling 

deformation, confirming indeed the in-plane constrained swelling of the coatings. 



 
CHAPTER 5 
 

122 
 

The friction behaviour of the swollen coatings was measured using a custom-made 

immersed tribology setup, designed for measuring the macroscopic aqueous friction 

response of swollen hydrophilic coatings against a glass counter surface when immersed in 

water. The custom-made immersed tribometer is sensitive enough to measure significant 

differences in friction response for coatings prepared from precursor with different Mn for a 

velocity range over 5 orders of magnitude. A clear transition is observed from the regime in 

which the indenter head makes contact with the coatings to the hydrodynamic lubrication 

regime. Moreover, a decrease in overall friction response upon increase of the network 

mesh size is observed in the regime where the indenter actually makes contact, as expected. 

 The obtained friction, swelling and indentation data is used to successfully deduce 

an empirical model for the quantitative description of the friction behaviour of the PEG-

based PU coatings against a glass counter surface. This empirical model only depends on 

the mesh size of the coatings and the sliding velocity, thereby providing the first model of 

its kind for the description of the friction behaviour of chemically cross-linked hydrophilic 

polymer coatings. 

5.5 References 

[1] P. Wyman, Coatings for Biomedical Applications - Chapter 1 Hydrophilic coatings for biomedical 
applications in and ex vivo, Woodhead Publishing Limited (2012), ISBN: 978-1-84569-568-2. 

[2] J. Drelich, E. Chibowski, D. D. Meng, and K. Terpilowski, "Hydrophilic and superhydrophilic surfaces 
and materials," Soft Matter 7, 9804-9828 (2011). 

[3] A. M. Chopra, M. Mehta, J. Bismuth, M. Shapiro, M. C. Fishbein, A. G. Bridges, and H. V. Vinters, 
"Polymer coating embolism from intravascular medical devices - a clinical literature review," 
Cardiovascular Pathology 30, 45-54 (2017). 

[4] K. H. Dellimore, A. R. Helyer, and S. E. Franklin, "A scoping review of important urinary catheter 
induced complications," J Mater Sci Mater Med 24, 1825-35 (2013). 

[5] L. Waller, O. Jonsson, L. Norlen, and L. Sullivan, "Clean Intermittent Catheterization in Spinal-Cord 
Injury Patients - Long-Term Follow-up of a Hydrophilic Low-Friction Technique," Journal of Urology 
153, 345-348 (1995). 

[6] R. J. LaPorte, Hydrophilic Polymer Coatings for Medical Devices - Structure/Properties, Development, 
Manufacture and Applications, CRC Press LLC (1997), ISBN: 1-56676-504-8. 

[7] B. V. Slaughter, S. S. Khurshid, O. Z. Fisher, A. Khademhosseini, and N. A. Peppas, "Hydrogels in 
regenerative medicine," Adv Mater 21, 3307-29 (2009). 

[8] N. A. Peppas, J. Z. Hilt, A. Khademhosseini, and R. Langer, "Hydrogels in Biology and Medicine: 
From Molecular Principles to Bionanotechnology," Advanced Materials 18, 1345-1360 (2006). 

[9] D. M. Devine, L. M. Geever, and C. L. Higginbotham, "Drug release from a N-
vinylpyrrolidinone/acrylic acid lubricious hydrophilic coating," Journal of Materials Science 40, 3429-
3436 (2005). 



 
Structure-lubricious property relation of PEG-diol based PU coatings 

 

123 
 

[10] A. M. Telford, M. James, L. Meagher, and C. Neto, "Thermally Cross-Linked PNVP Films As 
Antifouling Coatings for Biomedical Applications," Acs Applied Materials & Interfaces 2, 2399-2408 
(2010). 

[11] P. Hanley, F. Dolan, C. Higginbotham, and M. Tierney, "Coating for biomedical devices," USA Patent 
US2007043160A1, 2007. 

[12] A. J. A. A. Dias, G. J. E. Hensen, J. W. Belt, M. Rooijmans, N. H. M. Bond de, and E. P. K. Currie, 
"Hydrophilic coating comprising a polyelectrolyte," WO Patent WO2007065722A1, 2007. 

[13] B. van Bochove, J. J. Rongen, G. Hannink, T. G. van Tienen, P. Buma, and D. W. Grijpma, "Grafting a 
lubricious coating onto photo-crosslinked poly(trimethylene carbonate)," Polymers for Advanced 
Technologies 26, 1428-1432 (2015). 

[14] M. Militello, "Lubricious coating for medical device," WO Patent WO2017173114 (A1), 2017. 
[15] R. K. Elton, "Hydrophilic coating composition comprising cross-linked polyurethane-based lubricious 

layers," USA Patent US 20110144579A1, 2011. 
[16] A. Niemczyk, M. El Fray, and S. E. Franklin, "Friction behaviour of hydrophilic lubricious coatings for 

medical device applications," Tribology International 89, 54-61 (2015). 
[17] J. H. H. Bongaerts, J. J. Cooper-White, and J. R. Stokes, "Low Biofouling Chitosan-Hyaluronic Acid 

Multilayers with Ultra-Low Friction Coefficients," Biomacromolecules 10, 1287-1294 (2009). 
[18] X. Ding, C. Yang, T. P. Lim, L. Y. Hsu, A. C. Engler, J. L. Hedrick, and Y. Y. Yang, "Antibacterial 

and antifouling catheter coatings using surface grafted PEG-b-cationic polycarbonate diblock 
copolymers," Biomaterials 33, 6593-603 (2012). 

[19] B. S. Kim, J. S. Hrkach, and R. Langer, "Biodegradable photo-crosslinked poly(ether-ester) networks 
for lubricious coatings," Biomaterials 21, 259-265 (2000). 

[20] S. Nagaoka and R. Akashi, "Low-Friction Hydrophilic Surface for Medical Devices," Biomaterials 11, 
419-424 (1990). 

[21] J. P. Gong, "Friction and lubrication of hydrogels—its richness and complexity," Soft Matter 2, 544-
552 (2006). 

[22] N. D. Spencer, Aqueous Lubrication - Natural and Biomimetic Approaches, World Scientific 
Publishing Co. Pte. Ltd. (2014), ISBN: 978-981-4313-76-6. 

[23] T. Kurokawa, T. Tominaga, Y. Katsuyama, R. Kuwabara, H. Furukawa, Y. Osada, and J. P. Gong, 
"Elastic-hydrodynamic transition of gel friction," Langmuir 21, 8643-8648 (2005). 

[24] J. Gong and Y. Osada, "Gel friction: A model based on surface repulsion and adsorption," Journal of 
Chemical Physics 109, 8062-8068 (1998). 

[25] A. Schallamach, "A theory of dynamic rubber friction," Wear 6, 375 - 382 (1963). 
[26] P. G. de Gennes, Scaling Concepts in Polymer Physics, Cornell University Press (1979), ISBN: 0-

8014-1203-X. 
[27] J. P. Gong, Y. Iwasaki, Y. Osada, K. Kurihara, and Y. Hamai, "Friction of gels. 3. Friction on solid 

surfaces," Journal of Physical Chemistry B 103, 6001-6006 (1999). 
[28] T. Tominaga, N. Takedomi, H. Biederman, H. Furukawa, Y. Osada, and J. P. Gong, "Effect of 

substrate adhesion and hydrophobicity on hydrogel friction," Soft Matter 4, 1033-1040 (2008). 
[29] T. Tominaga, T. Kurokawa, H. Furukawa, Y. Osada, and J. P. Gong, "Friction of a soft hydrogel on 

rough solid substrates," Soft Matter 4, 1645-1652 (2008). 
[30] A. Kii, J. Xu, J. P. Gong, Y. Osasa, and X. M. Zhang, "Heterogeneous polymerization of hydrogels on 

hydrophobic substrate," Journal of Physical Chemistry B 105, 4565-4571 (2001). 
[31] Y. Ohsedo, R. Takashina, J. P. Gong, and Y. Osada, "Surface friction of hydrogels with well-defined 

polyelectrolyte brushes," Langmuir 20, 6549-6555 (2004). 
[32] M. Du, Y. Zhang, Y. Song, and Q. Zheng, "Negative velocity dependence of friction for poly(2-

Acrylamido-2-methyl propanesulfonic acid) hydrogel sliding against a glass surface in the low-velocity 
region," Journal of Polymer Science Part B: Polymer Physics 52, 765-772 (2014). 

[33] A. Kozbial and L. Li, "Study on the friction of kappa-carrageenan hydrogels in air and aqueous 
environments," Mater Sci Eng C Mater Biol Appl 36, 173-9 (2014). 

[34] J. M. Uruena, A. A. Pitenis, R. M. Nixon, K. D. Schulze, T. E. Angelini, and W. G. Sawyer, "Mesh 
Size Control of Polymer Fluctuation Lubrication in Gemini Hydrogels," Biotribology 1, 24-29 (2015). 



 
CHAPTER 5 
 

124 
 

[35] A. A. Pitenis, J. M. Uruena, A. C. Cooper, T. E. Angelini, and W. G. Sawyer, "Superlubricity in 
Gemini Hydrogels," Journal of Tribology-Transactions of the Asme 138, (2016). 

[36] A. C. Dunn, J. M. Uruena, Y. C. Huo, S. S. Perry, T. E. Angelini, and W. G. Sawyer, "Lubricity of 
Surface Hydrogel Layers," Tribology Letters 49, 371-378 (2013). 

[37] A. C. Dunn, W. G. Sawyer, and T. E. Angelini, "Gemini Interfaces in Aqueous Lubrication with 
Hydrogels," Tribology Letters 54, 59-66 (2014). 

[38] A. A. Pitenis, J. M. Uruena, K. D. Schulze, R. M. Nixon, A. C. Dunn, B. A. Krick, W. G. Sawyer, and 
T. E. Angelini, "Polymer fluctuation lubrication in hydrogel gemini interfaces," Soft Matter 10, 8955-
8962 (2014). 

[39] A. Rudin, The elements of polymer science and technology (1999), ISBN: 0-12-601685-2. 
[40] G. Hild, " Model networks based on endlinking processes - synthesis structure and properties," 

Progress in Polymer Science 23, 1019-1149 (1998). 
[41] R. P. Gullapalli and C. L. Mazzitelli, "Polyethylene glycols in oral and parenteral formulations-A 

critical review," International Journal of Pharmaceutics 496, 219-239 (2015). 
[42] H. Hertz, "Über die Berührung fester elastischer Körper," J. reine und angewandte Mathematik 92, 

156-171 (1882). 
[43] K. L. Johnson, Contact Mechanics, first ed., Cambridge University Press (1985), ISBN: 0 521 25576 7. 
[44] A. C. Fishcher-Cripps, Nanoindentation, Second ed., Springer Science+Business Media (2004), ISBN: 

978-1-4419-1962-5. 
[45] S. Hsu, C. Ying, and F. Zhao, "The nature of friction: A critical assessment," Friction 2, 1-26 (2013). 
[46] K. Vorvolakos and M. K. Chaudhury, "The effects of molecular weight and temperature on the kinetic 

friction of silicone rubbers," Langmuir 19, 6778-6787 (2003). 
[47] T. Canal and N. A. Peppas, "Correlation between Mesh Size and Equilibrium Degree of Swelling of 

Polymeric Networks," Journal of Biomedical Materials Research 23, 1183-1193 (1989). 
[48] J. E. Mark and P. J. Flory, "Configuration of Polyoxyethylene Chain," Journal of the American 

Chemical Society 87, 1415-+ (1965). 
[49] G. M. Cruise, D. S. Scharp, and J. A. Hubbell, "Characterization of permeability and network structure 

of interfacially photopolymerized poly(ethylene glycol) diacrylate hydrogels," Biomaterials 19, 1287-
1294 (1998). 

[50] S. P. Zustiak and J. B. Leach, "Hydrolytically Degradable Poly(Ethylene Glycol) Hydrogel Scaffolds 
with Tunable Degradation and Mechanical Properties," Biomacromolecules 11, 1348-1357 (2010). 

[51] Y. Gnanou, G. Hild, and P. Rempp, "Molecular Structure and elastic behaviour of PEG networks 
swollen to equilibrium," Macromolecules 20, 1662-1671 (1987). 

[52] D. R. Miller and C. W. Macosko, "New Derivation of Post Gel Properties of Network Polymers," 
Macromolecules 9, 206-211 (1976). 

[53] D. R. Miller, E. M. Valles, and C. W. Macosko, "Calculation of Molecular-Parameters for Stepwise 
Polyfunctional Polymerization," Polymer Engineering and Science 19, 272-283 (1979). 

[54] F. Campise, D. C. Agudelo, R. H. Acosta, M. A. Villar, E. M. Valles, G. A. Monti, and D. A. Vega, 
"Contribution of Entanglements to Polymer Network Elasticity," Macromolecules 50, 2964-2972 
(2017). 

[55] B. Erman and J. E. Mark, Structure and properties of rubberlike networks, Oxford University Press, 
Inc. (1997), ISBN: 0-19-508237-0. 

[56] B. N. J. Persson and A. I. Volokitin, "Rubber friction on smooth surfaces," European Physical Journal 
E 21, 69-80 (2006). 

[57] K. A. Grosch, "Realtion between Friction and Visco-Elastic Properties of Rubber," Proceedings of the 
Royal Society of London Series a-Mathematical and Physical Sciences 274, 21-+ (1963). 

 
 



125 
 

6  
Aqueous friction reduction by incorporation of 
mPEG dangling network chains into PEG-based 
hydrophilic PU coatings 

 
Abstract 

The influence of the amount and the length of dangling chains on the network properties 

and the macroscopic surface friction behaviour of water-swollen chemically cross-linked 

poly(ethylene glycol) based polyurethane coatings (PEG-based PU coatings) is reported. 

The coatings show trends in measured water uptake, indentation modulus and surface 

hydrophilicity, which can be qualitatively related to changes in the network structure upon 

incorporation of the dangling poly(ethylene glycol) mono methyl ether (mPEG) chains. In 

general, the water uptake and indentation modulus of the coatings are most influenced by 

the addition of relative high amounts of mPEG chains with a molecular mass which is 

larger than the PEG-diol precursor mass. The friction behaviour of the swollen coatings 

against a glass counter surface was measured using a custom-made immersed tribology 

setup. The Coefficient of Friction (CoF) of coatings containing dangling mPEG chains can 

be, but is not necessarily, significantly smaller compared to coatings without dangling 

chains with an identical swelling ratio, modulus or surface hydrophilicity. For the coatings 

studied, an optimum was found in dangling chain length and concentration for the 

maximum reduction of the CoF, where the addition of dangling chains to coatings with the 

highest cross-link density was shown to be most effective for the reduction of the CoF. 

However, a correlation between the measured CoF and coating properties, such as 

swelling ratio, indentation modulus or surface hydrophilicity, or between the surface chain 

conformation and the resulting friction behaviour of this type of polymer network coatings 

is not observed. 
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6.1 Introduction 

6.1.1 Polymer brushes on a substrate 

Polymers connected with one end to a surface while freely extending away from that 

surface with their other end are generally referred to as a “polymer brush”[1-3]. This rather 

broad term includes different polymer chain architectures on the surfaces of solid 

substrates, as well as at liquid-liquid or liquid-gas interfaces. Various methods are available 

for the preparation of polymer brushes on a solid substrate, which include physisorption, 

“grafting to” and “grafting from” approaches[2,3]. Generally the design and preparation of 

polymer brushes on a substrate aims to enhance a surface property or to provide the 

substrate with a property that the substrate material does not possess intrinsically. Often this 

involves adhesion promotion[4-6], specific cell or protein adhesion promotion or prevention 

in the bio-medical field[7-9], anti-fouling[10,11], self-cleaning[12,13] or lubricating properties[14-

16], which are all fundamentally related to the surface energy and conformation of the 

polymer chains on the surface[1,17,18]. 

When dealing with covalently connected polymer chains (tethered chains) to 

surfaces in contact with a solvent, the term “polymer brush” is reserved for a specific chain 

conformation regime only[19]. The conformation of tethered polymer chains on a surface in 

a solvent depends on the solvent quality (as it affects the radius of gyration Rg of the chain 

in solution[20]) and the chain density on the surface[18]. In general, three main conformation 

regimes exists as shown in Figure 6.1. When the surface spacing S of tethered polymer 

chains on a surface is sufficiently large (S > 2Rg), the chains adopt their entropically 

favoured conformation which is called the “mushroom” conformation. On the other hand, 

when the polymer chains are placed together with a spacing smaller than twice their Rg, as 

it would be in a dilute solution, they stretch out, away from the surface, due to excluded 

volume interactions. In this case, the chains adopt the “brush” conformation. The two 

conformations are separated by a transition regime in which the chains show intermediate 

structures. Although the two extremes are generally accepted, the span of the transition 

region (in terms of the ratio between S and 2Rg) is still under debate[19]. 
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6.1.2 Friction and aqueous lubrication by tethered polymer surface chains 

Probably the best examples of functional surfaces bearing polymer chains which are in 

contact with a solvent (water) are found in nature[1,15,18,21]. It is known that polysaccharide 

chains on the surface of cartilage play an important role on its mechanical properties and 

lubrication[22-26]. These friction and lubrication mechanisms of cartilage do not solely 

depend on polymer chains on the surface, but on a complex combination of different 

lubrication mechanisms, which is not yet completely understood[1,18]. Nevertheless, the 

capacity of the polymer chains to maintain a highly hydrated layer under shear on the 

surface at contact pressures at which pure water would be expelled, is a crucial component 

of biological lubrication mechanisms[15,18,26,27].   

 In order to mimic and understand the lubrication mechanisms from nature, 

researchers studied the friction behaviour of various polymer bearing surfaces. A great deal 

of work on the friction behaviour of two brush bearing surfaces was done in the last 

decades, especially by Klein and coworkers[14,16,28-31]. It was found that the friction 

behaviour of these polymer-bearing surfaces greatly depends on the shear rate effects on the 

interfacial forces and on the interpenetration, the viscous behaviour and the conformation of 

the chains confined between the two counter surfaces[16,32-35]. Next to this, work of Spencer 

and coworkers was specifically directed to the lubrication of hydrophilic brushes in an 

aqueous environment by adsorbed bottle-brush polymers and hydrogel type surface 

structures[18,36-43]. Besides differences between neutral and charged brush systems, they 

found a direct relation between the conformation of the chains on the surface and the 

 

Figure 6.1: a) Schematic representation of the side view of a hydrated polymer coating surface including dangling 
surface chains (blue) and dangling surface loops. b) Highly simplified schematic representation of the side view of 
a hydrated polymer coating surface including dangling surface chains. The representations show the change from 
the “mushroom” to the “brush” conformation of tethered surface chains depending on ratio between the surface 
spacing S and the radius of gyration of the polymer chains Rg. 
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friction behaviour of their bottle-brush PLL-graft-dextran[36] and PLL-graft-PEO[39] 

polymers adsorbed to oxidized silicon and metal oxide substrates, respectively. Their work 

showed, at low loads, a clear decrease of the Coefficient of friction (CoF) in water after the 

transition from the “mushroom” to “brush” chain conformation on the surface. Next to the 

work on the aqueous lubrication phenomena of polymer chains adsorbed on, or grafted to, 

solid substrates, work done on the friction behaviour of gels[44] has also shown a significant 

friction reduction by the presence of (polyelectrolyte) chains on the gel surface[45-47]. 

 Although major insights are gained on the influence of adsorbed or grafted 

polymer chains on rigid and impermeable substrates as well as on bulk gels, less attention 

went to the relation between the presence of dangling polymer chains on the surface and the 

lubricating properties of lubricious polymer network coatings. This is, however, rather 

relevant in view of the fact that the design and preparation of commercial lubricious 

polymer coatings inevitably results in the formation of surface dangling polymer chains[48-

50]. 

6.1.3 Chapter aim and outline 

The aim of this chapter is to study the effect of the addition of hydrophilic dangling 

network chains to well-defined chemically cross-linked hydrophilic PU coatings, on the 

coating network properties and resulting lubricious behaviour in an aqueous environment. 

The model coatings selected for this study are the poly(ethylene glycol)-based polyurethane 

coatings (PEG-based PU coatings) analyzed in Chapter 5. Dangling network chains can be 

easily introduced in these coatings by adding poly(ethylene glycol) mono-methyl ether 

(mPEG) to the coating formulation. Moreover, by choosing this model system, all obtained 

knowledge of the PEG-based PU coatings and free-standing networks, as studied in Chapter 

3 and 5, respectively, can be used to guide the coating preparation and (theoretical) 

characterization of the coatings. 

The characterization of well-defined PEG-based PU coatings which contain mPEG 

dangling network chains is described. The effect of the dangling chains on the resulting 

water uptake, indentation modulus, surface hydrophilicity and macroscopic aqueous friction 

behaviour against a glass counter surface is studied using the characterization techniques 

presented in Chapter 5. Furthermore, a detailed evaluation of the possible actual surface 

structure and surface chain conformation is presented, in an attempt to reveal the relation 
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between the friction response of the coatings and the surface chain conformation. This 

evaluation is based on the experimental swelling and indentation data, and takes into 

account different geometric considerations on the surface in-plane mesh size, absolute 

dangling chain surface spacing and presence of structure imperfections. 

6.2 Materials and methods 

6.2.1 Materials 

Poly(ethylene glycol) (PEG) with different molecular masses (Mn = 1000, 2000, and 6000 

g∙mol−1) and poly(ethylene glycol) mono-methyl ether (mPEG) (Mn = 2000 and 5000 

g∙mol−1) (Sigma Aldrich) (all D < 1.06 (SEC)) were dried at room temperature in a 

desiccator with P2O5 as desiccant for at least 72 h before use. mPEG (Mn = 550 and 1000 

g∙mol−1) (Sigma Aldrich) (both D < 1.04 (SEC)) were stored in a moisture free desiccator 

before use. Trimerized hexamethylenediisocyanate (tHDI) (equivalent functional weight of 

183 g∙mol−1 NCO (manufacturer value)) was kindly provided by Perstorp as tolonate 

HDT-LV2 and used as received. Cyclohexanone (99.8%) (Sigma Aldrich) was dried with 

molecular sieves before use. Dibutyltin dilaurate (95%) (DBTDL) and 

(3-aminopropyl)triethoxysilane (>98%) (APTES) were purchased from Sigma Aldrich and 

used as received. 

6.2.2 Coating preparation 

The coating preparation procedure was optimized to yield PPG-based PU coatings with 

sufficient adhesion to a glass substrate when immersed in water. The coatings were applied 

on substrates (soda-lime glass, extra low iron content) (49 × 49 × 1 mm3) containing a 

primer layer which was identical to the primers used in Chapter 5 and Chapter 6. See 

Section 5.2.2.1. for details on the primer preparation. Furthermore, see Chapter 4 for critical 

steps in the total coating preparation procedure. Contact of oxygen with the network 

precursors was minimized as much as possible to prevent possible degradation of the 

polymers during network preparation (see also Chapter 2). Therefore, every time a vial was 

opened during the whole preparation procedure, it was thoroughly flushed with argon after 

opening and before closure. Moreover, the lid was wrapped with parafilm tape after 

closure. 
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6.2.2.1 PEG/mPEG-based PU coating preparation 

All glassware was dried in an oven at 100 °C for at least 14 h prior to use. For the top coats, 

coating precursor stock solutions (typically 10 ml) of PEG (10-15 wt%) and of tHDI 

(50 wt%) in cyclohexanone were made by dissolving PEG and tHDI in cyclohexanone at 

55 °C and room temperature, respectively. This was done in closed glass vials under an 

argon blanket and continuous stirring. The weight ratios of the selected PEG and mPEG in 

each stock solution were chosen to yield similar molar OHmPEG:NCO ratios, i.e. 1:9, 1:18, 

1:30, 1:45 or 1:90, for all PEG/mPEG coatings, in order to be comparable. Coating 

formulation solutions (typically 3 ml) were prepared in a glass vial by mixing the network 

precursor stock solutions at 55 °C under an argon blanket. The NCO:OH molar ratio of 

each formulation was kept at 1.1 to ensure full conversion of the OH-groups. Just before 

application, approximately 0.1 solid wt% DBTDL, with respect to the total mass of the 

precursors, was added from a 10 mg∙ml−1 solution in cyclohexanone. 

Prior to the coating application, the extracted and dried primed substrates received 

a UV-ozone treatment (Novascan PSD-UVT) for 12 s and were put on a preheated (65 °C) 

coating stage. The coating solutions (0.25 ml) were barcoated by hand using a spiral wire 

bar resulting in a wet-film thickness of approximately 40 µm. The wet coatings were 

transferred to a preheated (65 °C) heating element placed in a chamber (with a volume of 

approximately 1.5 dm3), which after closure was continuously flushed with dry N2 

(± 150 l∙h−1 at 1 bar). The coatings were formed by a solvent evaporation step of 90 min at 

65 °C, to remove both the solvent and the oxygen present, followed by a final cure step of 

4 h at 125 °C under a dry N2 flow (± 150 l∙h−1 at 1 bar). The cured coatings were immersed 

in demineralized water for at least 14 h to extract the extractable components. The extracted 

coatings were allowed to dry at ambient conditions and further dried at 20 mbar at 40 °C 

for at least 2 h and stored in a moisture free desiccator. From here onwards, PEG-based PU 

coatings containing mPEG dangling chains will be named PUPEG(Mn of used 

PEG)-mPEG(Mn of used mPEG) (OHmPEG:NCO). 

6.2.3 Network and coating characterization 

In line with the characterization of the PEG-based PU free standing networks and PEG-diol 

based coatings as described in Chapter 3 and Chapter 5, respectively, a similar approach is 

applied for the network characterization of the PEG-based PU coatings containing dangling 
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mPEG chains. This section provides a concise overview of the techniques and theoretical 

models used for the characterization of the coatings, whereas for elaboration, validations 

and discussions on techniques and models is referred to Chapter 3, Chapter 5 and the 

Appendices. 

Fourier transform infrared spectroscopy (FTIR) absorbance spectra of cured 

networks were recorded in attenuated total reflection (ATR) mode using a Varian Excalibur 

FTIR-3100 equipped with a diamond Specac Golden Gate ATR setup. Measurements were 

performed over a spectral range of 4000 to 650 cm−1 with a resolution of 2 cm−1. For each 

measurement 50 spectra were averaged. As explained in Chapter 3, only the disappearance 

of the N=C=O asymmetric stretch vibration (2270 cm−1) was used to check the NCO 

conversion of the cured coatings. A Bruker Veeco Dektak 150 profilometer was used to 

measure the dry thickness of coatings. A scratch was made to completely remove a small 

part of the coating. The height profile across the interface of exposed substrate and the 

coating was measured at five random locations per coating. The hydrophilicity of the 

coatings was evaluated by static captive air bubble contact angle CAair measurements in 

water using a Data Physics OCA 30 goniometer. Coatings, swollen to equilibrium for at 

least 14 h, where placed upside-down in a glass container filled with demineralized water. 

An air bubble with a volume of approximately 4 µl was placed on the coating surface after 

which the static air contact angle was measured (see also Section 5.2.4). The static air CAair 

was measured at five different locations per sample. 

6.2.3.1 Immersed nano-indentation 

Nano-indentation measurements on swollen coatings completely immersed in 

demineralized water were performed using an optical interferometer based Piuma 

Nanoindenter (Optics11 B.V. Amsterdam (NL)). Two different probes were used 

throughout the measurements of the whole dataset. The probes were equipped with a 

spherical glass tip (with a radius of 19.0 and 19.5 µm, respectively) connected to a 

cantilever (with a stiffness of 17.3 and 18.9 N∙m−1, respectively) (Optics11 B.V.). 

Coatings, swollen to equilibrium for at least 14 h, were immersed in a petri dish 

filled with demineralized water after which the indentation modulus was measured at 5 

random locations on each sample. Generally, each indentation was done by a 

piezoelectrical controlled downward movement of the indenter head of 18.6 µm at a 
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velocity of 1.86 µm∙s−1. The probe was held at the maximum depth for 5 s after which it 

was withdrawn within 1 to 2 s. See Section 5.3.1. for an example of a raw indentation 

curve. 

The load-displacement curve of each indentation was recorded, after which the 

effective indentation modulus E* was calculated using standard Hertzian contact mechanics 

for a rigid indenter and an elastic half space[51,52] as given by 

 

 3
*

3
4

PRa
E

=   and  
2a

R
δ =  (6.1) 

 

where a is the radius of the circle of contact, P the applied load, R the radius of the indenter 

and δ the indentation depth. For the calculation of the indentation modulus of the top 

surface of the coating E, the value of E* was taken at 5% of the total load to ensure an 

indentation depth to film thickness ratio δ/h < 0.1, preferably < 0.05, in order to minimize 

the effect of the modulus of the substrate on the measured coating response [53]. If a 

waviness occurred in the indentation curve (see also Section 5.3.1), it was judged by the 

Herzian fit of the curve, based on the data at 5% of the maximum load, if the fit described 

the average curve well. If the fit did not describe the mechanical behaviour well, the best 

Herzian fit, based on values around 5% of the maximum load at slightly higher or lower 

percentages of the maximum load (from 4% up to 10%), was fitted and evaluated again, to 

obtain the best overall fit.  The indentation modulus E was calculated from the measured E* 

via 

 

 ( ) ( )2 2
ind

* ind

1 11
E E E

n n− −
= +   , 

(6.2) 

 

where Eind is the modulus of the glass indenter (Eind ≈ 70 GPa), indn  is Poisson’s ratio of the 

indenter ( indn ≈ 0.25), n  is Poisson’s ratio of the coating which is taken as 0.5 for an ideal 

rubber, assuming ideal elastic deformation during the measurement. The second term on the 

right hand side of eq. (6.2) can be neglected since (1− n 2)/E >> (1− 2
indn )/Eind because E is 

in the order of 1 to 10 MPa.  
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6.2.3.2 Immersed tribology 

An AR-1000N Rheometer (TA Instruments) was adapted to use as a tribology setup for the 

measurements of the macroscopic friction response of the coatings immersed in water. See 

Section 5.2.6 for an overview of the used equipment. The custom-made indenter head 

contains three spherical optical grade N-BK7 glass lenses (Borosilicate Crown glass), with 

a large radius of curvature (R = 0.25 m) and a diameter of 0.025 m, mounted with the center 

of the lenses located 0.0145 m out of the center of the indenter head. This shallow curvature 

was chosen to ensure a large contact area between the indenters and the coating (in the 

order of mm2 per lens), thereby minimizing the contact pressure and ensuring a close-to-

homogeneous stress distribution in the deformed coatings. The indenter head was mounted 

to the rotating shaft of the rheometer via a single leaf spring (with a spring compliance of 

1000 µm∙N−1)  to carefully follow the surface of the coatings during rotation. A cup which 

can contain the measurement medium (demineralized water) and the immersed coating was 

mounted on the bottom plate of the rheometer. 

The tribometer can be operated in a velocity window between 10−3 to 70 rad∙s−1 

and up to a normal load of 20 N, with a bandwidth of 0.1 N around the set-point at a 

constant longitudinal position of the rotating shaft. Forces are recorded with a normal force 

resolution of 0.0057 N and a torque resolution of 0.01 µN∙m. All measurements were 

performed in demineralized water at approximately 20 °C. Coatings, swollen to equilibrium 

for at least 14 h, were immersed and equilibrated in the setup at a normal load of 0.5 N for 

30 min prior to the measurements. Each measurement was divided stepwise in different 

constant velocity segments (ranging from 10−3 to 30 rad∙s−1) at a normal load of 0.5 N, for 

which at velocities of ≥ 0.01 rad∙s−1 at least one complete rotation was assured. The 

segment length of the lowest velocities were chosen such that the complete circular sliding 

path was measured once. A stationary equilibration time of 1 min was allowed between 

each velocity step.  

The absolute applied normal load and measured torque were averaged over the 

total segment time, with the first 30 s excluded. From the resulted average torque Tω and 

normal load FN , the Coefficient of Friction (CoF) was calculated via 

 

N

/
CoF

T r
F
ω=   , (6.3) 
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where r is the distance between the center of the indenter head and the center of a lens 

(r = 0.0145 m in this study). 

6.2.3.3 Experimental swelling characterization 

The weight of the substrates, as well as the primers and coatings, was measured 

gravimetrically before and after each application, curing and extraction step. The amount of 

extractable material L is calculated via 

 

 0 100%i

i

m mL
m
−

= ⋅   , 
(6.4) 

 

where mi and m0 are the initial dry weight of a coating before extraction and of an extracted 

dry coating, respectively. The extracted coatings were immersed in demineralized water 

again to swell to equilibrium for at least 14 h. The swollen weight of a coating meq was 

measured gravimetrically directly after the coating was taken out of the water and after 

gentle removal of all excess water with absorbing lint free paper. Based on the water 

uptake, the polymer network volume fraction φn in a swollen coating was calculated using 

 0
n

n
1V V

V V Q
ϕ = = =   , (6.5) 

where V is the total volume of the swollen coating, Vn the dry volume of the coating, V0 the 

initial volume of the coating before swelling and Q is the volumetric equilibrium swelling 

ratio. The equality of Vn and V0 is valid since the coating is cross-linked in absence of 

solvent. Q is calculated from the measured water uptake via 

 

 
2

eqn
0

H O 0
1 1mVQ

V m
ρ
ρ

 = = + − 
 

  , (6.6) 

 

where ρH2O is the density of water (1 g∙cm−3) and ρn the density of the dry coating. The 

composition dependence of ρn as shown in Section 3.4.4 is also applicable to the PEG-

based PU coatings, therefore values for ρn for each individual network are again given by 

eq. 3.43. Similarly, the weight fraction of ethylene glycol (EG) units φEG in the dry network 

is calculated from the mass ratio of the network precursors by 
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 PEG
EG

PEG tHDI

m
m m

ϕ =
+

  , (6.7) 

where mPEG and mtHDI are the masses of the precursors in the coating formulation. 

6.2.3.4 Theoretical network structure characterization 

In line with the theoretical network characterization described in Chapter 3 and Chapter 5, 

the corrected phantom network model is used (eq. (6.8)) in combination with the 

description for in-plane constrained swelling of the coatings, to calculate the average 

molecular mass between cross-links Mc of the prepared swollen mPEG containing PEG-

based PU coatings from the obtained indentation data. 

 

 

0

1
n

n
n

c

23RT
f

M
E

ϕρ α β
ϕ

−    
−    

   =  

(6.8) 

 

Here R and T have their usual meaning, ρn is the dry network density, φn the polymer 

volume fraction in the swollen network,
0nϕ the polymer volume fraction during the 

network formation (equal to unity in this work since the formation of the coating network 

proceeds in absence of solvent), f the functionality of the network junctions (taken as 3.75 

in this work due to the allophanate formation as explained in Section 3.6.2) and E is the 

indentation modulus. Due to the presence of extractable material after the network 

formation and dangling network chains, corrections for network imperfections are needed 

(see also Section 3.7.2.). Hence the phantom model is corrected with the correction factors 

α and β (eq. 3.34 and 3.37, respectively). Both correction factors are calculated using the 

Miller-Macosko-Vallés (MMV) approach[54-56] for an A5A3B2B1 system, in which the 

allophanate formation has been taken into account as explained in Section 3.6.2. A 

derivation for the MMV equations for an A5A3B2B1 system is given in Appendix A.1.4. 

The mesh size ξ of a network is a structure parameter which gives the average 

absolute distance between two consecutive cross-links. Once the average molecular mass 

between cross-linking points in the structure is known, the mesh size of the structure can be 

calculated using the intrinsic characteristics of the polymer between the cross-links[57]. The 
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parameter ξ can be calculated from the root-mean-square end-to-end distance between the 

cross-links 2 1/2
0( )r  in the swollen network via 

 

 1/3 2 1/2
n 0( )rξ ϕ−=   , (6.9) 

 

where 2 1/2
0( )r  is given by 

 

 1/2
b c2 1/2 1/2

0
m

( ) N Mr l C
M

∞
 =  
 

  , (6.10) 

 

where l is average bond length of the PEG backbone taken as 1.464 Å[58,59], C∞ the 

characteristic ratio of PEG (typically 4.0)[58,60], Nb the number of bonds per ethylene glycol 

unit in the backbone (3) and Mm the molecular mass of the ethylene glycol unit 

(44 g∙mol−1). 

6.3 Results and discussion 

In this chapter, first the measured network properties such as the water uptake, the 

indentation modulus and the static air contact angle in water of the PEG-based PU coatings 

containing mPEG dangling chains are presented. Secondly, the friction behaviour of the 

coatings is given. The reference properties of PEG-diol based PU coatings with the similar 

PEG-diol precursor Mn, as studied in Chapter 5, are given for comparison. Furthermore, the 

Coefficient of Friction (CoF) is evaluated with respect to the mass and amount of added 

mPEG chains, as well as with respect to the measured network properties. Moreover, the 

lubricous properties of PEG-based PU coatings are qualitatively compared with commercial 

catheter coatings. Finally, geometric surface considerations are given which try to correlate 

the friction response of the coating to the calculated average surface coverage and chain 

conformation of the dangling chains on the surface. 



 
Friction reduction by incorporation of mPEG chains into PEG-based PU coatings 

 

137 
 

6.3.1 Coating network formation and network properties 

PEG-based PU coatings containing mPEG dangling chains with an average dry film 

thickness of 6 – 7 µm (as measured with the profilometer) are studied in this work. As 

shown in Chapter 4, the IR absorption spectra show a complete disappearance of the NCO 

band at 2270 cm−1 after cross-linking for the prepared PEG-based PU coatings. This NCO 

 
PEG 
[g∙mol−1] 

mPEG 
[g∙mol−1] 

OHmPEG:
NCO [-] 

L 
[%] 

φEG 

[-] 
Q 

 [V/V0] 
E 

[MPa] 
CAair 

[°] 

1000 no - 2.5 ± 1.3 0.713 1.96 ± 0.12 6.2 ± 0.8 142 ± 1 
 550 1:45 2.5 ± 0.1 0.714 1.87 ± 0.10 7.2 ± 0.2  
  1:30 0.9 ± 0.5 0.715 1.99 ± 0.08 7.2 ± 0.6  
  1:9 3.7 ± 0.3 0.716 1.98 ± 0.05 5.7 ± 0.2 139 ± 1 
 1000 1:45 2.1 ± 1.1 0.718 1.94 ± 0.04 6.7 ± 0.3  
  1:30 0.2 ± 0.3# 0.721 1.99 ± 0.06 6.7 ± 0.3  
  1:9 1.6 ± 0.8 0.735 2.15 ± 0.09 4.2 ± 0.1 143 ± 1 
 2000 1:45 1.8 ± 0.8 0.728 2.11 ± 0.11 6.6 ± 0.4  
  1:30 3.2 ± 0.7 0.731 2.46 ± 0.07 2.6 ± 0.3  
  1:9 3.4 ± 0.5 0.771 2.57 ± 0.04 3.9 ± 0.2 141 ± 1 
 5000 1:45 1.3 ± 0.5 0.769 2.05 ± 0.12 6.6 ± 0.3  
  1:30 4.2 ± 1.1 0.793 2.66 ± 0.13 3.9 ± 0.3 139 ± 1 
  1:9 1.7 ± 1.0 0.833 2.89 ± 0.05 3.1 ± 0.2 148 ± 1 
2000 no - 0.8 ± 0.4 0.833 2.57 ± 0.18 3.8 ± 0.1 146 ± 1 
 550 1:30 

1:9 
1.3 ± 0.3 
0.5 ± 0.5# 

0.831 
0.826 

2.73 ± 0.11 
2.56 ± 0.04 

4.2 ± 0.4 
3.8 ± 0.2 

142 ± <0.5 

2000 1:45 
1:30 

0.6 ± 0.6# 
0.3 ± 0.3 

0.836 
0.837 

2.37 ± 0.13 
2.61 ± 0.08 

3.4 ± 0.4 
3.3 ± 0.1 

147 ± 1 

 1:18 2.1 ± 0.9 0.841 2.71 ± 0.13 3.5 ± 0.3 143 ± <0.5 
 1:9 1.8 ± 0.5 0.847 3.02 ± 0.23 2.7 ± 0.3 145 ± <0.5 

 5000 1:90 0.3 ± 0.1 0.839 2.62 ± 0.17 4.5 ± 0.5  
  1:45 1.9 ± 0.5 0.844 2.66 ± 0.08 3.1 ± 0.4 143 ± 1 
  1:30 1.2 ± 0.3 0.850 2.83 ± 0.21 3.5 ± 0.3 142 ± <0.5 
  1:18 1.9 ± 0.2 0.859 3.26 ± 0.03 3.1 ± 0.7 145 ± 1 
  1:9 2.2 ± 0.2 0.877 3.57 ± 0.29 1.9 ± 0.1 148 ± <0.5 
6000 no - 2.6 ± 1.2 0.937 3.45 ± 0.31 1.9 ± 0.2 148 ± 1 
 550 1:9 1.2 ± 0.2 0.931 3.50 ± 0.08 2.2 ± 0.2 150 ± <0.5 
 5000 1:9 1.7 ± 0.1 0.941 3.50 ± 0.15 0.8 ± 0.3 149 ± 1 
#Amount of extractable material of two samples undetectable. 

Table 6.1: Amount of extractable material L, ethylene glycol fraction in dry network φEG, volumetric swelling 
ratio Q, indentation modules E and static captive air bubble contact angle in water CAair of the prepared PEG-
based PU networks containing mPEG dangling chains of various lengths and amounts. The number of samples per 
coating type is typically three. Dry thickness of the coatings is typically 6 -7 µm. The error shows the mean 
absolute deviation from the mean value. The values of the PEG-diol based PU coatings with a similar PEG-diol 
mass, as given in Chapter 5, are given as reference coating without mPEG dangling chains. 
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disappearance indicates a full NCO conversion. Similar to the PEG-diol based PU coatings 

shown and discussed in Chapter 5, the coatings containing mPEG show small fractions of 

extractable material after network preparation. An overview of all prepared coating 

compositions and measured quantities and properties such as the amount of extractable 

material L, the volumetric swelling ratio Q, the indentation modulus E and the static air 

contact angle in water CAair is given in Table 6.1. 

The measured volumetric swelling ratio Q of the PUPEG1000 and PUPEG2000 

coatings is shown against the Mn of the added mPEG chains in Figure 6.2. The addition of 

dangling chains with a low molecular mass Mn (i.e. 550 g∙mol−1) does not significantly 

change the swelling ratio as can be seen from the figures. Also the addition of low amounts 

of chains (OHmPEG:NCO ratios of 1:45 and 1:90) to both networks does not significantly 

influence the swelling ratio. On the other hand, the addition of a high concentration (1:9, 

solid symbols Figure 6.2a) of mPEG with a Mn of 1000, 2000 or 5000 g∙mol−1 and a 

concentration of 1:30 (open symbols Figure 6.2a) for the longest two mPEG chains to a 

PUPEG1000 coating, results in an increase of the swelling ratio. An addition of mPEG 

dangling chains to a PUPEG2000 coating (Figure 6.2b) only results in a significant increase 

in water uptake for the mPEG chains with a Mn of 5000 g∙mol−1 in the concentrations 1:9 

and 1:18 (solid and crossed symbols) and for mPEG with a Mn of 2000 g∙mol−1 in a  

 

a) b) 

Figure 6.2: Mean volumetric equilibrium water swelling ratio Q of PEG-based PU coatings containing various 
amounts of mPEG dangling chains plotted against the Mn of the mPEG chains of  a) PUPEG1000 coatings and b) 
PUPEG2000 coatings. The error bars show the mean absolute deviation. The values of PEG-diol based PU 
coatings with the similar PEG diol Mn, as given in Chapter 5, are given as reference coating without mPEG 
dangling chains. 
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concentration of 1:9 (solid symbol). The value for the water uptake of the 

PUPEG2000-mPEG2000 (1:45) coatings (semi-solid symbol with lowest Q value Figure 

6.2b) seems a bit on the low side, but no other abnormalities were observed for these 

coatings. 

The measured indentation moduli E of the top surface of the PUPEG1000 and the 

PUPEG2000 coatings are plotted against the Mn of the added dangling mPEG chains in 

Figure 6.3. The graphs show especially a significant effect on the indentation modulus upon 

addition of mPEG with a mass larger than, or equal to, the Mn of the diol-precursor for 

OHmPEG:NCO ratios above 1:45 (solid and open symbols). Furthermore, the coatings with  

the highest amount of dangling chains (i.e. 1:9 ratio, solid symbols) have the lowest 

modulus and hereby the least dense network structure. This is expected since these coatings 

should yield the lowest amount of effective active cross-links due to the addition of the 

dangling chains. Although the coatings generally show indentation moduli according to 

qualitative expectation, based on the measured swelling ratios and network structure 

considerations, the value of the modulus of the PUPEG1000-mPEG2000 (1:30) coatings 

seems to be off (i.e. too low) (highlighted in Figure 6.3a). In chronological order, the 

indentation measurements were the last measurements, of all measurements done on the 

coatings. A possible explanation for the seemingly deviating (too low) modulus could be 

network degradation due to different and/or deviating exposure conditions during the data 

gathering procedure.  

 The static captive air bubble contact angle in water CAair data is shown in Figure 

6.4 for coatings prepared with a OHmPEG:NCO ratio of 1:9 of dangling chains. Note that a 

higher air bubble contact angle in water means a lower water contact angle, 

CAwater = 180° − CAair. The hydrophilicity of the coating surface is slightly changing upon 

addition of dangling chains for the PUPEG1000 and PUPEG2000 coatings, whereas no 

significant differences are observed for the already most hydrophilic PUPEG6000. Only a 

significant increase of the surface hydrophilicity can be seen for the PUPEG1000 coatings 

upon addition of the long mPEG 5000 g∙mol−1 chains. Moreover the hydrophilicity of the 

PUPEG1000 and PUPEG2000 coatings is reduced when the very short mPEG 550 g∙mol−1 

chains are added. This is possibly the result of the overall higher concentration of the more 

hydrophobic tHDI cross-linker molecules in these coatings. The addition of the other 

dangling chain masses is not changing the surface hydrophilicity significantly. It can be 
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seen that the values of all mPEG 5000 g∙mol−1 containing coatings (OHmPEG:NCO = 1:9) 

are close together, indicating that the surface hydrophilicity is governed by the long 

dangling chains at the surface, whereas the hydrophilicity of the other coatings is the 

product of both the dangling chains and the finite network structure.  

 

 
 

 

a) b) 

Figure 6.3: Mean indentation modulus E of swollen PEG-based PU coatings containing various amounts of mPEG 
dangling chains plotted against the Mn of the mPEG chains of a) PUPEG1000 coatings and b) PUPEG2000 
coatings. The indentation measurements are performed completely immersed in water. The error bars show the 
mean absolute deviation. The values of PEG-diol based PU coatings with the similar PEG diol Mn, as given in 
Chapter 5, are given as reference coating without mPEG dangling chains. 

 

 

Figure 6.4: Mean captive air bubble contact angle in water CAair of PEG-based PU coatings containing various 
mPEG dangling chains (OHmPEG:NCO = 1:9) swollen to equilibrium in water plotted against the Mn of the mPEG 
chains. The error bars show the mean absolute deviation. The values of the PEG-diol based PU coatings with the 
similar PEG diol Mn as given in Chapter 5, are given as reference coating without mPEG dangling chains. 

 

0 1000 2000 3000 4000 5000 6000

132

136

140

144

148

152

156

160  no mPEG references
 PUPEG1000  OHmPEG:NCO = 1:9
 PUPEG2000  OHmPEG:NCO = 1:9
 PUPEG6000  OHmPEG:NCO = 1:9

C
A

ai
r [
°]

Mn mPEG precursor [g⋅mol−1]

0 1000 2000 3000 4000 5000 6000
0

2

4

6

8

10
 no mPEG
 OHmPEG:NCO = 1:45
 OHmPEG:NCO = 1:30
 OHmPEG:NCO = 1:9

E 
[M

Pa
]

Mn mPEG precursor [g⋅mol−1]

PUPEG1000

seems off

0 1000 2000 3000 4000 5000 6000
0

2

4

6

8

10
 no mPEG
 OHmPEG:NCO = 1:9
 OHmPEG:NCO = 1:18
 OHmPEG:NCO = 1:30
 OHmPEG:NCO = 1:45
 OHmPEG:NCO = 1:90

E 
[M

Pa
]

Mn mPEG precursor [g⋅mol−1]

PUPEG2000



 
Friction reduction by incorporation of mPEG chains into PEG-based PU coatings 

 

141 
 

Overall, the set of the prepared mPEG containing coatings shows trends in structure 

properties which can be qualitatively related to changes in the network structure (with the 

exception of the measured indentation modulus of the PUPEG1000mPEG2000 (1:30) 

discussed earlier). The water uptake and network modulus of the coatings are most 

influenced by the addition of relative high amounts of mPEG chains with a Mn larger than 

the PEG-diol precursor Mn, whereas changes in surface hydrophilicity are rather small. 

These qualitative observations indicate a proper network formation and therefore suitable 

coatings for the friction behaviour evaluation. 

6.3.2 Immersed friction behaviour of PEG-based PU coatings containing mPEG 

6.3.2.1 Friction response overview 

The friction response of the coatings was measured with the custom-made immersed 

tribology set-up as explained in Section 6.2.3.2. An example of a typical measured friction 

response is given in Appendix A.5. The calculated average Coefficients of Friction (CoFs) 

of each velocity segment of the PUPEG1000 coatings containing mPEG chains are given in 

Figure 6.5. At velocities above 3 rad∙s−1, the friction response of all networks becomes 

independent of the network architecture (as seen before for the PEG-diol PU coatings in 

Chapter 5). This shows the transition to the hydrodynamic lubrication regime in which the 

indenters lose contact with the coating surface and where the friction response is governed 

by the viscosity of the medium in the gap[61]. At lower velocities, the indenters make actual 

contact with the coating and differences in network (surface) architecture give rise to a 

different friction response of the coating[44,62].  

A tremendous decrease in the CoF in the whole low velocity regime can be seen 

upon addition of mPEG dangling chains to the PUPEG1000 coating, which is even true for 

the lowest amounts of the shortest chains (green data Figure 6.5a). The CoF of the mPEG 

containing coatings is less sensitive to the sliding velocity as compared with the reference 

coating. Nevertheless, the friction response of several coatings seems to experience a 

shallow and broad maximum versus the sliding velocity between 0.01 and 10 rad∙s−1. This 

possibly shows an adhesive interaction due to the presence of the dangling chains. An 

interesting observation is that the average CoF of the PUPEG1000 coatings with the highest 

amount of dangling chains (OHmPEG:NCO = 1:9, blue points) is higher compared to the CoF 

of the coatings with a dangling chain concentration of 1:30 (red points) at most velocities. 
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Since the CoF of the coatings with the lowest concentration of chains (1:45, green points) is 

again higher compared to the coatings with a ratio of 1:30, the addition of dangling chains 

in a ratio of 1:30 to the PUPEG1000 coatings shows for all chain lengths an optimum in 

chain concentration for the largest decrease in CoF. A closer look at the relation between 

the friction response and concentration and mass of the dangling chain is taken in Section 

6.3.2.2. 

 

 

 

a) b) 

c) d) 

Figure 6.5: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPEG1000 coatings 
containing dangling chains of various mPEG masses (a) 550 g∙mol−1, b) 1000 g∙mol−1, c) 2000 g∙mol−1 and d) 
5000 g∙mol−1) and concentrations (OHmPEG:NCO = 1:45 (green circles), OHmPEG:NCO = 1:30 (red circles)  and 
OHmPEG:NCO = 1:9 (blue circles)). The values of the PUPEG1000 coatings (black squares), as given in Chapter 5, 
are given as reference coating without mPEG dangling chains. The CoF is measured in demineralized water 
against a glass counter surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show 
the mean absolute deviation. 
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The calculated average CoF of each velocity segment of the PUPEG2000 and PUPEG6000 

coatings containing mPEG are given in Figure 6.6. It can be seen that the addition of 

dangling chains to a PUPEG2000 coating has an overall less pronounced effect in the 

reduction of the CoF compared to the addition of mPEG to the PUPEG1000 coatings 

shown in Figure 6.5. At the same time, the addition of the mPEG chains to PUPEG6000 

coatings does not seem to significantly influence the overall friction behaviour at all. Note 

that in general the mean absolute deviations are larger for less lubricious systems compared  

 

 

a) b) 

c) d) 

Figure 6.6: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPEG2000 (a, b and c) 
and PUPEG6000 coatings (d) containing dangling chains of various mPEG masses. The data of PUPEG2000 
coatings is given for dangling chain masses (a) 550 g∙mol−1, b) 2000 g∙mol−1 and c) 5000 g∙mol−1) and different 
amounts (colored circles). The measured friction response of PUPEG2000 and PUPEG6000 coatings, as given in 
Chapter 5, are given as reference coating without mPEG dangling chains. The CoF is measured in demineralized 
water against a glass counter surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars 
show the mean absolute deviation. 
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to more lubricious ones. This is also seen for the PUPEG1000 coatings in Figure 6.5 and 

for the PEG-diol based coatings studied in Chapter 5. Nevertheless, the absolute deviations 

are not unusually large for (immersed) tribology experiments[63-66].  

As observed in Figure 6.5 for the PUPEG1000, the friction response of most 

PUPEG2000 coatings seems to experience a broad maximum versus the sliding velocity 

between 0.01 and 10 rad∙s−1. However, this maximum is more pronounced compared to the 

friction response of the PUPEG1000 coatings. Whereas the addition of dangling chains to 

the PUPEG1000 coatings is effective to reduce the CoF, independently of the length and 

concentration of chains, this is clearly not the case for PUPEG2000 and PUPEG6000 

coatings in general, as can be seen from Figure 6.6. The addition of the short mPEG chains 

(550 g∙mol−1) is not decreasing the CoF of the PUPEG2000 coating in the velocity range 

between 0.01 and 3 rad∙s−1 at all (see Figure 6.6a). The other chain lengths (2000 and 

5000 g∙mol−1) both show an optimum in the concentration of chains for the largest decrease 

in CoF in the velocity range between 0.03 and 1 rad∙s−1 (± 0.4 – 15 mm∙s−1) for the 

PUPEG2000 coatings. 

6.3.2.2 Influence of the concentration and the length of the mPEG dangling chains on 

the friction response 

In order to take a closer look at the relation between the dangling chain length and the 

amount of added dangling chains, the CoF at 0.1 rad∙s−1 is plotted against the chain 

concentration (i.e. the OHmPEG:NCO  ratio) for the PUPEG1000 and PUPEG2000 coatings 

in Figure 6.7. This velocity (1.45 mm∙s−1) is close to the insertion velocity for catheters and 

similar bio-medical devices[67-69] and is therefore focused on in more detail. Similar plots as 

given in Figure 6.7 for siding velocities of 0.01, 0.3 and 1 rad∙s−1 are given in Appendix 

A.10.  

 As already observed in the previous section, the addition of dangling chains results 

in the largest CoF reduction when added to the PUPEG1000 coatings compared to the 

addition of the chains to the PUPEG2000 coatings. Figure 6.7a clearly shows a minimum in 

CoF versus the dangling chain concentration for all chain lengths. At low concentrations 

(i.e. OHmPEG:NCO = 1:45) the lowest CoF is obtained for coatings containing the longest 

mPEG 5000 g∙mol−1 chains (blue). Upon increasing the chains concentration to a ratio of 

1:30, the CoF of the coatings containing the mPEG 5000 g∙mol−1 chains is similar to the 
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value of the CoF of the coatings containing mPEG 2000 g∙mol−1 chains (red). At the highest 

concentration of dangling chains (1:9) the CoF of the PUPEG1000 coatings containing 

mPEG chains of 2000 g∙mol−1 (red) is lower compared to the CoF of the PUPEG1000 

coatings containing the longer mPEG 5000 g∙mol−1 (blue). 

 

A similar phenomenon can be seen for the PUPEG2000 coatings in Figure 6.7b. For these 

coatings, optima in dangling chain concentration for the largest reduction in CoF are found 

for both mPEG of 2000 g∙mol−1 (red) and mPEG of 5000 g∙mol−1 (blue). Although a 

minimum for the CoF exists for both chain lengths, the concentration at which it is located 

is lower for the mPEG chains of 5000 g∙mol−1 (≈ 1:30) (blue) compared to the mPEG 

chains of 2000 g∙mol−1 (1:18) (red). Note that the data of the PUPEG2000-mPEG2000 

(1:18) coatings contains an additional sample batch to validate, as succeeded, the minimum 

at this concentration. Moreover, Figure 6.7b clearly shows that the addition of mPEG 

chains of 550 g∙mol−1 (black) does not influence the CoF of the PUPEG2000 coatings.  

 The presence of an optimum in the chain concentration for the largest reduction in 

CoF for different chain lengths, for both the PUPEG1000 and the PUPEG2000 coatings, 

points towards an additional adhesive contribution between the dangling chains and the 

a) b) 

Figure 6.7: Mean Coefficient of Friction (CoF) (at v = 0.1 rad ∙s−1 = 1.45 mm∙s−1) of water swollen PEG-based PU 
coatings containing different mPEG dangling chains (550 g∙mol−1 (black), 1000 g∙mol−1 (green), 2000 g∙mol−1 (red) 
and 5000 g∙mol−1 (blue) plotted against the amount of the mPEG chains for  a) PUPEG1000 coatings and b) 
PUPEG2000 coatings. The measured CoF of PUPEG1000 and PUPEG2000 coatings, as given in Chapter 5, are 
given as reference coating without mPEG dangling chains (black squares). The CoF is measured in demineralized 
water against a glass counter surface with a total normal load FN of 0.5 N. The error bars show the mean absolute 
deviation. The data points are connected with the dotted lines to aid the eye. 
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tribo-counter surface, which is apparently higher for longer dangling chains at higher 

(surface) concentrations. Considerations and a discussion on the effect of the deduced chain 

conformations on the coating surface are given in Section 6.3.3. 

6.3.2.3 Qualitative evaluation of the lubricious properties of the PEG-based PU 

coatings 

Although it is shown in previous sections that the lubricious properties of PEG-based PU 

coatings can be enhanced by the addition of mPEG dangling chains to the coating 

formulation, it does not provide qualitative insights in the absolute lubricious performance 

of the studied PEG-based PU model coatings. For this, a comparison with a (commercial) 

benchmark for lubricious polymer coatings is needed. Such a comparison is given in Figure 

6.8. for PUPEG2000 and PUPEG10000 coatings without mPEG chains (as given in 

Chapter 5) and for two of the mPEG containing coatings of this work with a low friction 

response. The friction behaviour of the coatings is compared with the friction behaviour of 

a benchmark for a urinary tract catheter coating and a cardiovascular coating (also 

measured against a glass counter surface with the custom-made tribometer used in this 

work). Both were kindly provided and prepared by DSM Biomedical Coatings (Geleen, 

NL). The coatings were prepared via a dipcoating process with a subsequent UV-curing 

step. Seven samples of each coating type were prepared on similar substrates as used for the 

coatings in this work (including PUPEG6000 primer layer). The commercial coatings had 

an approximately swollen thickness of 5 – 20 µm#1 and showed good wet adhesion to the 

primed substrates when immersed in water. A comparison of the gravimetrically measured 

water uptake and immersed indentation modulus of all coatings shown in Figure 6.8 is 

given in Table 6.2. 

 It can be seen from Figure 6.8 that the friction response of the cardiovascular 

catheter coating (black stars) is significantly lower compared to the friction response of the 

urinary tract catheter coating (black squares) for all sliding velocities up to 3 rad∙s−1. 

Moreover, the commercial coatings show a gradual decrease in CoF from low to higher 

velocities before eventually entering the hydrodynamic lubrication regime, for which the 

minimum is located at a lower velocity for the cardiovascular catheter coatings compared to 

the urinary tract catheter coatings. This behaviour is different compared to the friction 

                                                           
#1 Personal communication with DSM Biomedical Coatings (Geleen, NL) (March 2017). 
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response the PEG-diol based PU coatings shown in Figure 6.8. Although a decrease in CoF 

from low to higher velocities is observed for these PU coatings, the extent of it is less 

pronounced, especially for the most lubricious PUPEG10000 in which even a slight 

increase between 0.3 and 3 rad∙s−1 can be observed. Moreover, this gradual decrease is even 

completely absent for the PEG-based PU coatings containing dangling mPEG chains as 

shown in Figure 6.8b. 

 

 
 
Table 6.2: Gravimetrically measured water uptake [wt%] and indentation modulus E [kPa] of the commercial 
benchmark coatings (averages of 7 samples, see the main text for an elaboration on these coatings). Data of the 
PUPEG2000 and PUPEG10000 coatings without dangling chains as given in Chapter 5, PUPEG1000mPEG5000 
(1:30) coatings and PUPEG2000mPEG5000 (1:30) coatings are given for comparison. The error shows the mean 
absolute deviation. 

coating 
water uptake 

[wt%] 
E 

 [kPa] 
benchmark urinary tract catheter formulation > 500 133 (± 13) 
benchmark cardiovascular catheter formulation > 700 128 (± 14) 
chapter 5 PUPEG2000 ~ 130 (± 15) 3800 (± 100) 
chapter 5 PUPEG10000 ~ 250 (± 35) 1100 (± 10) 
this work PUPEG1000-mPEG5000 (1:30) ~ 135 (± 10)  3900 (± 300) 
this work PUPEG2000-mPEG5000 (1:30) ~ 150 (± 20) 3500 (± 300) 
 

a) b) 

Figure 6.8: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen commercial benchmark 
coatings (urinary tract formulation: black squares (average of 7 samples) and cardiovascular formulation: black 
stars (average of 7 samples). a) Compared with the PUPEG2000 coatings and PUPEG10000 (without dangling 
chains as given in Chapter 5) (red solid and open symbols, respectively). b) Compared with the PUPEG1000-
mPEG5000 (1:30) coatings (blue) and PUPEG2000-mPEG5000 (1:30) coatings (green) of this work. The CoF is 
measured in demineralized water against a glass counter surface with a total normal load FN of 0.5 N. 
1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. 
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With respect to benchmark CoF levels, the CoF of the PUPEG2000 coatings (red solid 

symbols Figure 6.8a) is a 2-fold higher compared to the urinary tract catheter coatings in 

the velocity regime between 0.01 and 3 rad∙s−1 and is even up to a 8-fold higher compared 

to the cardiovascular catheter coatings. Even the friction response of the PUPEG10000 

coatings (the PEG-diol based PU coating with the lowest cross-link density prepared in the 

work of Chapter 5) is significantly higher at most sliding velocities compared to the 

cardiovascular coating.  

Although the lubricious performance of the PUPEG2000-mPEG5000 (1:30) 

coatings (green Figure 6.8b) is significantly enhanced compared to the PUPEG2000 

coatings (solid red Figure 6.8a), the CoF of these coatings is still much higher compared to 

the commercial coatings at velocities between 0.1 and 3 rad∙s−1, especially compared to the 

cardiovascular catheter coatings (black stars). On the other hand, the 

PUPEG1000-mPEG5000 (1:30) coatings (blue Figure 6.8b) are outperforming the 

commercial urinary tract catheter coatings (black squares) for all low velocities up to 0.3 

rad∙s−1 but perform less at velocities between 0.3 and 10 rad∙s−1. Furthermore, these 

coatings still have a CoF which is at least a 2-fold higher for most velocities in the velocity 

range between 0.03 and 3 rad∙s−1, compared to the cardiovascular catheter coatings (black 

stars). 

 Therefore it can be seen that the addition of mPEG chains to PEG-based PU 

coatings does not give rise to a friction response which is close to the benchmark for 

cardiovascular catheter coatings for the sliding velocities above 0.01 rad∙s−1. Moreover, the 

mPEG containing coatings exhibit a friction response which is significantly less dependent 

on the sliding velocity outside the hydrodynamic lubrication regime compared to the 

commercial coatings. Next to this, the water uptake and the indentation modulus of the 

PEG-based PU coatings is significantly different compared to the commercial coatings, as 

can be seen in Table 6.2. The PEG-based PU coatings which contain the mPEG chains have 

at least a 3-fold lower water uptake and a stunning 30-fold higher indentation modulus. 

Therefore the PEG-based PU coatings possibly meet requirements, despite the lower 

overall lubricious performance, which can not be met by the commercial coatings due to 

these different network properties. 
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6.3.2.4 Influence of the network properties on the friction response of the coating 

Section 6.3.2.1 and 6.3.2.2 showed relations and trends between the concentration and 

length of the dangling chains and the resulting friction response of the coatings. Although 

some trends could be found, a quantitative interpretation is complicated. Therefore the 

friction behaviour is evaluated with respect to the measured network properties of the 

individual coatings in an attempt to reveal correlations between them. The volumetric 

swelling ratio Q, the static captive air bubble contact angle in water CAair and the 

indentation modulus E are plotted against the CoF at 0.1 rad∙s−1 in Figure 6.9. All coatings 

prepared with a similar PEG-diol Mn are labeled identically (PUPEG1000 (black),

 

                                a) 

b) c) 

Figure 6.9: Overview of mean Coefficient of Friction (CoF) (at v = 0.1 rad ∙s−1) versus mean volumetric swelling 
ratio Q (a), mean captive air bubble contact angle in water CAair (b) and mean indentation modulus E (c) of all 
water swollen PEG-based PU containing mPEG dangling chains (PUPEG1000 (black), PUPEG2000 (red)  and 
PUPEG6000 (blue)). The values of the PEG-diol based PU coatings with the similar PEG diol Mn, as given in 
Chapter 5, are given as reference coating without mPEG dangling chains (open squares, the points are connected 
by dotted lines to aid the eye). The CoF is measured in demineralized water against a glass counter surface with a 
total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. 
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 PUPEG2000 (red) and PUPEG6000 (blue)) for a global overview of the relation between 

the network properties and resulting CoF. The graphs contain the data of the PEG-diol-

based PU coatings (open square symbols), as given in Chapter 5, as a reference, for which 

the data points are connected to visualize the trends of the properties for the coatings which 

do not contain mPEG chains. An overview with individual labelled data points of Figure 

6.9a is given in Appendix A.11. 

Although the data points of the coatings with similar PEG-diol precursors are 

somewhat clustered together, Figure 6.9 shows completely scattered plots in which a 

correlation between the network properties Q, E and CAair and the CoF is absent. This 

shows that the friction response of this type of cross-linked polymer coatings is a highly 

complex product of (most likely) multiple network properties in combination with network 

structural parameters. Nevertheless, it is shown that the CoF of coatings containing 

dangling mPEG chains can be significantly smaller compared to coatings without dangling 

chains with an identical swelling ratio, modulus or surface hydrophilicity. 

6.3.3 Geometric considerations on dangling chain length and surface coverage on 

the friction response 

As stated before, it is know from studies on friction between two polymer brush bearing 

surfaces that the shear rate effects the polymer chain conformation and interfacial 

forces[16,32-35]. Moreover, Spencer and coworkers found a direct relation between the 

conformation of the chains on the surface and the friction behaviour of their bottle-brush 

PLL-graft-dextran[36] and PLL-graft-PEO[39] polymers adsorbed to oxidized silicon and 

metal oxide substrates, respectively. They showed, at low loads, a clear decrease of the CoF 

in water after the transition from the “mushroom” to “brush” chain conformation on the 

surface (see also Figure 6.1). Such a decrease was also shown for dry friction of PDMS 

surface chains[70]. Therefore, the observed complex dangling chain length and concentration 

dependency on the friction response in this work are possibly the result of differences in 

surface coverage and/or chain conformation between the coatings, which result in different 

contributions to the interfacial (adhesion) forces upon shearing and stretching of the chains 

at the surface. This indicates that a closer look at the conformation of the dangling chains at 

the surface of the coatings is needed. 
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 In order to gain insight in the conformation of the chains on the surface of the 

coatings, information on the Radius of gyration Rg and the absolute surface spacing S is 

needed. Whereas the Rg of the dangling chains on the coating surface can be easily 

calculated via[20] 

 2
2
g

6
r

R b=   , (6.11) 

where the expansion factor b for PEG in water at 20 °C is 1.860[71], estimation of the 

absolute surface spacing S is more challenging. Since the absolute spacing of the dangling 

chains is directly related to the distance between the cross-linker molecules bearing the 

chains, a straightforward starting point for the evaluation would be the mesh size ξ of the 

coatings.  

 The average mesh size ξ of the swollen coatings can be calculated from the 

indentation modulus via the average molecular mass between cross-links Mc by using 

eq. (6.8) to (6.10). Since the obtained data provides values for the average Mc, also the 

calculated mesh size provides an average value for the distance between consecutive cross-

links. Therefore the network structure can be projected to an effective 2D-grid of equally 

spaced cross-links assuming a close FCC packing of spheres with a diameter ξ as shown in 

Figure 6.10b. Assuming this close packing of spheres, the average area associated with one 

cross-linking point is equal to the area of a circle with r = ξ/2. From these basic 

considerations, the actual area associated with one cross-linker molecule can be calculated 

via 

 2
c ( / 2)A π ξ β= ⋅   , (6.12) 

where β is the fraction of effective elastic cross-links in the network as elucidated on in 

Chapter 3. This correction factor basically takes into account the fact that when a cross-

linking molecule is connected with 2 or less ends to the “infinite” network structure, the 

cross-linker molecule is not an effective active cross-linking point in the coatings. Once the 

average area associated with every cross-linker molecule is known, the average surface area 

associated with one dangling chain (see also Figure 6.10c) Ad can be calculated via  
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 c
d

AA
γ

=   , (6.13) 

where γ is the fraction of cross-linker molecules which actually bears (at least) one dangling 

chain. This means that if more dangling chains are present in the network, a higher fraction 

of the cross-linker molecules actually bears a dangling, which results in a lower 

 
surface area associated with one dangling chain Ad. From Ad it follows that the critical 

surface spacing 0.5S, given by eq. (6.14), should be smaller compared to the Rg of the 

dangling chains for the chains to be expected to enter the transition to the “brush” 

conformation. 

 

Figure 6.10: a) Simplified schematic 2D representation of a polymer network structure. b) Projected simplified 
2D network representation based on a close packing of spheres of diameter ξ, showing the calculated average area 
associated per effective cross-link Ac in the network. (β = 1 in the representation) c) Projected simplified 2D 
network representation of top surface of the coating, showing the calculated average area associated per dangling 
chain on the surface Ad based on Ac and the fraction of cross-linker molecules which actually bear a dangling chain 
δ (chosen randomly in the representation). See main text for correction factors taking into account fractions of 
effective cross-links. 
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 1/2
d1

2
AS
π

 =  
 

 (6.14) 

The evaluation sketched above is based on the mesh size on the surface of the coating, 

which is calculated from the average mesh size based on the measured indentation 

modulus. Recalling the fact that the model for the correct calculation of the Mc of the 

coatings clearly needed to be adjusted for the in-plane constrained swelling of the coatings 

(as shown in Chapter 5) the actual mesh of the coatings is expected to be anisotropic. 

Therefore, the average calculated mesh size for the swollen coatings does not reflect the 

projected mesh size in-plane of the coating surface. This is depicted in Figure 6.11. The 

surface in-plane mesh size of the coatings when swollen via an in-plane constrained 

deformation requires a different scaling with the average root-mean-square end-to-end 

distance 2 1/2
0( )r calculated from the indentation measurements and is deduced as follows. 

 The volume increase upon swelling is only expanding the out-of plane dimension 

of the mesh. This means that the swollen mesh size in the out-of plane direction is given by 

the product of the 2 1/2
0( )r of the dry network and the extension ratio λ (which is given by 

1
nϕ− ).  Furthermore, the 2 1/2

0( )r  after the swelling deformation is in two dimensions (the in-

plane dimensions) equal to the 2 1/2
0( )r of the dry network. This also means that the in-plane 

mesh size of the swollen coatings is equal to the 2 1/2
0( )r of the dry coating. By using these 

distances as values for the swollen mesh unit cell, the average measured 2 1/2
0( )r is therefore 

the average of the three swollen mesh dimensions as given by 

 

( )
( )( ) ( )( ) ( )( ) ( ) ( )

1/2 1/2 1/2 1/22 2 2 1 2 1n0 0 0 ndry dry dry 01/2 dry2
0 measured

2

3 3
x y z

r r r r
r

ϕ ϕ
− −+ + ⋅ +

= =  .   (6.15) 

Since the in-plane mesh size of the swollen coatings is equal to the 2 1/2
0( )r of the dry 

coating, it is given for the in-plane constrained swelling deformation by 

 
( ) ( ) ( )1/2 1/2swollen 2 2

0 0in-plane 1dry measured
n

3
2

r rξ
ϕ−

= =
+

  . (6.16) 
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Eq. (6.16) yields for all values for the polymer volume fraction φn between 0 and 1 a value 

which is lower than the value for the isotropic swollen mesh size given by: ( )1/21/3 2
n 0rϕ− ⋅ . 

This confirms that this expression indeed predicts a higher surface density of cross-linking 

points compared to the expression for an isotropically swollen system. 

 
Taking into account all geometric surface considerations deduced above, values for S/2Rg 

of all coatings are calculated using eq. (6.11) to (6.14), based on the measured water uptake 

and measured indentation modulus. Different coating surface representations with varying 

complexity and geometrical surface considerations were selected in order to see if trends 

can be observed between the measured CoF and calculated S/2Rg and if so, which 

 

Figure 6.11: a) Schematic representation and cross-sectional area of an isotropically swollen polymer network 
structure. b) Schematic representation and cross-sectional area of a polymer network structure swollen 
constrained in the x-y plane. 
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representation is able to provide the most accurate description. Next to the calculations for a 

simplified ideal representation of the surface architecture, in which the structure parameters 

are taken from the values of the initial ratios of the coating precursors in the coating 

formulations, calculations were also done for a more complicated and less-ideal surface 

representation. In the latter, additional network structure imperfections were taken into 

account based on the actual measured amount of extractable material. This was done by 

using the Miller-Macosko-Vallés approach, earlier used for the calculations of the mass 

between cross-links in Chapter 3 and 5. As explained in Chapter 3, by using this approach it 

is assumed that the measured amount of extractable material is a representative measure for 

the state of the average network structure. Moreover, it is assumed that the experimental 

average final network structure can be related to the ideal theoretical average network 

structure at the calculated extent of the reaction based on the amount of measured 

extractable material. 

 

Table 6.3: Overview of the four different surface representations and the parameters used to calculate the values 
for S/2Rg for all coatings via eq. (6.11) and (6.12) to (6.14). 
 simple A3A5 representation* full MMV representation 
isotropic 
surface 
mesh 
(Iso) 

surface in-plane mesh size ( )1/21/3 2
n 0rξ ϕ−=  

β: average from  initial ratio 
γ: average from  initial ratio 
Rg of dangling chain: added mPEG chain 
lenght 
 

surface in-plane mesh size ( )1/21/3 2
n 0rξ ϕ−=  

β: MMV A3A5B2B1 system based on amount 
of leachable material 
γ: MMV A3A5B2B1 system based on amount 
of leachable material 
Rg of calculated average pendant mass 

out
A( )E W  (MMV A3A5B2B1 system) 
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β: MMV A3A5B2B1 system based on amount 
of leachable material 
γ: MMV A3A5B2B1 system based on amount 
of leachable material 
Rg of calculated average pendant mass 

out
A( )E W  (MMV A3A5B2B1 system) 

*Values for the simple representation are taken as an average from the initial ratio of coating precursors, assuming 
a full conversion of functional groups, a maximum of one dangling chain per cross-linker molecule, that only 
allophanate formation between two A3 precursors gives rise to one A5 precursor, and a required functionality > 2 
in order to yield an effective cross-link. 
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Values of S/2Rg for both representations are calculated using the values for an isotropic 

mesh size, as well as an in-plane constrained mesh size as given by eq. (6.16). The 

differences between these four different surface representations for the calculation for S/2Rg 

are shown in Table 6.3. The calculated values and derivation of the equations for the 

parameters needed in the more complex MMV representation, as well as the calculated 

values for the network structure correction factors and mass between cross-links, are given 

in Appendix A.12. The calculated values for S/2Rg of all prepared coatings are plotted 

against the CoF at v = 0.1 rad∙s−1 for the four surface representations in Figure 6.12. Similar 

plots as given in Figure 6.12 for siding velocities of 0.01 – 0.3 and 1 rad∙s−1 as well as an 

overview with individual labelled data points for the simple ideal isotropic representation at 

v = 0.1 rad∙s−1 are given in Appendix A.13. It can be seen from Figure 6.12 that the simple 

ideal isotropic representation yields the largest values for S/2Rg, whereas the MMV 

constrained representation yields the smallest values. This is according to expectation since 

the constrained consideration yields higher values for the chain density compared to 

theisotropic one, while the MMV calculations predict higher average masses for the 

dangling material compared to the simple structure representation. Although clear 

differences in absolute values for the ratio S/2Rg are found between the different surface 

representations, Figure 6.12 shows completely scattered plots in which a correlation 

between the ratio S/2Rg and the CoF is absent. As stated before, the assumed chain 

conformation has a transition between the “mushroom” and “brush” regime for the real 

ratio of S/2Rg below 1. Since no correlation is found between the CoF and the ratio S/2Rg 

for all selected surface parameter representations, no direct relation between the actual 

surface dangling chain conformation and the resulting CoF can be found for the parameter 

range studied in this work. Next to this, the absence of a correlation also hinders the 

validation of the choice for the use of a particular surface representation over the others. 

Therefore, this work shows that, in contrast to the observed relation between the chain 

conformation and friction behaviour for chains on a rigid impermeable substrate[36,39,70], the 

friction behaviour of polymer network type coatings which contain dangling surface chains 

is far more complex and is not directly related to the chain conformation of the dangling 

chains only. Only after an extensive evaluation of the evaluation of the geometric surface 

considerations in combination with a proper and accurate swollen coating network structure 

characterization is made, such a statement can eventually be made. 
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6.4 Conclusions 

The coating network properties and aqueous friction behaviour of PEG-based PU coatings 

with different PEG-diol precursor mass, mPEG dangling chain mass and mPEG dangling 

chain concentration were studied. The coatings showed trends in measured water uptake, 

indentation modulus and surface hydrophilicity which could be qualitatively related to 

changes in the network structure upon addition of the dangling mPEG chains. In general, 

the water uptake and indentation modulus of the coatings are most influenced by the 

addition of relative high amounts of mPEG chains (OHmPEG:NCO = 1:9) with a molecular 

a) b) 

c) d) 

Figure 6.12: Mean Coefficient of Friction (CoF) (at v = 0.1 rad∙s−1 ) plotted against S/2Rg of the water swollen 
PEG-based PU coatings containing dangling chains (PUPEG1000 (black), PUPEG2000 (red)  and PUPEG6000 
(blue)) calculated using a) simple isotropic A3A5, b) simple constrained A3A5, c) MMV isotropic and d) MMV 
constrained surface structure representation. The calculations are based on the calculated mass between cross-links 
Mc from immersed indentation measurements. The CoF is measured in demineralized water against a glass counter 
surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute 
deviation. 
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mass larger than the PEG-diol precursor mass, whereas changes in surface hydrophilicity 

are rather small. Moreover, the addition of low amounts of mPEG chains or addition of 

short mPEG chains (shorter than the PEG-diol precursor mass) does not significantly 

change these network properties of the coatings compared to a reference coating of similar 

PEG-diol precursor mass. 

The friction behaviour of the swollen coatings was measured using a custom-made 

immersed tribology setup, designed for measuring the macroscopic aqueous friction 

response of swollen hydrophilic coatings against a glass counter surface when immersed in 

water. The addition of dangling chains to the PEG-based PU coatings with a PEG-diol mass 

of 1000 g∙mol−1 was very effective to reduce the CoF, independently of the length and 

concentration of dangling chains, for which an optimal surface concentration of dangling 

chains for all chain lengths was found. When focused on the medium velocity regime 

between 0.03 and 1 rad∙s−1 (± 0.4 – 15 mm∙s−1) (which is a relevant velocity range for 

catheters and similar bio-medical devices), it was shown that the Coefficient of Friction 

(CoF) increased again for the highest dangling chain concentrations, for which this effect 

was most pronounced for the longest mPEG chains. The addition of dangling chains to 

PEG-based PU coatings with a PEG-diol mass of 2000 g∙mol−1 gave rise to an even more 

complicated friction behaviour. Only for certain mPEG lengths and concentrations a 

reduction in CoF was seen, while other combinations gave rise to an increase in the CoF. 

The addition of the short chains did not decrease the CoF at all. However, for the other 

chain lengths, a chain length dependent optimal concentration of chains for reaching the 

lowest CoF was found. The observations hinted to an additional adhesive contribution 

between the surface (dangling) polymers and the tribo-counter surface, giving rise to an 

increase in friction force, which is higher for longer chains at higher concentrations. 

No correlations between the measured CoF and coating properties, such as swelling 

ratio, indentation modulus or surface hydrophilicity of the coatings were observed. 

Moreover, after an extensive evaluation of the geometric considerations on the surface 

structure, in combination with a proper and accurate swollen coating network structure 

characterization, no direct relations were found between the surface chain conformation and 

the resulting friction behaviour of this type of polymer network coatings which contain 

dangling surface chains. This result is in contrast to the observed relation between the chain 

conformation and friction behaviour for tethered chains on a rigid impermeable non-
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polymer substrate[36,39]. Nevertheless, the CoF of coatings containing dangling mPEG 

chains can be significantly smaller compared to coatings without dangling chains with an 

identical swelling ratio, modulus or surface hydrophilicity. This shows that the friction 

response of this type of cross-linked polymer coatings is a highly complex cross-product of 

(most likely) different network structural parameters of the dangling chains and the network 

structure and deformation mechanics thereof. 

The absolute CoF values could be tuned to the range of 0.05 in the medium velocity 

regime (between 0.03 and 1 rad∙s−1) while maintaining an indentation modulus of about 4 

MPa and water uptake of only approximately 150 wt%. Although the addition of mPEG 

chains to PEG-based PU coatings does not give rise to a friction response which is close to 

the benchmark for cardiovascular catheter coatings for the sliding velocities above 

0.01 rad∙s−1, the friction response is lower compared to the urinary tract catheter coatings at 

low velocities (below 0.3 rad∙s−1). Moreover, the mPEG containing coatings exhibit a 

friction response which is significantly less dependent on the sliding velocity outside the 

hydrodynamic lubrication regime compared to the commercial coatings. Next to this, the 

PEG-based PU coatings have at least a 3-fold lower water uptake and a stunning 30-fold 

higher indentation modulus. Therefore the PEG-based PU coatings possibly meet 

requirements, despite the lower overall lubricious performance, which can not be met by 

the commercial coatings due to these different network properties. 
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7  
Aqueous friction reduction by design of dual 
hydrophobic–hydrophilic polyether PU coatings  

 

Abstract 
Inspired by bio-lubricated surfaces found in nature, a systematic study on the relation 

between the network structure parameters and macroscopic friction properties in aqueous 

environment of dual hydrophobic/hydrophilic polyurethane (PU) coatings is presented. 

Chemically cross-linked PU coatings were prepared by adding poly(ethylene glycol) 

mono-methyl ether (mPEG) as hydrophilic dangling chains, or poly(ethylene glycol) (PEG) 

as hydrophilic elastically active network chains, to poly(propylene glycol)-based PU 

coating formulations. Next to an evaluation of the network properties such as the water 

uptake, the indentation modulus and the surface hydrophilicity, the friction behaviour of the 

swollen coatings against a glass counter surface was measured using a custom-made 

immersed tribology setup. The addition of PEG or mPEG to hydrophobic PPG-based PU 

coatings greatly enhances the lubricious properties of the coatings. A dual 

hydrophobic/hydrophilic diol PU network exhibits a surface with a higher lubricity 

compared to coatings prepared from both individual precursors, hereby a large synergetic 

effect between the hydrophobic PPG and the hydrophilic PEG in the coatings is observed. 

Based on network structure and surface chain considerations it is hypothesized that the 

existence of a thin hydrated surface layer on top of a less hydrated coating bulk layer gives 

rise to the observed enhanced lubricious properties, hereby mimicking to some extent bio-

lubricating systems, such as cartilage. In addition, the friction behaviour of dual 

hydrophobic/hydrophilic PU coatings significantly outperform the benchmarks for 

commercial urinary tract and cardiovascular catheter coatings. Furthermore, the 

outstanding lubricious properties are accompanied by a 15-fold lower water uptake and a 

45-fold higher effective indentation modulus. This clearly shows that a highly 

(homogeneous) swollen bulk is not a crucial requirement for a lubricious coating. 
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7.1 Introduction 

Hydrophilic low friction non-fouling surfaces are of great importance for bio-medical 

devices in dynamic contact with the human body to reduce tissue damage and bacterial 

infections[1-3]. If low friction surface properties in an aqueous environment are required, a 

lubricious polymer coating layer can be applied when the material of the device does not 

meet these required surface properties[1,4,5].  

Polymer hydrogels and hydrogel coatings have proven to effectively reduce the 

friction forces between the top surface and counter surface in an aqueous environment[5-12]. 

A reduction of the frictional forces at the surface of hydrogels scales with an increase in 

mesh size of the network, giving rise to a higher water content and lower network 

moduli[11,13-17]. Therefore, the increase of the lubricating properties of hydrogel type 

coatings typically goes at the expense of the mechanical integrity of these polymeric 

systems. Another approach for the design of a lubricious polymer top-layer is to make use 

of polymer surface brushes[12,18-22].  

The inspiration for using surface brushes for lubrication in an aqueous 

environment originates from bio-lubricating systems found in nature[18,22-24]. It is known 

that polymer chains on the surface of articular cartilage play an important role in its 

mechanical properties and lubrication mechanism[25-28] (see Figure 7.1, reproduced 

from[26]). The friction and lubrication mechanisms of cartilage do not solely depend on 

polymer chains on the surface but on a complex combination of different lubrication 

mechanisms, which is not yet completely understood[22,23,26]. The hyalorinic acid/lubricin  

(HA-LUB) top layer, shown in Figure 7.1C and D, is a highly complex physically cross-

linked network structure. This system ensures the lubrication of the cartilage by 

maintaining a fluid layer via different lubrication mechanisms depending on the total load 

and shear velocity[26]. Only at high pressures the HA chains become physically “anchored” 

to the surface in which it can be seen as a tethered surface brush which can still maintain a 

thin interfacial fluid layer. Therefore it is believed that the capacity of polymer chains to 

maintain a highly hydrated layer on top of a more rigid, less hydrated bulk structure seems 

to be a crucial part of biological lubrication mechanisms[18,22,29]. Looking at the general 

engineering features of these biological lubricating surfaces, a highly simplified 
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interpretation of this system can be given as dual-layer structure comprising a rigid bulk 

material with a moderate level of hydration and with a highly hydrated soft surface layer. 

 

 

 

In order to mimic such dual-layered structures to be used as a lubricious polymer network 

coating, a homogeneously hydrated hydrogel type coating is not suitable given the large 

bulk swelling. It has been shown in Chapter 6, that the largest enhancement in lubricating 

properties (and moreover the lowest absolute aqueous friction response) was achieved by 

the addition of dangling hydrophilic chains to the hydrophilic coatings with the least 

amount of water uptake (i.e. highest cross-link density). This large decrease in friction 

forces at the top surface could indicate that the presence of hydrophilic dangling chains 

gives rise to a top surface with a higher hydration as compared to the hydrophilic coating 

Figure 7.1: Schematic illustration of the Hyalorinic acid (HA) chains “mechanical trapping” mechanism in 
cartilage. (A) The pore structure of cartilage is formed by counter spiraling collagen fibril coils (blue and green). 
When undeformed, the lateral pores (void space between fibril “coils”) are open and the entangled HA molecules 
(yellow), with attached Aggrecans (red) are nominally “free.” (B) In compression, fibril realignment 
mechanically traps (white arrows) the HA/Aggrecan complexes in the collapsing lateral pores, maintaining a 
layer of immobilized HA between the collagen and top surface. (C and D) Schematic representation of HA 
trapping mechanism in the cartilage contact during physiological sliding under low (C) and high (D) loads. For 
clarity, only the HA-LUB layer from the lower surface was shown. Figures and caption reproduced with kind 
permission from Green et al. [26]. LUB = lubricin (a glycoprotein). 



 
CHAPTER 7 
 

166 
 

bulk. However, the pure PEG-based PU coatings studied in Chapter 6 did not exhibit a 

friction response which was low enough to meet the requirements of commercial catheter 

coatings. The bulk swelling of the coatings can be decreased further by the incorporation of 

more hydrophobic coating network precursors. The presence of both hydrophobic as well as 

hydrophilic polymer network precursors potentially gives rise to a dual 

hydrophobic/hydrophilic network coating which exhibits an increased mechanical stability 

while maintaining a softer hydrated top surface in an aqueous environment, when sufficient 

hydrophilic segments are present on the coating surface. 

The aim of this chapter is to study the effect of the presence of hydrophilic poly(ethylene 

glycol) (PEG) segments in chemically cross-linked hydrophobic poly(propylene glycol) 

(PPG) based polyurethane (PU) coatings, on the network properties and resulting lubricious 

properties of the coatings in an aqueous environment. These hydroxyl terminated 

polyethers and a tri-isocyanate cross-linker were selected as precursors for all prepared PU 

coatings. The hydrophilic PEG precursors were added to the formulations as hydrophilic 

dangling chains (by using PEG mono-methyl ether (mPEG)) as well as elastically active 

network chains (by adding PEG-diol precursors) (see also Figure 7.2). The molecular mass 

and concentration of the hydrophilic precursors were varied in PPG-based PU coatings with 

two different PPG network precursor molecular masses (1000 and 2000 g∙mol−1). The dual 

 

Figure 7.2: Overview of selected network precursors for the preparation of the model dual hydrophobic PPG - 
hydrophilic PEG PU coatings and schematic 2d representation of resulting model coating network structures. 
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hydrophobic/hydrophilic PU coatings were characterized in terms of the water uptake, the 

surface hydrophilicity, the effective indentation modulus and the macroscopic aqueous 

friction behaviour against a glass counter surface, using the characterization techniques 

presented in Chapter 5. The influence of variations in the network structure parameters on 

these coating properties is presented. Moreover the difference between the addition of 

hydrophilic network segments as a dangling chain or as an elastically active network chain 

is evaluated. 

7.2 Materials and methods 

7.2.1 Materials 
Poly(ethylene glycol) (PEG) with different molecular masses (Mn = 1000, 2000, 4000 and 

6000 g∙mol−1) and poly(ethylene glycol) mono-methyl ether (mPEG) (Mn = 1000 and 2000 

g∙mol−1) (Sigma Aldrich) (all D < 1.06 (SEC)) were dried at room temperature in a 

desiccator with P2O5 as desiccant for at least 72 h before use. Poly(propylene glycol) (PPG) 

(Mn = 1000 and 2000 g∙mol−1), PEG (Mn = 400 g∙mol−1) and mPEG (Mn = 750 g∙mol−1) 

(Sigma Aldrich) (all D < 1.04 (SEC)) were stored in a moisture free desiccator before use. 

Trimerized hexamethylenediisocyanate (tHDI) (equivalent functional weight of 183 g∙mol−1 

NCO (manufacturer value)) was kindly provided by Perstorp as tolonate HDT-LV2 and 

used as received. Cyclohexanone (99.8%) (Sigma Aldrich) was dried with molecular sieves 

before use. Dibutyltin dilaurate (95%) (DBTDL) and (3-aminopropyl)triethoxysilane 

(>98%) (APTES) were purchased from Sigma Aldrich and used as received. 

7.2.2 Coating preparation 
The coating preparation procedure was optimized to yield PPG-based PU coatings with 

sufficient adhesion to a glass substrate when immersed in water. The coatings were applied 

on substrates (soda-lime glass, extra low iron content) (49 × 49 × 1 mm3) containing a 

primer layer which was identical to the primers used in Chapter 5 and Chapter 6. See 

Section 5.2.2.1. for details on the primer preparation. Furthermore, see Chapter 4 for critical 

steps in the total coating preparation procedure. Contact of oxygen with the network 

precursors was minimized as much as possible to prevent possible degradation of the 

polymers during network preparation (see also Chapter 2). Therefore, every time a vial was 

opened during the whole preparation procedure, it was thoroughly flushed with argon after 
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opening and before closure. Moreover, the lid was wrapped with parafilm tape after 

closure. 

7.2.2.1 PPG-based PU coating preparation 

All glassware was dried in an oven at 100 °C at least 14 h prior to use. For the top coats, 

stock solutions (typically 10 ml) of PPG (10 wt%) and of tHDI (25 wt%) in cyclohexanone 

were made at room temperature. This was done in closed glass vials under an argon blanket 

and continuous stirring. Coating formulation solutions (typically 5 ml) were prepared in a 

glass vial by mixing the network precursor stock solutions at room temperature under an 

argon blanket. The NCO:OH molar ratio of each formulation was kept at 1.1 to ensure full 

conversion of the OH-groups. Just before application the coating solutions were heated to 

65 °C and approximately 0.2 solid wt% DBTDL, with respect to the weight of the coating 

precursors, was added from a 10 mg∙ml−1 solution in cyclohexanone. 

Prior to the coating application, the extracted and dried primed substrates received 

a UV-ozone treatment (Novascan PSD-UVT) for 12 s and were transferred to a preheated 

(65 °C) heating element placed in chamber (with a volume of approximately 1.5 dm3) 

continuously flushed with dry N2 (± 150 l∙h−1 at 1 bar). Per coating, approximately 0.5 ml 

of the coating formulation was dropcasted with a pipet on the primed substrates in one 

continuous motion. After closure of the chamber, the coatings were formed by a solvent 

evaporation step of 90 min at 65 °C, to remove both the solvent as well as the oxygen 

present, followed by a final cure step of 12 h at 125 °C under a dry N2 flow (± 150 l∙h−1 at 

1 bar). The cured coatings were immersed in demineralized water for at least 14 h to extract 

possible extractable components. The extracted coatings were allowed to dry under ambient 

conditions and further dried at 20 mbar at 40 °C for at least 2 h and stored in a moisture free 

desiccator. From here onwards, purely PPG-diol based PU coatings will be named PUPPG 

(Mn of used PPG). 

7.2.2.2 PPG/(m)PEG-based PU coating preparation 

The coating preparation and the post-cure treatment of the PPG-based PU coatings 

containing dangling mPEG chains or PEG-diol precursors was identical to the preparation 

procedure described above for the pure PPG-based PU networks. The weight ratios of the 

selected PPG and mPEG precursors in each stock solutions were chosen in such a way to 
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yield similar molar OHmPEG:NCO ratios, i.e. 1:9 or 1:30, for all PPG/mPEG PU coatings, in 

order to be comparable. Stock solutions of PPG and PEG precursors were made based on 

the mass ratio between the hydrophobic PPG and the hydrophilic PEG diol-precursors. 

From here onwards, PPG-based PU coatings containing mPEG dangling chains are named 

PUPPG(X)-mPEG(Y) (OHmPEG:NCO), whereas the dual PPG-PEG-based PU coatings are 

named PUPPG(X)-PEG(Z) (hydrophilic fraction of the diol precursors), where X = Mn of 

used PPG, Y = Mn of used mPEG and Z = Mn of used PEG. 

7.2.3 Coating characterization 
In line with the characterization of the PEG-based PU coatings as described in Chapter 5 

and Chapter 6, a similar approach is applied for the characterization coatings in this 

Chapter. This section provides a concise overview of the characterization techniques used 

for the characterization of the coatings, whereas details of  the elaboration, validations and 

discussions on the techniques are presented in Chapter 5.  

Fourier transform infrared spectroscopy (FTIR) absorbance spectra of cured 

networks were recorded in attenuated total reflection (ATR) mode using a Varian 670-IR 

equipped with a diamond Specac Golden Gate ATR stage. As explained in Chapter 3, only 

the disappearance of the N=C=O asymmetric stretch vibration at  2270 cm−1 was used to 

analyze the NCO conversion of the cured coatings. A Bruker Veeco Dektak 150 

profilometer was used to measure the dry thickness of coatings. A scratch was made to 

completely remove a small part of the coating, after which the height profile across the 

interface of the exposed substrate and the coating was measured at four random locations 

per coating. The hydrophilicity of the coatings was evaluated by static captive air bubble 

contact angle CAair measurements in water using a Data Physics OCA 30 goniometer. 

Coatings, swollen to equilibrium for at least 14 h, were placed upside-down in a glass 

container filled with demineralized water. An air bubble with a volume of approximately 

4 µl was placed on the coating surface after which the static air contact angle was measured 

(see also Section 5.2.4.) The static CAair was measured at five different locations per 

sample. 

The weight of the substrates, the primers and the coatings was measured 

gravimetrically before and after each application, curing and extraction step. The amount of 

extractable material L is calculated via 
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 0 100%i

i

m mL
m
−

= ⋅   , (7.1) 

where mi and m0 are the initial weight of a network after curing and of an extracted dry 

coating, respectively. The extracted coatings were immersed in demineralized water again 

to swell to equilibrium for at least 14 h. The swollen weight of the coatings meq was 

measured gravimetrically directly after the coatings were taken out of the water and after 

gentle removal of all excess water with absorbing lint free paper. The absolute water uptake 

is given by the ratio of the equilibrium swollen weight of the coating and the dry coating as 

 

 eq

0

water uptake 100%
m
m

= ⋅   . (7.2) 

 

The coating properties of the dual PPG-(m)PEG-based PU coatings are analyzed with 

respect to the fraction of hydrophilic diol precursor in the coating φPEG . This fraction is 

given by  

 

 PEG
PEG

PEG PPG

m
m m

ϕ =
+

  , (7.3) 

 

where mPEG is the mass of the (m)PEG-precursors and mPPG the mass of the PPG-diol in the 

coating formulation solution. 

7.2.3.1 Immersed nano-indentation 

Nano-indentation measurements on completely immersed swollen coatings were performed 

using an optical interferometer based Piuma Nanoindenter (Optics11 B.V. Amsterdam 

(NL)). Two different probes were used throughout the measurements of the whole dataset. 

The probes were equipped with a spherical glass tip (with a radius of 19.0 and 19.5 µm, 

respectively) connected to a cantilever (with a stiffness of 17.3 and 18.9 N∙m−1, 

respectively) (Optics11 B.V.). 

Coatings, swollen to equilibrium for at least 14 h, were immersed in a petri dish 

filled with demineralized water after which the indentation modulus was measured at 5 
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random locations on each sample. Generally, each indentation was done by a 

piezoelectrical controlled downward movement of the indenter head of 18.6 µm at a 

velocity of 1.86 µm∙s−1. The probe was held at the maximum depth for 5 seconds after 

which it was withdrawn within 1 to 2 seconds. See Section 5.3.1. for an example of a raw 

indentation curve.  

The load-displacement curve of each indentation was recorded and the effective 

indentation modulus E* was calculated using standard Hertzian contact mechanics for a 

rigid indenter and an elastic half space[30,31] as given by 

 

 3
*

3
4

PRa
E

=  and 
2a

R
δ =   , (7.4) 

 

where a is the radius of the circle of contact, P is the applied load, R is the radius of the 

indenter and δ is the indentation depth. The value of E* is calculated at 5% of the total load 

to ensure an indentation depth to film thickness ratio δ/h < 0.1, preferably < 0.05, in order 

to minimize the effect of the modulus of the substrate on the measured coating response [32]. 

If a waviness occurred in the indentation curve, it was judged by the Herzian fit of the 

curve, based on the data at 10% of the maximum load, if the fit described the average curve 

well. If the fit did not describe the mechanical behaviour well, the best Herzian fit, based on 

values below 10% of the maximum load (down to 5%), was fitted and evaluated again, to 

obtain the best overall fit. 

7.2.3.2 Immersed tribology 

An AR-1000N Rheometer (TA Instruments) was adapted to use as a tribology setup for the 

measurements of the macroscopic friction response of the coatings immersed in water. See 

Section 5.2.6 for an overview of the used equipment. The custom-made indenter head 

contains three spherical optical grade N-BK7 glass lenses (Borosilicate Crown glass), with 

a large radius of curvature (R = 0.25 m) and a diameter of 0.025 m, mounted with the center 

of the lenses located 0.0145 m out of the center of the indenter head. This shallow curvature 

is chosen to ensure a large contact area between the indenters and the coating (in the order 

of mm2 per lens), thereby minimizing the contact pressure and ensuring a close-to-

homogeneous stress distribution in the deformed coatings. The indenter head is mounted to 
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the rotating shaft of the rheometer via a single leaf spring (with a spring compliance of 

1000 µm∙N−1)  to carefully follow the surface of the coatings during rotation. A cup which 

can contain the measurement medium (demineralized water) and the immersed coating was 

mounted on the bottom plate of the rheometer. 

The tribometer can be operated in a velocity window between 10−3 to 70 rad∙s−1 

and up to a normal load of 20 N, with a bandwidth of 0.1 N around the set-point at a 

constant longitudinal position of the rotating shaft. Forces are recorded with a normal force 

resolution of 0.0057 N and a torque resolution of 0.01 µN∙m. All measurements were 

performed in demineralized water at approximately 20 °C. Coatings, swollen to equilibrium 

for at least 14 h, were immersed and equilibrated in the setup at a normal load of 0.5 N for 

30 min prior to the measurements. Each measurement was divided stepwise into different 

constant velocity segments (ranging from 10−3 to 30 rad∙s−1), for which at velocities of 

≥ 0.01 rad∙s−1 at least one complete rotation was assured. The segment length of the lowest 

velocities were chosen such that the complete circular sliding path was measured once. A 

stationary equilibration time of 1 min was allowed between each velocity step. If a sample 

was measured at different normal loads, the velocity steps at the lowest load were 

programmed first, after which the same run at a higher load was programmed with 30 min 

of stationary equilibration, at the subsequent normal load, in between. 

The absolute applied normal load and measured torque were averaged over the 

total segment time, with the first 30 s excluded. From the resulted average torque Tω and 

normal load FN , the Coefficient of Friction (CoF) was calculated via 

 

 

N

/
CoF

T r
F
ω=   , (7.5) 

 

where r is the distance between the center of the indenter head and the center of a lens 

(r = 0.0145 m in this study). 
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7.3 Results and discussion I: PPG-based PU coatings containing 
hydrophilic mPEG dangling chains 

The first part of the results and discussion section focusses on the measured network 

properties such as the water uptake, the effective indentation modulus and the static air 

contact angle in water of the PPG-based PU coatings containing mPEG dangling chains. 

Furthermore, the friction behaviour of the coatings is shown and evaluated with respect to 

the amount and length of the added hydrophilic mPEG dangling chains. Before showing 

these results, it should be noted that Section 7.4  will focus on the dual PPG-PEG-diol 

based PU coatings, in which the coatings are evaluated with respect to their 

hydrophobic/hydrophilic diol-precursor balance and the coatings prepared from their pure 

individual network precursors. The reference properties of the PEG-diol based PU coatings 

with the similar PEG-diol precursor Mn, as given in Chapter 5, are given for comparison. 

Finally, Section 7.5 will show the comparison between the influence of the addition of the 

hydrophilic fraction as a dangling chain or as network diol precursor to the hydrophobic 

PPG-based PU coating matrix. Moreover a discussion and an explanation on the observed 

differences in coating performance is given. In addition, the properties of the coatings are 

qualitatively compared with commercial catheter coatings. 

7.3.1 Coating network properties of PPG-based PU coatings containing hydrophilic 
mPEG dangling chains 

PPG-based PU coatings containing hydrophilic mPEG dangling chains with an average dry 

film thickness of 20 µm (as measured with the profilometer) are studied in this work. IR 

absorption spectra of several coatings were taken and showed a complete disappearance of 

the NCO band at 2270 cm−1 after cross-linking for the used preparation procedure for PPG-

based PU coatings (see Appendix A.14 for the several typical spectra). This NCO 

disappearance indicates a complete NCO conversion. The addition of longer hydrophilic 

mPEG chains (Mn of 5000 g∙mol−1) to the PPG-based PU coating formulations was not 

successful due to phase separation problems during the coating preparation. 

An overview of the amount of extractable material L, the absolute water uptake, 

the effective indentation modulus E* and the captive air bubble contact angle in water CAair 

of all prepared coatings containing mPEG dangling chains is given in Table 7.1. Similar to 

the PEG-based PU coatings discussed in Chapter 5 and  Chapter 6, the PPG-based PU 
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coatings show a small fraction of L after the network preparation. The absolute values of L 

are in the same range as the extractable material of the PEG-based PU coatings. Next to an 

extraction in water, a few randomly selected coatings were also extracted in acetone, but no 

additional material leached out. Based on the  insights from the studies on the PEG-based 

PU coatings, these low fractions of extractable material are small enough to conclude that 

representative network structures are formed for further studies. See Chapter 4 for a 

discussion on the extractable material after coating preparation.  

The measured water uptake and CAair of the coatings is plotted against the 

molecular mass Mn of the added mPEG chains in Figure 7.3a and Figure 7.3b, respectively. 

The water uptake of the PPG-based PU reference coatings is approximately 8 wt%, which 

is low but expected for coatings prepared with these hydrophobic precursors. Although for 

most of the prepared coatings the water uptake did not exceed 20 wt%, the water uptake 

increased up to 56 wt% for the coatings containing the highest concentration 

(OHmPEG:NCO = 1:9) of longest mPEG chains (2000 g∙mol−1). A clear, almost linear, 

relation is seen in Figure 7.3a for the water uptake of the coatings with respect to the 

hydrophilic mPEG chain length for both the PUPPG1000 and the PUPPG2000 systems. 

Moreover, a higher concentration of hydrophilic chains in both PPG-based PU coatings 

gives rise to a higher water uptake. Overall, the addition of mPEG chains has a larger effect 

on the absolute water uptake of the PUPPG1000 coatings compared to the addition to the 

PUPPG2000 once. This is attributed to the higher cross-link density of the former, leading 

to a higher density of hydrophilic chains in the network and on the surface of the coating.  

 The clear trends in water uptake do not directly reflect back in the surface 

hydrophilicity as seen in Figure 7.3b, but overall, the CAair values increase upon addition of 

the hydrophilic mPEG chains, which shows an increase in surface hydrophilicity. Note that 

a higher air bubble contact angle (measured in water) means a lower water contact angle, 

CAwater = 180° − CAair. Although an influence of the concentration of mPEG chains can be 

observed, no clear relations between the CAair and the mass of the mPEG chains or the PPG 

network precursors seem to exist.  

 The measured effective indentation moduli E* of the top surface of the 

PUPPG1000 and the PUPPG2000 coatings are plotted against the Mn of the added mPEG 

chains in Figure 7.4. The addition of the mPEG chains to the PUPPG2000 coatings does 

not significantly influence the measured effective modulus, as seen in Figure 7.4b (only E* 
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of the PUPEG2000-mPEG (1:9) systems is slightly lower). This shows that the effective 

response of the coatings during the indentation experiments is similar, regardless of the 

presence, or length, of the mPEG chains in the coating. 

Table 7.1: Overview of amount of extractable material L, absolute water uptake, effective indentation modulus E* 
and captive air bubble contact angle in water CAair of PPG-based PU coatings with and without mPEG dangling 
chains. The number of samples per coating type is typically 4 (10 for PPG-based PU coatings without mPEG). Dry 
thickness of the coatings is typically 20 µm. The error shows the mean absolute deviation from the mean value. 
PPG 
[g∙mol−1] 

mPEG 
[g∙mol−1] 

OHmPEG:
NCO [-] 

L 
[%] 

water uptake 
 [wt%] 

E* 

[MPa] 
CAair 

[°] 

1000 no - 1.2 ± 0.3 7.9 ± 0.8 10.4 ± 1.0 136 ± 2 
1000 750 1:30 1.4 ± 0.1 10.2 ± 0.9 7.0 ± 0.2 136 ± >0.5 
  1:9 1.7 ± 0.3 19.8 ± 1.4 4.8 ± 0.3 143 ± >0.5 
1000 1000 1:30 1.1 ± 0.6 12.8 ± 1.4 7.0 ± 0.1 138 ± 1 
  1:9 2.1 ± 0.3 27.5 ± 0.4 8.2 ± 0.4 144 ± >0.5 
1000 2000 1:30 0.8 ± 0.3 20.3 ± 0.5 7.3 ± 0.1 139 ± >0.5 
  1:9 4.3 ± 0.3 56.3 ± 0.4 4.3 ± 0.1 144 ± >0.5 
2000 no - 1.1 ± 0.4 7.6 ± 0.7 5.4 ± 0.5 133 ± >0.5 
2000 750 1:30 0.8 ± 0.3 6.2 ± 0.4 4.9 ± 0.2 139 ± >0.5 
  1:9 1.5 ± 0.1 14.7 ± 2.3 4.3 ± 0.1 144 ± >0.5 
2000 1000 1:30 1.3 ± 0.1 9.9 ± 0.7 5.4 ± 0.2 136 ± >0.5 
  1:9 1.7 ± 0.5 25.0 ± 0.8 5.1 ± 0.3 141 ± >0.5 
2000 2000 1:30 0.6 ± 0.1 14.8 ± 0.5 4.9 ± 0.2 140 ± >0.5 
  1:9 1.8 ± 0.2 51.0 ± 1.7 5.2 ± 0.3 144 ± 1 
 

 

a) b) 

Figure 7.3: a) Mean absolute water uptake and b) mean captive air bubble contact angle in water CAair of PPG-
based PU coatings (PUPPG1000 (black) and PUPPG2000 (red)) containing mPEG dangling chains (OHmPEG:NCO 
= 1:9 (solid circles) and OHmPEG:NCO = 1:30 (open circles)) plotted against the molecular mass Mn of the mPEG 
chains. The error bars show the mean absolute deviation. The data points are connected with the dotted lines to aid 
the eye. 
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The presence of the mPEG chains does however influence the material response of the 

PUPPG1000 coatings, as can be seen from Figure 7.4a. The effective moduli of all 

PUPPG1000-mPEG coatings with the lowest concentration of mPEG chains 

(OHmPEG:NCO = 1:30) (open circles) are similar, and moreover approximately 30% lower 

compared to the pure PUPPG1000 coatings. The moduli of the coatings with the high 

concentration of mPEG chains (OHmPEG:NCO = 1:9) (solid circles) are scattered. Since the 

addition of dangling mPEG chains seems to influence the effective moduli for the 

OHmPEG:NCO = 1:30 ratio, independently of the mPEG precursor mass in these coatings, it 

can be deduced that the addition of a higher concentration of mPEG chains possibly 

decreases the modulus even further. Following this line of thought, the data of the 

PUPPG1000-mPEG750 (1:9) coatings and the PUPPG1000-mPEG2000 (1:9) coatings is 

assumed to be correct, whereas the value of the PUPPG1000-mPEG1000 (1:9) coatings 

(highlighted data point in the figure) is too high. This data point is possibly overestimated 

and/or influenced by an experimental error during the indentation experiments on these 

coatings (wrong calibration, pollution of the cantilever, problem with the optics, etc.), 

which results in a measured, apparent, too high value for E*. This scenario is supported by 

the fact that no deviations in other properties such as the amount of extractable material, 

water uptake or contact angle are seen for the PUPPG1000-mPEG1000 (1:9) coatings, 

a) b) 

Figure 7.4: Mean effective indentation modulus E* of swollen PEG-based PU coatings containing mPEG dangling 
chains (OHmPEG:NCO = 1:9 (solid circles) and OHmPEG:NCO = 1:30 (open circles)) plotted against the molecular 
mass Mn of the mPEG chains of a) PUPPG1000 coatings and b) PUPPG2000 coatings. The indentation 
measurements are performed with the coatings completely immersed in water. The error bars show the mean 
absolute deviation. The value of the highlighted data point seems too high. 
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while no network structure arguments can be found for the apparent deviating E* of these  

coatings. 

7.3.2 Immersed friction behaviour of PPG-based PU coatings containing 
hydrophilic mPEG dangling chains 

The friction response of the immersed coatings is measured with the custom-made 

tribology set-up as described in Section 7.2.3.2. An example of a typical measured friction 

response is given in Appendix A.5. Before looking at the effect of the addition of 

hydrophilic dangling mPEG chains on the lubricating properties of the coatings, the friction 

response of the pure PPG-based PU coatings is given in Figure 7.5. 

 In line with the PEG-based PU coatings studied in Chapter 5 and 6, the friction 

response of the coatings becomes independent of the network architecture at velocities 

above approximately 3 rad∙s−1. This shows the transition to the hydrodynamic lubrication 

regime where the friction response is governed by the viscosity of the medium in the 

gap[33]. At lower velocities, the indenters make actual physical contact with the coating 

surface and differences in network (surface) architecture give rise to a different friction 

response of the coating[8,17].  

 

 

 

Figure 7.5: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPPG1000 coatings 
(solid symbols) and PUPPG2000 coatings (open symbols). The CoF is measured in demineralized water against a 
glass counter surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean 
absolute deviation. 
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The most pronounced difference between the friction behaviour of these coatings is clearly 

shown. Where the CoF of the pure PUPPG1000 coatings (solid symbols) drops below a 

value of 0.2, at a sliding velocity of 0.03 rad∙s−1 (approaching from the low velocity end), 

the CoF of the pure PUPPG2000 coatings only drops below a value of 0.2 at a much higher 

sliding velocity (between 0.3 and 1 rad∙s−1). This observation for hydrophobic coatings with 

different cross-link densities deviates from the mesh size dependent, friction behaviour of 

swollen hydrophilic coatings reported in Chapter 5. Since both coatings have a similar 

water uptake (approximately 8 wt%), an explanation for this behaviour of the pure PPG-

based PU coatings is most likely related to the rigidity of the coatings. The coatings 

prepared with PPG of 1000 g∙mol−1 have almost a two-fold higher effective modulus 

compared to the coatings prepared with PPG of 2000 g∙mol−1 (see again Figure 7.4). 

Therefore these coatings are more rigid and thus will likely deform to a smaller extent 

during the friction measurements. It is specifically shown for rubber on ice contact that an 

increase in rubber stiffness decreases the coefficient of friction between the surfaces by 

reducing surface ploughing[34]. Therefore, less deformation of the surface will reduce the 

surface plowing effects and will hereby decrease the absolute frictional forces on the 

polymer surface [33-35]. Next to a higher cross-link density, the PUPPG1000 coatings also 

contain a higher fraction of tHDI molecules compared to the PUPPG2000 coatings. Since 

tHDI is less hydrophobic compared to PPG, a higher tHDI concentration at the surface will 

also be favorable for maintaining a water layer at the surface. This can be another 

contribution to the differences observed in the friction response between PUPPG1000 and 

PUPPG2000. Although the difference in the friction response between the two systems 

seems large, the data reported for the PPG-based PU coatings without the mPEG chains is 

an average of at least ten samples and is therefore believed to show the real material 

response and not to be due to experimental errors.  

The calculated average Coefficients of Friction (CoFs) of each velocity segment at 

a normal load of 0.5 N of the PUPPG1000 coatings containing hydrophilic mPEG chains 

are given in Figure 7.6. The friction data at a normal load of 1 N is given in Appendix A.15. 

The friction response at a normal load of 1 N follows the same trends as the response at 

0.5 N but the overall values are slightly lower, as can be expected for the friction behaviour 

of hydrated polymer networks[8]. The data set at a normal load of 1 N is somewhat limited 
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due to occasional coating rupture at this higher normal load, most likely due to the higher 

absolute (shear) stresses in the coating. 

 

 
It can be seen from the graphs in Figure 7.6 that the addition of hydrophilic mPEG dangling 

network chains has a large effect on the resulting friction properties of the coatings, 

especially at the lowest velocities. The addition of the lowest concentration 

(OHmPEG:NCO = 1:30) of short chains (Mn = 750 g∙mol−1) (Figure 7.6a, red data) reduces 

the CoF in the very low velocity regime (10−3 and 3∙10−3 rad ∙s−1) a three-fold. Note that the 

water uptake of these coatings is only 10 wt% compared to 8 wt% of the pure PUPPG1000 

coatings (see previous section). The addition of a higher concentration of mPEG chains 

(1:9) (Figure 7.6b) shows a further reduction of the CoF regardless of the mass of the added 

mPEG chains. For the PUPPG1000-mPEG1000 (1:9) coatings (Figure 7.6b, green data) the 

CoF is below 0.012 for the whole velocity range between 3∙10−3 and 1 rad∙s−1, while the 

absolute water uptake of these coatings is less than 30 wt%. Another interesting result is the 

friction response of the coatings containing the longest mPEG chains (2000 g∙mol−1, blue 

data) compared to the other chain lengths. It can be seen that the CoF of these coatings is 

higher than the CoF of the PUPPG1000-mPEG1000 coatings at most velocities and is even 

higher than the CoF of the PUPPG1000-mPEG750 coatings for the OHmPEG:NCO ratio of 

a) b) 

Figure 7.6: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPPG1000 coatings 
containing different concentrations of dangling mPEG chains  (a) OHmPEG:NCO = 1:30 and b) OHmPEG:NCO = 1:9) 
of various mPEG molecular masses Mn (750 g∙mol−1 (red), 1000 g∙mol−1 (green) and 2000 g∙mol−1 (blue). The 
values of the PUPPG1000 coatings (black squares) are given as reference coating without mPEG dangling chains. 
The CoF is measured in demineralized water against a glass counter surface with a total normal load FN of 0.5 N.  
1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. 
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1:30. This observation suggests an additional contribution to the friction force for the 

PPG-based coatings with relatively long mPEG chains, which will be commented on later. 

The calculated average CoFs of the PUPPG2000 coatings containing hydrophilic 

mPEG chains are given in Figure 7.7. The friction response shows again a significant 

reduction of the CoF upon addition of  hydrophilic mPEG dangling chains to the PPG-

based coatings. For these PUPPG2000 coatings, the CoF also decreases upon addition of a 

higher concentration of mPEG chains, for which the decrease in CoF is the smallest for the 

coatings which contain the shortest mPEG dangling chains (750 g∙mol−1, red data). Less 

differences in friction response are seen between the addition of the other two mPEG 

lengths though. 

  

 
It is interesting to note that the PPG-based PU coatings containing mPEG dangling chains 

show, although their CoF is significantly less, features in their friction response which have 

a similar shape as the friction contributions of the pure PPG-based PU coatings as can be 

seen in Figure 7.8. The figure shows the friction response of the coatings which contain the 

lowest concentration (1:30) of shortest chains (Mn = 750 g∙mol−1) for the best visualization 

of this effect. This shows that the friction response of the matrix network is preserved in the 

friction behaviour of the dual coatings. However its contribution diminishes upon addition 

a) b) 

Figure 7.7: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPPG2000 coatings 
containing different concentrations of dangling mPEG chains (a) OHmPEG:NCO = 1:30 and b) OHmPEG:NCO = 1:9) 
of various mPEG molecular masses Mn (750 g∙mol−1 (red), 1000 g∙mol−1 (green) and 2000 g∙mol−1 (blue). The 
values of the PUPPG2000 coatings (black squares) are given as reference coating without mPEG dangling chains. 
The CoF is measured in demineralized water against a glass counter surface with a total normal load FN of 0.5 N. 
1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. 
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of longer mPEG chains, especially at higher concentrations of dangling chains (as can be 

seen in Figure 7.5b and Figure 7.6b). 

 

 
A closer look is taken at the influence of the addition of hydrophilic mPEG dangling chains 

to the PPG-based PU coatings at sliding velocities relevant for the insertion of bio-medical 

devices (0.1 rad∙s−1 = 1.45 mm∙s−1)[36-38] in Figure 7.9. As already observed before above, 

the addition of mPEG dangling chains results in a large decrease of the friction response of 

the coatings. The relative reduction of the CoF is the largest for the PUPPG2000 coatings 

since the reference level, of the PUPPG systems without mPEG, at this velocity is a lot 

higher compared to the PUPPG1000 coatings. Nevertheless, the lowest absolute CoF values 

are observed for most concentrations and chain lengths in the PUPPG1000 coatings. 

Moreover, it can be seen that in general the CoF decreases upon addition of a higher 

amount of mPEG chains to the coatings, regardless of the mPEG chain length. The only 

coatings which clearly do not follow these trends are the PUPPG1000mPEG2000 (1:9) 

systems (blue bars Figure 7.9a). These are, at the same time, the only coatings with a high 

amount of mPEG chains, with a dangling chain mass which is higher than the mass of PPG-

diol precursor. This observation points towards an additional adhesive contribution between 

the surface (dangling) polymers and the tribo-counter surface for the PPG-based coatings 

 

Figure 7.8: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPPG1000 coatings 
(solid black symbols), PUPPG1000-mPEG750 (1:30) (open black symbols), PUPPG2000 coatings (solid red 
symbols) and PUPPG2000-mPEG750 (1:30) (open red symbols). The CoF is measured in demineralized water 
against a glass counter surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show 
the mean absolute deviation. 

 

1E-3 0.01 0.1 1 10
0.0

0.2

0.4

0.6

0.8 FN= 0.5 N
C

oF
 [-

]

v [rad⋅s−1]

 PUPPG1000 no mPEG
 PUPPG1000-mPEG750 (1:30)
 PUPEG2000 no mPEG
 PUPEG2000-mPEG750 (1:30)



 
CHAPTER 7 
 

182 
 

with relatively long mPEG chains, as discussed before in Section 6.3.2 for the complex 

friction behaviour of the PEG-based PU coatings containing mPEG dangling chains. 

 

7.4 Results and discussion II: dual PPG-PEG-diol based PU 
coatings 

The addition of hydrophilic coating precursors as dangling network chains has shown to 

enhance tremendously the lubricating properties of the PPG-based PU coatings, while 

maintaining a relatively low overall water uptake. In order to see if this friction reduction is 

a result of the presence of dangling chains on the surface of the coatings, or is mainly due to 

the addition of hydrophilic network precursors to the network of the coatings, the properties 

of dual hydrophobic/hydrophilic PPG-PEG-diol based PU coatings were studied. 

The dual PPG-PEG-diol based PU coatings shown in the next two sections consist 

of hydrophobic PPG-diol and hydrophilic PEG-diol network precursors of equal molecular 

mass, whereas the PEG-diol mass is varied in Section 7.4.3. Two molecular masses of PEG 

(Mn of 1000 and 2000 g∙mol−1) were selected for the coatings, for which the fraction of the 

hydrophilic PEG-diol precursor in the coating φPEG is varied (see Table 7.2). It should be 

noted that all the coatings prepared with a φPEG between 0.4 and 0.8 showed macroscopic 

phase separation of the coating precursors. Due to this inhomogeneity, the coatings were 

a) b) 

Figure 7.9: Mean Coefficient of Friction (CoF) (at v = 0.1 rad ∙s−1 = 1.45 mm∙s−1 ) of water swollen PPG-based PU 
coatings containing different mPEG dangling chains (750 g∙mol−1 (red), 1000 g∙mol−1 (green) and  2000 g∙mol−1 
(blue) in different concentrations for  a) PUPPG1000 coatings and  b) PUPEG2000 coatings. The measured CoF 
of PUPEG1000 and PUPEG2000 coatings are given as reference coating without mPEG dangling chains 
(patterned bars). The CoF is measured in demineralized water against a glass counter surface with a total normal 
load FN of 0.5 N. The error bars show the mean absolute deviation. 

no mPEG 1:30 1:9
0.00

0.05

0.10

0.15

0.20

0.25

C
oF

 [-
]

 PUPPG1000 reference
 mPEG 750 g⋅mol−1

 mPEG 1000 g⋅mol−1

 mPEG 2000 g⋅mol−1

OHmPEG:NCO [-]

FN= 0.5 N

v = 0.1 rad⋅s−1

no mPEG 1:30 1:9
0.00

0.05

0.10

0.15

0.40
0.45
0.50
0.55
0.60

FN= 0.5 N

v = 0.1 rad⋅s−1

C
oF

 [-
]

OHmPEG:NCO [-]

 PUPPG2000 reference
 mPEG 750 g⋅mol−1

 mPEG 1000 g⋅mol−1

 mPEG 2000 g⋅mol−1



 
Aqueous friction reduction by design of dual hydrophobic-hydrophilic PU coatings 

 

183 
 

believed to provide unreliable data and not characterized any further. Coatings with a φPEG 

of 0.857 could be prepared, but friction data of the PUPPG1000-PEG1000 (φPEG = 0.857) 

coatings are not available due to coating rupture during the experiments, while the 

determination of the water uptake of the  PUPPG2000-PEG2000 (φPEG = 0.857) coatings 

was impossible due to partial delamination on the edges of the coatings (not in the 

measured sliding path during the tribology measurements though). 

7.4.1 Coating network properties of dual PUPPG1000-PEG1000 and 
PUPPG2000-PEG2000  coatings 

The dual diol-based coatings were prepared with a similar dry film thickness 

(approximately 20 µm) and fraction of extractable material as the PPG-based PU coatings 

containing mPEG chains as shown in the previous section. The amount of extractable 

material L, absolute water uptake, effective indentation modulus E* and static captive air 

bubble contact angle CAair are given in Table 7.2 and Figure 7.10. The properties of the 

pure PPG and PEG-based PU coatings (previous section and from Chapter 5, respectively) 

are shown as a reference for comparison. 

Table 7.2: Overview of amount of extractable material L, absolute water uptake, effective indentation modulus E* 
and captive air bubble contact angle in water CAair of dual PPG-PEG-based PU coatings. The number of samples 
per coating type is typically 4 (10 for PPG-based PU coatings without PEG). The error shows the mean absolute 
deviation from the mean value. The values of the PEG-diol based PU coatings are taken from Chapter 5.  

PPG 
[g∙mol−1] 

PEG 
[g∙mol−1] 

φPEG 
[-] 

L 
[%] 

water uptake 
 [wt%] 

E* 
[MPa] 

CAair 

[°] 

1000 no 0 1.2 ± 0.3 7.9 ± 0.8 10.4 ± 1.0 136 ± 2 
1000 1000 0.065 0.5 ± 0.1 11.0 ± 0.8  139 ± >0.5 
 1000 0.143 0.6 ± 0.2 14.5 ± 0.5 7.0 ± 0.3 139 ± >0.5 
 1000 0.200 0.1 ± 0.1# 17.9 ± 0.6 6.8 ± 0.1 139 ± >0.5 
 1000 0.333 0.2 ± 0.2# 29.5 ± 1.1 6.6 ± 0.4 140 ± >0.5 
 1000 0.857 2.3 ± 0.5 69.4 ± 2.9   
no 1000 1 2.5 ± 1.3 99.5 ± 9.0 8.3 ± 1.1 142 ± 1 
2000 no 0 1.1 ± 0.4 7.6 ± 0.7 5.4 ± 0.5 133 ± >0.5 
2000 2000 0.065 1.3 ± 0.8 13.5 ± 1.0  139 ± >0.5 
 2000 0.143 1.0 ± 0.1 19.6 ± 1.1 6.1 ± 0.1 140 ± >0.5 
 2000 0.200 1.7 ± 0.4 28.3± 0.5 6.4 ± 0.2 142 ± >0.5 
 2000 0.333 1.0 ± 0.4 48.9 ± 0.7 5.8 ± 0.3 141 ± >0.5 
 2000 0.857 1.8 ± 1.4 n/a   
no 2000 1 0.8 ± 0.4 156.5 ± 18.2 5.1 ± 0.2 146 ± 1 
#Amount of extractable material of two samples undetectable. 
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The water uptake of the dual networks seems to scale, almost linearly, with the fraction of 

hydrophilic PEG-diol in the coating for both precursor masses as seen in Figure 7.10a. The 

addition of a small fraction of hydrophilic diol φPEG (6.5 wt%) to the network is already 

sufficient to give rise to a significant increase in the hydrophilicity (higher CAair) of the 

coatings, especially for the most hydrophobic pure PUPPG2000 coatings. A further 

increase of the hydrophilic fraction is influencing the surface hydrophilicity only slightly 

and seems to increase with the concentration of hydrophilic material up to the values for the 

pure PEG-based PU coatings. It can be seen that the coatings containing PEG with a mass 

of 2000 g∙mol−1 are slightly more hydrophilic compared to the coatings which contain PEG 

with a mass of 1000 g∙mol−1. This is attributed to the presence of a higher absolute fraction 

of cross-linker molecules in the latter coatings since the tHDI molecules are less 

hydrophilic compared to PEG. The observed relations in measured effective moduli E* 

shown in Figure 7.10b are less clear compared to the water uptake and surface 

hydrophilicity. The addition of the PEG-diol to the hydrophobic PPG network results for 

the 1000 g∙mol−1 precursors in a significant drop in effective modulus compared to both the 

pure PUPPG1000 coating and the pure PUPEG1000 coating, whereas the effective material 

response of the dual networks is closer to the latter. At the same time, the addition of the 

PEG-diol results in a slight increase of the effective modulus for the 2000 g∙mol−1 

precursors, compared to the individual pure PUPPG and PUPEG coatings. Furthermore the 

absolute values of the effective moduli are comparable for the three different hydrophilic 

diol fractions for both coating types. Since the trends in the other network properties can be 

explained, the data of the effective moduli is not scattered and the amount of extractable 

material does not significantly deviate from the other coatings studied in this thesis, the 

measured effective moduli are considered to reflect the actual material response of these 

dual hydrophobic/hydrophilic coatings and do not originate from experimental errors. 
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7.4.2 Immersed friction behaviour of dual PUPPG1000-PEG1000 and 
PUPPG2000-PEG2000  coatings 

The friction behaviour of the PUPPG1000-PEG1000 and PUPPG2000-PEG2000 coatings 

is given in Figure 7.11a and b, respectively. The addition of hydrophilic PEG-diol 

precursors to the PPG-based PU coatings results in a large decrease of the friction response 

of the coatings for both precursor molecular masses in the velocity range from 10−3 up to 3 

rad∙s−1. This effect is most pronounced for the PUPPG2000-PEG2000 coatings, in which 

the CoF is even extremely reduced to values below 0.025 in the whole velocity range from 

10−3 up to 1 rad∙s−1 for a hydrophilic fraction of diol precursors of 0.33. The results show 

that the friction response of the dual hydrophobic/hydrophilic coatings is significantly less  

a) 

b) c) 

Figure 7.10: a) Mean absolute water uptake, b) mean effective indentation modulus E*  and c) mean captive air 
bubble contact angle in water CAair of dual PPG-PEG-based PU coatings (PUPPG1000-PEG1000 (black) and 
PUPPG2000-PEG2000 (red)) plotted against the hydrophilic diol fraction φPEG of the coatings. The indentation 
measurements were performed with the coatings completely immersed in water. The error bars show the mean 
absolute deviation. The data points are connected with dotted lines to aid the eye. 
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a) b) 

Figure 7.11: Mean Coefficient of Friction (CoF) versus radial velocity v of the water swollen dual 
PUPPG1000-PEG1000 coatings (a) and dual PUPPG2000-PEG2000 coatings (b) with various hydrophilic diol 
fractions φPEG. The values of the PEG-diol based PU coatings without PPG are taken from Chapter 5. The CoF is 
measured in demineralized water against a glass counter surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 
0.0145 m∙s−1. The error bars show the mean absolute deviation. The data points are connected with dotted lines to 
aid the eye. 

a) b) 

Figure 7.12: Mean Coefficient of Friction (CoF) (at v = 0.1 rad ∙s−1 = 1.45 mm∙s−1 ) of the water swollen dual 
PUPPG1000-PEG1000 coatings (a) and dual PUPPG2000-PEG2000 coatings (b) against the hydrophilic diol 
fraction φPEG of the coatings. The values of the PEG-diol based PU coatings without PPG are taken from 
Chapter 5. The CoF is measured in demineralized water against a glass counter surface with a total normal load FN 
of 0.5 N. The error bars show the mean absolute deviation. 
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compared to the friction response of the coatings prepared from both individual network 

precursors. This is also depicted in Figure 7.12 for the specific velocity of 0.1 rad∙s−1. At 

this velocity it is clearly visible that the addition of only 6.5 wt% of hydrophilic PEG-diol 

to the PPG 2000 g∙mol−1 coating results in a reduction of the CoF of almost a ten-fold. No 

clear minima in the CoF with respect to φPEG at this velocity are found due to the absence of 

data points in the region between 0.333 and 0.865, but it becomes evident that the friction 

properties of dual coatings are a result of a synergetic effect of the intrinsic properties of 

both the hydrophobic PPG and the hydrophilic PEG. A discussion on a possible explanation 

of this phenomenon is given in Section 7.5.1. 

7.4.3 Coating network and friction properties of dual PPG-PEG-diol based PU 
coatings with varying PEG-diol precursor molecular mass 

The previous section showed the large effect of the hydrophobic/hydrophilic balance of the 

diol-precursors on the friction behaviour of the PU network coatings. In order to determine 

if there is an additional chain length dependency on the network- and friction properties of 

the dual PPG-PEG-diol based PU coatings, the Mn of the PEG-diol precursor was varied in 

a PUPPG1000 coating with a constant overall hydrophilic diol fraction of 0.2. The 

measured values for L, the water uptake, E*
 and the CAair these coatings are shown in Table 

7.3 and Figure 7.13. 

Table 7.3: Overview of the amount of extractable material L, absolute water uptake, effective indentation modulus 
E* and captive air bubble contact angle in water CAair of dual PPG-PEG-based PU coatings with different PEG 
mass at a constant PEG fraction of 0.2. The number of samples per coating type is typically 4 (10 for PUPPG1000 
without PEG). The error shows the mean absolute deviation from the mean value.  

PPG 
[g∙mol−1] 

PEG 
[g∙mol−1] 

φPEG 
[-] 

L 
[%] 

water uptake 
 [wt%] 

E* 
[MPa] 

CAair 

[°] 

1000 no 0 1.2 ± 0.3 7.9 ± 0.8 10.4 ± 1.0 136 ± 2 
1000 400 0.2 0.7 ± 0.3 12.3 ± 0.3 7.9 ± 0.5 138 ± >0.05 
 1000 0.2 0.1 ± 0.1# 17.9 ± 0.6 6.8 ± 0.3 139 ± >0.05 
 2000 0.2 0.6 ± 0.1 22.9 ± 0.1 6.8 ± 0.2 142 ± >0.05 
 4000 0.2 0.4 ± 0.3 24.5 ± 0.7 7.0 ± 0.1 141 ± >0.05 
#Amount of extractable material of two samples undetectable. 
 

Although the overall fraction of hydrophilic network precursors is constant at a fraction of 

0.2, it can be seen that an increase in the Mn of the PEG-diol precursor up to 2000 g∙mol−1 

gives rise to an increase in water uptake and surface hydrophilicity, while the effective 
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modulus decreases. No significant differences between the addition of PEG of 2000 g∙mol−1 

and 4000 g∙mol−1 (at a constant φPEG of 0.2) are seen between all measured properties. This 

shows that the distribution of the hydrophilic fraction in the coating (i.e. more, but short 

PEG chains versus less, but longer PEG chains) is influencing these network properties up 

to the molecular mass of 2000 g∙mol−1. It should be noted that a change in the absolute 

amount of diol precursors in the network also slightly changes the absolute amount of 

cross-linker molecules in these coatings, which is inevitable as the total amount of 

functional OH-groups differs in each coating formulation.  

 

Figure 7.14 shows the friction response of the dual PPG-PEG-diol based PU coatings with 

varying PEG-diol precursor molecular masses. Although the fraction of hydrophilic diol 

precursors is constant in each coating, large differences in friction response of the coating 

surface can be seen. The addition of the hydrophilic fraction by means of a high 

concentration of short chains (i.e. PEG with a Mn of 400 g∙mol−1) does not change the 

friction behaviour of the coatings compared to the pure PPG1000-based PU coatings. 

However, the CoF decreases upon increasing the PEG-diol length in the low and medium 

velocity regime up to the PEG-diol mass of 2000 g∙mol−1. No significant differences can be 

observed between the coatings prepared with a PEG precursor mass of 2000 g∙mol−1 and 

4000 g∙mol−1 for which also all the investigated network properties are similar. Next to the 

a) b) 

Figure 7.13: a) Mean absolute water uptake (closed circles) and mean effective indentation modulus E* (open 
circles), and b) mean captive air bubble contact angle in water CAair of dual PPG1000-PEG-based PU coatings 
plotted against the molecular mass Mn of the PEG precursor at a constant hydrophilic diol fraction (φPEG = 0.2) of 
the coatings. The indentation measurements are performed completely immersed in water. The error bars show the 
mean absolute deviation. The data at Mn = 0 g∙mol−1 shows the properties of a pure PUPPG1000 coating without 
PEG. 
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results on the dependency of the overall hydrophilic fraction of the networks shown in 

previous section, these results also show a clear hydrophilic diol chain length dependency 

of the friction properties of the dual hydrophobic/hydrophilic coatings. 

 
 

7.5 Results and discussion III: Lubricious property evaluation 
of dual hydrophobic/hydrophilic PU coatings 

7.5.1 Qualitative comparison between PPG-based PU coatings containing mPEG or 
PEG and structure – friction relations thereof 

In order to assess the differences between the addition of the hydrophilic network 

precursors as dangling chains or as elastic active network chains, the friction response of 

the coatings with a similar φPEG fraction of 0.2 in which the hydrophilic fraction is added as 

mPEG or PEG, respectively, is given in Figure 7.15. The friction behaviour of the 

corresponding pure PEG-based and pure PPG-based PU coatings is given as a reference for 

comparison. The overview plots show a distinct difference between the two types of added 

hydrophilic network precursors. The addition of the hydrophilic fraction as a dangling chain 

(green data) is superior compared to the addition as a diol network precursor (blue data) to 

both PPG-based PU coatings, although this difference is relatively small for the 

 

Figure 7.14: Mean Coefficient of Friction (CoF) versus radial velocity v of the water swollen dual PUPPG1000–
PEG coatings for different PEG-diol molecular masses Mn at a constant hydrophilic diol fraction (φPEG = 0.2). The 
CoF is measured in demineralized water against a glass counter surface with a total normal load FN of 0.5 N. 1 
rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. The data points are connected with dotted 
lines to aid the eye. 
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2000 g∙mol−1 based coatings (i.e. networks with the lowest cross-link density). Furthermore, 

while the addition of the hydrophilic diol to the PUPPG1000 coatings reduces the CoF less 

compared to the addition to the PUPPG2000 coatings (difference of blue versus black 

between Figure 7.15a and b) at velocities below 0.1 rad∙s−1, the addition of the hydrophilic 

mPEG (1000 g∙mol−1) to the PUPPG1000 coatings is more effective in reducing the CoF 

compared to the addition of mPEG (2000 g∙mol−1) to the PUPPG2000 coatings (difference 

of green versus black between Figure 7.15a and b). 

 
This very interesting result can be qualitatively explained by taking into account the 

conformation of the hydrophilic chains at the surface and the network structure when a 

counter surface is pressed on the polymer surface. This is depicted in Figure 7.16 for both 

dual hydrophobic/hydrophilic type coatings. Similar to hydrophilic dangling surface chains,  

hydrophilic diol-precursors at the surface of the coating will be fully hydrated when the 

coating is immersed in water, but with the constriction that they have limited 

configurational freedom as they are connected to the network with both ends of the chain. 

Nevertheless, their presence can result in a hydrated top surface (hydration layer) of the 

coating forming so-called hydrated dangling “loops”, giving rise the reduced friction 

response when a counter surface slides over the coating surface, as shown in the previous 

a) b) 

Figure 7.15: Overview of mean Coefficient of Friction (CoF) versus radial velocity v of the water swollen pure 
PPG-based PU coatings and pure PEG-based PU coatings as well as the PUPPG-mPEG and dual PUPPG-PEG at a 
constant PEG fraction (φPEG = 0.2) for the coatings with precursors of 1000 g∙mol−1 (a) and with precursors of 
2000 g∙mol−1 (b). The CoF is measured in demineralized water against a glass counter surface with a total normal 
load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. The data points are 
connected with dotted lines to aid the eye. 
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Figure 7.16: Simplified schematic representations of the surface of dual hydrophobic/hydrophilic cross-linked 
polymer coatings containing a) hydrophilic dangling network chains and b) hydrophilic diol precursors giving rise 
to hydrophilic dangling “loops” (black dots: chemical cross-links, grey chains: hydrophobic precursors, blue 
chains: hydrophilic  chains, red crosses: free chain ends). From left to right: possible surface chain conformations 
under unloaded, statically loaded and sliding under load conditions, respectively. The coatings and counter surface 
are supposed to be completely immersed in water where only the surface hydrated layers are shown in the 
representation. The dimensions are out of proportion compared to the real testing conditions. 
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section. The measured changes in water uptake and surface hydrophilicity support this 

concept. In order to form a loop which sufficiently “sticks out” of the surface to create a 

(fully) hydrated surface layer, the hydrophilic diol precursors need to have a sufficient 

length. This can explain the results on the PEG-diol chain length dependency seen in 7.4.3, 

where the very short chains were not able to reduce the friction response, while the longer 

chains were. Moreover this explains why the PUPPG2000-PEG2000 coatings outperform 

the PUPPG1000-PEG1000 coatings in terms of friction behaviour, as shown in Figure 7.15. 

The hydrated layer resulting from the shorter PEG 1000 g∙mol−1 at the surfaces is less 

capable to prevent adhesion with the counter surface and less capable in maintaining the 

lubricating hydration layer during sliding. 

Clearly the presence of the mPEG dangling chains is able to provide the surface 

with a lower friction response, which indicates that the hydration layer created by the 

dangling chains on the surface is more efficient in reducing the adhesion with the counter-

surface. A factor which possibly contributes to this observation is that upon compression, 

the surface dangling chains will deform, upon which they will adopt a conformation which 

is comparable to that of the compressed dangling loops (see Figure 7.16), but with the 

difference, that the dangling chains have more freedom to deform during the sliding of the 

counter surface compared to the dangling loops. This might result in a more efficient 

hydration layer which prevents the number of adhesive contacts between the counter 

surface and the coating, and thereby result in a lower friction response (and thus an 

enhanced lubricious property). As shown in Section 7.3.2, the addition of dangling chains 

to the PUPPG1000 coatings generally results in a lower friction response compared to the 

PUPPG2000 coatings. Since the latter coatings have a lower cross-link density, the density 

of the dangling chains on the surface is also lower. Most likely this difference in surface 

coverage, in combination with a higher indentation modulus, results in superior lubricious 

properties of the PUPPG1000 coatings. Recalling that the PPG-based PU coatings which 

contain a high amount of dangling chains longer than the PPG-diol precursor (PUPPG1000-

mPEG2000 (1:9)) showed an increased friction response compared to the shorter dangling 

chains lengths, it can be concluded that an optimum surface coverage and chain length ratio 

exists. This was already clearly shown for the PEG-based PU coatings containing mPEG 

dangling chains in Chapter 6. When the combination of the dangling chain length and 

surface coverage exceeds the optimal ratio, the scenario of an oversaturation of dangling 
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chain segments can possibly result in additional adhesive contacts with the counter surface 

during shear (sliding), thereby giving rise to an additional contribution to the friction force. 

Finally, it is known that surface ploughing results in an increase in the coefficient 

of friction due to plastic deformation of the surface[33], which can be reduced by the 

application of a hard thin surface layer[35,39,40]. Moreover, it is also specifically shown for 

rubber on ice contact that an increase in rubber stiffness decreases the coefficient of friction 

between the surfaces by reducing surface ploughing[34]. Therefore the observed differences 

between pure PPG-based PU coatings can be explained by this ploughing effect. Next to the 

reduction of the overall friction forces by increasing the bulk stiffness of rubbers[34] or 

application of hard thin surface layers to prevent ploughing[35,39,40], Finite Element 

modeling has shown that a thin soft layer on top of a stiffer substrate can reduce the overall 

frictional forces due to an improved redistribution of the stresses, although the penetration 

depth is slightly increased[41]. This latter scenario is similar to the representation of the dual 

hydrophobic/hydrophilic PU coatings prepared in this work when considering the thin 

hydrated top surface of the coatings as a thin soft layer on top of a more rigid substrate.  

Following this line of thought, the extreme synergetic effect of the PPG-diol and 

PEG-diol precursors within the dual hydrophobic/hydrophilic coatings, giving rise to a 

tremendous increase in lubricating performance compared to the coatings prepared from the 

individual networks, can be explained. Whereas a hydration layer (and the possibility to 

maintain this layer at applied contact pressures and during sliding) is necessary for a low 

friction response, this layer is absent for the pure hydrophobic PPG-based coatings, given 

the unfavorable interaction with water of the hydrophobic network precursors. Although 

this hydration layer is present for the pure hydrophilic PEG-based PU coatings, the fully 

homogeneous hydrated coatings are mechanically weaker which leads to increased surface 

ploughing. When combining both the hydrophobic PPG and the hydrophilic PEG into a 

single network, a dual layer structure is created when immersed in water. This dual layer 

consists of a thin hydrated soft layer on top of a stiffer bulk coating layer, which combines 

the required hydration layer of the hydrophilic segments with an improved resistance 

against deformation of the hydrophobic segments. Furthermore, the hydrophilic chains will 

feel a repulsion from the hydrophobic matrix when immersed in water, which will act as an 

additional enthalpic contribution in favor of “pushing” the hydrophilic segments outwards 

to the interface, where their presence aids the lubrication between the surfaces. Moreover 
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the system exhibits the required dual layer design to enhance stress redistributions and the 

surface chain mobility for maintaining the required hydration layer during sliding. 

7.5.2 Qualitative evaluation of the dual hydrophobic/hydrophilic PU coatings with 

respect to commercial benchmarks 

Next to a comparison between the different types of coatings studied in this work and in 

previous chapters, the lubricious performance of the coatings is compared with 

(commercial) benchmarks for lubricious polymer coatings. Figure 7.17 shows the friction 

behaviour of the PUPPG2000-PEG2000 (φPEG = 0.333) coatings (red triangles), the 

PUPPG1000-mPEG1000 (1:9) coatings (blue circles) and benchmarks for a urinary tract 

catheter coating (black squares) and a cardiovascular coating (black stars). The commercial 

coatings were also measured against a glass counter surface with the custom-made 

tribometer used in this work. Both coating types were kindly provided and prepared by 

DSM Biomedical Coatings (Geleen, NL). The coatings were prepared via a dipcoating 

process with a subsequent UV-curing step. Seven samples of each coating type were 

prepared on similar substrates as used for the coatings in this work (including PUPEG6000 

primer layer). The commercial coatings had an approximately swollen thickness of 

5 - 20 µm#1 and showed good wet adhesion to the primed substrates when immersed in 

water. A comparison of the gravimetrically measured water uptake and effective immersed 

indentation modulus of all coatings shown in Figure 7.17 is given in Table 7.4. 

It can be seen from Figure 7.17 that the friction response of the cardiovascular 

catheter coating (black stars) is significantly lower compared to the friction response of the 

urinary tract catheter coating (black squares) for all sliding velocities up to 3 rad∙s−1. 

Moreover, the commercial coatings show a gradual decrease in CoF from low to higher 

velocities before eventually entering the hydrodynamic lubrication regime, for which the 

minimum is located at a lower velocity for the cardiovascular catheter coatings compared to 

the urinary tract catheter coatings. 

First of all, as can be seen from the figure, the dual coatings prepared in this work 

exhibit a friction response which is significantly less dependent on the sliding velocity 

outside the hydrodynamic lubrication regime compared to the commercial coatings. This 

behaviour was also observed for the mPEG containing PEG-based coatings studied in 
                                                           
#1 Personal communication with DSM Biomedical Coatings (Geleen, NL) (March 2017). 
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Chapter 6. Therefore this behaviour suggests that the presence of hydrophilic dangling 

chains on a network with a high cross-link density (at least in the range of the systems 

studied in this thesis) gives rise to a surface which is able to main a constant friction 

response over a broad velocity range, while the highly (homogeneously) swollen 

commercial coatings are not able to do this. Furthermore, both dual coating types clearly 

outperform the urinary tract catheter coatings in terms of absolute lubricious properties. 

Compared to the cardiovascular catheter coatings, the dual diol PU coatings (red triangles) 

show a comparable CoF at velocities between 0.03 and 3 rad∙s−1 and even a significantly 

lower CoF at lower sliding speeds. Next to a coating with a comparable performance, the 

  

 

Figure 7.17: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen commercial 
benchmark coatings (urinary tract formulation: black squares (average of 7 samples), cardiovascular formulation: 
black stars (average of 7 samples) and PUPPG2000-PEG2000 (φPEG = 0.333) coatings (red triangles) and 
PUPPG1000-mPEG1000 (1:9) coatings (blue circles). The CoF is measured in demineralized water against a 
glass counter surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean 
absolute deviation. 
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PUPPG1000-mPEG1000 (1:9) coatings (blue circles) significantly outperform the 

benchmarks in the whole velocity range, exhibiting a CoF below 0.012 in the whole 

velocity range between 3∙10−3 and 1 rad∙s−1. This shows for the first time in this thesis a 

type of PU coating with lubricious properties which are beyond the frictional requirements 

of both types of commercial coatings. Furthermore, the outstanding lubricious properties 

are accompanied with a 15-fold lower water uptake and a 45-fold higher effective 

indentation modulus as can be seen from Table 7.4. This increased rigidity of the PU 

coatings provides them most likely with a higher wear resistance, which enables their use in 

other applications where a higher mechanical stability is required. 

Table 7.4: Gravimetrically measured water uptake [wt%] and effective indentation modulus E* [kPa] of the 
commercial benchmark coatings (averages of 7 samples, see the main text for an elaboration on these coatings). 
Data of the PUPPG2000-PEG2000 (φPEG = 0.333)  coatings and PUPPG1000-mPEG1000 (1:9) coatings is given 
for comparison. The error shows the mean absolute deviation. 

coating 
water uptake 

[wt%] 
E* 

 [kPa] 
benchmark urinary tract catheter formulation > 500 175 (± 15) 
benchmark cardiovascular catheter formulation > 700 170 (± 18) 
this work PUPPG2000-PEG2000 (φPEG = 0.333)  49 (± 7)  5800 (± 300) 
this work PUPPG1000-mPEG1000 (1:9) 28 (± 4) 8200 (± 400) 
 

7.6 Conclusions 

This work showed for the first time a systematic study on the relation between the network 

structure parameters and friction properties of dual hydrophobic/hydrophilic PU coatings in 

an aqueous environment. Chemically cross-linked PU coatings were prepared by adding 

hydrophilic dangling chains (mPEG), as well as hydrophilic elastically active network 

chains (PEG) to PPG-based PU coating formulations. The dangling mPEG and network 

PEG-diol chain mass and concentration was systematically varied in coatings with two 

different PPG-diol precursor masses. The water uptake, indentation moduli, surface 

hydrophilicity and macroscopic friction response against a glass counter surface immersed 

in water were measured. The friction behaviour of the coatings was measured using a 

custom-made immersed tribology setup, designed for measuring the macroscopic aqueous 
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friction response of swollen coatings against a glass counter surface while immersed in 

water. 

The water uptake and surface hydrophilicity of PPG-based PU coatings containing 

mPEG dangling chains show clear trends with respect to the length and concentration of 

chains, whereas the interpretation of the relation between the effective indentation moduli 

and these structural parameters is difficult. The same observations are true for the dual 

PPG-PEG-based coatings, in which the water uptake scales almost linearly with the fraction 

of hydrophilic diol precursors. 

The addition of hydrophilic coating precursors as dangling network chains as well 

as diol network precursors has shown to tremendously enhance the lubricating properties of 

the PPG-based PU coatings, while maintaining a low water uptake of approximately 20 to 

40 wt%. Generally, the coefficient of friction of the coatings containing hydrophilic mPEG 

chains decreased upon addition of longer chains as well as a higher concentration of chains 

for all coatings studied, except for the only coatings which contained mPEG chains which 

were longer than the PPG-diol network precursor used (for both concentrations studied). 

These coatings showed an increase in friction response compared to the coatings with 

shorter chains. This phenomenon was attributed to additional adhesive contacts between the 

coating and the counter surface. This increase in friction response was also observed for the 

PEG-based PU coatings which contain mPEG chains which were longer than the used diol 

network precursors (Chapter 6 of this thesis). Therefore these observations points towards a 

more universal aspect of the influence of the ratio between the length of the surface 

dangling chains and the length between network junctions on the resulting aqueous friction 

behaviour of a hydrophilic polymeric (coating) surface. 

Although the friction reduction of the PPG-based PU coatings is most efficient 

upon the addition of the hydrophilic network precursors as a dangling network chain, the 

addition of the hydrophilic precursors as elastically active network also greatly enhanced 

the lubricating properties. This showed that the friction response of the dual 

hydrophobic/hydrophilic coatings is significantly less compared to the friction response of 

both individual pure PPG-based and PEG-based coatings, revealing a large synergetic 

effect between the intrinsic properties of both the hydrophobic PPG and the hydrophilic 

PEG in the coatings. 
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All results could be qualitatively deduced by the interpretation of the observed 

trends of the friction behaviour in relation to network and surface chain structure 

considerations. All hypotheses for this deduction were related to the assumption that the 

lowest friction response is expected when the coating structure is able to maintain the most 

efficient hydration layer, hereby minimizing the amount of adhesive contacts between both 

surfaces while easily dissipating induced stresses in the top-layer. Moreover the observed 

friction behaviour of the studied coatings, in both this Chapter and Chapter 6,  shows that 

the presence of hydrophilic chains on a network with a high cross-link density (at least in 

the range of the systems studied in this thesis) is able to give rise to a surface with a friction 

response which hardly depends on the sliding velocity. These results suggest that such a 

type of coating is able to maintain a stable and constant hydration layer over a broad 

velocity range.  

In addition, the friction behaviour of the dual hydrophobic/hydrophilic PU 

coatings with the highest lubricious properties were qualitatively compared to commercial 

benchmarks for urinary tract and cardiovascular catheter coatings. The coatings with the 

lowest friction response studied (PUPPG1000-mPEG1000 (1:9)) showed a CoF below 

0.012 in the whole velocity range between 3∙10−3 and 1 rad∙s−1, while the absolute water 

uptake of these coatings is less than 30 wt%. These coatings significantly outperform the 

benchmarks in the whole velocity range. Furthermore, the outstanding lubricious properties 

are accompanied by a 15-fold lower water uptake and a 45-fold higher effective indentation 

modulus. This clearly shows that a highly (homogeneous) swollen bulk is not a crucial 

requirement for a lubricious coating and that, by a clever coating design, highly lubricious 

polymer surfaces can be created with a rigid and low swelling coating bulk. 
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8.1 Retrospect 

The work described in this thesis shows a study on the relation between well-defined 

variations in the network structure of hydrophilic lubricious polymer network coatings and 

the resulting coating properties, of which the lubricious properties of the top surface were 

of most interest. Although the selected model system for this study (a polyurethane (PU) 

network formed by tHDI (tri-isocyanate) cross-linkers and mainly poly(ethylene glycol) 

(PEG) network precursors) is not a conventional type of lubricious coating[1], or even an 

actual commercially used coating type at all, it proved to be a useful model system for a 

substantially large data set of hydrophilic polymer coatings with a well-defined variation in 

their network architecture. The various trends found in the measured material properties 

with respect to the network architecture (controlled via their network formulations) of films 

and coatings presented in Chapter 3, 5, 6, and 7 of this thesis are a proof of this.  

However, it should be noted that the choice for the use of PEG as a diol-functional 

network precursor for thermally cured PU coatings (with a cure temperature above 100 °C), 

was one with a higher impact on the practical requirements for a stable lab-scale coating 

preparation than its straightforward chemical structure and widespread use would suggest. 

At least from the perspective of the young and maybe naive author of this work. Chapter 2 

originates from this initial misperception. Only after PEG revealed its poor end-group 

stability experimentally, a lot of preliminary  and contradicting results could be explained 

and a suitable coating preparation could be established. In hindsight, a severe and moreover 

a fluctuating extent of the degradation of the PEG precursors during the coating preparation 

(measurable amount of extractable material over 20 wt%) of preliminary studies (not 

reported in this thesis), even gave rise to top-surfaces with a measurable gradient in surface 

modulus. This shows that the oxidative degradation mainly takes place at the surface of the 

coatings (indirectly confirmed by the fact that thicker freestanding PEG-diol based films, 

with a 2 order of magnitude lower surface area to volume ratio, did not show measurable 

fractions of leachable material). Accordingly, this heavily influenced the friction response 

of the coatings. Although a resulting softer top-surface (with an apparent larger mesh size, 

and uncontrolled surface features and chemistry), yielded generally a coating with good 

lubricious properties, it made it practically impossible to obtain reliable structure-property 

relations because of this uncontrolled and undefined effect on the network structure. The 
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fact that the PEG end-group lability was found in literature from the fields of 

pharmaceutics[2] and cultural preservation[3] highlights the potential benefits of an inter-

disciplinary exchange of fundamental knowledge on material properties, especially when it 

involves materials or molecules which are used for different purposes in a large amount of 

different fields. 

The wet adhesion of hydrophilic polymer networks to a smooth glass substrate 

was expected to be weak when no additional precautions were taken to enhance the 

adhesion. This proved to be correct given the high delamination speed of PEG-based PU 

coating layers on untreated glass substrates when immersed in water. The optimized primer 

layer and preparation procedure presented in this work (especially in Chapter 4) turned out 

to be a crucial component of the model systems for a successful study of their water-

swollen properties. The wet adhesion promotion by the designed primer is not limited to 

PEG and PPG-based PU coatings only, since it was also crucial for a sufficient wet-

adhesion of the commercial coating formulations (as used as benchmarks for commercial 

systems shown in Chapters 6 and 7) to glass substrates.  

One requirement for a successful,  accurate and detailed description of a polymer 

network structure is a high degree of control over the formation of the resulting network via 

the used preparation procedure. Moreover, there should be awareness and knowledge on 

how all different aspects of the preparation procedure can influence the resulting 

macroscopic network structure and how chemical and structural deviations can influence 

physical and measured material properties. But at least as important is the requirement to 

use a proper theoretical tools and valid arguments for the use of values for required 

parameters for the description of the networks and moreover, the interpretation of the 

physical meaning of its components, parameters and calculated solutions. To that respect 

the work presented in Chapter 3 shows an example of the successful selection and 

validation of values for essential model parameters (e.g. the overall network junction 

functionality and the composition dependent polymer-water interaction parameter) for a 

proper network description. Only after the assumption of the formation of allophanates in 

the PU networks (which is likely to happen from a polymer-chemical point of view given 

the composition of the network formulations, the used curing conditions and spatial 

restrictions of network precursors during the network formation after the gel point), an 

accurate calculation of the mass between cross-links for PEG-based PU coatings and films 
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could be made (via the use of an adjusted average value for the junction functionality). 

Furthermore, in essence rather basic adjustments to classical polymer network structure 

relations, by simply scaling the model parameters to their effective contribution, are shown 

to be very effective for a more accurate description networks which deviate from an ideal 

structure which are prepared via a step growth polymerization technique. 

This thesis showed interesting and useful outcomes for a broader use than the 

specific type of coatings studied here (e.g. on the degradation of PEG, on the coating 

preparation procedure in general, on the use of theoretical tools and on elaborations of 

(attempts) on how to describe the networks from geometric considerations). Moreover, 

insights were gain in the complex influence of (dangling) hydrophilic surface polymers on 

the friction behaviour of lubricious polymeric coatings. Next to the conclusions made in 

each individual chapter, the performance of the model system as such needs an evaluation.  

8.2 Perspective and outlook of this work 

The study described in this thesis originated from the desire to enhance the service life-time 

of hydrophilic polymer coatings, with a special focus on bio-medical lubricious coatings. 

Instead of significantly enhancing the durability of the coating via its mechanical properties 

(e.g. toughness, strength or abrasion/wear resistance), the investigation of the utility of an 

autonomous surface function recovery, after loss of surface functional groups, into the 

design of a hydrophilic polymer lubricious coating was of interest. Such an autonomous 

surface function recovery, a “self-replenishing” functional surface, has been proven to 

recover a functional hydrophobic surface after loss of the initial hydrophobic groups at the 

surface[4-7]. The self-replenishing hydrophobic surface recovery is based on the autonomous 

self-orientation of polymer dangling network chains (connected to a polymer network) 

upon the change of the physical environment the chains are experiencing when the coating 

gets damaged. I.e. when the coating gets damaged, hydrophobic chains “buried” beneath 

the original surface of a less hydrophobic network self-orient to the newly created air-

polymer interface due to a strong enthalpic driving force the moment they “sense” the new 

interface. In order to recover a specific surface functionality it is essential to know where 

this functionality arises from in terms of chemical nature of the material (components) as 

well as the structure of the material. This requirement imposed a problem for the 
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implementation of a surface function recovery for lubricious coatings, since this knowledge 

is lacking for this type of coatings, as mentioned a couple of times in this thesis. (At least in 

open literature.) Hence, this project focused on the property-structure relations of the model 

systems for lubricious coatings first, which turned out to cover the whole work presented in 

this thesis. Nevertheless the selected structural design of the model system made sure that 

all basic requirements for a self-replenishing function recovery mechanism based on 

dangling chain surface (re)orientation were met when immersed in water[4-7]. It contains a 

polymeric matrix with a glass transition temperature below room temperature for enough 

chain mobility for autonomous chain orientation (both for the PEG-based and PPG-based 

coatings), a “reservoir” of covalently connected functional (hydrophilic) dangling chains in 

the polymer matrix and moreover, a thermodynamic driving force for the dangling chains to 

orient to the interface (polymer-water in this case). This latter requirement is definitely met 

for the PPG-based coatings containing the mPEG hydrophilic chains, in which the 

hydrophilic chains are believed to possess an enthalpic driving force. Furthermore, it is 

believed that this requirement is also met for the mPEG/PEG-based coatings (although to a 

smaller extent), due to an entropic preference of the chains to extend from the surface into 

the water. Admittedly, the self-replenishing behaviour itself is not proven in this work. 

Nevertheless, the studied systems, especially the dual hydrophobic/hydrophilic coatings 

studied in Chapter 7, are expected to intrinsically possess a self-replenishing hydrophilic 

surface function when immersed in water. Thereby, this work is a good starting point for 

the assessment of the self-replenishing behaviour of hydrophilic functional coatings and the 

proof-of-principle thereof. Next to this, the model systems can potentially be applied to 

devices and substrates for a prolonged life-time of the application. 

The latter statement above is not purely hypothetical in the sense that it is shown 

that the lubricious properties of some of the prepared coatings are outstanding and even 

outperform the lubricious properties of benchmarks for commercial coatings as shown in 

Chapter 7. Therefore, the model systems with the highest lubricity exhibit lubricious 

properties which are already at the required level for bio-medical devices. It is important to 

note though, that this work exclusively studied the lubricious properties of the coatings in 

demineralized water against a smooth glass counter surface. Given the already high 

complexity of the aqueous friction behaviour of polymeric systems in general, this was a 

proper choice in the end. Nevertheless, it would be very interesting to extend the presented 
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study to other counter surfaces (especially to softer and hydrated materials for mimicking 

different body tissues, PVA or PHEMA gels for instance), to aqueous solutions which 

mimic body fluids and to the influence of the coating substrate. 

Next to a direct evaluation of the lubricious performance of the model systems for 

the applicability as a coating for bio-medical devices, other coating properties might be 

important and/or of interest. A huge difference between the highly lubricious model 

coatings and commercial lubricious coatings is the fact that for the former the properties 

arise from a highly hydrated top surface on top of a bulk network with a low water uptake 

(as hypothesized in Chapter 7) and for the latter from a more homogeneously swollen layer. 

This difference is reflected in the large difference of overall water uptake and network 

modulus between the coatings. From one side, the higher mechanical bulk properties of the 

model systems possibly result in a higher mechanical integrity, lower particulate formation   

and increased wear and tear resistance, compared to the commercial soft hydrogel coatings. 

A downside of these higher bulk properties can possibly be a higher brittleness and lower 

flexibility (thereby lower maneuverability of the device), or a higher “dry-out” rate given 

the lower water content. Therefore, a full assessment of all coating requirements should be 

made in order to evaluate the suitability of the model systems to be used as an actual 

coating for bio-medical devices such as catheters and guidewires. Next to the use as coating 

for this type of devices, this model system is potentially also suitable for (micro)fluidic 

devices, implants and possibly also as components for cartilage replacements, especially 

due to the relative high bulk mechanical properties and low water uptake. This shows the 

high versatility of the designed model systems as potential coatings, not only for the bio-

medical field, but also for other fields where hydrophilic polymeric coatings find their use, 

such as marine, antifogging and enhanced boiling heat transfer applications.   

A next interesting step for further tailoring of the properties of the model coatings 

can be taken by making use of (block)copolymer precursors or by adding different 

polymers as hydrophilic dangling chains or network precursors. Especially the use of 

dangling chains with a higher hydrophilicity such as poly(methyl oxazoline) or 

polyzwitterionic chains will probably increase the lubricious performance even more. 

Another desired step, and one which is crucial for some application, will be the switch from 

this polyurethane chemistry to fast (UV) light initiated radical polymerization chemistries. 

Preferably to chemistries based on step-growth polymerizations, such as thiol-ene 
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chemistries or other click reactions, in which the well-defined nature of the coatings is 

preserved for most control over the network architecture. If it would be desired to switch to 

chain growth chemistries instead, it is recommended to aim for a system with a high cross-

link density which contains significantly long hydrophilic chains segments (or complete 

hydrophilic chains) in order to mimic the global network structure of the systems presented 

in Chapter 7. At least if higher mechanical properties, a low bulk swelling and similar 

lubricious top-surface properties are desired. These former two properties were only 

reached when a coating with a balance between hydrophobic and hydrophilic coating 

precursors was designed. For which it turned out to give rise to a higher lubricating 

performance of the coatings compared to pure hydrophobic or pure hydrophilic systems. 

This is most likely the reason that commercial formulations (as far as can be concluded by 

looking at the patents listed as references in Chapter 5) also contain a 

hydrophobic/hydrophilic balance. Another way for preparing a network with such a balance 

is the design of interpenetrating networks. Especially the lubricious properties of the 

combination of hydrophilic and hydrophobic interpenetrated network coatings would be an 

interesting subject of study since it is shown that dual interpenetrating gels have an 

enhanced toughness compared to their individual counterparts due to superior energy 

dissipation of the dual structure[8]. 
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A.1 Miller-Macosko-Vallés recursive probability approach 

Appendix for Chapters 3, 5 and 6 

This Appendix provides the general introduction of the Miller-Macosko-Vallés recursive 

probability approach for an estimation of the overall statistical network structure of cross-

link polymer networks prepared via end-linking polymerization techniques. The appendix 

starts with a general model introduction, which is identical to the one in given in Chapter 3, 

after which the full set of equations for an AfB2 system, an AfAkB2 system and, respectively, 

an AfAkB2B1 system is given. The reader is referred to the original work of Miller, Macosko 

and Vallés for the fundamental validation of all used statistical arguments in order to arrive 

to the final model and expressions used[1-3]. 

A.1.1 General model introduction 

After the gel-point of a cross-linking polymerization mixture is reached, both a 

fraction of soluble finite molecules (sol) and a theoretical infinite network structure (gel) 

are present in the mixture[4]. The fraction as well as the structure of both species depend on 

the overall extent  of the reaction p (conversion of  functional groups). One statistical 

method to determine the average network structure is developed by Miller and Macosko in 

the late 1970’s[1], and later extended by Miller, Macosko and Vallés (MMV) and 

coworkers[2,3,5,6]. Their approach is based on average probability calculations of having 

reaction events taking place as function of the extent of the reaction, via the probability, 
out( )P F  (or in( )P F ) that the reaction of a functional group leads to a finite or pendant 

chain structure rather than to an infinite network structure when looking out (or in) from a 

functional group (see Figure A.1). In this theoretical network formation an ideal network 

polymerization is assumed in which: 

 

1) all functional groups of the same type are equally reactive,  

2) all functional groups react independently of each other,  

3) there are no geometric restrictions for the precursors to find each other, and 

4) no intramolecular reactions occur in finite species (no loop formation in soluble   

fraction).  
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The average network structure can be calculated using a recursive probability approach 

based on the overall extent of the reaction p, once the fraction of soluble material 

(extractable material) of the experimentally prepared networks is measured. The extent of 

the reaction p is calculated using a recursive probability approach, after which p is used, 

employing the same probability equations, to determine, e.g. the fraction of elastically 

active material We and the actual fraction of active cross-links in a network frAc,n. At any 

given time during network formation after the gel-point (and after the network formation), a 

different role can be allocated to all initial network precursors. This is schematically 

depicted in Figure A.2. At any given time there are four possible roles for a cross-linker Af 

in the resulting network structure. Af may be a fully reacted cross-linking point Ae, soluble 

material As, the root of a pendant chain A0 or being part of a pendant chain Ap itself. The 

fraction of Af allocated to each of those different roles (frAe, frAs, frA0 and frAp, respectively) 

in the network depends on the probability that after the reaction looking out from a 

functional A-group ( out
A( )P F ) is looked into a finite chain, i.e. a pendant network chain. 

These fractions are given by 

 ( )( )out
e A1

f
rf A P F= −   , (A.1) 

Figure A.1: Schematic representation of the directions of “looking into” (in) or “looking out of” (out) A-
functional and B-functional network precursors. It can be seen that the first precursor encountered when 
“looking into” from a functional group, is the precursor to which the functional groups is connected to, while 
the first precursor encountered when “looking out of” a functional group, is the precursor of which the 
functional group reacts with. 

A 
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 ( )out
s A

f
rf A P F=   , (A.2) 

 ( ) ( )( )1out out
p A A1

ff
rf A fP F P F

−
= −   and (A.3) 
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−
−

=

  
= −  

  
∑   , (A.4) 

where f is the functionality of the cross-linker.  

 

 

 
Similarly, different roles for B2 can be allocated (B2-precursors are the only B-precursors in 

this example). B2 may be an elastic network chain, connected with both ends to the infinite 

network Be, soluble material Bs or (part of) a pendant chain Bp. The corresponding fractions 

are given by 

 ( )( )2out
e B1rf B P F= −   , (A.5) 

Figure A.2.: Schematic representation of the state of a network after the gel point. Arrow indicate reacted 
chain ends in the “infinite” direction of the network. Circles indicate finite ends. Blue: elastically active 
network material. Black: pendant network material. Red: soluble material which is not connected to the infinite 
network.. Adapted from Villar et al. [3].  
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 ( )2out
s Brf B P F=   and (A.6) 

 ( ) ( )( )out out
p B B2 1rf B P F P F= −   , (A.7) 

where out
B( )P F is the probability that after the reaction looking out from a functional B-

group is looked into a finite chain. A set of probabilities can be formulated to yield an 

expression for out
A( )P F and out

B( )P F . From the initial weight fractions of all network 

precursors and the weight fraction of soluble material Ws, the weight fraction of elastically 

active material We and pendant material Wp can be calculated. 

A.1.2  AfB2 systems 

The derivation of the set of probabilities and resulting weight fractions for a standard AfB2 

system are deduced as followed. The initial stoichiometric (in)balance (r) for an AfB2 

system in general is given by 

 

2

[A ]
2[B ]

ff
r =   , (A.8) 

where �A𝑓𝑓� and [B2] are the precursor concentrations. The weight fractions of the network 

precursors are given by 
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(A.10) 

where 𝑀𝑀A𝑓𝑓and 𝑀𝑀B2 are the precursor molar masses. Looking into a random A-group, the 

probability of looking into a finite chain )( in
AFP  is equal to the probability of looking out 

)( out
AFP from the remaining A-groups on the A-bearing precursor, which therefore is 

given by 

 ( ) ( ) 1in out
A A

f
P F P F

−
=   . (A.11) 
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)( out
AFP is given by the sum of the event in which the A-group has not reacted (1 − p) and 

the event in which A-the group did react while leading to a finite chain )( in
BFPp ⋅ : 

 ( ) ( ) ( )in
B

out
A 1 FpPpFP +−=   . (A.12) 

A B-group will only end up being part of a finite chain when, looking into this B-group, the 

other end of its precursor is part of the finite chain. Therefore, 

 ( ) ( )out
B

in
B FPFP =   . (A.13) 

)( out
BFP  is given by the sum of the event in which the B-group has not reacted )1( pr ⋅−

and the event in which the B-group did react while leading to a finite chain ( ))( in
AFPpr ⋅⋅ , 

 ( ) ( ) ( )in
A

out
B 1 FrpPrpFP +−=   , (A.14) 

where r is the initial stoichiometric (in)balance of the polymerization mixture                       

r = f [Af]/2[B2] with [Af] and [B2] being the precursor concentrations. The solutions of 

eq. (A.1) to eq. (A.7) for )( out
AFP  and )( out

BFP  as function of )( out
AFP  for a tri-

functional cross-linker (f = 3)  are given by[2] 

 

 ( ) 2

2
out

A
1

rp
rpFP −

=   and (A.15) 

 ( ) ( ) ( )2out
A

out
B 1 FrpPpFP +−=   . (A.16) 

 

Using the fractions of both network precursors, the weight fraction of soluble material Ws, 

elastically active material We and pendant material Wp can be calculated via 

 2s A s B sf r rW W f A W f B= ⋅ + ⋅   , (A.17) 
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(A.19) 
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 ( )esp 1 WWW +−=   . (A.21) 

 

Solving eq. (A.18) for the experimentally obtained soluble fraction (the amount of 

extractable material after the network formation) gives an estimate for p. We can be 

calculated at this extend of reaction to obtain the weight fraction of elastic active material in 

the resulting network. 

A.1.3 AfAkB2 systems 

A general description for a blend of two A-functional cross-linkers with different 

functionalities together with a B2-network precursor is given in this section. A new 

parameter, w, is used to account for the ratio between Af  and Ak in this AfAkB2 system and 

is given by 

 [A ]
[A ] [A ]

f

f k

f
w

f k
=

+
  , 

(A.22) 

The initial stoichiometric (in)balance is given by 

 

2

[A ] [A ]
2[B ]
f kf k

r
+

=   , 
(A.23) 

The weight fractions of the network precursors can be calculated via 
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(A.26) 

 

where 𝑀𝑀A𝑓𝑓 , 𝑀𝑀A𝑘𝑘  and 𝑀𝑀B2 are the precursor molar masses. Due to the presence of two 

different A-functional precursors, the description of )( in
AFP  needs to be corrected for the 

ratio between the two species. The probabilities for this system are given by 

 

 ( ) ( ) ( )1 1in out out
A A A(1 )

f k
P F wP F w P F

− −
= + −   , (A.27) 

 ( ) ( )out in
A B(1 )P F p pP F= − +   , (A.28) 

 ( ) ( )in out
B BP F P F=   and (A.29) 

 ( ) ( )in in
B A(1 )P F rp rpP F= − +   . (A.30) 

 

The recursive solutions for 𝑃𝑃(𝐹𝐹Aout) and 𝑃𝑃(𝐹𝐹Bout) as function of 𝑃𝑃(𝐹𝐹Aout) for an AfAkB2 

system are given by 

 

 ( ) ( ) ( )( )1 1out 2 2 out out
A A A(1 ) (1 )

f k
P F rp rp wP F w P F

− −
= − + + −   and (A.31) 

 ( ) ( ) ( )2out out
B A1P F rp rpP F= − +   . (A.32) 

 

Using the fractions of the network precursors as given in section 1, the weight fractions of 

soluble material (Ws), elastically active material (We) and pendant material (Wp) are 

calculated via 

 

 2s A s, A s, B sf kr f r k rW W f A W f A W f B= ⋅ + ⋅ + ⋅   , (A.33) 
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 ( ) ( ) ( )2

2out out out
A A B BA Af k

f k
W P F W P F W P F= + +   , (A.34) 
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(A.35) 
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=
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    + − + −    

     

+ −

∑

∑  
(A.36) 

 ( )esp 1 WWW +−=   . (A.37) 

 

The solution of eq. (A.34) for the experimentally obtained soluble fraction (the amount of 

extractable material after the network formation) gives an estimate for p. We can be 

calculated at this extend of reaction to obtain the weight fraction of elastic active material in 

the resulting network. 

A.1.4 AfAkB2B1 systems 

The addition of mono-functional B-bearing network precursors requires further adjustments 

to the model in order to give rise to a description of an AfAkB2B1 system. Starting from the 

AfAkB2 model as described in the previous section, a new parameter defining the initial 

fraction of reactive B-groups belonging to the B2-precursors v is given by 

 

 
][B][B2

][B2
12

2

+
=v   , (A.38) 

 

where [B2] and [B1] are the concentrations of the B-bearing precursors. The parameters 

defining the stoichiometric im(balance) of reactive groups r and the initial fraction and A-

groups belonging to one of the A-precursors w are given by 
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+
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kf
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+

=   , 
(A.40) 

 

where [Af] and [Ak] are the concentrations of the A-bearing precursors. The weight 

fractions of the network precursors can be calculated via 
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(A.44) 

 

where f
WA , k

WA , 2BW  and 1BW are the initial weight fractions of the four precursors.  

The presence of two different A-functional and B-functional precursors requires 

)( out
AFP  and )( out

BFP  to be corrected for the ratio between the two species. The set of 

probabilities for this AfAkB2B1 system only differ from those given in section A.1.3 for 

)( out
BFP , since the probability of looking into a finite chain when looking into a B-group 

belonging to the B1-precursor is unity. The total set of equations for this AfAkB2B1 system 

is therefore given by 

 ( ) ( ) ( )1 1in out out
A A A(1 )

f k
P F wP F w P F

− −
= + −   , (A.45) 

 ( ) ( )out in
A B(1 )P F p pP F= − +   , (A.46) 

 ( ) ( )in out
B B (1 )P F vP F v= + −   and (A.47) 
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 ( ) ( )in in
B A(1 )P F rp rpP F= − +   . (A.48) 

 

The recursive solutions for both probabilities as a function of )( out
AFP for an AfAkB2B1 

system are given by 

 

 ( ) ( ) ( ) ( ) ( ) 



 −++−=

−− 1out
A

1out
A

22out
A 11

kf
FPwFwPvrpvrpFP   and (A.49) 

 ( ) ( ) ( )2out
A

out
B 1 FrpPpFP +−=   . (A.50) 

 

It is impossible for the B1-precursor to be part of the elastically active part of the network. 

Therefore the only possible roles for B1 are: 1) being part of the soluble material Bs, or 2) 

being (part of) a pendant chain Bp. The fraction of the former is simply given by: )( out
BFP  

and the fraction of the latter by )(1 out
BFP− . Taking this into account, the expressions for 

Ws, We and Wp become 

 

 2 1s A s, A s, B s B sf kr f r k r rW W f A W f A W f B W f B= ⋅ + ⋅ + ⋅ + ⋅   , (A.51) 
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 ( )esp 1 WWW +−=   , (A.55) 

Solving eq. (A.52) numerically for the experimentally obtained soluble fraction (the amount 

of extractable material after the network formation) gives an estimate for p. We can be 
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calculated at this extend of reaction to obtain the weight fraction of elastic active material in 

the resulting network.  
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A.2 Density calculation of PEG-based networks and coatings 

Appendix for Chapters 3, 5 and 6 

The density ρn of the prepared PEG-based networks and coatings is estimated via 

  

 ( )vol vol
n PEG tHDIEG EG1ρ ρ ϕ ρ ϕ= ⋅ + −   , (A.56) 

assuming no excess volume upon mixing and polymerization, where vol
EGϕ is the volume 

fraction of ethylene glycol (EG) units in the dry network and ρPEG and ρtHDI are the densities 

of the PEG network precursors and tHDI in the network, respectively. Both densities are 

calculated by Molecular Modeling Pro software[7] using the molecular volumes based on 

the van Krevelen and Hoftyzer solubility parameters[8]. The density predictions of the 

network components tHDI-urethane and PEG are given in Table A.1. The predicted density 

of PEG (1.2025) lays between the literature values for crystalline and amorphous PEG 

chains (1.33 and 1.12, respectively[8]), which therefore seems to be an acceptable value for 

the dry (partially crystalline) PEG fraction in the PEG-based PU networks. The predicted 

density of the PEG-based tHDI-urethane segments shows values around 1.225, which also 

is an acceptable value for a polymer network[8]. Therefore the predicted densities for tHDI 

and PEG are used in this thesis. 

 
Table A.1: Density prediction of PEG-based PU network components using Molecular Modeling Pro [7].    
Network components Molecular. Modeling Pro density prediction (ρ) 
tHDI-Urethane-moiety with one ethylene 
glycol connected to each urethane (proton 
capped) 

1.3349 

 
PEG* 

 
1.2025* 

  
PEG-based PU network fragment# Molecular. Modeling Pro density prediction (ρn) 

1000 1.2285 
2000 1.2250 
* Average density of PEG chains with a molecular mass of 1000, 2000, 4000 and 6000 g∙mol−1. 
# Built structure: two tHDI-Urethane moieties with three PEG chains (NCO:OH = 1). 
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A.3 Estimation of the Flory-Huggins water-polymer interaction 
parameter χ for the PEG-based PU networks and coatings 

Appendix for Chapters 3, 5 and 6 

A crucial parameter to relate the swelling behavior to the network structure is the Flory-

Huggins water-polymer interaction parameter χ. The estimation of absolute values for the χ 

for cross-linked networks is still subject of debate, especially for hydrophilic networks and 

water[9-12]. Due to its dependence on several parameters including the Mn of the precursors, 

φn, the actual chemical composition and moreover cross-link density[13], the calculated 

values for χ of swollen cross-linked networks are always larger than those calculated from 

osmotic pressure data of dilution of linear polymers in a solvent [14-17]. Therefore caution is 

needed when using values for χ from literature in the context of network swelling. Work of 

Gnanou et al. on PEG/HDI-based PU networks showed calculated χ parameters ranging 

from 0.45 to 0.57 for polymer volume fractions between 0.033 and 0.259[18] (see Table 

A.2). 

 
Table A.2: Polymer volume fraction φn and calculated Flory-Huggins water-polymer interaction parameter χ for 
PEG/HDI-based PU networks swollen with water. Data taken from Gnanou et al.[18].   

Polymer volume 
fraction in swollen 
network φn [-] 

Calculated 
interaction 

parameter χ [-] 

φn [-] continued 
 

χ [-] continued 
 

0.033 0.478 0.259 0.566 
0.049 0.48 0.027 0.481 
0.094 0.505 0.064 0.489 
0.117 0.579 0.075 0.487 
0.139 0.53 0.08 0.462 
0.152 0.5257 0.209 0.529 
0.202 0.546 0.05 0.45 
0.22 0.545 0.035 0.47 

 

By plotting (see Figure A.3) their calculated χ parameters versus the corresponding polymer 

volume fraction of all available data points the following linear fit is obtained: 

 

 n41950460340 ϕχ ⋅+= ..   . (A.57) 
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Note that the Adjusted R2 of the linear fit is only 0.64. Nevertheless, a linear fit still shows 

the best correlation. Given the close resemblance between their experimental networks and 

the networks studied in this work, the use of these experimentally determined χ parameters 

seems to be legitimate and the most accurate choice available. 

 

  

 

Figure A.3: Polymer volume fraction φn and calculated Flory-Huggins water-polymer interaction parameter χ for 
PEG/HDI-based PU networks swollen with water. Data taken from Gnanou et al. [18] The line shows the best 
linear fit of all data points (Adj. R2 = 0.6406). 

0.0 0.1 0.2 0.3
0.4

0.5

0.6

0.7 data Gnanou, Hild and Rempp (Macromolecules 1987)
 χ = a + b⋅ϕn

          a = 0.46034 +/− 0.0107
          b = 0.4195 +/− 0.07965
          Adj. R2 = 0.6406

χ 
[-

]

ϕn [-]



 
APPENDICES 
 

224 
 

A.4 Influence of the Flory-Huggins water-polymer interaction 
parameter χ on the calculation of the Mc of the prepared 
PEG-based PU networks 

Appendix for Chapter 3 

As stated in Chapter 3, the network models are extremely sensitive to the Flory-Huggins 

polymer-water interaction parameter χ. The calculated mean mass between cross-links Mc 

using the phantom model (eq. (A.58)) (f = 3.75) of the swollen PEG-diol based PU 

networks, as studied in Chapter 3, is shown in Figure A.4. The values are calculated for 

different values for the polymer-water interaction parameter χ, including the polymer 

fraction dependent fitted χ (eq. (A.57)) used in this work. α and β are unity given the 

absence of extractible material after the network formation. 

 

 

Figure A.4: Calculated mean mass between cross-links Mc of PEG-diol based PU networks with varying network 
precursor Mn swollen to equilibrium in water. The values are calculated using the phantom model (eq. (A.58)) 
corrected for allophanate formation  (f = 3.75) for different values for the polymer-water interaction parameter χ, 
including the polymer fraction dependent fitted χ used in this work. α and β are unity given the absence of 
extractible material after the network formation. Data used of networks shown in Chapter 3 of this work. Error 
bars show the mean absolute deviation. The lines in the graph are added to aid the eye. The red crosses indicate the 
data points after which the calculated values become negative, using these values for χ.   
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The figure shows large differences in calculated Mc values upon changing the value for the 

interaction parameter. The red crosses indicate the data points after which the calculated 

values for Mc become negative. As negative values for Mc have no physical meaning, 

hereby indicating that these chosen values for χ are clearly wrong. However, in order to 

approach a slope close to unity between Mn and Mc for the networks prepared with low Mn 

precursors (e.g. 1000 and 2000 g∙mol−1), as discussed in chapter 3, a χ of at least 0.575 is 

needed (and even higher than 0.6 for the PUPEG 1000 network). This clearly shows the 

need for a composition dependent interaction parameter χ when an accurate interpretation 

of the network structure is required. 
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A.5 Typical example of the raw data plot of an immersed 
tribology experiment 

Appendix for Chapters 5 and 6 

 

 
  

 

 

 

 

 

 

 

 

Figure A.5: A typical data plot of an immersed tribology experiment on a swollen PEG-based PU coating 
(example given is a PUPEG 2000 coating). The run time of the experiment is shown against the normal force 
during experiment (red) (preset at 0.5 N), the sliding speed (black) (1 rad∙s−1 = 0.0145 m∙s−1) and measured 
torque response (blue). A constant longitudinal position of the rotating shaft was assured in this example. 
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A.6 Swelling theory and derivation for the elastic component of 
the solvent chemical potential and Mc of a phantom network 
for freely isotropic network swelling and in-plane 
constrained swelling.   

Appendix for Chapters 3, 5 and 6 

An immersed network will reach its equilibrium swelling ratio when the chemical potential 

difference of the pure solvent and the solvent in the swollen network becomes zero. This 

occurs the moment the entropy, facilitating the mixing of the solvent into the network, is 

balanced by the energy resulting from the elastic forces due to elongation of the network 

chains[19,20]. The (reduced) chemical potential is composed of a mixing component

mix1)(Δm~ and an elastic component el1)(Δm~  and is obtained by differentiating the total 

Helmholtz energy elmix ΔΔΔ AAA += of the swollen network with respect to the number of 

solvent molecules n1 as given by 

 

 
 ( ) ( )1 1mix el

1 1 mix 1 el
1 1

Δ (Δ ) (Δ ) A ART RT
n n

m m m − −∂∆ ∂∆
= + = +

∂ ∂
     , 

(A.59) 

 

where R and T have their usual meaning. The mixing component is directly obtained from 

the famous Flory-Huggins polymer solution theory, given by 

 

 2
nnnmix1 )1ln()(Δ χϕϕϕm ++−=~    , (A.60) 

 

where φn is polymer network fraction in the swollen network and χ is the polymer-solvent 

interaction parameter. The elastic Helmholtz energy el,phΔA of a phantom network is given 

by[20-22] 

 
( ) ( )2 2 2

el,ph 1 3 3
2 2

x y z
kT kTA Iz z l l l   ∆ = − = + + −   

   
   , (A.61) 

where ζ is the cycle rank of the network, k the Boltzmann constant and I1 the first strain 

invariant of the deformation gradient tensor λ. The deformation gradient tensors λ for 

isotropic swelling and in-plane constrained swelling (constrained in the x-y plane) are given 
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by eq. (A.62). The resulting expression for el,phΔA  for these two deformation modes is given 

by eq. (A.63). Next to a different expression for el,phΔA , the scaling for the volume increase 

with respect to de extension ratio is different in both deformation modes as shown by eq. 

(A.64). While for isotropic swelling λ scales with the volume increase to the power 1/3,  λ 

simply scales linear with the volume increase when swelling is constrained in the x-y plane. 
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 (A.64) 

 

The elastic component of the solvent (reduced) chemical potential is obtained by 

differentiating the Helmholtz energy with respect to the number of solvent molecules n1, as 

given by 
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   , (A.65) 

which results for both swelling deformation modes in  
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As it turns out, the elastic component of the chemical potential scales with the polymer 

volume fraction to the power 1/3 for freely isotropic swelling while it scales to the polymer 

volume fraction to the power −1 for swelling constrained in two dimensions. 

Substitution of  the expressions for el1)(Δm~ of both deformation modes, together 

with eq. (A.60), into eq. (A.59) gives the following expressions for the reduced solvent 

chemical potentials: 

 

Isotropic swelling: 
0

1/3
s n2

1 n n n 0
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   and (A.67) 

In-plane constr. swelling: 
0

1
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ϕ
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 . (A.68) 

 

Substitution of the corrected network structure parameter relations as deduced in Section 

3.3.1 and given by  
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(A.69) 

 

into eq. (A.67) and (A.68) gives, after rearrangement, the following expressions for the 

molecular mass between cross-links Mc for both swelling deformation modes: 
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In-plane constr. swelling: 0
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A.7 Stress-strain relations for isotropic and in-plane constrained 

swelling 

Appendix for Chapters 5 and 6 

The principal components of the stress tensor are related to the elastic Helmholtz energy 

by[20] 

 2
el
2

,

2 i
i

i T V

At p
V
α

α
∗ ∂∆ = +  ∂ 

  , (A.72) 

 

where αi is the ratio of the final length along the ith direction with respect to the initial 

length, V the volume of the network and p* the contribution to the pressure from 

intermolecular interactions. This last contribution can be eliminated by taking the 

difference of 𝑡𝑡𝑖𝑖 along two principal directions. This gives the Treloar relations[23] as 
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which for simple tension/compression at atmospheric external pressure leads to the 

expression for the stress τ as 
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  . (A.74) 

 

Differentiation of the expressions for the elastic Helmholtz energy as given by eq. (A.63) 

with respect to the deformation ratios α, yields the expression (eq. (A.79))  for the stress τ  

in simple compression for different swelling deformations as derived below. 
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Isotropic swelling In-plane constrained swelling  
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(A.79) 

The stress in simple compression scales with the polymer volume fraction to the power 1/3 

for a freely isotropically swollen network while it scales to the polymer volume fraction to 

the power −1 for a network which is swollen while constrained in-plane. 
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A.8 Fitting parameters of the Coefficient of Friction versus 
mesh-size of swollen PEG-diol based PU coatings 

Appendix for Chapter 5 

The corrected calculated mesh size ξ∙φEG of the PEG-diol based PU coatings (Chapter 5) is 

plotted against the measured Coefficient of Friction (CoF) at different sliding velocities v, 

both in a semi-log as well as in a log-log plot. The resulting linear fit parameters and 

Adjusted R2 (Adj. R2) values are given in Table A.3. As can be seen from the table, the 

Adj. R2
 values of linear fits for the semi-log fits are significantly lower compared to those 

of the log-log fits for velocities below 0.3 rad∙s−1. Therefore the power law scaling 

describes the relation best. 

 
Table A.3: Overview of  intercept, slope and Adjusted R2 value of the weighted linear fits at different velocities v 
of the relation between the coating mesh-size ξ∙φEG and measured Coefficient of Friction (CoF), plotted in a semi-
log and log-log plot. These plots indicate and exponential or power law relation, respectively.   

velocity 
[rad∙s−1] 

linear fit in semi-log plot 
(indicating exponential relation) 

linear fit in log-log plot 
(indicating power relation) 

 intercept slope Adj. R2 intercept slope Adj. R2 

0.001 1.131 ± 0.155 -0.507 ± 0.101 0.858 0.732 ± 0.188 -0.799 ± 0.123 0.912 
0.003 1.148 ± 0.153 -0.530 ± 0.101 0.870 0.873 ± 0.176 -0.914 ± 0.116 0.939 
0.01 1.199 ± 0.142 -0.564 ± 0.095 0.896 1.019 ± 0.102 -1.015 ± 0.068 0.982 
0.03 0.937 ± 0.091 -0.425 ± 0.058 0.929 0.769 ± 0.117 -0.887 ± 0.074 0.972 
0.1 0.765 ± 0.072 -0.335 ± 0.045 0.933 0.543 ± 0.143 -0.767 ± 0.089 0.949 
0.3 0.500 ± 0.078 -0.192 ± 0.046 0.802 0.074 ± 0.245 -0.507 ± 0.144 0.739 
1 0.273 ± 0.043 -0.081 ± 0.024 0.715 -0.423 ± 0.151 -0.266 ± 0.085 0.686 
3 0.136 ± 0.059 -0.012 ± 0.033 -0.261 -0.844 ± 0.228 -0.059 ± 0.129 -0.247 
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A.9 Empirical model analysis of the relation between the 
Coefficient of Friction and the mesh size of swollen PEG-
diol based PU coatings 

Appendix for Chapter 5 

The obtained empirical model described in Chapter 5 uses a parabolic relation between k 

and log[v]. In order to see if a polynomial function of a higher order describes the data 

better, the Residual Sum of Squares (RSS) between the empirical model and the measured 

data for both a second and a third order best-fitted-polynomial relation between k and log[v] 

is calculated. This is repeated for the fits of the data between the CoF and the mesh-size 

corrected for the PEG fraction in the unswollen network ξ∙φEG.  

  
Table A.4: Total Residual Sum of Squares (RSS) between the obtained empirical descriptive model and the 
measured friction data for different model variations in used starting mesh-size for the fitting with the CoF (see 
Figure 5.6b) as well as polynomial fits between k and v (see Figure 5.7a). 

polynomial fit of k vs log[v] absolute mesh-size 
ξ [Å] 

corrected mesh-size 
ξ∙φEG [Å] 

parabolic 0.039 0.036 
cubic 0.043 0.039 
 
 

The RSS for the models using an polynomial relation between k and log[v] to the third 

order results in a worse overall fit of the empirical model with the measured data. Therefore 

this model adjustment is rejected. As can be seen; the model using an parabolic relation 

between k and log[v] starting from the adjusted mesh-size does yield the lowest RSS 

compared to the model for the absolute mesh-size. Therefore we conclude that the model 

for the mesh-size corrected by the overall PEG-fraction of the dry network describes the 

measured friction behavior best.  
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A.10  Coefficient of Friction at different velocities for PEG-based 
PU coatings containing mPEG dangling chains 

Appendix for Chapter 6 

 

PUPEG1000 coatings containing mPEG dangling chains. 

 
 

a) b) 

c) d) 

Figure A.6: Mean Coefficient of Friction (CoF) of swollen PUPEG1000 coatings containing different mPEG 
dangling chains (550 g∙mol−1 (black), 1000 g∙mol−1 (green), 2000 g∙mol−1 (red) and 5000 g∙mol−1 (blue) plotted 
against the amount of the mPEG chains at sliding velocities of a) 0.01 rad ∙s−1, b) 0.1 rad ∙s−1, c) 0.3 rad ∙s−1 and d) 
1 rad ∙s−1. The measured CoF of PUPEG1000 coatings as given in Chapter 5 is given as reference coating without 
mPEG dangling chains (black squares). The CoF is measured in demineralized water against a glass counter 
surface with a total normal loads FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute 
deviation. The dotted lines between the points are shown to aid the eye. 

no mPEG 1:45 1:30 1:9
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FN = 0.5 N

v = 1 rad⋅s−1

C
oF

 [-
]

OHmPEG:NCO [-]
no mPEG 1:45 1:30 1:9

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FN = 0.5 N

v = 0.3 rad⋅s−1

C
oF

 [-
]

OHmPEG:NCO [-]

no mPEG 1:45 1:30 1:9
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FN = 0.5 N

v = 0.1 rad⋅s−1

C
oF

 [-
]

OHmPEG:NCO [-]
no mPEG 1:45 1:30 1:9

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FN = 0.5 N

v = 0.01 rad⋅s−1

C
oF

 [-
]

OHmPEG:NCO [-]

 PUPEG1000 without mPEG
 mPEG  550 g⋅mol−1

 mPEG 1000 g⋅mol−1

 mPEG 2000 g⋅mol−1

 mPEG 5000 g⋅mol−1



 
 
 

235 
 

PUPEG 2000 coatings containing mPEG dangling chains. 

 

  

a) b) 

c) d) 

Figure A.7: Mean Coefficient of Friction (CoF) of swollen PUPEG2000 coatings containing different mPEG 
dangling chains (550 g∙mol−1 (black), 2000 g∙mol−1 (red) and 5000 g∙mol−1 (blue) plotted against the amount of the 
mPEG chains at sliding velocities of a) 0.01 rad ∙s−1, b) 0.1 rad ∙s−1, c) 0.3 rad ∙s−1 and d) 1 rad ∙s−1. The measured 
CoF of PUPEG2000 coatings as given in Chapter 5 is given as reference coating without mPEG dangling chains 
(black squares). The CoF is measured in demineralized water against a glass counter surface with a total normal 
loads FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. The dotted lines 
between the points are shown to aid the eye. 
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A.11  Overview with added labels of the CoF plotted against Q of 
the PEG-based PU coatings containing mPEG 

 

Appendix for Chapter 6 

 
*Nomenclature: P1mP1000 1:45 = PUPEG1000mPEG1000 ( OHmPEG:NCO = 1:45).  

 

Figure A.8: Overview of mean Coefficient of Friction (CoF) (at v = 0.1 rad ∙s−1) plotted against the mean 
volumetric swelling ratio Q of all swollen PEG-based PU coatings containing mPEG dangling chains (PUPEG 
1000 (black), PUPEG 2000 (red)  and PUPEG 6000 (blue)). All data points are labeled with the coating type 
name of the corresponding coating. The values of the PEG-diol based PU coatings with the similar PEG diol Mn 
as given in Chapter 5 are given as reference coating without mPEG dangling chains (open squares, the points are 
connected by the dotted line to aid the eye). The CoF is measured in demineralized water against a glass counter 
surface with a total normal loads FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute 
deviation. 
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A.12  Structure and surface parameter calculations and results for 
the PEG-based PU coatings containing mPEG 

 

Appendix for Chapter 6 

A.12.1 Network structure correction factors and calculated Mc 
Table A.5: Overview of the amount of extractable material L and calculated correction factor α−(2/f)β using the 
MMV approach for a A5A3B2B1 system (see Appendix A.1.4) and resulting Mc from the indentation data (eq. 6.8 
for example) for the swollen PEG-based PU coatings containing mPEG dangling chains. f = 3.75, taking into 
account the allophanate formation as discussed in Section 3.6.2. The error shows the mean absolute deviation. 

PEG mPEG OHmPEG:NCO L −
2
f

α β  indent
cM  

 [g∙mol−1] [g∙mol−1] [-] [%] [-] [-] 
1000 550 1:45 2.5 ± 0.1 0.357 ± 0.002 842 ± 63 
  1:30 0.9 ± 0.5 0.399 ± 0.022 1027 ± 190 
  1:9 3.7 ± 0.3 0.330 ± 0.003 1039 ± 41 
 1000 1:45 2.1 ± 1.1 0.364 ± 0.026 958 ± 85 
  1:30 0.2 ± 0.3# 0.391 ± 0.002 1052 ± 50 
  1:9 1.6 ± 0.8 0.325 ± 0.013 1503 ± 88 
 2000 1:45 1.8 ± 0.8 0.353 ± 0.013 1031 ± 48 
  1:30 3.2 ± 0.7 0.316 ± 0.009 2810 ± 303 
  1:9 3.4 ± 0.5 0.233 ± 0.003 1398 ± 71 
 5000 1:45 1.3 ± 0.5 0.311 ± 0.010 867 ± 32 
  1:30 4.2 ± 1.1 0.248 ± 0.007 1560 ± 197 
  1:9 1.7 ± 1.0 0.066 ± 0.005 562 ± 63 
2000 550 1:30 1.3 ± 0.3 0.396 ± 0.009 2427 ± 273 
  1:9 0.5 ± 0.5# 0.443 ± 0.023 2708 ± 249 
 2000 1:45 0.6 ± 0.6# 0.420 ± 0.029 2643 ± 358 
  1:30 0.3 ± 0.3 0.412 ± 0.015 2922 ± 23 
  1:18 2.1 ± 0.9 0.365 ± 0.019 2478 ± 268 
  1:9 1.8 ± 0.5 0.318 ± 0.007 3394 ± 595 
 5000 1:90 0.3 ± 0.1 0.408 ± 0.005 2151 ± 250 
  1:45 1.9 ± 0.5 0.339 ± 0.007 2773 ± 500 
  1:30 1.2 ± 0.3 0.331 ± 0.006 2404 ± 263 
  1:18 1.9 ± 0.2 0.279 ± 0.002 2852 ± 694 
  1:9 2.2 ± 0.2 0.184 ± 0.000 3029 ± 148 
6000 550 1:9 1.2 ± 0.2 0.432 ± 0.004 6534 ± 463 
 5000 1:9 1.7 ± 0.1 0.334 ± 0.002 14875 ± 4056 
#Amount of extractable material of two samples undetectable. 
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A.12.2 Surface structure parameters of a simple ideal surface representation of the 

PEG-based PU coatings containing mPEG 

All calculated values for the calculation of the ratio S/2Rg for a simple ideal surface 

structure representation as explained in Section 6.3.3 are given in Table A.6. This simple 

ideal representation assumes:  

 

1) A complete conversion of functional groups for an initial formulation with an 

stoichiometric imbalance of NCO:OH = 1.1. 

2) Allophanate formation for the excess 10% of NCO as elaborated on in Section 3.6.2,  

3) A required functionality > 2 of a cross-linker molecule in order to yield an effective 

cross-link. 

4) A maximum of one dangling chain per cross-linker molecule.  

 

The fraction of cross-linker molecules containing a dangling chain δ is given as 

 
mPEGNCO:OH

fδ =   . (A.80) 

The fraction of effective active cross-links β is calculated as follows. In the A5A3B2B1 

representation, assuming allophanate formation, half of the reactive groups on the cross-

linker molecules is situated at an A3 molecule and the other half on a A5 molecule (see also 

Section 3.6.5). Since one assumes a maximum of one dangling chain per cross-linker 

molecule and a required functionality of  >2 for a cross-linker molecule to be elastically 

active, only the reaction of a dangling chain with a A3 cross-linker yields an inactive cross-

linker molecule. The average probability for this to happen is given by 

 

 
3

3 mPEG
A mPEG

NCO A 1 [OH ]OH :NCO
NCO 2 [NCO]

amount of onP
total amount of

= ⋅ = ⋅   . (A.81) 

 

An A3 molecule has 3 reactive sides, therefore the fraction of A3 molecules that becomes 

inactive is given by 3A mPEG3 3 / 2 [OH ] / [NCO]P⋅ = ⋅ . Furthermore, 5 out of 8 of all cross-

linker molecules in the network are A3, therefore the total fraction of effective elastically 

active cross-links β  for this simple ideal representation is given by  
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 mPEG mPEG5 3 [OH ] 15 [OH ]1 1
8 2 [NCO] 16 [NCO]

β    
= − ⋅ ⋅ = − ⋅   

   
  . (A.82) 

 
Table A.6: Overview for a simple ideal surface structure representation of calculated fraction of effective active 
cross-links β, fraction of cross-linker molecules bearing a mPEG chain δ, radius of gyration of the mPEG chain Rg 
(eq. 6.11) and calculated average dangling chain surface spacing for an isotropic (ISO) and in-plane constrained 
(CON) surface mesh size as explained in Section 6.3.3). The error shows the mean absolute deviation from the 
mean value. 

PEG mPEG OHmPEG:
NCO Simple representation A3A5B2B1 

[g∙mol−1] [g∙mol−1] [-] 
   ISO CON 
β* [-] δ*[-] Rg [Å] S [Å] S [Å] 

1000 550 1:45 0.979 0.083 13.6 92.6 ± 5.1 58.3 ± 1.0 
  1:30 0.969 0.125 13.6 84.1 ± 8.8 50.1 ± 3.7 
  1:9 0.896 0.417 13.6 43.0 ± 1.3 25.7 ± 0.7 
 1000 1:45 0.979 0.083 18.4 99.9 ± 5.1 61.1 ± 3.1 
  1:30 0.969 0.125 18.4 85.5 ± 3.0 51.0 ± 1.3 
  1:9 0.896 0.417 18.4 53.0 ± 1.8 29.8 ± 1.2 
 2000 1:45 0.979 0.083 26.0 106.6 ± 6.1 60.7 ± 4.0 
  1:30 0.969 0.125 26.0 149.4 ± 9.0 74.6 ± 5.3 
  1:9 0.896 0.417 26.0 54.3 ± 2.0 26.0 ± 1.1 
 5000 1:45 0.979 0.083 41.1 96.8 ± 3.8 56.6 ± 2.9 
  1:30 0.969 0.125 41.1 114.4 ± 9.3 53.0 ± 3.3 
  1:9 0.896 0.417 41.1 35.7 ± 2.1 15.4 ± 1.1 
2000 550 1:30 0.969 0.125 13.6 143.3 ± 12.9 65.2 ± 7.3 
  1:9 0.896 0.417 13.6 75.4 ± 4.4 36.2 ± 2.0 
 2000 1:45 0.979 0.083 26.0 177.2 ± 16.2 91.1 ± 5.1 
  1:30 0.969 0.125 26.0 154.6± 5.7 74.6 ± 3.4 
  1:18 0.948 0.208 26.0 109.8 ± 8.9 50.1 ± 4.7 
  1:9 0.896 0.417 26.0 236.3 ± 12.0 36.5 ± 5.0 
 5000 1:90 0.990 0.042 41.1 236.3 ± 19.2 111.4 ± 5.8 
  1:45 0.979 0.083 41.1 187.7 ± 20.9 87.3 ± 9.2 
  1:30 0.969 0.125 41.1 145.0 ± 10.9 63.6 ± 4.6 
  1:18 0.948 0.208 41.1 124.7 ± 16.0 47.9 ± 5.7 
  1:9 0.896 0.417 41.1 89.1 ± 4.8 31.5 ± 2.2 
6000 550 1:9 0.896 0.417 13.6 129.4 ± 12.9 46.5 ± 7.5 
 5000 1:9 0.896 0.417 41.1 192.4 ± 30.7 69.4 ± 14.8 
*values for the simple representation are taken as average from the initial ratio, assuming a full conversion of 
functional groups, a maximum of one dangling chain per cross-linker molecule, only allophanate formation 
between two A3 precursors given rise to one A5 precursor and a required functionality > 2 in order to yield an 
effective cross-link. 

 

A.12.3 Surface structure parameters of surface representation taking additional 

structure imperfections into account 

All calculated values for the calculation of S/2Rg for a surface structure representation 

which takes the additional structure imperfection of the average structures into account as 
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explained in Section 6.3.3 are given in Table A.7. All values are calculated using the MMV 

approach  based on the measured amount of extractable material after network preparation 

for an A5A3B2B1 system. 
Table A.7: Overview of calculated fraction of effective active cross-links β, fraction of cross-linker molecules 
bearing a mPEG chain δ, expected average dangling (i.e. pendant) material mass out

CA( )E W radius of gyration of 
the mPEG chain Rg (eq. 6.11) and calculated average dangling chain surface spacing for an isotropic (ISO) and in-
plane constrained (CON) surface mesh size as explained in Section 6.3.3). The error shows the mean absolute 
deviation from the mean value. 
mPEG OHmPEG:

NCO MMV representation A3A5B2B1 

[g∙mol−1] [-] 
    ISO CON 

β [-] δ [-] out
CA( )E W

[g∙mol−1] 

Rg [Å] S [Å] S [Å] 

PUPEG 1000       
550 1:45 0.63 ± 0.01 0.73 ± 0.01 1604 ± 17 23.4  23.8 ± 1.1 15.0 ± 0.3 
 1:30 0.78 ± 0.07 0.52 ± 0.13 1203 ± 180 21.5 37.6 ± 11.9 22.2 ± 6.2 
 1:9 0.56 ± 0.01 0.81 ± 0.01 1565 ± 35 23.2 22.7 ± 0.7 13.6 ± 0.5 
1000 1:45 0.69 ± 0.09 0.65 ± 0.13 1578 ± 188 24.5 29.6 ± 7.0 18.1 ± 4.1 
 1:30 0.82 ± 0.00 0.47 ± 0.00 1305 ± 0 21.0 39.0 ± 1.4 23.2 ± 0.6 
 1:9 0.71 ± 0.06 0.63 ± 0.07 1522 ± 125 24.0 36.6 ± 3.9 20.6 ± 2.8 
2000 1:45 0.73 ± 0.06 0.61 ± 0.09 1727 ± 95 23.3 33.0 ± 4.9 18.9 ± 3.5 
 1:30 0.64 ± 0.04 0.73 ± 0.05 1961 ± 77 26.3 47.6 ± 5.0 23.8 ± 3.1 
 1:9 0.65 ± 0.02 0.71 ± 0.03 2430 ± 32 28.7 33.3 ± 2.1 16.0 ± 1.1 
5000 1:45 0.81 ± 0.05 0.47 ± 0.11 2583 ± 221 28.7 36.5 ± 5.9 21.6 ± 4.6 
 1:30 0.65 ± 0.06 0.71 ± 0.07 2791 ± 11 30.7 37.4 ± 4.3 17.4 ± 1.9 
 1:9 0.79 ± 0.04 0.51 ± 0.08 5304 ± 293 41.0 29.3 ± 2.3 12.6 ± 1.2 

PUPEG 2000       
550 1:30 0.73 ± 0.03 0.61 ± 0.05 2368 ± 147 28.5 53.9 ± 6.4 24.6 ± 3.6 
 1:9 0.80 ± 0.06 0.48 ± 0.11 1099 ± 398 23.9 66.6 ± 13.0 31.9± 5.9 
2000 1:45 0.89 ± 0.10 0.26 ± 0.23 2324 ± 329 26.5 131.4 ± 51 68.1 ± 27 
 1:30 0.89 ± 0.05 0.30 ± 0.12 2319 ± 167 27.1 117.1 ± 8.0 56.4 ± 2.7 
 1:18 0.77 ± 0.07 0.54 ± 0.13 2724 ± 240 31.5 53.3 ± 8.7 24.6 ± 4.9 
 1:9 0.71 ± 0.03 0.64 ± 0.04 2934 ± 127 30.7 59.7 ± 6.4 24.7 ± 3.3 
5000 1:90 0.90 ± 0.02 0.29 ± 0.05 3095 ± 80 31.9 84.1 ± 3.5 39.8 ± 2.8 
 1:45 0.74 ± 0.03 0.60 ± 0.05 3530 ± 62 34.2 57.6 ± 6.5 26.8 ± 3.2 
 1:30 0.81 ± 0.03 0.49 ± 0.05 3836 ± 24 35.9 65.3 ± 9.2 28.5 ± 3.0 
 1:18 0.77 ± 0.01 0.55 ± 0.02 4394 ± 11 38.5 65.3 ± 10.4 25.1 ± 3.8 
 1:9 0.74 ± 0.01 0.59 ± 0.01 5477 ± 10 43.0 64.9 ± 4.7 22.9 ± 1.6 

PUPEG 6000       
550 1:9 0.68 ± 0.01 0.69 ± 0.01 4524 ± 199 40.3 82.4 ± 8.3 29.6 ± 4.8 
5000 1:9 0.71 ± 0.01 0.64 ± 0.01 7649 ± 83 50.4 131.8 ± 22 47.5 ± 10 

The fraction of effective active cross-links β is the one used for the calculation of the 

network imperfection factor (as given in Section 3.3.2.2), given by  
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where frAs is the fraction of extracted cross-linker molecules, Cf the ratio of the two 

different cross-linkers in the network given by 
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where the fraction of active cross-linker molecules frAf,C and frAk,C (representing the fraction 

of A3 and A5 precursors, respectively) are given by 
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The expression for )( out
AFP is given for an A5A3B2B1 system in Appendix A.1.4, and f  (= 

3) and k (= 5) are the functionalities of the cross-linker molecules.  

The fraction of cross-linker molecules containing a dangling chain δ can be 

calculated in a similar way as β. Following the methodology of the MMV approach as 

shown in Appendix A.1, the value for δ is given by the fraction of cross-linkers which 

contain at least one dangling chain while still being connected to the infinite network. By 

again correcting the calculated fraction to the fraction of cross-linkers ending up in the 

network structure, δ is given by   
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where the fractions of cross-linker molecules connected to the network while containing at 

least one dangling chain frAf,P and frAk,P are given by 
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A.12.3.1 Calculation of the expected average molecular mass of the pendant chains
out

A( )E W   

In addition to the calculation of effective fractions of elastic, pendant, soluble and 

differently functionalized cross-linker material, the MMV approach can be used, amongst 

others, to calculate the average molecular mass of the pendant material [2,6]. In order to 

calculate the average molecular mass of the pendant material present in the material one 

needs to know the extent of the reaction of the functional group, given that this group is 

part of the finite chain. This extent of the reaction in the direction of the finite chain, the 

directional extent of the reaction p0, is given by the probability for the event of the reaction 

of a functional group while being part of a finite chain. By the definition of conditional 

probability, the value of p0 for an A-group 0
Ap  is given by 

 

 ( )
( )

in
B0

A out
A

pP F
p

P F
=  (A.90) 

and for a B-group ( 0
Bp ) by 

 ( )
( )

in
A0

B out
B

rpP F
p

P F
=   . (A.91) 

The B-group connected to a B1-precursor will always be part of the pendant chains, while 

this is not necessarily the case for the B-groups on the B2 precursor. Therefore a new 

conditional probability needs to be defined for choosing a B-group from a B2-precursor 

which is connected to the pendant material (v0). This conditional probability v0 is given by 
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vP F vP F
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P F P F v
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+ −
  . (A.92) 

 

Next to the directional extents of the reaction, a new set of equations is needed for the 

calculation of the expected average mass of a pendant chain out
A( )E W . The procedure starts 

again by looking out of a random A-group being part of the pendant material. The expected 

mass looking out of this A-group out
A( )E W  is equal to the expected mass looking into a B-

group in
B( )E W  if the reaction occurs in the pendant chain, while being simply zero if this 

reaction does not occur. Therefore out
A( )E W  is given by 

 

 out 0 in
BA A( ) ( )E W p E W=  . (A.93) 

 

The expected mass looking into a B-group in
B( )E W is given by the sum of the mass of the 

precursor of which it is belonging to and the expected mass reacted at the other end of the 

precursor given by 

 

 ( )2 1
in 0 0 out

B BB B( ) (1 ) ( )E W v M v M E W= + − +  . (A.94) 

 

The same arguments for out
A( )E W hold for out

B( )E W , therefore: 

 

 out 0 0 in
B B A( ) ( )E W p v E W=  . (A.95) 

The expected mass looking into a A-group in
A( )E W is given by the sum of its own mass and 

the mass reacted at the other ends of the precursor given by 

 

 in out out
A AA A A( ) ( ( 1) ( )) (1 )( ( 1) ( ))f kE W w M f E W w M k E W= + − + − + −  , (A.96) 
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where w is the ratio between the two A-functional precursors as given in Appendix A.1. 

Solving this set of equations for out
A( )E W  gives: 

 

 
2 1

0 0 0 0 0 0
B B A ABA Aout

A 0 0 0
BA

( (1 ) ) ( (1 ) )
( )

1 ( ( 1) (1 )( 1))
f kp v M v M p p v wM w M

E W
p p v w f w k

+ − + + −
=

− − + − −
. (A.97) 

 

It should be noted that as long as the model yields an overall extent of the reaction p less 

than unity, a small fraction of unreacted NCO is still present in the modelled network 

structure. In practice this small amount of NCO would still produce allophanates given the 

preparation conditions. Although this discrepancy has a minor influence on the calculated 

fraction of active cross-links β (error typically less than 3%) and fraction of cross-linker 

molecules containing a dangling chain (error typically less than 7%) it has a large influence 

on the calculated out
A( )E W (error typically more than 50%, sometimes even more than 

100%). This is because the calculation of out
A( )E W  is exclusively based on the average 

mass of the material inside the individual pendant chain, which is zero for every modelled 

unreacted NCO-group. The presence of these unreacted NCO-groups therefore severely 

influences the average calculated value for out
A( )E W . An illustrative example of this effect 

is the scenario where 1 dangling chain is added to a modelled network which contains 1 

unreacted NCO-group. While in practice, due to the allophanate formation of the left-over 

NCO-group the pendant chain mass would be the same as the Mn of the added dangling 

chain, the model will yield a value of: (Mn  of the chain + 0)/2. The most accurate way to 

correct for this additional allophanate formation in the model is to scale the mass of the B-

precursors to the mass it would have if no reactive A-group would be left. If this correction 

is taken into account, the corrected equation for out
A( )E W can be given by 

2 1
0 0 0 0 0 0 0

B B A ABA A Aout
CA 0 0 0

BA

( / )( (1 ) ) ( (1 ) )
( )

1 ( ( 1) (1 )( 1))
f kp p v M v M p p v wM w M

E W
p p v w f w k
+ − + + −

=
− − + − −

, (A.98) 

 

where only the first factor of the right hand side of the equitation differs from the original 

equation. In order to validate this proposed correction for the coatings studied in this work, 
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the effect of the correction on the calculated value for out
A( )E W is shown in Figure A.9 as 

function of weight fraction of soluble material after network formation for a 

PEG1000mPEG1000 network close to the limit of no B1-precursor (v = 0.999999). At low 

soluble fractions (Ws < 0.01%), and hereby high extents of reaction, the original model 

underestimates the average mass of the pendant chains by a factor two. This is expected, 

because the few unreacted NCO-groups in the model have a large contribution to the 

average out
A( )E W  since almost no actual B1-precursors are present in the structure. 

Moreover, an unreacted NCO-group in the model also yields an partially unreacted B2-

precursor, which in turn behaves as a dangling chain. Therefore, the average pendant chain 

mass can never be smaller than the Mn of either one of the precursors. On the other hand, 

the corrected model predicts an average out
A( )E W  close to the mass of the B-precursors at 

low soluble fractions. This validates the use of the corrected equation for the most accurate 

estimation of out
A( )E W  and is therefore used to give an estimation of average dangling 

chain mass for the surface structure representation corrected for additional structure 

imperfections based on the measured amount of extractible material after the coating 

preparation.    
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Figure A.9: Calculated values for out
A( )E W using the MMV approach for an A5A3B2B1 system of 

PEG1000mPEG1000 network with a dangling chain content close to zero (v = 0.999999) as function of the 
weight fraction of soluble material determining the extend of the reaction. The original value for out

A( )E W  as 
given by  eq. (A.97) (red) severely underestimates the dangling mass for low values for Ws whereas the value of 
the corrected out

CA( )E W as given by eq. (A.98) (black) is close to the added precursor Mn. 
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A.13  Overview of CoF plotted against S/2Rg of the PEG-based 
PU coatings containing mPEG 

 

Appendix for Chapter 6 

 

A.13.1 Overview of the CoF plotted against S/Rg for different surface structure 

representations 

 
See the main text of Section 6.3.3 for clarification of the surface representations. 

a) b) 

c) d) 

Figure A.10: Total overview of mean Coefficient of Friction (CoF) versus S/2Rg of all swollen PEG-based PU 
coatings containing dangling chains at v = 0.01 rad∙s−1 (red), 0.1 rad∙s−1 (black) and 1 rad∙s−1 (blue), calculated 
using a) simple isotropic A3A5, b) simple constrained A3A5, c) MMV isotropic and d) MMV constrained 
geometric surface structure considerations. Calculations based on calculated mass between cross-links Mc from 
immersed indentation measurements. The CoF is measured in demineralized water against a glass counter surface 
with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. The error bars show the mean absolute deviation. 
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A.13.2 Overview with added labels of the CoF plotted against S/Rg for the simple 

ideal isotropic surface representation  

 
*Nomenclature: P1mP1000 1:45 = PUPEG1000-mPEG1000 ( OHmPEG:NCO = 1:45). 

See the main text of Section 6.3.3 for clarification of the surface representation. 

  

 

Figure A.11: Overview of mean Coefficient of Friction (CoF) (at v = 0.1 rad∙s−1 ) versus S/2Rg of swollen PEG-

based PU coatings containing dangling chains (black) PUPEG1000, red) PUPEG2000 and blue) PUPEG6000) 

calculated assuming the simple ideal isotropic A3A5 geometric surface considerations. The calculations are based 

on calculated mass between cross-links Mc from immersed indentation measurements. The CoF is measured in 

demineralized water against a glass counter surface with a total normal load FN of 0.5 N. 1 rad∙s−1 = 0.0145 m∙s−1. 

The error bars show the mean absolute deviation. 
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A.14  Normalized FTIR absorbance spectra of PPG-based PU 
coatings containing mPEG dangling chains 

 

Appendix for Chapter 7 
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Figure A.12: Normalized ATR-FTIR absorbance spectra of pure PUPPG 2000 coating and PPG-based PU 
coatings containing mPEG dangling chains. Spectra of the networks are recorded on the ATR-FTIR stage 
directly after the cross-linking reaction in the curing chamber. The spectra show a complete disappearance of 
the NCO stretch vibration at 2270 cm−1. 
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A.15  Friction behaviour of PPG-based PU coatings containing 
mPEG dangling chains at 1 N  

Appendix for Chapter 7 

 

 
 

 

a) b) 

Figure A.13: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPPG 1000 coatings 
containing different concentrations of dangling mPEG chains  (a) OHmPEG:NCO = 1:30 and b) OHmPEG:NCO = 1:9) 
of various mPEG masses (550 g∙mol−1 (red), 1000 g∙mol−1 (green) and 2000 g∙mol−1 (blue). The values of the 
PUPPG 1000 coatings (black squares) are given as reference coating without mPEG dangling chains. The CoF is 
measured in demineralized water against a glass counter surface with a total normal load FN of 1 N. 1 rad∙s−1 = 
0.0145 m∙s−1. The error bars show the mean absolute deviation. 

 

a) b) 

Figure A.14: Mean Coefficient of Friction (CoF) versus radial velocity v of water swollen PUPPG 2000 coatings 
containing different concentrations of dangling mPEG chains  (a) OHmPEG:NCO = 1:30 and b) OHmPEG:NCO = 1:9) 
of various mPEG masses (550 g∙mol−1 (red), 1000 g∙mol−1 (green) and 2000 g∙mol−1 (blue). The values of the 
PUPPG 2000 coatings (black squares) are given as reference coating without mPEG dangling chains. The CoF is 
measured in demineralized water against a glass counter surface with a total normal load FN of 1 N. 1 rad∙s−1 = 
0.0145 m∙s−1. The error bars show the mean absolute deviation. 
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