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Abstract 
 

We report on the development of an anti-fog transparent coating based on poly-
urethane-PEG-Acrylate copolymers.  Both thermal and UV curing was pursued.  In order 
to render the polymer hydrophilic, a poly(ethylene glycol) (PEG) chain is used as the 
poly-ol portion of the polyurethane.  The molecular weight of the PEG chain was either 
1000 or 400 g/mol (PEG1000 and PEG400).  An aliphatic diisocyanate, namely isophorone 
di-isocyanate (IPDI) was used in order to prevent yellowing.  A PEG-IPDI polymer was 
produced in a first step.  Because IPDI was used in excess, the polymer has isocyanate 
ends groups.  These were reacted with 2-hydoxyethyl acrylate (HEA) in a second step.  
Dibutyl tin dilaureate (DBTL) was employed as the catalyst for formation of the urethane 
bond. Crosslinking occurred via free radical polymerization of the acrylate group.  We 
employed either azo-bis-isobutyro-nitrile (AIBN) as a thermal initiator or a commercial 
photoinitiator for UV curing.  Films with wet thicknesses of 30, 60, 90, and 120µm were 
produced on glass and polycarbonate surfaces.  The performance parameters such as fog 
resistance in hot humid atmosphere, tackiness, scratch resistance, adhesion were 
determined as a function of preparation parameters such as time of thermal curing, 
IPDI/PEG ratio, irradiation time, and content of wetting agent.  A variety of techniques, 
such as microscopy, confocal laser scanning microscopy, atomic force microscopy, 
differential scanning calorimetry, hardness testing and dynamic light scattering were 
employed for characterization. 

While anti-fog activity was obtained with a wide variety of recipes, optimization of 
other properties – hardness and scratch resistance, in particular – turned out to be in 
conflict with the anti-fog activity.  Anti-fog activity requires carefully timed uptake of 
water.  Hard films, on the other hand, have limited swellability.   

In order to avoid – or at least diminish – this problem, anti-fog coatings containing 
nano-sized inorganic fillers were developed.  Various types of fillers were tested.  Dry 
silica powder such as Aerosil R972 is economical widely used in the industry.  However, 
proved to be impossible to disperse the aggregates to the extent that they would not 
scatter light.  The resulting films were hazy.  An aqueous dispersion of silica (Köstrosol 
2040) proved impractical because the PU was dissolved in acetone and phase transfer 
from water to acetone could not be achieved.  Clay particles (laponite RD) aggregates 
inside the film and also resulted in slightly turbid films.   

These problems could be solved with self-prepared silica particles.  It turned out, that 
the Stöber synthesis typically carried out water can also be done in mixtures of water and 
acetone.  The water/acetone ratio could be chosen such the polymer would not precipitate 
when adding the dispersion of silica particles to the polymer.  Silane coupling agents 
improved the optical properties of the resultant coating. 

This technique provides for a novel route to create scratch resistant anti-fog coatings.  
The anti-fog activity will be optimized in further work by suitable additivation.  With 
regard to the hardness, the use of an organic/inorganic nanocomposite proved to be          
a decisive advantage. 
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Zusammenfassung 
 Die Dissertation behandelt die Synthese einer transparenten „Anti-Fog“-
Beschichtung (beschlagsvermeidende Beschichtung), basierend auf einem Polyurethan-PEG-
Acrylat Copolymer.  Dessen Aushärtung erfolgte sowohl thermisch als auch durch UV-
Strahlung.  Die Hydrophilie des Polymers konnte durch Verwendung einer 
Poly(ethylenglycol) (PEG)-Kette als Poly-ol-Komponente des Polyurethans gewährleistet 
werden.  Das Molekulargewicht der PEG-Kette variierte zwischen 400 und 1000 g/mol 
(PEG400 bzw. PEG1000).  Zur Vermeidung von Gelbfärbung wurde ein aliphatisches 
Diisocyanat, Isophoron-di-isocyanat (IPDI), eingesetzt.  In einem ersten Schritt wurde ein 
PEG-IPDI Polymer synthetisiert.  IPDI wurde im Überschuss eingesetzt, wodurch das 
Polymer Isocyanat-Endgruppen aufwies.  In einem zweiten Schritt reagierten diese mit 2-
Hydroxyethylacrylat (HEA).  Die Bildung der Urethan-Bindung erfolgte mit Dibutyl-Zinn-
dilaureat (DBTL) als Katalysator.  Durch freie radikalische Polymerisation der Acrylat-
Gruppe wurde das Polymer vernetzt.  Dabei diente entweder Azo-bis-(isobutyronitril) 
(AIBN) als thermischer Initiator oder aber ein kommerziell erhältlicher Photoinitiator zur 
Aushärtung.  Es wurden Filme mit einer Nassdicke von 30, 60, 90 und 120 μm auf Glas- und 
Polycarbonat-Oberflächen aufgebracht.  Leistungsparameter wie „Anti-Fog“-Eigenschaften, 
Klebkraft, Kratzfestigkeit und Haftung wurden als Funktion der Herstellungsparameter 
untersucht.  Dazu zählen beispielsweise die Aushärtzeit, die Monomere, die Bestrahlungszeit 
und der Gehalt an Benetzungsmittel.  Eine Vielzahl von Untersuchungsmethoden wie etwa 
das Konfokale Laser Scanning Mikroskop, das Rasterkraftmikroskop, die 
Differentialkalorimetrie, Härtetests und die dynamische Lichtstreuung wurden für die 
Charakterisierung der Polymerfilme herangezogen. 

Während „Anti-Fog“-Eigenschaften bei vielen Rezepturen erhalten werden konnte, 
gingen sie bei zusätzlicher Optimierung anderer Leistungsparameter, insbesondere der Härte 
und der Kratzfestigkeit, oft verloren.  Gute „Anti-Fog“-Eigenschaften erfordern auf der einen 
Seite eine genau kalkulierte Aufnahmezeit von Wasser.  Auf der anderen Seite begrenzen 
harte Polymerfilme die Wasseraufnahmefähigkeit. 

Um dieses Problem zu mindern oder zu vermeiden wurden „Anti-Fog“-Polymere 
entwickelt, welche anorganische Nano-Füllstoffe enthalten.  Unterschiedliche Füllstoffe 
wurden untersucht.  Trockene Silica Pulver wie beispielsweise Aerosil R972 sind in der 
Industrie weit verbreitet.  Es stellte sich jedoch heraus, dass diese nicht soweit dispergiert 
werden können, dass sie Licht nicht mehr streuen.  Die daraus resultierenden Filme waren 
trüb.  Eine wässrige Dispersion von Silica (Köstrosol 2040) wurde untersucht und verworfen, 
da PU in Aceton gelöst war und ein Phasentransfer von Wasser zu Aceton nicht ermöglicht 
werden konnte.  Tonpartikel (Laponite RD) bildeten innerhalb des Polymerfilms Aggregate, 
wodurch dieser ebenfalls leicht eintrübte. 

Diese Problematik konnte mit selbst hergestellten Silica-Partikeln umgangen werden.  
Es stellte sich heraus, dass die Stöber-Synthese – welche  typischerweise in Wasser durch-
geführt wird – auch  in einer Mischung aus Wasser und Aceton funktioniert.  Das Wasser / 
Aceton Verhältnis wurde so gewählt, dass die Zugabe der Dispersion das Polymer nicht 
kollabiete.  Silankupplungsreagentien verbesserten die optischen Eigenschaften der 
resultierenden Filme. 

Diese Technik bietet einen neuen Weg zur Herstellung kratzfester, „Anti-Fog“-
Beschichtungen.  Die „Anti-Fog“-Eigenschaften werden in weiteren Arbeiten durch Zugabe 
geeigneter Additive optimiert werden.  Im Hinblick auf die Härte ist der Einsatz von 
organisch/anorganischen Nanokompositen der entscheidende Faktor um zeitgleich auch die 
Beschlagsvermeidung zu erhalten. 
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Introduction                                                   Part (Ⅰ) 
 

 1

1 Introduction 

 
 Economic competitiveness and environmental interests have driven the coating 
technologist to research newer chemistry and approaches to improve the efficiency of 
organic coatings at a minimum content of volatile organic component (VOC).  Organic 
coatings or paints on a substrate give aesthetic appearance as well as protection from 
corrosion.  Coatings can provide materials with the desired aesthetical properties such as 
color and gloss, but they are of vital importance in the protection against environmental 
influences, including moisture, radiation, biological deterioration or damage from 
mechanical or chemical origin.  This applies to both interior and exterior applications.  
The effectiveness of protection of a substrate against natural deterioration depends on 
factors such as the quality of the coating, the substrate characteristics, the properties of 
the coating/ substrate interface, and the corrosiveness of the environment. The challenge 
within the industry is the improving properties at reasonable cost, while at the same time 
meeting the need for environmentally friendly coatings.  Several new types of coatings, 
such as radiation curable and waterborne coatings have obtained an increased market 
share since they address some of these issues.  On the other hand, solvent-borne coatings 
have had particular importance in the area of industrial coatings, where performance is 
essential.  Therefore, some researchers have focused on methods to improve the solid 
content of the binder by utilizing relatively low molecular weight polymer that build in 
properties during cure through the formation of crosslink networks.  The presence of 
crosslinks provides thermoset coatings with enhanced tensile strength, good abrasion, 
acid, alkali and solvent resistance, which are lacking in thermoplastic coatings.  During 
the development of new systems, numerous aspects must be considered: the production 
of the coating formulation, storage of the coating, application and film formation must 
work with the techniques intended. 

This thesis consists of is considered with polyurethane as a base material for anti-fog 
coatings.  
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1.1.1 Polyurethane (PU) 
 
 Otto Bayer and coworkers at I.G. Farben, Germany in 1937 were the first to 
discover polyurethanes in response to the competitive challenge.[1]  and this text adopted 
from D.K. Chattopadhyay et. Al.  Further research on this subject demonstrated that the 
reaction of an aliphatic isocyanate with a glycol produces new materials with interesting 
properties.  Dupont and ICI soon recognized the desirable elastic properties of 
polyurethanes.  The industrial scale production of polyurethane started in 1940, but 
market growth of polyurethane was seriously impacted by World War II.  A noticeable 
improvement in the elastomeric properties of polyurethane waited until 1952, when 
polyisocyanate, especially toluene diisocyanate (TDI), become commercially available.  
In 1952–1954, Bayer developed different polyester–polyisocyanate systems.  In 1958, 
Schollenberger introduced a new crosslinked thermoplastic polyurethane elastomer.  In 
1959, Dupont introduced a “Spandex” fibre, which is a polyurethane based on 
polytetramethylene glycol (PTMG), 4,4`-diphenylmethylene diisocyanate (MDI) and 
ethylene diamine.  In 1960s, BF Goodrich produced Estane, Mobay marketed Texin, and 
Upjohn marketed Pallethane in the USA.  Bayer and Elastogran marketed Desmopan and 
Elastollan, respectively in Europe.[2]   With the development of low-cost polyether 
polyols, polyurethane coatings opened the door to automotive applications.  Formulations 
and processing techniques continuously developed as one- and two-pack systems were 
developed.  The polyuretahne coating industry has entered a stage of stable progress and 
advanced technological utilization.  Today, polyurethane coatings can be found on many 
different materials, to improve their appearance and lifespan.  On automobiles, 
polyurethane coatings give the demanded exterior high gloss, improved color 
preservation, improved scratch and corrosion resistance.  Different types of polyurethane 
coatings are used in construction, where building floors, steel trusses and concrete 
supports are spray coated to make them more durable against environmental deterioration 
and less costly to maintain.  The wide applicability of polyurethane coatings is due to 
versatility in selection of monomeric materials from a huge list of macrodiols, 
diisocyanates and chain extenders (CE).  The chemistry involved in the synthesis of 
polyurethane is centered on the isocyanate reactions.  The three important components of 
polyurethanes are macrodiol, diisocyanate and chain extender.  The synthesis of 
polyurethane involves on addition reaction between a di- or polyisocyanate with a di- 
and/or polyol. 
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1.1.2 Isocyanates 
 
 Polyfunctional isocyanate used to prepare polyurethane coatings can be aromatic, 
aliphatic, cycloaliphatic or polycyclic in structure.  The commonly used isocyanates in 
the manufacturing of polyurethanes are toluene diisocyanate (TDI), methyl diphenyl 
diisocyanate (MDI), 4,4`-dicyclohexylmethane diisocyanate (H12MDI), xylene 
diisocyanate (XDI), tetramethylxylylene diisocyanate (TMXDI), hydrogenated xylene 
diisocyanate (HXDI), naphthalene 1,5-diisocyanate (NDI), p-phenylene diisocyanate 
(PPDI), 3,3`-dimethyldiphenyl-4,4`-diisocyanate (DDDI), hexamethylene diisocyanate 
(HDI), 2,2,4-trimethylhexamethylene diisocyanate (TMDI), isophorone diisocyanate 
(IPDI), norbornane diisocyanate (NDI), 4,4`-dibenzyl diisocyanate (DBDI), etc.  
Aromatic isocyanates have high reactivity than aliphatic or cycloaliphatic diisocyanates. 
Different diisocyanates contribute to the polyurethane properties in different ways.  For 
example, aromatic diisocyanates give more rigid polyurethanes than aliphatic 
diisocyanates, but their oxidative and ultraviolet stabilities are lower than the ones of 
aliphatic diisocyanates.[3] 
 

1.1.3 Isocyanate Reactivity 
 
 Isocyanates are extremely reactive chemicals and create several chemically 
different products when combined with –OH and –NH functional substances.  Desired 
products and side products are formed in different amounts.  The basic reactions of 
isocyanate with different reagents are shown in Scheme (1.1).  The high reactivity of 
isocyanate groups toward nucleophilic reagents is mainly due to the  positive character of 
the carbon atom in the double bond sequence consisting of nitrogen, carbon and oxygen, 
especially in aromatic systems.  The electronegativity of the oxygen and nitrogen imparts 
a large electrophilic character to the carbon in the isocyanate group.  The common 
reactions of isocyanates can be classified into two main classes: (1) the reaction of 
isocyanates with compounds containing reactive hydrogen to give addition products, and 
(2) the polymerization of isocyanates, i.e., self-addition reaction.  Isocyanates react with 
hydroxyl compounds to give urethanes (a) and with amines to give ureas (b).  For 
primary and secondary alcohols, the uncatalysed reaction proceeds readily at 50–100 °C, 
tertiary alcohols and phenols react more slowly.  Typical primary and secondary aliphatic 
amines and primary aromatic amines react rapidly with isocyanate at 0–25 °C to form 
urea functional substances.  Similarly, water reacts with a diisocyanate and primarily 
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forms of an unstable carbamic acid, which decomposes to an amine (c) and carbon 
dioxide.  Amine is a nucleophilic reagent and further reacts with an isocyanate function 
to produces an urea linkage (d).  The availability of a lone pair of electrons on the 
nitrogen atom of urea group makes them nucleophilic centers, which upon reaction  with 
one molecule of isocyanate produces biuret (e). Similarly, isocyanates react with 
urethanes and produce allophanates (f).  The reactions leading to the formation of 
allophanates and biurets are influenced by reaction conditions such as temperature, 
humidity level, and the type of isocyanate used. The self-condensation of the isocyanate 
produces in uretidione rings (dimer-, g), isocyanurate (trimer-, h) or carbodiimide (j).   
 

 Scheme (1:1): Basic reactions of isocyanate with different reactants.[4] 
 
The formation of carbodiimides is not usually considered a polymerization reaction, but it 
could be classified as a condensation polymerization between isocyanate molecules with 
elimination of CO2.  This is due to degradation of isocyanates which takes place at high 
temperatures.[5]   When isocyanate reacts with carboxylic acids, the mixed anhydrides 
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break down and form amide groups (i).  The trimer isocyanurate rings, unlike uretidione 
rings, are very stable.  The high reactivity of isocyanates may cause detrimental 
secondary reactions and uncontrolled condensations leading to the formation of 
unfeasible crosslinked materials that are difficult to process.  Therefore, blocking of 
isocyanate capped material or monomer may sometimes helps for improving the 
stability.[6]   The blocked isocyanate can be converted to the active isocyanate form when 
required.  More recently, commercial availability of blocked isocyanates has increased 
greatly.  In particular, these reagents are suitable for light-stable two-component and 
single-package blocked adduct urethane coatings in which high temperatures (>100 °C) 
are used to regenerate the isocyanate and the blocking agent.  The regenerated 
isocyanates react with hydroxyl or amine functionalized co-reactants to form thermally 
stable urethane or urea bonds, respectively.[7],[8],[9] 
 

1.1.4 Type, position and structure of isocyanate groups 
 
 The type, position and structure of isocyanate group affect the reactivity with 
nucleophiles and the material properties of the derived polyurethane coatings.[10] The 
reactivity of primary and secondary isocyanate groups of IPDI are different due to stereo-
electronic configuration and their reactivity depends on the reaction environment such as 
type and nature of catalyst, solvent, etc.  Similarly, 2,4 and 2,6 TDI isomers differ 
noticeably with respect to their structure as well as reactivity.[11]   The 2, 6 isomer is 
symmetric (scheme 1.2b) as compared with the 2, 4 isomer (scheme 1. 2a) and is 
therefore expected to form hard segments with better packing characteristics.  Again, the 
reactivity of the ortho position in the 2, 4 isomer is approximately 12% of the reactivity 
of the isocyanate group in the para position because of the steric hindrance caused by the 
methyl group.  However, when the reaction temperature approaches 100 °C, the steric 
hindrance effects are overcome, and both positions react at nearly the same rate.  In 
comparison, the isocyanate groups on the 2,6 isomer have equal reactivities when both 
groups are unreacted.  However, after one of the isocyanate groups reacts, the reactivity 
of the second group drops by a factor of about three.[12],[13]   Sung and Schneider[14] 
reported that the strength of hydrogen bonds in polyurethanes prepared from 2,6 TDI 
exceed those in 2,4 TDI-based  polyurethanes.  Nierzwicki and Walczynski 
investigated[15] PTMG/BDO-based polyurethane elastomers synthesized from different 
amount of 2,4 and 2,6 TDI isomers and showed that increasing content of the 2,6 TDI 
isomer resulted in a systematic increase in tensile strength, modulus and microphase 
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separation.  It was suggested that the symmetric nature of the 2,6 TDI isomer enhanced 
the stiffness of the hard domains. 
 

TICLE IN PRESS 

 
 
Scheme (1.2): Schematic of (a) 2, 4 TDI, (b) 2, 6 TDI (The numbers indicate relative 

rates of reaction of the isocyanate groups at the different positions.) (c) 
MDI and (d) DBDI.[12] 

 
Barbeau et al.[16] observed strong hard–hard inter urethane associations in 2,6-TDI 

based prepolymers; these led to microphase segregation between polyether chains and 
urethane groups.  Different studies[17],[18] showed that the MDI-based polyurethane  in 
contrast to TDI-based materials possess a more perfect domain organization due to long-
range order and show a higher extent of segregation between soft and hard segments.  
Generally symmetric isocyanates form crystallizing hard segments with good packing 
ability, producing higher strength materials.  However, from a kinetic point of view, 
phase separation becomes more complete with aliphatic hard segments because of 
increased mobility.  Rogulska et al.[19] reported that the polyurethanes prepared from HDI 
had higher ability to crystallize than the MDI-based polyurethane.  The structure of MDI 
and DBDI (scheme 1.2 c & d) differ only in the number of the methylene (CH2) groups 
located between the two aromatic rings bearing the isocyanate (NCO) groups in the para 
position. Polyurethanes prepared from DBDI (i.e., even number of CH2 groups located 
between the aromatic rings) are considerably higher melting than MDI-based 
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polyurethanes (i.e., odd-number of CH2 groups situated between the aromatic rings).  The 
MDI molecule introduces the rigid –Ph–CH2–Ph– moiety in the elastomeric polyurethane 
hard segments. In contrary, when using DBDI, the specific –Ph–CH2–CH2–Ph– moiety 
introduces a variable geometry into the hard segments due to the possibility of internal 
rotation of this isocyanate around the –CH2–CH2– ethylene bridge.  This leads to the 
appearance of both syn and anti rotational conformations, of which the anti conformation 
is most stable. Therefore, polyurethanes prepared from DBDI can adopt compact packing 
due to the anti conformation of DBDI, which significantly enhance ordering and hard 
segment–hard segment hydrogen bonding.[20] 
 

 

1.1.5 Aliphatic Diisocyanate and transparency  

 
 Aliphatic isocyanates H12MDI and IPDI are now well established as being 
preferred for the production of transparent polyurethane elastomers.  Transparency arises 
because of the presence of geometric isomer in these isocyanates.  Typically IPDI is a 
mixture of 28% trans and 72% cis isomer whilst H12MDI commonly contains 65%cis-
trans, 30%trans-trans, 5% cis-cis isomers scheme (1.3). 
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Scheme (1.3) 
The effect of H12MDI isomers on transparency of some polyurethane are shown in table 
(1.1).  Increasing in trans-trans content of polyurethane hard segment leads to an 
increased rigidity, but at the same time to loss in the transparence.[21]  
 
Table (1.1): the optical properties of some polyurethane elastomer prepared from the 
geometric isomers of H12MDI 
 

                    Hard segment isomer content Sample 

Trans-Trans Cis-Trans Cis-Cis 

Appearance 

12 20 75 5 Optically clear, flexible 

2 30 65 5 Optically clear, flexible 

3 70 25 5 Opaque, stiff 

 

 



Introduction                                                   Part (Ⅰ) 
 

 9

1.1.6 Diols/polyols 
 
 The polyol component of the polyurethanes can be a polyfunctional polyether 
(e.g., polyethylene glycol, polypropylene glycol, poly(tetramethylene glycol) (PTMG) or 
polycaprolactone diol), polyester polyol (PEPO), acrylic polyol (ACPO), polycarbonate 
polyol, castor oil or a mixture of these.  A wide variety of branched or crosslinked 
polymers can be formed since the functionality of the hydroxyl-containing reactant or 
isocyanate can be adjusted. The simplest polyols are glycols, such as ethylene glycol, 1,4-
butane diol (BDO) and 1,6-hexane diol.  The low molecular weight reactants result in 
hard and stiff polymers because of a high concentration of urethane groups.  On the other 
hand, the use of high molecular weight polyols as the main reactants produces polymer 
chains with fewer urethane groups and more flexible alkyl chains.  Long-chain polyols 
with low functionality (1.8–3.0) give soft, elastomeric polyurethanes while short chain 
polyols of high functionality (greater than 3) give more rigid, crosslinked products.  
Polyether polyols are produced by the addition of either ethylene oxide or propylene 
oxide to a polyhydroxy starter molecule in the presence of a catalyst (scheme 1.4a).  
Typical starter molecules include glycerol, ethylene glycol, propylene glycol and 
trimethylolpropane.  PEPOs are produced by the condensation reaction of polyfunctional 
carboxylic acids or anhydrides with polyfunctional alcohols (scheme 1.4b).  ACPOs are 
produced by free radical polymerization of hydroxyethyl acrylate (HEA)/methacrylate 
with other acrylic precursors [22] (scheme 1.4c).  Depending on the type of application, 
PEPO, ACPO or polyether polyols have been chosen.  In commercial applications, it is 
common to find polyesters prepared from a mixture of two or more di-acids reacted with 
two or more glycols, which gives plenty of scope for a range of very complex products. 
[23], [24]   Polyurethanes which are based on PEPO and ACPO are susceptible to the 
gradual hydrolysis of the ester group but they are sufficiently stable against natural 
weathering.  Additionally, the in situ formation of carboxylic acid catalyze further ester 
hydrolysis, thus accounting for an autocatalytic effect [25] and a significant reduction of 
average molar mass.  Consequently, a deterioration of mechanical properties occurs on 
prolonged exposure to humid atmosphere.  To slow down the hydrolysis of polyester 
groups, polycarboimides can be added to poly(ester urethanes).These act as acid 
scavengers and suppress the autocatalytic effect.[25], [26] 
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Scheme (1.4):  preparation method of polyether polyol, PEPO and ACPO. 

 

1.1.7 Catalysts 

 
 Catalysts are usually added to allow the reaction to take place at a rapid rate and 
at lower temperatures.  For the reaction of an isocyanate with an alcohol, many effective 
urethane catalysts are available.  Most often used catalysts are tertiary amines[27], 
especially 1,4 diazabicyclo [2.2.2] octane (DABCO), triethyl amine (TEA), and organo- 
tin compounds[28], especially dibutyltin dilaurate (DBTDL) and stannous octate. 
Tetravalent tin compounds of the type RnSnX(4-n) with R being a hydrocarbon group 
(alkyl, aryl, cycloalkyl, etc.) and X being a halogen atom or a carboxylate group (acetate, 
laurate, etc.) have also shown a catalytic effect in the urethane reaction.[29]  The catalytic 
effect of organometallic compounds is due to their complex forming ability with both 
isocyanate and hydroxyl groups.[30],[31]  The mechanism proposed by Britain and 
Gemeinhardt[32] is shown in (scheme 1.5).  The interaction of the metal cation with the 
isocyanate and the alcohol molecule results an intermediate complex (scheme 1.5a), 
which may then readily rearrange to yield the urethane product (scheme 1.5b).  Lenz [33] 
suggested that the catalytic mechanism of tertiary amines (NR3) for urethane reaction 
involves the complexation of the amine and isocyanate groups (scheme 1.5c) followed by 
reaction of the complex with alcohol to form urethane product (scheme 1.5d).[34]   
The mercury catalyst “thorcat”, however, is less efficient than either catalyst, perhaps due 
to a higher stability constant for the latter compound.  Furthermore, mercury salt catalysts 
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are thought to possess delayed action properties,[35]which may also account for their 
reduced performance compared with other metal compounds.[36]  In the absence of a 
strong catalyst, allophanate and biurets formation do not take place for aliphatic 
isocyanates. 

 
 

 
(Scheme 1.5): Reaction mechanism of the NCO/OH in presence of: (a) and (b):   

organometallic catalysis.[31] (c) and (d): tertiary amine catalysis[31], [35] 
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1.1.8 Polyurethane coating classification 
 
 American Society for Testing and Materials (ASTM) has grouped six different 
polyurethane coating types in the ASTM D16 Standard.[37]  Table (1.2) summarizes the 
characteristics of six ASTM polyurethane coating types.  Most high solids and 
solventless polyurethane coatings for high performance application and corrosion 
protection are designed using the plural component format of the ASTM D16-type V. 
 
Table (1.2): Different type of coatings according to ASTM classification 
ASTM 

 

Type I Type II Type III Type IV Type V Type VI 

description 

 

onepackage 

(prereacted) 

 

onepackage 

(moisture 

cured) 

 

onepackage 

(heat 

cured) 

 

twopackage 

(catalyst) 

 

twopackage 

(polyol) 

 

onepackage 

(nonreactive 

lacquer) 

 

Polymer 

 

Alcoholyic 

products of 

drying oils 

reacted 

with 

isocyanate 

 

Higher 

molecular 

weight 

diols and 

triols 

 

Prepolymer 

forms an 

adduct 

with 

blocking 

agents 

 

Prepolymer 

similar to 

type II, 

but catalyst 

could 

contain 

polyol/amine 

Relatively 

lower 

molecular 

weight 

 

Thermoplastic 

polymer with 

relatively 

high 

molecular 

weight 

 

Characteristics 

 

Unsaturated 

drying oil 

modified; 

no free 

isocyanate 

 

Contains 

free 

isocyanate 

 

Blocked 

isocyanate 

 

Isocyanate 

prepolymer 

and 

catalyst 

 

Part A: 

isocyanate 

rich, 

Part B: 

polyols or 

amines 

Fully 

polymerized 

PUs 

dissolved in 

solvents 

 

Curing 

mechanism 

 

Oxidation 

of 

drying oil; 

solvent 

evaporation 

 

Reaction 

with 

atmospheric 

moisture 

 

Thermal 

release 

of blocking 

agent 

and then 

reaction 

 

Reaction of 

isocyanate 

with 

moisture and 

or/ 

components 

in 

catalysts 

Reaction 

between 

Parts A and 

B; 

instant 

curing is 

possible 

 

Solvent 

evaporation 
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1.1.8.1 Thermoplastic polyurethane coatings 
 
 Thermoplastic polyurethane may be described as the linear structural block 
copolymer of soft segment and hard segment type.  Due to the wide variety of properties 
between soft segment and hard segment, phase separation may be observed in the final 
material.  Phase separation occurs due to the intrinsic incompatibility or thermodynamic 
immiscibility between the hard and soft segments.  The hard segments, composed of 
polar materials, can form carbonyl to amino hydrogen bonds and thus tend to cluster or 
aggregate into ordered hard domains,[38] whereas soft segments form amorphous 
domains.  The hard segment acts as filler particle as well as crosslinker to hold back the 
motion of soft segment chains.  Such a structure was first proposed by Cooper and 
Tobolsky in 1966[39]  The early work of Schollenberger[40] and of Cooper and 
Tobolsky[39] established that segmented polyurethanes consist of high glass transition 
temperature (Tg) or high melting temperature (Tm) hard segment microphase separated 
from relatively low Tg soft segment.  The degree, to which the hard and soft segments 
phase separate, plays a very important role in determining the solid-state properties of 
these multi-block coatings.  The properties of thermoplastic polyurethane coatings 
depend upon several factors such as the composition of soft and hard segments, the 
lengths of soft and hard segments and the length distribution, the chemical nature of the 
units composing the polymer, anomalous linkages (branching, crosslinking), molecular 
weight and the morphology in the solid state.  At room temperature, soft macroglycol 
segments are above their glass transition temperature and easily therefore segmental 
rotations, which therefore impart the material its rubber-like behavior and elastomeric 
properties.  On the other hand, hard domains are below their glass or melt transition 
temperature and are thought to govern the hysteresis, permanent deformation, high 
modulus, tensile strength, and dimensional stability.[41]  Compositional variables and 
processing conditions such as structure of soft and hard segments,[42] symmetry of 
diisocyanate, type of chain extender (diol or diamine), [43],[44] number of carbons in linear 
low molecular weight chain extender,[44] the type (polyester or polyether) and chain 
lengths of soft segments [44],[45],[46],[47] crystallizability of either segment,[48] thermal 
history of the polyurethanes[46],[49],[50] and the method of synthesis [42]are known to affect 
the degree of phase segregation, phase mixing, hard segment domain organization, and 
subsequent polyurethane coating properties. 
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1.1.8.2 Effects of the soft segment 
 
 The chemical composition and molecular weight distribution (MWD) of the 
incorporated soft block influence the macroscopic properties of the resulting coatings. 
For example, Yoo et al.[51] claimed that the deformation and thermal properties of the 
polyurethanes were strongly affected by the molecular weight of soft segment. 
Additionally, varying the chemical structure of soft segment changes its solubility 
parameter and hence the compatibility between soft and hard segments in polyurethane 
coatings.  Investigations by Van Bogart et al.[52] and Hartmann et al.[53] revealed that 
increasing the soft segment molar mass at a fixed hard segment length gave rise to an 
increased tendency for the hard segment domains to be isolated in the soft segment 
matrix.  A similar conclusion was reached in polyurethane based on MDI and 
polycaprolactone using various instrumental techniques.[54]  This phenomenon resulted in 
a higher degree of phase separation between hard and soft blocks, which produced a 
lower glass transition temperature value.  In addition, increasing soft segment  
prepolymer molar mass at constant functionality (i.e., increasing the molar mass per 
functional group or equivalent weight) results[55],[56],[57],[58] in a higher degree of phase 
separation, again owing to increased thermodynamic incompatibility between the two 
copolymer segments, resulting from the higher Flory–Huggins interaction parameter (χ) 
[59] and/or the higher crystallizability[47] Stanford et al.[60] showed that increasing soft 
segment functionality significantly increases the strength of polyurethane and reduces the 
overall degree of phase separation developed in these materials due to increased domain 
boundary mixing. 
 

1.1.8.3 Effects of the hard segment 
 
 Hard segment structure, length and distribution are very important parameters and 
strongly affect morphology, thermal behavior as well as performance of segmented 
polyurethane coatings.[61],[62],[63]  Wang and Cooper[47]observed that the mechanical 
properties of polyether polyurethanes depend primarily on the hard segment content.  The 
presence of three-dimensional hydrogen bonding within hard domains leads to usually 
strong hard domain cohesion.  On increasing the hard segment content, a morphological 
change occurs from isolated interconnecting to hard domains.  The effect of hard segment 
content on the phase separation in polyurethane based on MDI was studied by measuring 
the glass transition temperature of the soft segment. [64]   The soft segment glass transition 
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temperature was influenced by the restricted movement imposed at the hard segment 
junctions and at phase boundaries, where the hard domain acts as a filler particle.[65]   

1.1.8.4 Effect of the chain extender 
 
 The effect of different chain extenders on the morphology and properties of 
polyurethanes were reported by various authors.[66], [67], [68]  The chain length, the 
molecular volume and the functionality of the chain extender as well as its conformation 
can influence hard segment packing and crystallinity in the hard domains.[69],[70],[71]  
Blackwell and Nagarajan[72] and Blackwell et al.[66],[73] suggested that for chain extended 
polyurethanes, chain extenders containing an even number of carbons produced polymers 
with a more phase separated structure than those containing an odd numbers of carbons.  
Auten and Petrovic[74] reported the effect of unsaturation in the chain extender on the 
structure and properties of derived polyurethanes.  They utilized chain extenders of the 
1,4-butane diol (BDO) series with increasing bond order at the 2,3 carbons such as BDO, 
cis-2-butene- 1,4-diol (BED) and 2-butyne-1,4-diol (BYD) and showed that increasing 
bond order progressively limit backbone chain flexibility.  Consequently, hard segment 
size may increase, but hydrogen bondings groups may be forced into positions that do not 
allow effective inter chain bonding, resulting in poor physicochemical properties.  In 
addition, the relative acidity of the terminal alcoholic protons is expected to increase with 
increasing chain extender bond order because electron density at the oxygen atoms would 
be progressively shifted toward the π-bonds.  As the acidity of the chain extender O–H 
group increases, the reaction rates during polymer synthesis, polymer molecular weight, 
and thermal stability of the urethane groups formed could all be adversely affected.  It has 
also been shown that the physicochemical properties of thermoplastic elastomers are 
improved using diols with higher molecular weight as chain extenders.[75]  While working 
with hydroxyl-terminated polybutadiene (HTPB)-based polyurethanes, Zawadski and 

Akcelrud [76] observed that the mechanical properties improved with decreasing number 
of carbon atoms in the chain extender. Their findings disagree with previous results, 
which showed a zigzag pattern,[77] or an improvement in property with diol chain 
length.[78]  Yen et al.[79] observed a higher tensile strength for diamine chain extended 
polyurethanes in comparison to BDO chain extended polyurethanes.  They also observed 
that ethylenediamine chain extended polyurethane showed better tensile strength than 

diethyltriamine chain-extended polyurethane.[79]  Earlier studies[43],[44],[68],[80] compared 
urea with urethane with regard to their influence on polymer properties and found that an 
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increase in the urea group content would enhance the extent of hydrogen bonding 
between hard segments. 
 

1.1.9 Thermoset polyurethane coatings 

 
 The major problems of thermoplastic polyurethane coatings are their poor 
resistance towards mechanical strains and high temperatures deformation and/or 
degradation.  Generally, their acceptable mechanical properties disappear above 80 °C 
and thermal degradation takes place above 200 °C.[81]  The presence of crosslinks 
provides thermoset coatings with enhanced tensile strength, abrasion, acid, alkali, and 
solvent resistance, which is lacking in thermoplastic polyurethane coatings.  These 
performance criteria are essential for most industrial coatings.  Therefore, with the aim to 
further increase final performances and working temperature range, the introduction of 
chemical crosslinker in the polyurethane structure was also evaluated.  Normal 
crosslinking in the urethane elastomer is reported to occur by reaction of terminal 
isocyanate groups with urethane groups to form allophanate linkage.  Chemical 
crosslinking was also obtained and controlled by substitution of a trifunctional hydroxyl 
compound in place of the normal glycol chain extender.  Increasing the functionality of 
the polyether or polyester soft segment also increase the crosslinking concentration. 
Coatings may contain triols or higher functional polyols[82],[83],[84],[85],[86],[87] isocyanates 
with functionalities greater than two [88],[89] NCO/OH ratios greater than one [85],[86],[87],[90] 
or combinations thereof.[85],[86],[87]  Peroxides and tri-functional chain extenders have also 
been utilized to chemically modify the hard domain cohesiveness using chemical 
crosslinks.[82]  The introduction of crosslinker into the hard segment, soft segment or 
chain extender would reduce the mobility of hard segments and cause a steric hindrance 
that reduces the ability of hard segments to form hydrogen bonding.[83],[91]  Crosslinked 
polyurethanes have shown great potential in the coatings area due to their high Tg’s, 
ability to form high quality films, good solvent resistance and ease of synthesis and 
processing.  In general, higher crosslinking promotes phase mixing.[92],[93],[94],[95]  For 
example, Thomas et al.[92] altered the level of crosslinking by changing the functionality 
of the polyol (2.56–2.76) via adjusting the mix of the mono-functional polyether with 
multifunctional components.  These articles suggested that increasing the polyol 
functionality increased the phase mixing.  Therefore, in order to modify the properties of 
segmented polyurethane for high performance coatings applications, a well-adjusted 
amount of crosslinker is needed.  The presence of crosslinks by deliberate addition of a 
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crosslinker or in situ generation due to the side product formation seriously prevents the 
phase separation and produces a polymer which shows both the phase-mixed and phase-
separated behavior, depending on the concentration of crosslinker. 
 

1.1.9.1 UV-curable polyurethane coatings 
 
 UV-curable polyurethane coatings represent a class of polyurethanes with no or 
little VOCs.  This technique is based on the polymerization of an unsaturated resin 
system, induced by radiation, to obtain a three-dimensional network.  During the cure 
reaction, the liquid polymer transforms within few seconds into a solid having rubbery or 
glassy properties at room temperatures.  UV-crosslinking has been widely applied in 
many industrial fields for manufacturing, decoration, and protection of different 
materials.  In fact, there are many advantages to produce coatings by UV-curing, such as: 
(i) low energy requirement; (ii) very fast and efficient polymerization; (iii) cure 
selectively limited to the irradiated area; and (iv) no environmental pollution by VOC.  
The disadvantages are the oxygen inhibition and the need for a UV source.  Molecular 
oxygen at the coating surface is effective at terminating polymerization, which results in 
low molecular weight and tacky films.  A number of methods such as the use of an 
oxygen scavenger (e.g., tannin, carbohydrazide, etc.), high radiation intensity or initiator 
concentration, have been used in the recent past to overcome the oxygen inhibition effect. 
[96]  Sometimes, the addition of free amines such as methyl diethanol amine (MDEA) has 
a beneficial effect on the UV cure process, as they are able to donate a proton to 
hydrogen abstracting photoinitiators, such as benzophenone.  The resultant amine free 
radicals initiate polymerization in the UV cure process.   The main components of UV 
curable formulations are an oligomer (e.g., acrylated polyurethane as shown in (scheme 
1.6), a reactive diluent, and a photoinitiator.[97]  The reactive diluent is used not only to 
control the formulation viscosity, but also to control the cure speed and extent of 
polymerization, as well as the properties of the cured film.  Multifunctional acrylates are 
the preferred reactive diluents in radiation-cured systems because of their rapid curing 
rates and low price.  The nature of the resultant cured films depends not only on the 
properties of the components, but also on the photopolymerization kinetics, i.e., the 
photopolymerization rate and final conversion.  The irradiation flux, temperature, sample 
thickness, photoinitiator concentration, and reactive diluent content for a given resin 
affect the photopolymerization kinetics to a large extent.  Therefore, coatings produced 
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by UV-curing have lower shrinkage, better flexibility, lower VOC and less sensitivity to 
oxygen [98] than the coatings obtained with free radical photopolymerization. 
 

 
Scheme (1.6): Preparation of acrylic-terminated polyurethane prepolymer for UV cure 

coatings. 

 

 A series of newly developed UV-curable polyurethane coatings were prepared by 
blending multifunctional thiol- and ene-terminated polyurethane aqueous dispersions. 
The composition, structure, solution stability and mechanical properties of these coatings 
were characterized in detail by FT-IR, photo-DSC and DMA measurements.  It was 
found that the resulting polyurethane coatings showed good solution stability and high 
photopolymerization activity even after a long time (i.e. 1 month).  The incorporation of a 
water soluble polyurethane chain into both the multifunctional thiols and the ene 
monomers promoted their solution stability and avoided any reaction between thiols and 
ene groups as a result of their high reacting activity in non-aqueous systems.  UV-cured 
films prepared by this method were found to exhibit excellent physical properties with 
improvements over what can be attained directly with current UV-curable urethane–
acrylate based systems.  This method allows for the preparation of high performance UV-
curable polyurethane aqueous coatings based on thiol-ene chemistry systems.[99]  The 
polyurethane acrylate resin was synthesised using polyester and polyol (ethylene glycol, 
adipic acid and 1,6 hexane diol), isophorone diisocynate (IPDI) and 2-hydroxy ethyl 
methacrylate (HEMA).  The different formulations were developed using various reactive 
diluents viz. monofunctional, difunctional, trifunctional and tetra-functional (ethoxylated 
phenol monoacrylate, 1, 6 hexane diol di acrylate, dipropylene glycol di acrylate, 
trimethylol propane triacrylate, propoxylated trimethylol propane triacrylate, 
pentaerythrol triacrylate – PETA).  These samples were cured under UV radiation.  For 
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effective curing, various compositions of oligomers, photoinitiator and reactive diluents 
were used.  The mechanical, optical, rheological, chemical, and stain resistance properties 
were evaluated.  The designed polyurethane acrylate gave good performance properties 
when used with reactive diluents having different functionality in different ratios for 
application over metal surfaces as protective coatings for various industrial applications. 
While using reactive diluents, the coating compositions showed significant improvement 
of mechanical, physical and chemical resistance properties. Owing to different 
functionality of reactive diluents used, highly cross-linked structures are formed, which 
lead to excellent mechanical and chemical properties.  The optimum results were 
obtained with PETA as reactive diluent.[100]                                                                                                 

1.1.9.2 Waterborne coatings 
 
 The increase interest in waterborne coatings is due to its low VOC content. 
Waterborne coating technologies require new types of resins for binder dispersions and 
additives to fulfill high quality requirements.[101][102]  An aqueous polyurethane dispersion 
(PUD) is a binary colloidal system in which the particles of polyurethane are dispersed in 
a continuous water phase.  The particle size tends to be about 20–200 nm, and the 
particles have a high surface energy. This results in a strong driving force for film 
formation after water evaporation.  Usually, polyurethane polymers are not soluble in 
water and the degree of hydrophilicity is one of the key factors determining the particle 
size distributions in the polyurethane dispersion.  The shelf life and the colloidal stability 
of polyurethane dispersions are influenced by their particle size distribution.  Therefore, a 
special treatment or structural modification is necessary for the polymer to be dispersible 
in water.  Generally, aqueous polyurethane dispersions can be prepared by incorporating 
hydrophilic groups into the polymer backbone or by adding a surfactant.  The former 
material is known as a polyurethane ionomer in which the ionic groups act as internal 
emulsifiers.  Therefore, waterborne polyurethane ionomers consist of polyurethane 
backbones with a minority of pendant acid or tertiary nitrogen groups, which are 
completely or partially neutralized or quaternized, respectively, to form salts.  Various 
processes have been developed for the preparation of aqueous polyurethane dispersions. 
In all of these processes, a medium molecular weight polymer (the prepolymer) is formed 
by the reaction of suitable diols or polyols (usually macrodiols such as polyethers or 
polyesters) with a molar excess of diisocyanates or polyisocyanates in the presence of an 
internal emulsifier as first step.  The emulsifier is a diol with an ionic group (carboxylate, 
sulfonate, or quaternary ammonium salt) or a non-ionic group [poly (ethylene oxide)] is 
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usually added to allow the dispersion of the polymer in water.  The critical step in which 
the various synthetic pathways differ is the dispersion of the prepolymer in water and the 
molecular weight buildup.  The most important processes are the acetone process, pre-
polymer mixing process, melts dispersion process and ketimine 
process.[103],[104],[105],[106],[107],[108]  Aqueous polyurethane dispersions are of three types; 
non-ionic, cationic and anionic depending upon the type of hydrophilic segments present 
in the polyurethane backbone. Depending on the type of ionic species, a minimum ionic 
content is required for the formation of a stable polyurethane ionomer.  The interaction 
between ions and their counter ions is responsible for the formation of stable dispersion.  
The ion-dipole interaction between the ionomer and dispersing media (e.g., water) results 
in the formation of a solvation sheath , where the ionomer properties depends on the 
degree of neutralization and content of ionic component. 
 
 

1.1.9.3 UV-curing technique  
 
 A key requirement for UV curing is a UV source that produces high intensity UV 
irradiation at low cost without generating extreme infrared radiation.  The major sources 
in commercial use are medium pressure mercury vapor lamps.  The irradiation has 
continuous wavelength distribution with major peaks at 254, 313, 366, and 405 nm, 
among others visible radiation and a minor, but insignificant, amount of infrared radiation 
that causes some heating.  Radiation is emitted in all directions around tubular lamps, and 
its intensity drops off with the square of the distance from the source. To increase the 
efficiency, lamps are equipped with an elliptical reflector with a focal length that the 
radiation is focused at the coating.  Thermal energy is also produced.  UV irradiation is 
hazardous and can lead to severe burns.  It is essential to avoid exposure of eyes to the 
radiation.  Some amount of ozone is usually generated depending on the radiation source.  
Since ozone is toxic,the UV unit must be ventilated.[109]  For initiation via UV radiation, 
there must be absorption of radiation by photoinitiator.  The fraction of radiation 
absorbed (IA/Io) is related to molar absorptivity (ε), the concentration of photoinitiator (c) 
and the optical path length of radiation in the film (x).  The fraction of absorbed radiation 
can be expressed by the following equation: 

IA/Io = 1- 10-εcx 
Molar absorptivity varies with wavelength.  Therefore the fraction of radiation absorbed 
also varies with wavelength; also the radiation intensity from the source varies as fraction 
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of wavelength.  The total number of absorbed photons per unit time depends on the 
combination of these factors.  When a photoinitiator absorbs a photon, it is raised to an 
excited state.  Some reactions of this excited state lead to generation of an initiating 
species, but there are also other reactions pathways.  For example, molecule may emit 
energy of a longer wavelength that is it may fluoresce or phosphoresce.  It may be 
quenched by some component of the coating such as oxygen.  It can undergo other 
reactions beside those that lead to initiator generation.  The rate of polymerization 
reactions is related to the concentration of initiating radicals or ions.  Higher initiator 
concentration leads to fast curing.  If the concentration is too high, most of the radiation 
is absorbed in the upper few micrometers of the film and little radiation reaches the lower 
layers.  Since the half-life of a free radical is short, they must be generated within a few 
nanometers of the depth in the film where they are to initiate polymerization.  Optimum 
photoinitiator concentration is dependent on the film thickness: the greater the film 
thickness, the lower the optimum concentration.  The problem is further a worse when 
surface cure is oxygen inhibited, as the case in free radical polymerization.  The problem 
of achieving both surface and through cure can be improved by carefully selecting the 
photoinitaitor or a mixture of photoinitiators that have has two absorption maximums 
with different molar absorptivities near different emission bands of the UV source.  The 
emission band that is highly absorbed by the photointiator(s) is absorbed molar strongly 
near the surface and less UV is available for absorption in the lower layers.  This band is 
most important for countering oxygen inhibition.  Another factor that affects absorption 
of UV by the photoinitiator is the presence of competitive absorbers or materials that 
scatter UV irradiation.  The film thickness is not the only variable that affects the path 
length if the coating is applied on a highly reflective substrate; the rate of cure on a metal 
substrate is closed to twice as high as over a black substrate.[110] 

1.1.9.4 General kinetics of UV-curing 
 
 The curing starts when UV light activates the photoinitiator: the photoinitiator 
splits up into two radicals which may react with the (meth)acrylate groups and 
subsequently initiate the free radical polymerization.  The polymer chain continues to 
grow until it meets another free radical with which it forms a stable chemical bond or 
until it abstracts a hydrogen-atom from another molecule that subsequently forms a new 
radical.  The polymerization may be strongly retarded or completely inhibited if the 
radicals are consumed in competing reactions with other compounds, which are referred 
to as inhibitors.  When present in small quantities, an inhibitor will be completely 
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consumed in the first moments of the curing, once consumed it plays no further role.  
However, atmospheric oxygen also acts as an inhibitor and may be replenished from the 
air; to prevent this oxygen inhibition, radical polymerizations are commonly performed 
under a nitrogen atmosphere.  For a system with ideal behavior, the relationship between 
the curing rate Rp and the intensity of the UV-light as well as the concentration and 
reactivity of the photoinitiator and (meth)acrylate is given by: [1*] 
 

       [1*]  

 

where kp is the propagation rate constant in s-1, [M] is the concentration of (meth)acrylate 
in mol/L, Φ is number of initiated polymer chains per absorbed photon, I0 is the intensity 
of the incident light in Einstein cm-2 s-1, ε is the extinction coefficient in L mol-1 cm-1, 
[PI] is the photoinitiator concentration in mol/L, d is the thickness of the sample in cm, 
and kt is the termination rate constant in s-1.  Rp expressed in mol L-1 s-1. Important 
factors like absorption of the light by components other than the photoinitiator, the effects 
of the light gradient over the coating, differences in  reactivities in monomer mixtures, 
and changes of the mobility of reactive groups during curing are not taken into account 
here.  Hence, the given equation is useful for getting a feeling for the importance of some 
process parameters, but the model is too crude for allowing the equation to be used for 
fitting of experimental data. 
 

1.1.9.5 Derivation of the curing rate equation 

 
 The curing rate is mostly determined by the propagation rate Rp for the 
polymerisation of the (meth)acrylate groups.  This propagation rate is determined by the 
probability that the radical and a (meth)acrylate group meet and the probability that this 
encounter results in a reaction: 

                                                                                    [2] 
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Here kp is the propagation rate constant in mol-1 L s-1, [M] is the concentration of 
(meth)acrylate in mol/L, and [R*] is the radical concentration in mol/L.  The number of 
free radicals in the system is determined by the rate at which they are generated and the 
rate at which they are consumed.  The radicals are generated by illumination of the 
photoinitiator.  The rate of this process depends on the number of photons that are 
absorbed by the photoinitiator and the efficiency with which the absorption of a photon 
results in the formation of initiating radicals: 
            

                                                                                                                              [3]                              
 

Ri is the rate of radical generation in mol radicals L-1 s-1, Φ is the efficiency of the 
photoinitiator in radicals photon-1, and Ia is the amount of absorbed light in a certain 
volume in Einstein cm-3 s-1.  For a system, where the light is only absorbed by the 
photoinitiator, the amount of absorbed light can be calculated by: 
 

 

                                                                                                                                                                              

I0 is the flux of incident light through a certain area in Einstein cm-2 s-1 (note that 

the dimensions of Ia and I0 are not equal), ε is the extinction coefficient of the 
photoinitiator in L mol-1 cm-1, [PI] is the photoinitiator concentration in mol/L, A is the 
exposed area of the sample in cm2,  V is the volume of the sample in cm3, and d is the 
thickness of the sample in cm.  The main process for radical consumption is the reaction 
between two radicals; the two radicals may form a new covalent bond or one hydrogen 
atom may be transferred from one radical to the other.  The rates of both reactions scale 
with the probability that two radicals meet and the probability that such an encounter 
results in either reaction.  In a simplified form the radical consumption is expressed by: 

                                                                                        [5] 

Rt is the rate of radical consumption in mol L-1 s-1 and kt is the termination rate constant 
in mol-1 L s-1.  During curing the radical concentration rapidly changes until the rate of 
radical consumption is in equilibrium with the rate of radical generation (steady state 
approximation): 

                                      [6] 
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Leading to: 

[7] 

It should be noted that due to the light intensity in the coating there is also a gradient in 
the radical concentration and the calculated [R*] is an average value.  This averaged 
value should only be used if the light absorbance is small, as this implies that also the 
gradient of the light intensity and hence the gradient of the radical concentration will be 
small.  Combining of equation [7] with equation [2] and V/A = d, the expression for the 
curing rate becomes: 

                    [1*] 

 

This equation predicts that thicker coatings give faster curing, which is opposite to 
general experimental observations.[111] 

(But this equation agrees with our experimental observation). 
 

1.1.9.6 Oxygen inhibition 
 
 Oxygen inhibits free radical polymerization.  In coating application, this 
inhibition is particularly severe, since the coating films have a high surface area, and 
oxygen exposure concomitances high.  Oxygen reacts with the terminal free radical on 
propagating molecules to form a peroxy free radical.  The peroxy free radical does not 
readily add to another monomer molecules; thus the growth of the chain is terminated.   
Furthermore, the excited states of certain photoinitiators are quenched by oxygen, thereby 
reducing the efficiency of generation of free radicals.  Oxygen inhibition can also be 
reduced by using unimolecular photoinitiators and adding small amount of amines.  This 
produce is useful when low intensity lamps or short exposure times are employed.[112]  
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1.1.9.7 Overcoming oxygen inhibition in UV curing of acrylate coatings 
 
 The free radicals formed by the photolysis of the initiator are rapidly scavenged 
by oxygen molecules to yield peroxyl radicals.[112]  These species are not reactive towards 
the acrylate double bonds and can therefore not initiate or participate in any 
polymerization reaction.  They usually abstract hydrogen atoms from the polymer 
backbone to generate hydroperoxides.  Moreover, this premature chain termination 
modifies the mechanical properties of the film.  An additional amount of photoinitiator 
(and UV energy) is therefore needed to consume the oxygen dissolved in the resin as well 
as the atmospheric oxygen diffusing into the sample during UV-exposure, in order to 
obtain tack-free coatings showing the required mechanical properties.  Overcoming these 
undesirable reactions has turned into a major challenge.  Different methods have been 
proposed: 

1) The addition of amines, which readily undergo a chain peroxiadtion reaction 
and thus consume the dissolved oxygen.[113]  However, the presence of amines 
in the coating has harmful effects, such as yellowing of the film, odor, and 
softening of the coating resulting from chain transfer reactions.  

2) A conversion of the dissolved oxygen into its excited singlet state by means of 
red light irradiation in the presence of dye sensitizer.  The resulting singlet 
oxygen will be rapidly scavenged by 1,3-diphenylisobenzofuran to generate  the 
1,2 dibenzoylbenzene which can work as photoinitiator.[114],[115]  However, this 
method cannot be used for a wide range of applications. 

3) An increase of the formulation reactivity to shorten the UV exposure time 
during which atmospheric oxygen can diffuse into the film.  This can be 
achieved by increasing the photoinitiator concentration and by operating at high 
light intensities.[116]  Oxygen inhibition can be further reduced by using high 
intensity flashes which generate large concentrations of initiator radicals 
reacting with oxygen, but again, hydroperoxides are being formed. 

4) Wax barrier coats[117] or performing the UV exposure under water[118] to slow 
down the diffusion of atmospheric oxygen into coatings.  This will affect in the 
surface properties of the UV-cured polymer. 

5) Performing the radical photopolymerization under inert conditions[119],[120],[121] 
which is noticeably the most efficient way to overcome oxygen inhibition. 
Nitrogen is continuously flushed over the sample during UV-exposure.  On 
industrial UV-curing lines , which cannot be made completely air light, nitrogen 
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losses can yet be important, thus making the process expensive, and even more 
so if argon is used to achieve an oxygen free environment.  It has been shown 
that nitrogen can be advantageously replaced by carbon dioxide to achieve a fast 
UV-curing under oxygen.[122]  This technique has the following advantages. 

 Carbon dioxide is well available and it is not more expensive than 
nitrogen.  Carbon dioxide is heavier than air and can therefore be easily 
maintained in a container without much loss.  By excluding oxygen, this 
technique will ensure a faster and more completely curing, thus providing 
UV-cured coatings shown improved surface properties, in particular a 
higher gloss, and better scratch resistance than cured in the presence of air. 
[116]  By using a pool-type photoreactor, 3D objects can be readily UV 
cured by this process even under dim light.[123] 

 

1.1.9.7 Vehicles for free radical initiated UV-cure 
 
 Most current coatings use acrylated reactants.  Acrylate, rather than methacrylate, 
esters are used, since acrylates cure more rapidly at room temperature; they are also less 
oxygen inhibited.  Furthermore, polymerization of acrylates tends to terminate by 
combination, whereas methacylate polymerization terminates largely by 
disproportionation.  The extent of the crosslinking, as well as high molecular weights is 
favored when termination of growing radicals occurs by combination.  In general, the 
vehicle consists of two types of acrylate esters: multifunctional acrylate-terminated 
oligomers and acrylate monomers.  The monomers range from mono- to hexafunctional. 
Most common are mixtures of mono-,di- and trifunctional acrylates.  The monomers are 
called reactive diluents.  Multifunctional oligomers increase the rate of crosslinking, 
owing to their polyfunctionality.  They control the properties of the final such as abrasion 
resistance, flexibility, and adhesion.[124]  A range of monofunctional acrylates have been 
used.  Those with lowest molecular weight tend to reduce the viscosity most effectively, 
but may be too volatility.  Hydroxyl acrylate has low volatility.  Exthoxethyl acrylate, 
isobornyl acrylate, 2-hydroxyethyl acrylate (HEA) and others are also used. Small 
amounts of acrylic acid are common monomers promote adhesion.  2-hydroxyethyl 
acrylate has low volatility, high reactivity, and imparts low viscosities, but the toxic 
hazard is too large in many applications.  N-vinylpyrrollidone (NVP) is an example for a 
nanoacrylate monomer that copolymerizes with acrylates at speeds comparable to 
acrylate polymaerzation.  NVP is particularly useful because the amide structure 
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promotes adhesion to metal and reduces oxygen inhibition.  However it introduces a 
possible toxic hazard.[125] 

1.1.10 Thermal-initiated crosslinking 
 

  The energy required for the dissociation of the initiators can also be supplied 
thermally.  The generation of the free radicals depends on the minimum energy to 
required break the covalent bond, then bond dissociation energy a (D).  Thermal initiation 
can be used, should the bond dissociation energy be about 120-170 kJ/mol.  Initiator 
molecules having dissociation energies values outside this range dissociate either too 
slowly or too rapidly.  Compounds involving oxygen-oxygen, suphur-oxygen or oxygen-
nitrogen single covalent bonds have been found to be in the desired range.[126]  Azo 
compounds containing a nitrogen atom connected to carbon and nitrogen atom through a 
single and double bond respectively, can also be used as thermal initiators.  However the 
driving force for the azo type initiators is not only the dissociation energy, but the stable 
nitrogen formed in the dissociation reaction.[127]  The most widely used thermal initiators 
are peroxides due to availability, stability, efficiency and rate of dissociation.  The 
decomposition of the peroxides and the radical formation mechanisms has been reviewed 
earlier. [128],[129] 

 

1.1.11 Dual curing of urethane acrylate coatings using UV and thermal curing 
 
 A number of investigations on thermal and photochemical curing of isocyanate 
and acrylate functionalized oligomers have been already addressed by developing “dual 
cure” systems which contain two types of reactive functions,[130],[131],[132],[133],[134],[135],[136] 
a UV-curable functional group and a thermally curable system. After heating and 
exposure to UV-light, such resins will generate a crosslinked polyurethane polyacrylate 
network exhibiting good mechanical properties, even in the non-irradiant areas.  One can 
combine either hydroxyl functionalized acrylate oiligomers with isocyanate crosslikers or 
isocyanate functionalized acrylate oligomers with polyols by using a low viscosity 
isocyanate allophonate polyurethane acrylate developed by BASF.[137]  Dual-cure 
formulations have been developed in applications of UV-irradiation curing and achieve a 
sufficient cure of the non-illuminated areas of protective coatings, like the shadow areas 
of three dimensional substrates or deep-lying layers of thick pigment coatings.[138]  Most 
UV-curable resin are applied to a flat substrate (metal, glass, wood, plastic, paper).  
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Nowadays there is a growing demand to apply UV-technology to coat three dimensional 
objects.  Achieving a uniform illumination of large three dimensional objects has already 
been successfully addressed,[139],[140],[141] but there is still an important issue, which on 
greater from the presence of some shadow areas which can hardly be reached by UV-
irradiation and will therefore remain uncured.  Dual-cure systems combining UV-
irradiation and thermal treatment have been developed.[142],[143],[144],[145],[146] 
 

1.1.11 Selection and modification of polyurethane coatings 
 
 In modifying the backbone structure of polyurethane coatings, it is necessary to 
consider the end use for the coating and the cost of modification.  The following factors 
must be considered while selecting a material in a specified environment: (1), the 
properties of the modified polyurethane coating such as hardness, strength, stiffness, 
thermal stability and expansion coefficient.  (2) The resistance of the coating towards 
mechanical, thermal and chemical stress during service.  (3) The compatibility of the 
coating and the substrate over the temperature range of expected application.  This 
includes minimizing thermal stresses (by matching thermal coefficients) and providing 
good coating–substrate adhesion.  (4) Ultimately, whether or not a particular coating will 
be used depends on the trade-off between the benefits to be gained and the additional cost 
to be incurred.  When the application is critical and the consequences of failure are 
disastrous, higher costs are justified, particularly when there is no other alternative. 
Additionally, for a better protection of the substrate, knowledge of the following 
parameters is of paramount importance: coating application method, composition, 
thickness, hardness, coating–substrate adhesion, friction coefficient, wear resistance, 
Young’s modulus, thermal expansion coefficient, heat conductivity, density, specific heat 
of both coating and substrate and information on residual stresses to assess the overall 
stress level exhibited by the coated body.[147]  
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1.2 Nanoparticles 

1.2.1 Clay 
 
 Talc, mica montmorillonite, hectorite, laponite and saponite belong to the general 
family of 2:1 layered or phyllosilicates and are characterized by a moderate negative 
surface charge (qualified by cation exchange capacity (CEC) and expressed in meq/100 
g).  Montmorillonite is an expandable dioctahedral smectite with a mean layer charge 
density of 0.25–0.50 equiv/mol and consist of disc-like shaped layers of 100 nm in 
diameter and 1 nm thickness. The layers are made up of two silicate tetrahedrons fused to 
an edge-shared octahedral sheet of either aluminum or magnesium hydroxide.  
Isomorphic substitution within the layers generates negative charges, which are 
compensated by alkaline earth or hydrated alkali-metal cations (Na+, Ca2+, Mg2+ or K+) 
residing in the gallery space.[148]  The layers swell in water and the 1-nm-thick layers can 
be easily exfoliated by shearing, giving platelets with high aspect ratio.  The ion 
exchange reactions of montmorillonite with various organic cations such as alkyl 
ammonium cations or cationic surfactants produce hydrophobic and organically modified 
montmorillonite.  The organic cations lower the surface energy of the silicate layers and 
increase the basal-plane spacing (d spacing).  This improves wetting, swelling, miscibility 
between the silicate layers and the polymer and exfoliation of the aluminosilicate in the 
polymer matrix.  Additionally, the organic cations may contain various functional groups 
that react with the polymer to improve adhesion between the inorganic phase and the 
matrix.[149],[150],[151],[152] 
 

1.2.1.1 Laponite clay –nanofiller 
 
 Laponite is synthetic hectorite clay with a thickness of 1 nm and diameter about 
30 nm.  Laponite has the advantages over natural clays of being chemically pure and free 
from crystalline silica impurities.  The shape of the laponite crystals combined with its 
anionic nature enables laponite to produce films which can be used in the manufacture of 
low cost, electrically conductive, antistatic, protective coatings and in optical waveguide 
applications.[153]  Laponite RDS is a sol forming grade of synthetic layered crystalline 
silicate incorporating an inorganic polyphosphate peptiser.  Its composition is 54.5% 
SiO2, 26.0% MgO, 0.8% Li2O, 5.6% Na2O and 4.4% P2O5. When added to water, 
Laponite RDS hydrates and swells to give colorless, transparent, low viscosity colloidal 
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dispersions. The nanoscale Laponite crystals can be understood as two-dimensional discs 
with negatively charged surfaces and positively charged edges.  The Laponite crystals 
interact with the silica network in two ways: firstly the crystals stack and are held in a 
gel-like structure through electrostatic bonds; secondly, hydroxyl groups on the edges of 
the crystals bond with newly formed silica aggregates.  In this mixing way and porous 
stacking structure of Laponite and silica is achieved.  The structures have up till now to 
be investigated by high resolution transmission electron microscopy (TEM) which should 
help reveal the true nanostructure.  As the concentration of the Laponite dispersion is 
increased, the crystals are forced into closer contact and more particle-particle 
interactions between positively charged edges and negatively charged faces occur.  This 
reduces the mobility of the particles within the dispersion, resulting in an increase in 
viscosity.  With the higher concentration samples, the crystal interactions begin before 
silica sol formation and a Laponite gel-like structure results early in the sol-gel process.  
Laponite improves the performance and properties of a wide range of material.  There are 
two key areas of functional use for Laponite: 

1)  As a rheology modifier-Laponite may be added to the formulation of many 
waterborne products such as surface coatings, household cleaners and personal 
care products.  It will impart thixotropic, shear sensitive viscosity and improve 
stability.  

2) As a film former - Laponite is a film forming agent and is used to produce 
electrically conductive, antistatic and barrier coatings.[154] 

1.2.2 Silica nanoparticles 

1.2.2.1 Aerosil-nanofiller 
 
 Aerosil is a fine white, light and amorphous powder consisting of primary 
particles in the nanometer range (10-40nm) and very large specific surface area (50-
400m2/g).   The primary particles are not isolated but are fused together in relatively 
stable chain-like aggregates, which in turn from larger agglomerates in the micrometer 
range.  The physical and chemical properties of aerosil can be varied within wide limits 
depending on the process parameters.  The silanol groups of the aerosil, i.e freshly 
formed hydrophilic aerosil, can react with organosilicon compounds to form hydrophobic 
aerosil.  Freshly prepared hydrophilic aerosil is treated directly after the deacidification 
step.[155]   
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1.2.2.2 Köstrosol  
 
 Köstrosol is a colloid solution of dispersed SiO2 particles in water (colloidal 
silica).  The particles are not visible by naked eye, but are clearly identifiable under an 
electron microscope.  They have average a diameter of around 20 nm.  The colloidal 
silica is generally odorless (apart from AS types), non flammable, miscible with water at 
any ratio and it is opaque to milky white in appearance.  In the paints and coatings 
industry, colloidal silica is used for production of zinc-based primer compounds for anti-
corrosion coatings.  Furthermore, if it is applied with silanes, a protective coating can be 
produced, for example for the coil coating and sector, with significantly increased scratch 
resistance.[156] 
 

1.2.3 Silane coupling agent 

 
 Silane coupling agents have the ability to form a durable bond between organic 
and inorganic materials.  Encounters between dissimilar material often involves at least 
one member that is siliceous or has surface chemistry with siliceous properties; silicates, 
aluminates borate, etc.  Interfaces involving such materials have become a dynamic area 
of chemistry in which surfaces have been modified in order to generate desired 
heterogeneous environment or to incorporate the bulk properties of different phases into a 
uniform composites structure. 

 

Scheme (1.7): Silane coupling agent 
 

The general formula for a silane coupling agent as shown in (scheme 1.7).  Typically, 
there are two classes of functionality.  X is a hydrolyzable group typically alkoxy, 
acyloxy, or halogen.  Following hydrolysis, a reactive silanol group is formed, which can 
condense with other silanol groups, for example, those on the surface of siliceous fillers, 
to form siloxane linkages.  Stable condensation products are also formed with other 
oxides such as those of aluminum, zirconium, tin, titanium, and nickel.  Less stable bonds 
are formed with oxides of boron, iron, and carbon.  Alkali metal oxides and carbonates do 
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not form stable bonds with Si-O-.  The R group is a nonhydrolyzable organic radical that 
may posses a functionality that imparts desired characteristics. 

 
Scheme (1.8): Coupling agent mechanism  

 
As shown in scheme (1.8), the resulting product is an organosilane.  Its influence on the 
substrate properties ranges from altering the wetting or adhesion characteristics of the 
substrate, the catalyzing chemical transformations at the heterogeneous interface, 
ordering the interfacial region, and modifying its partition characteristics.  Significantly, 
this type of modifications includes a covalent bond between organic and inorganic 
materials. Most organosilanes have one organic substituent and three hydrolyzable 
substituents.  In the vast majority of surface treatments, the alkoxy groups of the 
trialkoxysilanes are hydrolyzed to form silanol-containing species.[157] 
 

1.2.4 Sol–gel reactions 
 
 The reaction is generally divided into two steps: hydrolysis of metal alkoxides to 
produce hydroxyl groups in the presence of stoichiometric water (usually in the presence 
of acid or base catalyst), followed by polycondensation of the resulting hydroxyl groups 
and residual alkoxyl groups to form a three-dimensional network as shown in scheme 
(1.9).  Different metal alkoxides based on silicon, aluminum, transition metal alkoxides 
such as titanium and zirconium also have been used as sol–gel precursors in combination 
with a variety of organic components.  For non-silicate metal alkoxides, no catalyst is 
needed for hydrolysis and condensation because these are very reactive themselves.  The 
sequence of reactivity is expressed as follows: 
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Zr(OR)4, Al(OR)3> Ti(OR)4> Sn(OR)4> Si(OR)4 

 

However, owing to the loss of volatile by-products formed in the hydrolysis–
condensation reactions, it is difficult to control sample shrinkage during three 
dimensional network formation.[158],[159],[160],[161],[162]  Factors such as the nature of the 
alkyl group, solvent, temperature, water to alkoxide molar ratio, presence of acid or base 
catalysts, etc., are known to effect the hydrolysis reaction.[163]  For example, in the 
presence of base catalyst, the rate of condensation is fast compared to hydrolysis and 
results in the formation of dense, colloidal particles.  On the other hand, the rate of 
condensation is slow relative to the rate of hydrolysis under acid catalysis and the 

resultant silica has a highly ramified, low fractal dimensional structure with many silanol 
groups on the silica surface.[164] 

 

 
Scheme (1.9): Sol-gel hydrolysis and condensation polymerization reaction.[158] 
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 The precursors of which compounds are organo-substituted silicic acid esters of 
general formula R`nSi(OR)4-n and bridged precursors of silsesquioxanes X3Si–R`–SiX3 
(X = Cl, Br, OR); where R` can be any organo functional group and is usually 1 or 2.  If 
R` bears any reactive group that can, for example, polymerize or copolymerize (e.g., 
methacryloyl, epoxy, amino, isocyanate, vinyl or styryl groups) or undergo hydrolysis-
condensation (trialkoxysilyl groups), it will act as a network former.  Therefore, siloxane  
hybrids can be easily synthesized as the Si2Csp

3 bonds are covalent and stable towards 
nucleophilic attack by water, alcohols, hydroxylated ligands, etc.  They can be used, for 
example, as building blocks for the formation of highly ordered polyhedral oligomeric 
silsesquioxane (POSS) clusters[165],[166] and as organosilane coupling agents for ceramic 
particle coatings [167],[168]  Some sol-gel precursors is shown in scheme (1.10).[169] 
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Scheme (1.10): Different sol-gel precursors which used in coating applications.[170]                                          

 

1.2.4.1 Application of sol–gel process in coatings 
 
 Atanacio et al.[169] studied the mechanical properties of various hybrid sol–gel 
films on copper substrates using nanoindentation and tensile testing and observed the 
dramatic change in indentation response and interfacial adhesion with the change in 
organic alkyl substituents (R`) to the inorganic sol–gel network.  Goda and Frank [164] 
observed that even though a silica component may destroy the ordered hydrogen bonded 
structure of hard segment in the polyurethane, at appropriate concentrations of silica the 
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derived material showed improved mechanical and thermal properties.  Zhang et al.[171] 
synthesized self-crosslinkable polyurethane-urea formulations extended with different 
contents of aminoethyl aminopropyltrim-ethoxysilane (AEAPS).  Two routes for the 
synthesis of sol–gel polyurethane coatings from the reaction of NCO-capped 
polyurethane prepolymer with triethoxy silane precursor (aminophenyl) triethoxysilane 
(APTES) and AEAPS are shown in scheme (1.11). 

 
Scheme (1.11): Preparation of polymer sol–gel precursors and the sol–gel process to form  

organic–inorganic hybrid coatings. 
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1.2.5 Nanocomposite coatings 
 
 Polymer–clay nanocomposites are a new class of filled polymers in which clay 
platelets are dispersed in a polymer matrix at the nanometer scale.  These silicate 
nanocomposite coatings possess several advantages, such as (i) lighter weight due to the 
low clay content (between 2 and 5wt%), which is economically interesting; (ii) improved 
mechanical behavior i.e., higher stiffness and strength [172],[173]; (iii) better barrier 
properties due to reduction in straight way movement of water and oxygen molecule; (iv) 
improved thermal properties, such as fire retardance and heat distortion temperature 
(HDT) [174]  Several routes were developed to achieve a high degree of dispersion of the 
clay nanoplatelets: (i) in situ polymerization of monomers which were initially 
intercalated between silicate layers, (ii) melt intercalation and further exfoliation for 
thermoplastic polymers and (iii) combination with a polymer solution.. Depending on the 
nature of the components used (layered silicate, organic cation and polymer matrix) and 
the method of preparation, three main types of composites may be obtained when layered 
clay is associated with a polymer.  When the polymer is unable to intercalate between 
silicate sheets, a phase-separated composite fig. (1.1a) is obtained, whose properties are 
in the same range as traditional microcomposites.  However, this is not a nanocomposite.  
There are two possible types of nanocomposites with dispersion at the nanometer level.  
Fig. (1.1b) shows the intercalated structure, where a single (sometimes more than one) 
extended polymer chain is intercalated between the silicate layers resulting in a well 
ordered multilayer morphology with alternating polymeric and inorganic layers.  When 
polymers intercalate layered silicates, the interlayer distance increases and the silicates 
are broken down into their nanoscale building blocks.  When the silicate layers are 
completely and uniformly dispersed in a continuous polymer matrix, an exfoliated or 
delaminated structure is obtained fig (1.1c) [175],[176],[177]  The delaminated structure is of 
particular interest because it makes the entire surface of clay layers available for the 
polymer and thereby maximizes polymer–clay interactions.  In such an environment, the 
interfacial bonding between the polymer matrix and the reinforcing materials will be 
dramatically increased.[178],[179] 
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Figure (1.1): Different types of composite arising from the interaction of layered silicates 
 and polymers: (a) conventional composites (microcomposites)-phase separated, 
 (b) Intercalated nanocomposites, and (c) exfoliated nanocomposites.[175] 
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1.3 Anti-fog coating 

1.3.1 Fog formation on plastic films 
 
 The term "fog" is used to describe the condensation of water vapour on the 
surface of a transparent plastic film in the form of small discrete droplets.  Physical 
conditions leading to this phenomenon are:  

1) Decrease in temperature on the inside of the film below the dew point of the 
enclosed air/water vapour mixture.  

2) Cooling of the air near the film to a temperature at which it can no longer retain 
all water vapour; excess water condenses upon the film.   Internal antifog agents 
are directly incorporated into plastics to achieve the spreading of condensed water 
droplets into a continuous and uniform layer of water on the fabricated film. 

1.3.2 Principle of action 
 
 Polyolefins are hydrophobic and typically exhibit surface tensions around 
30 mJ/m2.  When polyolefins are in contact with a polar liquid like water, which 
exhibits a higher surface energy (72 mJ/m2), then liquid droplets are formed which do 
not spread as a uniform layer over the polyolefin surface.  Internal anti-fog additives are 
surface active agents, which have a balanced incompatibility with the polymer matrix.  
They are added during the extrusion process in pure form, as concentrate or 
masterbatch.  When the film is made they are uniformly dispersed throughout its 
thickness but they subsequently migrate to the film surface, where they increase the 
critical wetting tension.  This is combined with a partial solubility of the anti-fog agent 
in water, which leads to a decrease in surface tension of the water, which will 
significantly diminish the difference between the surface tension of water and the 
polymer as illustrated in figure (1.2) 

 
Figure (1.2): Migration of the anti-fog agent 
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The result is a reduction in contact angle between water and polymer surface, permitting 
the water to spread into a more uniform layer.  The resulting transparency removes the 
optical barrier caused by the discrete droplets and overcomes the undesirable effects. 
The use of an internal additive, distributed throughout the thickness of the film, leads to a 
"reservoir" effect, which increases the useful life of thicker films for any specific 
concentration of anti-fog agent. 
 

1.3.3 Consequences of fog formation  
 
 A number of undesirable effects may result from fog formation in agricultural, 
horticultural and food packaging applications.  Where films are used as part of a 
greenhouse system or another aid of agricultural or horticultural control, the light 
transmission will be reduced. The following problems will result: 

1) Slower plant growth rate.  

2) Delayed crop maturity and hence delayed date sale.  

3) Reduced crop yield per plant. 

 

 

Figure (1.3): The shape of water droplets rather than their size is mostly responsible for  
changes in the light distribution.  

                  The shape is determined by the contact angle between the water surface and the 
substrate surface the contact angle (α) is high, total internal reflection will lead to some 
of the incident light being returned through the film.  The average light transmission will 
be seriously reduced.  Light (and heat) transmission may be focused on delicate plant 
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tissue owing to water droplets acting as lenses, causing burning of the plants and crop 
spoilage. 

 

   Figure (1.4): When the contact angle (β) is low, light is refracted at the water/air interface, 
giving an uneven distribution.  In extreme cases, light may be focused because the water 
drop acts as a lens.  The coalescence of small drops into larger ones will create dripping, 
allowed by an increase in plant diseases and plant damage (especially seedlings). 

1.3.3 Foods wrap applications 
 
 Films are often used for food wrap, especially for wrapping items meant to be 
displayed or stored in refrigerated conditions. Fog reduces the films transparency.[180] 
 

1.3.4 Anti-fog coatings based on UV-curable polymers 
 
 Fogging can be prevented by either modifying the surfaces to become very 
hydrophobic surfaces (preventing condensation of water or leading to immediate roll-off) 
[181] or modifying the surface to become very hydrophilic (such that the droplets spread to 
form smooth transparent film [182],[183]).   The later is more common.  More resistant 
coatings are needed for application such as industrial and sport safety lenses or visors 
[184], automotive windows, bathrooms mirrors and windows on the commercial freezers.  
These coatings have to fulfill the following requirements: 

1) Droplets must spread 
2) Spreading must be maintained after extended exposure to contaminating 

substrates. 

3) The films must be still optically transparent. 

4) The films must be mechanically stable. 
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Anti-fog coatings are usually used for transparent glass or plastic surfaces in optics, such 
as the mirrors, lenses, goggles, binoculars, camera objectives and windows. These 
coating mostly are based on the application of surfactant1[182] or hydrophilic 
Nanoparticles[185] to create a hydrophilic surface.  They are available as spray solutions, 
gels, crèmes and wet tissues.  Since they are not durable, they need to be reapplied 
regularly. To obtain durability, it is envisioned to make the coating UV-curable.  Highly 
crosslinked polymers containing both hydrophilic and hydrophobic nanodomains should 
be used.  These polymers contain olefinic repeat groups, which are crosslinked in a free 
radical polymerization in presence of photoinintiator.[186]  UV-curable coatings can be 
easily applied many plastics substrates such as acrylics, polycarbonate (PC), polystyrene 
(PS) and polyvinyl chloride (PVC).  UV-curable coatings were found be have abrasion 
resistance for superior to conventional acrylics and two components urethanes.[187]  They 
perform well in long term weathering, impact resistance, chemical resistance, and scratch 
resistance.[188]  The commonly used resins for UV-cured coatings are polyester, epoxy, 
and polyurethanes.  Polyesters have low viscosity, moderate cost and little yellowing but 
they have poor surface cure (wrinkling and skin formation).  They are often used as wood 
filler, primer, laminating adhesive, ink and paper coating.  Epoxies are characterized by 
fast cure, good adhesion, good chemical resistance, and low cost.  They produce hard 
films but the disadvantage of yellowing.  The most important advantages of 
polyurethanes are flexibilites, toughness, abrasion resistance, and excellent weather 
ability for aliphatic types but they have yellowing for aromatic types.  Therefore, the 
envisioned anti-fog coatings would be applied using polyurethanes with aliphatic types 
and as a thin films. 

In recent years, there are significant progresses in the use of uv-curing waterborne 
polyurethane dispersions (UV-PUDs).[189],[190],[191],[192] 
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2 Preparation and Characterization of Thermal-Cured Anti-Fog Transparent   
Polyurethane Films 

 

2.1 Materials 
  The materials and their chemical formulae used in this chapter are in the table  2.1  
 
 
Table (2.1):  The materials and their chemical formulae  
 
 
N. substance Chemical formula Supplier 

 
1 Poly(ethylene glycol)  

PEG 1000 ,  
H(OCH2CH2)nOH, 
Mol. Wt. 950-1100  

Merck 
 
 

2 Isophorone diisocyanate (IPDI) OCNC6H7(CH3)3CH2NCO 
Mol. Wt. 222.28 

Merck 

3 Dibutyltin dilaurate  (DBTL) (CH3CH2CH2CH2)2Sn[OCO(CH2)
10CH3]2 
Mol. Wt. 631.56 

Fluka 

4 2-Hydroxyethyl acrylate (HEA) CH2=CHCOOCH2CH2OH 
Mol. Wt.116.12 
 

Alfa Aesar Gmb. 

6 Azo bis iso butyronitrile 
(AIBN) 

(CH3)2C(CN)N=NC(CH3)2CN 
Mol. Wt.164.21 

Aldrich 

6 Aerosil R972  Degussa 
7 Aerosil 200  Degussa 
8 Laponite    Kockwood additives 

limited 
9 (3-Aminopropyl)triethoxysila-

ne  (APTES) 
H2N(CH2)3Si(OC2H5)3 
Mol. Wt. 221.37 

Aldrich 
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2.2 Experimental details 

2.2.1 Preparation of polyurethane copolymer solution using PEG1000: IPDI: HEA 
at ratios 1:2:2 (Acronym A) 

 
Procedures  

1- 70 g PEG1000 (0.07 mol) + 30 g acetone were mixed.  The mixture fed into a three-
necked flask equipped with a mechanical stirrer. The stirrer was operated at 100 
rpm.  A reflux condenser was employed. The temperature was 50 °C.  The reaction 
was occurred under nitrogen atmosphere for 30 minutes. 

2- 31.6 g (0.014 mol) IPDI + 50 mg DBTL were mixed. The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/4 hours.   

3- The system was further reacted under the above conditions for an additional 30 
minutes. 

4- 16.26 g (0.014 mol) HEA was added drop by drop to the reactor at 35 °C for 1.5 
hours. 

5- The reaction mixture was stirred for additional 30 minutes at 35 °C. 

6- The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50% (w/w). 

 

2.2.2 Preparation of polyurethane copolymer solution acronym using PEG1000: 
IPDI: HEA at ratios 1:2.5:2.5 (Acronym B) 

 
Procedures  

1- 70 g (0.07 mol) PEG1000 + 30 g acetone were mixed.  The mixture fed into a 
three-necked flask equipped with a mechanical.  The stirrer was operated at 100 
rpm.  A reflux condenser was employed.  The temperature was 50 °C.  The reaction 
occurred under nitrogen atmosphere for 30 minutes. 

2- 39 g (0.175 mol) IPDI + 70 mg DBTL were mixed.  The mixture was slowly 
dropped into the reactor at the above conditions for 2 hours.   

3- The system was further reacted under the above conditions for an additional 30 
minutes. 
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4- 20.35 g (0.175 mol) HEA was added drop by drop to the reactor at 35 °C for 1 
hour. 

5- The reaction mixture was stirred for additional 1/2 hour at 35 °C. 

6- The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50 % (w/w). 

2.3.1 Preparation of anti-fog transparent polyurethane films by using a film 
applicator [193] 

  

The polyurethane solution was diluted with acetone at different percentages. 
Different percentages of AIBN as a thermal initiator were added to the polyurethane 
solutions.  Subsequently, the polyurethane solutions containing thermal initiator were cast 
by using the applicator at wet thicknesses of 120, 90, 60, and 30 µm.  The film applicator 
(BYK Gardner 67299, cat. N. 2030) is made from hardened stainless steel with a flat 
edge beveled blade applicator body; The BYK 67299 applicator-frame is suitable for 
gelatin or other products with low viscosity.  The product is applied on flat and relatively 
firm surfaces in a range of film widths.   Supplied with a set of nineteen gauges from 30 
to 1000 µm (1 to 40 mils) to accurately set the gap by vertical adjustment of the scraper 
as illustrated in Fig (2.1).  

 

Fig. (2.1): The film applicator (BYK Gradner) . 
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The polyurethane films were left for 30 minutes allow for evaporation of the solvent. 
Subsequently, the polyurethane films were held in an oven at different temperatures.  
There were several factors changed such as temperature, holding time, percentage of 
AIBN as a thermal-initiator, and ramp or preheat method.   

2.3.2 Preparation of anti-fog transparent nano-particles/polyurethane films on the 
glass substrate 

 
 The polyurethane solution was diluted at different percentages with acetone. 
Different percentages of AIBN were added as thermal-initiator as mentioned before.  The 
Aerosil nano-particle was dispersed as nano-filler in the polyurethane solution by using a 
magnetic stirrer.  Subsequently, the films were cast on the glass or polycarbonate 
substrate by using a film applicator at wet thicknesses of 120, 90, 60 and 30 µm. 
 

2.3.3 Preparation of anti-fog transparent nano-particles/polyurethane on glass 
substrate by using APTES as adhesion promoter 

 
 Firstly, delamination is the separation of the polyurethane films from the glass 
surface.  (3-Aminopropyl)triethoxysilane  (APTES) was used as adhesion promoter to 
prevent the delamination of the polyurethane films.  It is important to notice that the 
delamination does not occur on polycarbonate substrates.  APTES was applied according 
to the following two methods.  
In the first method, APTES was swept on the glass surface using fine special paper to 
make a thin layer from the APTES on the glass surface before casting the polyurethane 
films.  The glass substrate was left to dry for about 30 minutes.  Subsequently the 
polyurethane films were cast on APTES thin layer.  

In the second method, a few drops from APTES were added to the polyurethane solution. 
Subsequently the polyurethane solution containing APTES was cast on the glass 
substrate.  On the other hand, the APTES as adhesion promoter does not affect the 
hardness of the polyurethane films.  APTES is a silane coupling agent and works 
synergistically with nano-fillers.  The polyurethane films which cast according to the 
second method are smoother than those were cast according to the first method, and the 
second method is easier than the first method to apply in industry. 
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2.3.4 Thermal curing for anti-fog transparent polyurethane films 
 
 The polyurethane films were held in an oven at different temperatures, different 
holding times and, also at different heating methods (either ramp or preheat method).     
These factors were changed for the different series of polyurethane films in order to find 
suitable conditions for producing anti-fog transparent polyurethane films. 
Thermal curing for anti-fog transparent polyurethane films was achieved by two different 
methods.  

The first method is a preheat method.   The temperature was adjusted at the holding 
temperature before putting the films into the oven  

The second is a ramp method.  The films were put into the oven.  Subsequently, the 
temperature was increased gradually until the holding temperature was reached as 
illustrated in the following figure (2.2) 
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Fig. (2.2): Ramp and preheat method 
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2.4 Tests and Characterization 

2.4.1 The anti-fog test of thermal-curable transparent polyurethane films 
 
             The water bath was heated at 80 °C.  The films were placed above the bath, 
facing down.  This way, they were exposed to water vapor.  The distance between the 
film and the water surface water 7 cm.  

2.4.2 The hardness test of thermal-curable anti-fog transparent polyurethane films 
        
  The hardness is a characteristic of a solid material expressing its resistance to 
permanent deformation.  Hardness can be measured by various scales. Some of these 
scales are used for indentation hardness in engineering.[194]   Among of these scales is the 
pencil hardness tester.  There two series of pencils to determine the hardness.  
The first series is used for investigation soft materials.  They are characterized by the 
letter B.  The second series which is used for investigation hard materials. They are 
characterized by letter H as following order. 

(Hard series) 9H, 8H,…. ... , 2H, H, F, HB, B, 2B,…. ... , 8B, 9B (Soft series) 

 Where 9H is the hardest, 9B is the softest.  Table (2.2) represents the hardness for some 
different coatings.[195] 

 
Table (2.2): The hardness for some different coatings: 

Type of coatings Pencil Hardness 
Catalyzed polyester   9H 
Catalyzed polyurethane  9H 
Catalyzed Modified Acrylic polyurethane  4H 
Catalyzed Acrylic polyurethane  2H 
Water-based polyurethane  3H 
Water-based urethane/ Isocyanate Catalyst 2H 
Conversion varnish  4H 
Low VOC Catalyzed laquer [24 hrs] 2H 
Low VOC laquer  3H 
Urethane/Nitrocellulose laquer [24 hrs}  F 
Water reducible laquer  2H 
Tung oil/polyurethane wipe-on finish  2H 
Water-based polyurethane wipe-on finish  HB-F 
Aerosol precat  3B 
Aerosol water clear acrylic  3B 
Aerosol clear shellac  3B 
Aerosol nitrocellulose/ polyurethane  HB 
Aerosol nitrocellulose  3B 
Amber (orange) Shellac 1 lb. cut  3B 
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Pencil hardness tester (wolf-wilburn), BYK additives & instruments, Cat No. PH- 5800 
was used in our project Fig. (2.2).[193] 
 

 
 

                                                                    Hard series 1H-9H        Soft series 1B-9B 
 

Fig (2.3): The pencil hardness tester and the pencils hardness (Wolf-Wilburn). 
 

2.4.3 The delamination of thermal-curable anti-fog transparent polyurethane films 

 

          Delamination is a mode of failure of laminated composite materials.  Repeated 
cyclic stresses, impact, and so on can cause layers to separate, with significant loss of the 
mechanical toughness.[194]  
 

2.4.4 The haziness of the thermal-curable anti-fog transparent polyurethane films 
 
 Generally, haze is use to describe turbidity in clear transparent glass or 
transparent plastic as a percent value.[194] 
 
 

2.4.5 The tackiness measuring of thermal curable anti-fog transparent 
polyurethane by using Texture Analyzer 

 
The texture analyzer is an instrument that measures the response of a sample to 
compressive or tensile force.  It can do this by movement and measuring force, or by 
applying force and measuring movement as a function of time or distance Fig. (2.4). 
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Fig. (2.4): The Texture analyzer 

 
 
 
 
 

        
Basic principle of texture analyzer to measure the tackiness of the coatings 

 

First step: 
 
Probe begins to move from start point towards down sample 
pre-test speed.  It can be used different pre-test speeds.  As 
illustrated in the Fig. (2.5). 
           

 

 

 

 

Fig.(2.5): The beginning movement of the probe 
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Second step:       

                                                                                             

When the probe registers a force equal to trigger force, 
 the speed changes to the test speed and the system starts to 
collect the data for the sample which is clamped and to start 
presentation the relationship between the  force versus the 
time or the distance.  When the probe registers a force is 
equal to the trigger force, the speed changes directly to the 
test speed and the system starts to collect the data.  The test 
should start when the probe and product have full contact 
as illustrated in Fig. (2.6). 

          

 

 Fig. (2.6): The probe at full contact with the sample 

 

 

Third step: 
 
Probe continues to move into the sample body at the test speed 
until the test is complete as illustrated in Fig. (2.7), the system 
will directly produce the diagram of force versus time or 
distance. 

 

 

 

 

 

Fig. (2.7): The probe moving into the sample body    
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 Fourth step: 

When test is finished, the probe begins to move away 
from sample at post-test speed.  The probe stops once it is 
back at the start point as illustrated in Fig. (2.8).    

 

 

 

 

   

Fig. (2.8): The probe moving away from the sample. 

 

The texture analyzer is usually use for texture analysis of many products, among these 
products are adhesives and also used to measure tackiness and peel strength.[196] 
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2.4.5 The purpose of using of the texture analyzer in our project 
 
 The Texture Analyzer was used to develop a method to test the adhesiveness of 
polyurethane films on either glass or polycarbonate substrate.  The texture analyzer was 
used to determine the tackiness (debonding energy) of the curable anti-fog transparent 
polyurethane coating and also to monitor the success of thermal or UV-curing. 

2.4.6 The methods of using of the texture analyzer 
 
 The stable micro systems-texture exponent 32-Analyzer was used to quantify the 
adhesive characteristics.  After the polyurethane films were cast on the glass substrate, 
they were cured by thermal or UV curing.  The glass plate was clamped down and pulled 
back the force applied was measured versus the distance.  A punch probe of 5 mm 
diameter was used.  The probe was lowered 5000 g of force until it reached to the film 
surface.  When the repulsive force exerted by the exceeded 500 g, the work was reversed.  
The speed was 5 mm/sec.  The force required to pull the probe away was recorded and 
plotted versus the distance.  The tackiness (debonding energy) was measured for 10 times 
at different areas for the same polyurethane film.  The average was also calculated. 

2.4.8 The measurements of the texture analyzer 
  

The maximum amount of (peak) force required to remove the probe from the 
sample was reported as the tack or adhesive strength of the formulation.  The resulting 
value of the system measurement indicated the adhesive work.  Finally, the distance to 
peak force was reported as stringiness.  These parameters are important to compare the 
variables formulations and their effect on the different polyurethane films.  As illustrated 
in the Fig. (2.9), the integrated force of detachment (Adet.) is represented by the integrated 
area under the curve.  The area (Apunch) of the punch is equal to (πr2) where r is the radius 
of the probe.  Then the resulting work is equal to (Adet.)/ (Apunch). 

 

 

 

 

 

 

 



ChapterⅡ                 Thermal-curable anti-fog polyurethane coatings 

 54

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
                                                                     
                                                               
 

 
 
 
 

 
 

Fig. (2.10): The texture analyzer and the recording force versus distance diagram 

 

 
 
 
 
 
 

Caption Value/Unit 

Pre-test speed     5 mm/sec 

Test speed           0.2 
mm/sec 

Abriss 
Geschwindigkeit 

5 mm/sec 

Force     5000g 
Time    5 sec. 
Trigger Force      500g 
Size of punch      15mm 

Detachment 
energy (Adet.) 
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2.5 Results and Discussions  
 
2.5.1 Preparation of thermal-curable anti-fog transparent polyurethane acrylate 

based on polyethylene glycol (PEG1000) 
 
 Generally, the concept for the anticipated anti-fog coating on glass or 
polycarbonate is as follows: 

 A tough and scratch resistance coating shall be achieved using a polyurethane 
resin consisting of flexible short and highly crosslinkable chains.  Hardness is achieved 
by inorganic nano- fillers.  Easy curing is achieved due to the thermal crosslinking of 
acrylate groups at the end of the polyurethane chains.  For the synthesis of the resin we 
have selected as a polyol the difunctional polyethylene glycol with an average molecular 
weight of 1000 g/mol. At this molecular weight the polyethylene glycol is markedly 
hydrophilic. 
As the aliphatic diisocyanate, we have chosen isophorone diisocyanate (IPDI).  IPDI is 
used for many applications, such as enamel coatings which are resistant to abrasion and 
degradation from ultraviolet light.  These properties are particularly desirable for the 
applications.  

 In the first step, the addition reaction takes place in presence of DBTL as orgnometallic 
catalyst between PEG1000 and IPDI to form urethane preolymer. 

A thermally-crosslinkable or UV-crosslinkable monomeric unit, HEA was used for 
polyurethane chains capping.  This acrylate was already been used for improving 
adhesion and resistant against corrosion, fogging, and abrasion; end applications include 
adhesives, coatings, sealants and thermosetting paints.  
In the second step, the addition reaction takes place between the resulting urethane 
prepolymer (from the first step) and HEA.  The urethane prepolymer is capped by HEA 
to form polyurethane chains which are terminated by double bonds.  At this stage the 
reaction mixture is very sensitive to polymerization of the acrylate groups.  A gel is 
formed in a fast process for this reason in the second step.  The reaction temperature was 
primarily kept below 45 °C for acronym (A) and acronym (B) preparation to avoid 
thermal polymerization of acrylate groups[197] for acronym (A) or (B). 
So far we did not add any inhibitor to the mixture because this inhibitor would remain in 
the final product and would thus inhibit the thermally-initiated free radical 
polymerization. 
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2.5.2 Thermal curing of the anti-fog transparent polyurethane films 
 
 Azo compounds containing a nitrogen atom connected to a carbon and a nitrogen 
atom through a single and a double bond respectively can be used as thermal initiators. 
However, the driving force for the azo-type initiator is not the dissociation energy but the 
stable nitrogen formed in the dissociation reaction.[198] 
The thermal curing of the films on the glass substrate was achieved at temperatures up to 

90, 100, 110 °C in presence of thermal initiator AIBN.  The achieved degree curing 
depends on the AIBN content, the film thickness, the holding temperature, the holding 
time and the heating method (either ramp or preheat method) as illustrated in the table’s 
series (2.3 to 2. 14). 
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Table (2.3): The recipes and characterization of series (1) 
           of thermal-curable anti-fog PU films at different  
          conditions which prepared from acronym (A) 
 

 
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU in 
acetone (w % ) 40 

AIBN (wt.%, PU) 1.25 
Heating Method ramp 
Holding Time (hour) 1 
Holding Temperature 
(°C) 

110  
  

Anti-Fog Test very good 
Delamination Occurred No No No No 
Pencil Hardness Tester 4B 4B 4B 4B 
 
 

 
 

Fig. (2.11): Debonding energy    
versus thickness for series (1) 

Table (2.4): The recipes and characterization of series (2) 
              of thermal-curable anti-fog PU films at different  
              conditions which prepared from acronym (A) 
 
 
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU in 
acetone (w % ) 

40 
 

AIBN (wt.%, PU) 1.25 
 

Heating Method preheat 
 

Holding Time (hour) 1 
 

Holding Temperature 
(°C) 

110  
  

Anti-fog Test very good 
Delamination 
Occurred No Yes Yes No 

Pencil Hardness Tester 3B 3B 3B 3B 
 
 

                                                                                       Fig. (2.12): Debonding energy   
versus thickness for series (2) 
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Table (2.5): The recipes and characterization of series (3) 
        of thermal-curable anti-fog PU films at different  
        conditions which prepared from acronym (A) 
                     
 
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU in 
acetone (w % ) 

40 
 

AIBN (wt.%, PU) 5.00 
Heating Method ramp 
Holding Time (hour) 1 

 
Holding Temperature 
(°C) 

110  
  

Anti-fog Test very good 
 

Delamination 
Occurred Yes No No Yes 

Pencil Hardness Tester 4B 4B 5B 5B 
 
 

                                                                                       Fig. (2.13): Debonding energy   
versus thickness for series (3) 

 
Table (2.6): The recipes and characterization of series (4) 

           of thermal-curable anti-fog PU films at different 
            condition which prepared from acronym (A) 
                      
We thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU 
in acetone (w % ) 

40 
 

AIBN (wt.%, PU) 5.00 
Heating Method preheat 
Holding Time (hour) 3 

 
Holding 
Temperature (°C) 

90  
  

Anti-fog Test very good 
 

Delamination 
Occurred No Yes No No 

Pencil Hardness 
Tester 3B 4B 3B 3B 

 
                                                                                       Fig. (2.14): Debonding energy   

versus thickness for series (4) 
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Table (2.7): The recipes and characterization of series (5) 
           of thermal-curable anti-fog PU films at different  

      conditions which prepared from acronym (A) 
                      
 
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU 
in acetone(w % ) 

20 
 

AIBN (wt.%, PU) 5.00 
Heating Method Preheat 
Holding Time (hour) 3 
Holding 
Temperature (°C) 

110  
  

Anti-fog Test very good 
Delamination 
occurred No No Yes No 

Pencil Hardness 
Tester 2B 2B 2B 2B 

 
Fig. (2.15): Debonding energy 
versus thickness for series (5) 

 
 
 
Table (2.8): The recipes and characterization of series (6) 
           of thermal-curable anti-fog PU films at different  

      conditions which prepared from acronym (A) 
                     
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU in 
acetone (w % ) 

40 
 

AIBN (wt.%, PU) 2.50 
 

Heating Method Preheat 
 

Holding Time (hour) 1.45 
 

Holding Temperature 
(°C) 

110  
  

Anti-fog Test very good 
Delamination occurred No partially Yes No 
Pencil Hardness Tester 5B 5B 5B Tacky 

Fig. (2.16): Debonding energy 
versus thickness for series (6) 
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Table (2.9): The recipes and characterization of series (7) 
           of thermal-curable anti-fog PU films at different  
           conditions which prepared from acronym (A) 
                    
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU 
in acetone(w % ) 

40 
 

AIBN (wt.%, PU) 2.50 
Heating Method ramp 
Holding Time (hour) 3 
Holding 
Temperature (°C) 

110  
  

Anti-fog Test very good 
Delamination 
occurred No partially partially partially 

Pencil Hardness 
Tester 4B 4B 5B tacky 

 
 
 

Fig. (2.17): Debonding energy 
versus thickness for series (7) 

 
 
Table (2.10): The recipes and characterization of series (8) 

           of thermal-curable anti-fog PU films at different  
           conditions which prepared from acronym (A) 
                  
 
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU 
in acetone (w % ) 

20 
 

AIBN (wt.%, PU) 2.50 
Heating Method ramp 

 
Holding Time (hour) 1 
Holding 
Temperature (°C) 

110  
 

Anti-fog Test very good 
 

Delamination 
occurred No No No Yes

Pencil Hardness 
Tester 2B 2B 2B 3B 

                                                                                   Fig. (2.18): Debonding energy 
versus thickness for series (8) 
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Table (2.11): The recipes and characterization of series (9) 
                  of thermal-curable anti-fog PU films at different  
                  conditions which prepared from acronym (A) 
                
 
Wet thickness [µm] 30 60 90 120 
Subsrate glass 
Concentration of PU 
in acetone (w % ) 

20 
 

AIBN (wt.%, PU) 2.50 
Heating Method preheat 
Holding Time (hour) 1 
Holding 
Temperature (°C) 110   

Anti-fog Test very good 
Delamination 
occurred Yes No No Yes 

Pencil Hardness 
Tester 3B 3B 4B 4B 

 
 

                                                                                   Fig. (2.19): Debonding energy 
versus thickness for series (9) 

 
Table (2.12): The recipes and characterization of series (10) 

           of thermal-curable anti-fog PU films at different 
           conditions which prepared from acronym (A) 
                  
 
 
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU 
in acetone (w % ) 

20 
 

AIBN (wt.%, PU) 5.00 
Heating Method ramp 
Time (hour) 3 
Holding 
Temperature (°C) 110   

Anti-fog Test very good 
Delamination 
occurred No partia

lly 
partia

lly 
partia

lly 
Pencil Hardness 
Tester 3B 4B 4B 4B 

 
Fig. (2.20): Debonding energy 
versus thickness for series (10) 
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Table (2.13): The recipes and characterization of series (11) 

           of thermal-curable anti-fog PU films at different  
           conditions which prepared from acronym (A) 
             
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU 
in acetone (w % ) 20 

AIBN (wt.%, PU) 10.00 
Heating Method Half ramp 
Time (hour) 2 
Holding 
Temperature (°C) 

110  
  

Anti-fog Test very good 
Delamination 
occurred No No No partia

lly 
Pencil Hardness 
Tester 3B 3B 3B 4B 

 
 
 

Fig. (2.21): Debonding energy 
versus thickness for series (11) 

 
Table (2.14): The recipes and characterization of series (12) 

           of thermal-curable anti-fog PU films at different  
            conditions which prepared from acronym (A) 
 
Wet thickness [µm] 30 60 90 120 
Substrate  glass 
Concentration of PU 
in acetone (w % ) 20 

AIBN (wt.%, PU) 10.00 
Heating Method ramp 
Time (hour) 2 
Holding 
Temperature (°C) 

110  
 

Anti-fog Test very good 
Delamination 
occurred No No No No 

Pencil Hardness 
Tester 3B 3B 3B tacky

 
 

Fig. (2.22): Debonding energy 
versus thickness for series (12) 
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2.6 Thermal curable anti-fog transparent polyurethane films characterization 

2.6.1 The anti-fog test 
 
              A water bath was heated to 80 °C.  The films were placed above the bath (faced 
down) to receive the evaporated water, All polyurethane films displayed anti-fog 
property. 

2.6.2 The hardness test  
 
          Hardness is the characteristic of a solid material expressing its resistance to 
permanent deformation.  Hardness values of polyurethanes films were variable as we can 
see in above series as presented in tables (2.3 to 2.14).  The hardness values of the films 
are the following descending order for the prvious series (Sn): 
S5, S8 (2-3B) > S2, S12 (3B) > S1, S4, S9, S10, S11 (3-4B) > S3, S7 (4-5) >S6 (5B). 

The hardness value depends on the conditions of the thermal-curing (percentage of the 
thermal-initiator, thickness of the film, holding temperature and holding time in the 
oven). 

Series (S5) has the highest hardness value (2B), at 5% wt., AIBN of polyurethane; preheat 
method for 3 hour at 110 °C and the series (S8) has also hardness value (2-3B) at 2.5% 
wt. AIBN of polyurethane, ramp method for 1 hour at 110 °C. 

Series (S2) has hardness value (4-3B) at 1.25% wt., AIBN of polyurethane; preheat 
method for 1 hour at 110 °C and also series (S12) has the same hardness value at 10 % 
wt., PU AIBN, ramp method for 2 hour at 110 °C.  Generally, the hardness values of 
resulting thermal-curable anti-fog polyurethane films indicate to the polyurethane films 
are classified as softer films accodrding to the softer hardness pencil series.  There is 
inverse relationship between the hardness and the tackiness of the thermal –curable 
polyurethane films.  

2.6.3 The delamination test of thermal-curable anti-fog polyurethane films 
 
            Delamination occurred for some polyurethane films on glass substrates although 
these films have the same formulation and underment the same curing thermal 
conditions.  The delamination occurred of the films for the series as the following 
descending order:   

S1, S5, S12 > S4, S8, S11 > S2, S3, S6, S9 > S7, S10 
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The delamination of polyurethane films did not occur on the polycarbonate substrate nor, 
did occur with polyurethane films on glass substrate at 110 °C holding temperature.  The 
heating improves the adhesion of polyurethane films on the glass substrate.  

2.6.4 The appearance of the yellowish color in thermal-curable anti-fog 
 polyurethane films 

 
 Series S4, S5, S7 and S10 have got yellow color.  This is attributed to long holding 
time in the oven.  The yellowish color may be attributed to the degradation of diisocynate 
in the polymer network. 
 

2.6.5 The measuring of tackiness (debonding energy)  
 
 The tackiness (debonding energy) of thermal-curable films was measured 10 
times at different spots for the same film.   The average and the standard deviation were 
calculated. The measurements indicated the tackiness of the polyurethane films after 
thermal curing.  The tackiness of the films represented is illustrated in the Fig. series 
(2.11 to 2.22).  As we can see in the figures, there is proportionality between the 
tackiness and the thickness of the film.  With increasing the thickness, the tackiness also 
increases.  There is anticorrelation between the tackiness of the film and the film 
hardness.  
 
 

2.6.6 Preparation of thermal-curable anti-fog Aerosil-particles/polyurethane on 
 the glass substrate 

 
         Different percentages of Aerosil R972 (hydrophobic) were disperesed as nano-filler 
in the polyurethane solution in presence of AIBN by using a magnetic stirrer.  
Subsequently the nano-particles/polyurethane dispersion was cast on the glass substrate at 
the wet thicknesses of 120, 90, 60 and 30 µm.  After the evaporation of the acetone 
solvent at room temperature, polyurethane films were placed in an oven.  The details of 
the method and characterization of the films were inserted in the table’s series (2.15 to 
2.16).  There is a positive correlation between the film thickness and the tackiness.  The 
filler increases the hardness of the polyurethane films but causes haziness for thermal-
curable polyurethane films.  Thermal-curable Aerosil/polyurethane films have tackiness 
values lower than thermal curable polyurethane films (without Aerosil).  The 
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formulations and characterization of thermal-curable anti-fog nano-particles/polyurethane 
are shown in table series (2.23) to (2.24). 
 

 
 
Table (2.15): The recipes and characterization of series (13)  

              of thermal-curable anti-fog PU films at different  
              conditions which prepared from acronym (A)               
                      
Wet thickness [µm] 30 60 90 120 
Substrate glass 

 
Concentration of PU 
in acetone(w% ) 20 

AIBN (wt.%, PU) 2.50 
Aerosil (R972) 
(wt.%, PU) 

2.50 
 

Heating Method preheat 
Holding Time (hour) 2 
Holding 
Temperature (°C) 

110  
 

Anti-Fog Test very good 
Delamination 
Occurred 

part
iall
y 

No No No 

Pencil Hardness Test B 2B 2B 2B 
 

Fig. (2.23): Debonding energy 
versus thickness for series (12) 
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Table (216): The recipes and characterization of series (14) 
           of thermal-curable anti-fog PU films at different  
           conditions which prepared from acronym (A) 
                                   
Wet thickness [µm] 30 60 90 120 
Substrate glass 
Concentration of PU 
in acetone (w % ) 20 

AIBN(wt.%, PU) 2.50 
Aerosil (R972) 
(wt.%, PU) 5.00 

Heating Method preheat 
Holding Time (hour) 1 
Holding 
Temperature(°C) 110   

Anti-Fog Test very good 
Delamination 
Occurred No No No Yes 

Pencil Hardness Test B HB HB HB 
 

 Fig. (2.24): Debonding energy 
versus thickness for series (12) 

 

 

2.6.7 Preparation of thermal-curable anti-fog nano-particles/polyurethane on 
 polycarbonate or glass substrate by using adhesion promoter 

 
 APTES has the ability to form a durable bond between organic and inorganic 
materials.  APTES was used as adhesion promoter of the polyurethane films on glass 
substrates to prevent the delamination.  It is important to remember that the delamination 
of the polyurethane did not occur on the polycarbonate substrate.  
APTES was applied by two methods;  

In the first method, APTES was swept on the glass by using fine special paper to make 
thin layer from APTES on the glass substrate.  The glass was left for 1/2 hour to dry and 
subsequently the polyurethane films were cast on it.  

In the second method, a few drops of APTES were directly added to the polyurethane 
solution and subsequently the polyurethane solution cast on the glass substrate.  The 
formulation and characterization of thermal-curable anti-fog polyurethane films are 
tabulated in table (2.17) 
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Table (2.17): Thermal-curable of anti-fog laponite/polyurethane on either glass or 
polycarbonate substrate 

 
 
 As we can see delamination occurred for the thermal-curable anti-fog 
polyurethane films on the glass substrate in absence of APTES as adhesion promoter. 
When APTES is used as adhesion promoter, the delamination of thermal-curable anti-fog 
polyurethane did not occur. The delamination did not occur for thermal-curable anti-fog 
polyurethane films on the polycarbonate substrate.   

 

2.6.8 The freezer test for thermal-curable anti-fog transparent polyurethane films 

 
 The thermal-curable transparent polyurethane films are still good anti-fog even 
after holding the polyurethane films in the freezer (under °C) for 24 hours either on glass 
or polycarbonate substrate. 
 The delamination of thermal-curable polyurethane films did not occur on 
polycarbonate substrate after the freezer test. 

The delamination of thermal-curable polyurethane films did not occur on glasse substrate 
when APTES used as adhesion promoter after the freezer test. 

 

 

Wet thickness [µm] 60 30 
 

30 60 

Substrate glass glass polycarbonate 
Concentration of PU in acetone 
(w/w % ) 

20 
 

20 20 
 

AIBN (Wt.%, PU) 5.00 5.00 5.00 
Laponite (Wt. %, PU) 3.00 3.00 3.00 
Heating Method  preheat preheat preheat 
Holding Time (hour) 2 2 1 1 
Holding Temperature(°C) 110 110 110 110 
Anti-Fog Test very 

good very good very 
good 

very good 

Adhesion promoter 
 

--  APTES 
 

APTES 
 

--- 

Delamination Occurred Yes Yes No No 
 

No No 
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Table (2.18): Freezer test for thermal curable of anti-fog polyurethane on either glass or 

polycarbonate substrate 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wet thickness [µm] 60 90 60 90 30 60 30 60 

Substrate PC 
 

Glass 
 

Concentration  of PU 
in acetone (w/w % ) 

20 
 

20 
 

AIBN (wt.%, PU) 3.00 
 

3.00 
 

Heating Method preheat 
 

preheat 
 

Holding Time (hour) 1h. 
 

1h 
 

Holding Temperature 
(°C) 

110 
 

110 
 

Holding Time (hour) 
in freezer 

24 
 

24 
 

Anti-fog Test  
 

Very good 
 

Very good 
 

Delamination 
Occurred 

No No No No No Yes No Yes 
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2.7 Conclusions 
 

 
  The polyurethane acrylate films based on polyethylene glycol mol. wt 1000 

displayed a very good anti-fog property and were transparent. 

 

 Delamination takes place on glass substrate while it does not occur on 
polycarbonate substrates.  

 

 Delamination on glass substrates can be prevented by using ATPES as adhesion 
promoter. 

 

 Upon increasing the holding time in the oven to around 3 hours, the tackiness 
comes back and the yellow color appears in the films. 

 

 All polyurethane films display anti-fog properties even after holding them in the 
freezer for 24 hours. 

 

 The tackiness of thermal-curable polyurethane films indicates incomplete curing 
of polyurethane prepared from acronym (A) or (B) (in the beginning of this 
chapter). This is attributed to residual momomers. 
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3 Preparation and characterization of UV-curable anti-fog transparent 
polyurethane films 

3.1 Materials 

 
 In addition to the chemicals which were used in the second chapter, Irgacure 184 
(1-hydroxycyclohexyl phenyl ketone) was also used in this chapter. 

3.2 Experimental details  
 
In addition to the acronyms (A) and (B) in the second chapter, the polyurethane acronyms 

(C), (D) and (E) were prepared and characterized in this chapter.  

3.2.1 Preparation of polyurethane copolymer solution using PEG1000: IPDI: HEA 
at ratios 1:2.2:2.2 (Acronym C) 

 
Procedures: 

1- 70g (0.07 mol) PEG1000 and 30 g acetone were mixed.  The mixture was fed into a 
three-necked flask equipped with a mechanical stirrer.  The stirrer was operated at 
150 rpm.  A reflux condenser was employed.  The temperature was 60 °C.  The 
reaction occurred under nitrogen atmosphere for 30 minutes. 

2- 34.23 g (0.154 mol) IPDI and 0.34 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/2 hours.   

3- The system was further reacted under the above conditions for one additional hour. 

4- 17.88 g (0.154 mol) HEA was added drop by drop to the reactor under the above 
conditions for 1 hour. 

5- The reaction mixture was stirred for one additional hour under the above 
conditions. 

6- The resulting clear and viscous solution was diluted using acetone to obtain a 
diluted polyurethane copolymer solution with 50% (w/w). 

3.2.2 Preparation of polyurethane copolymer solution using PEG1000: IPDI: HEA 
at ratios 1:2.5:2.5 (Acronym D) 

Procedures: 
1- 70 g (0.07 mol) PEG1000 and 30 g acetone were mixed.   The mixture was fed into a 

three-necked flask equipped with a mechanical stirrer.  The stirrer was operated at 
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150 rpm.  A reflux condenser was employed.  The temperature was 60 °C.  The 
reaction occurred under nitrogen atmosphere for 30 minutes. 

2- 38.9 g (0.154 mol) IPDI and 0.34 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/2 hours.   

3- The system was further reacted under the above conditions for one additional hour. 

4- 20.32 g (0.154 mol) HEA was added drop by drop to the reactor under the above 
conditions for 1 hour. 

5- The reaction mixture was stirred for an additional 1 hour under the above 
conditions. 

6- The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50% (w/w). 

3.2.2 Preparation of polyurethane copolymer solution using PEG1000: IPDI: HEA 
at ratios 1:3:3 (Acronym E) 

 
Procedures: 

1- 70 g (0.07 mol) PEG1000 and 30 g acetone were mixed.  The mixture was fed into a 
three-necked flask equipped with a mechanical stirrer.  The stirrer was operated at 
150 rpm.  A reflux condenser was employed.  The temperature was 60 °C under 
nitrogen atmosphere for 30 minutes. 

2- 46.7 g (0.21 mol) IPDI and 0.5 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/2 hours.   

3- 10 g acetone was added to dilute the viscosity of the resulting prepolymer. 

4- The system was further reacted under the above conditions for one additional hour. 

5- 24.4 g (0.21 mol) HEA was added drop by drop to the reactor under the above 
conditions for one hour. 

6- The reaction mixture was stirred for one additional hour under the above 
conditions. 

7- The resulting clear and viscous solution was diluted using acetone to obtain a 
diluted polyurethane copolymer solution with 50% (w/w). 
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3.3.1 Preparation of UV-curable films by using film applicator 
 
 The polyurethane solution was diluted to various percentages by using acetone. 
Different percentages of Irgacure 184 were dissolved in several drops of acetone and 
were subsequently mixed with the polyurethane solutions at room temperature.  The 
polyurethane solutions containing the photo-initiator were cast on either the glass or the 
polycarbonate substrates by using the applicator at the wet thicknesses of 120, 90, 60 and 
30 µm.  The films were left for about 1/2 hour at room temperature to evaporate the 
solvent.  The films were exposed to the UV-lamp to cure.  The following several factors 
were changed, different polyurethane acronyms, types of polyurethanes depending on the 
variable formulations, preparation conditions, concentrations of polyurethane in acetone, 
percentages of Irgacure 184, film thicknesses and UV-curing time. 

3.3.2 Preparation of UV-curable anti-fog transparent nano-particles/polyurethane 
 dispersion by using Ultra-Turrax homogenizer 

 
 Different percentages from several types of nano-particles were dispersed into the 
polyurethane solution in presence of a photo-initiator (Irgacure 184).  The Ultra-Turrax 
T25 Digital homogenizer was used to disperse the nano-particles in the polyurethane 
solution at high speed rotation of 24.000 rpm for 1 minute for all the polyurethane 
recipes, subsequently the nano-particles/polyurethane dispersion was cast on either the  
glass or the polycarbonate substrates at different wet thicknesses. 

3.3.3 UV lamp [199] 

 
 Total operational device for use in existing transport facility, consisting of a UV 
lamp unit with pneumatic locking system and a power supply , designed for continuous 
operation in the small print area of paper, flat glass, plastics, foils, metals etc.  
The UV radiation is located in an air-cooled lamp housing with aluminum reflector.  The 
UV radiation is ozone free (arc length of 70 mm, performance 120 W/cm) as illustrated in 
Fig. (2.10).  Power supply network with switches, lamp On/Off, air access, network 
cables, etc. 
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Fig. (3.1): UV-lamp, Arc length = 70 mm, 120 W / cm   
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3.4 Results and Discussions 

3.4.1 UV-curable anti-fog transparent polyurethane films with or without 
tackiness 

 
 The negative value of the tackiness (debonding energy) for the polyurethane films 
means that the film does not have any tackiness and behaves like the blank substrate 
figures (3.5 to 3.7).  The tackiness of the different polyurethane films is illustrated in 
figures (3.2 to 3.7).  A large tackiness implies that the film has monomers.  The 
polyurethane films in series (1 to 3) have tackiness values higher than in series (5 to 6).  
The tackiness of these series (1 to 3) is attributed to the existence  of some residual 
monomer in these films depending on the conditions of polyurethane acronym (A) or (B) 
which the addition reaction between PEG1000 and IPDI in the first step achieved at lower 
temperature (50 °C) and also lower percentage of the catalyst (then the reaction between 
PEG1000 and IPDI is incomplete at lower temperature and also at lower percentage of the 
catalyst than those in polyurethane acronyms (C), (D) and (E)  at 60 °C  at both first and 
second steps of the reaction). 
 On another hand, the addition reaction between the urethane prepolymer and HEA 
in the second step was achieved at lower temperature (35 °C then, the capping of 
urethane prepolymer by HEA was incomplete) than those in polyurethane acronyms (C), 
(D) and (E).  Subsequently, the crosslinking of polyurethane chains was fully completed 
especially with increasing of diisocynate ratio at higher percentage of the catalyst the 
polyurethane acronym (D) and (E).  An increasing of ratio diisocynate to polyol led to an 
increase of the allophonate linkages in the polyurethane network at higher temperature.  
Then polyurethane preparation must be at 60 °C in both steps with optimizing the catalyst 
percetange and ratios of isocyanate to polyol.  
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3.4.2 The hardness of the UV-curable anti-fog transparent polyurethane films 
  

The hardness values of UV-curable polyurethane films were tabulated in the table 
(3.1 to 3.6). Almost, there is a unity of the hardness values in the same series because the 
thicknesses of the films are close to each other.  The nano-particles increase the hardness 
values from B (blank) to HB (with laponite), but the laponite causes hazy problem in the 
resulting polyurethane films.  
 

3.4.3 Delamination of UV-curable Anti-fog transparent polyurethane films on the 
glass substrate 

  

 Delamination occurred for all UV-curable polyurethane films on glass substrate at 
either short or long UV-curing time, but did not take place when APTES was used as 
adhesion promoter on the glass substrate.  Delamination did not occur for polyurethane 
films which cast on the polycarbonate substrate. 
 
 
Table (3.1): The recipes and characterization of series 

(1) of UV-curable anti-fog PU films at different 
conditions which prepared from acronym (A) 

 

 
Fig. (3.2): Debonding energy 
versus thickness for series (1) 
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Table (3.2): The recipes and characterization of series  
          (2) of UV-curable anti-fog PU films at different 

conditions which prepared from acronym (A) 
 

 
Fig. (3.3): Debonding energy 
versus thickness for series (2) 

 
 

 
Table (3.3): The recipes and characterization of series (3)  

of UV-curable anti-fog PU films at different  
conditions which prepared from acronym (B) 

 

 
 

Fig. (3.4): Debonding energy 
versus thickness for series (3) 
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Table (3.4): The recipes and characterization of series (4)  
of UV-curable anti-fog PU films at different  
conditions which prepared from acronym (C) 

 

 
Fig. (3.5): Debonding energy 
versus thickness for series (4) 

 
Table (3.5): The recipes and characterization of series (5)  

of UV-curable anti-fog PU films at different  
conditions which prepared from acronym (D) 

 

 
 
 
 

 
Fig. (3.6): Debonding energy 
versus thickness for series (5) 
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Table (3.6): The recipes and characterization of series (6)  

of UV-curable anti-fog PU films at different  
conditions which prepared from acronym (E) 

 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 

(3.7): Debonding energy 
 versus thickness for series (6) 

 
 

3.5 Comparison between two different polyurethane films which were cast from 
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The fig (3.9) presents the relationship between the irradiation times versus the tackinesses 
of the polyurethane films which was cast from the polyurethane acronym (C).  Whereas 
the tackiness of the polyurethane film was completely eliminated at irradiation time is 
one minute.  The irradiation time for the polyurethane film which was cast from acronym 
(C) is shorter (1 minute) than time for polyurethane film (five minutes) that cast from 
acronym (A).  And also the tackiness did not come back to the polyurethane film which 
was cast from acronym (C).  The polyurethane film which was cast from the acronym (C) 
had more transparency and smoothness than the polyurethane film which was cast from 
polyurethane acronym (A). This means that the completely curing for the polyurethane 
films (which cast from polyurethane acronym (C)) leads to the smoothness of anti-fog 
polyurethane film surface without any wrinkling. 
 

 

Fig (3.8): Irradiation time versus tackness for anti-fog PU film at 90 μm which was cast 
from polyurethane acronym (A)  
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Fig.(3.9): Irradiation time versus tackiness for anti-fog PU film at 90 μm which was cast 
from polyurethane acronym (C) 

 

3.6 The difference between thermal curing and UV-curing in the delamination 
and smoothness properties on glass substrate 
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delamination occurred for all UV-curable anti-fog polyurethane films (without using 
APTES as adhesion promoter).  This is attributed to the heating process, which improves 
the adhesion of polyurethane films on glass surfaces.  
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curable polyurethane films were smoother than thermal-curable polyurethane films.  
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Fig. (3.10): Irradiation time versus delamination time for anti-fog PU film at 90 μm 
which were cast from polyurethane acronym (C) 
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3.7 Conclusions 

 UV-curing has more advantages than thermal-curing like instant curing, ambient 
cure temperature, solvent free formations, in-line production, improved coating 
properties, low capital cost and energy efficiency. 

 UV-curable anti-fog transparent polyurethane films have more smoothness; have 
no tackiness which cast from the acronyms C, D, and E depending on the 
preparation conditions of the polyurethane solution. 

 The delamination occurred for all UV-curable anti-fog transparent polyurethane 
films which were cast on glass substrate while did not occur on polycarbonate 
substrate. 

 The delamination takes place for UV-curable anti-fog transparent polyurethane 
films on the glass at lower or higher UV-curing time. 

 APTES as adhesion promoter successfully overcomes on the delamination of UV-
curable anti-fog transparent polyurethane films on the glass substrate.  
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4 Preparation and characterization of UV-curable anti-fog nano particles/ 
polyurethane films 

4.1 Materials  
 
 In addition to the materials which were used in the previous chapters Köstrosol 
was used in this chapter as new nano-particles.  Köstrosol is an aqueous dispersion of 
modified synthetic amorphous nanoscale silica particles with average diameter of around 
20 nm. We have got the Köstrosol from GXC Company, Germany. 
In our work, Köstrosol (silica nanoparticles dispersed in the water) was used after 
evaporation of the water to get the Köstrosol powder. Köstrosol poweder was dispersed 
in the polyurethane solution because the polyurethane solution forms gel with the water. 

4.2 Experimental details 

4.2.1 Preparation of polyurethane copolymer solution based on matrix from 
PEG1000 and PEG400 which the ratio between PEG1000 and PEG400 is (1:1) 
(Acronym F) 

 

Procedures: 
1- 50 g (0.05 mol) PEG1000 and 20 g (0.05 mol) PEG400 30 g acetone were mixed.  The 

mixture was fed into a three-necked flask equipped with a mechanical stirrer.  The 
stirrer was operated at 150 rpm.  A reflux condenser was employed.  The 
temperature was 60°C under nitrogen atmosphere for 30 minutes. 

2- 44.46 g (0.20 mol) IPDI and 0.44 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/3 hours.   

3- The system was further reacted under the above conditions for an additional 1 hour. 
4- 23.22 g (0.20 mol) HEA were added drop by drop to the reactor under the above 

conditions. 
5- The reaction mixture was stirred for one additional hour under the above 

conditions. 
6- The resulting clear and viscous solution was diluted by using acetone to obtain a 

diluted polyurethane copolymer solution with 50 % (w/w). 

4.2.2 Preparation of polyurethane copolymer solution based on matrix from 
PEG1000 and PEG400 which the ratio between PEG1000 and PEG400 is (1:2) 
(Acronym G)  

Procedures: 

1- 80 g (0.08 mol) PEG1000 and 64 g (0.16 mol) PEG400 30 g acetone were mixed.  The 
mixture was fed into a three-necked flask equipped with a mechanical stirrer. The 
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stirrer was operated at 150 rpm.  A reflux condenser was employed.  The 
temperature was 60°C.  The reaction occurred under nitrogen atmosphere for 1/2 
hour. 

2- 117.36 g (0.52 mol) IPDI and 1.17 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/4 hours.   

3- 60 g Acetone was added to the reactor (to diluted the viscosity of the resulting 
urethane  prepolymer) 

4- The system was reacted further under the above conditions for additional 1.1/4 
hours. 

5- 61.30 g (0.52 mol) HEA was added drop by drop to the reactor for 1.1/2 hour under 
the above conditions. 

6- The reaction mixture was stirred for one additional hour under the above 
conditions. 

7- The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50 % (w/w). 

4.2.3 Preparation of polyurethane copolymer solution based on a matrix from 
PEG1000 and PEG400 with a ratio between PEG1000 and PEG400 is 1:3 
(Acronym H) 

 
Procedures: 
 

1- 70 g (0.07 mol) PEG1000 and 84 g (0.21 mol) PEG400 30 g acetone were mixed.  The 
mixture was fed into a three-necked flask equipped with a mechanical stirrer.  The 
stirrer was operated at 150 rpm.  A reflux condenser was employed.  The 
temperature was 60°C.  The reaction occurred under nitrogen atmosphere for 30 
minutes. 

2- 136.92 g (0.615 mol) IPDI and 1.4 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/2 hours.   

3- 70 g acetone was added to the reactor (to dilute the viscosity of the resulting 
urethane prepolymer) 

4- The system was reacted further under the above conditions for 1 hour. 

5- 71.52 g (0.615 mol) HEA were added drop by drop to the reactor for 1.1/2 hour 
under the above conditions. 
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6- The reaction mixture was stirred for one additional hour under the above 

conditions. 

7- The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50 % (w/w). 

 

4.2.4 Preparation of anti-fog nano-filled/polyurethane dispersion by using Ultra-
Turrax homogenizer 

 
 Different percentages from several types of nano-particles were dispersed into the 
polyurethane solution in presence of photoinitiator (Irgacure 184).  The Ultra-Turrax T25 
Fig. (4.1), digital homogenizer was used to completely disperse the nano-particles in the 
polyurethane solution at high speed rotation. 24.000 rpm for one minute were used for all 
the recipes, subsequently the nanoparticles/polyurethane dispersion was cast on either 
glass or polycarbonate substrate at different wet thicknesses. 

4.2.4.1 Ultra-Turrax homogenizer 
4.2.4.2  
 The homogenizer has high-speed, easy-to-operate 
disperser performs a variety of applications such as waste 
water samples, laboratory reactors, dispersion under 
vacuum/pressure, and sample preparation. 
 Simply switch it on and choose your speed from 6,500 to 
24,000 rpm.  Overload protection turns unit off if the 300 
W motor runs too high.  Order strap clamp to stabilize 
your vessel, plate stand, and movable boss head to 
position the dispersing element and vessel holder 
separately below.  The specifications of the Ultra-Turax 
homogenizer are the followsing: 
 

Sample Volume: 1 to 2000 ml 
Speed Range: 6,500 to 24,000 rpm 
Dimensions: 2 3/4W x 8 3/4H x 2 1/2D"
Power: 115 V, 50/60 Hz 

 

   Fig. (4.1) : The Ultra-Turrax T25 Digital homogenizer  
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4.2.5 Optical imaging of UV-curable anti-fog nano-filled/polyurethane films by 
using (imaging equipment) canon camera looking into the microscope 

 
 UV-curable nano-filled/polyurethane films were clamped on the square line 
paper.  The sides of the square are 5 mm long.  By other meaning the square line paper 
was fixed underneath the glass as a background for the resulting images.  The optical 
images of either polyurethane films or nano-filled/polyurethane films were imaged by 
using the canon camera which was fixed to look in the microscope.  This is illustrated by 
the following optical imaging equipment Fig (4.1). 
 

 
 

 

Canon camera     Microscope       Square line paper        PU film 

 

Fig. (4.2): The optical imaging equipment to image the nano-filled/polyurethane films 
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4.2.6 Glass transition temperatures of UV-curable anti-fog nano-
filled/polyurethane films based on matrix from of PEG1000 and PEG400 at 
either ratio (1:3) or (1:2)  

 
 The glass transition temperature of UV-curable anti-fog polyurethane based on 
(PEG1000/PEG400 = 1/3) or based on (PEG1000/PEG400 = 1/2) were measured as blank 
films.  The Aerosil R792/polyurethane based on (PEG1000 and PEG400) either at ratio (1:2) 
or (1.3) at different percentages were measured as nano-filled films by Differential 
Scanning Calorimetry (DSC) using the DSC-7 instrument (Perkin Elmer) in the 
temperature range between (-100 and 100°C). 

4.3 Results and discussion 

4.3.1 The dispersion of nano-particles in the polyurethane solution 
 
 The Ultra-Trax homogenizer was used to disperse the nano-particles in the 
polyurethane solution.  The resulting nano-particle/polyurethane dispersion was cast on 
the substrate subsequently to avoid the sedimentation of the nano-particles in 
polyurethane solution by the time, causing agglomeration technology problem.  The 
resulting dispersion was physically unstable.  Sedimentation was occured by time.  
 

4.3.2 The hardness of UV-curable anti-fog nano-filled polyurethane based on 
matrix of PEG1000 and PEG400 at ratio (1:3) 

 
 The distribution of nano-particles in the anti-fog polyurethane films at a thickness 
of 30 or 90 µm increases the hardness values of the UV-curable anti-fog polyurethane 
films.  Hardness values from B to HB or F were reached. The hardness values of the 
polyurethane films at different percentages of different nano-fillers were tabulated in the 
tables (4.1 to 4.3). On the other hand, the distribution of nano-particles in the 
polyurethane network did not decrease the anti-fog property of the polyurethane films. 

4.3.3 The hardness of UV-curable anti-fog nano-filled polyurethane based on 
matrix of PEG1000 and PEG400 at ratio (1:2) 

 
 The hardness values of the polyurethane films at different percentages of different 
nano-fillers were tabulated in the tables (4.4 to 4.6).  There is no difference between the 
hardness values of the UV-curable polyurethane films which were prepared based on 
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PEG1000 and PEG400 either at ratio (1:3) or (1:2).  The structure of both polyurethane 
films are very close to each other. 

4.3.4 Optical imaging of UV-curable anti-fog nano-filled polyurethane films based 
on matrix from of PEG1000 and PEG400 at either ratio (1:3) or (1:2) by using 
canon camera looking into the microscope or Confocal microscope  

 
 The images for UV-curable anti-fog polyurethane films (blank) and nano-filled 
polyurethane films at different nano-filler types, different percentages of these fillers and 
different thickness based on matrix from PEG1000 and PEG400 at ratio (1:3) were imaged 
by using our imaging equipment.  The images are shown in the figures (4.3 to 4.8). 
The images of UV-curable anti-fog nano-particles/polyurethane based on matrix from 
PEG1000 and PEG400 at ratio (1:3) at different percentages of Aerosil R792, Köstrosol or 
Laponite clay have agglomeration which is consider to be a nano-technology problem. 
This agglomeration increases by increasing the percentages of nano-filler in the 
polyurethane films.  The agglomeration rate of the nano-particles /polyurethane films 
were ordered according to the following ascending order:  

Aerosil R972/PU < Köstrosol/PU < Laponite/PU 
UV-curable anti-fog AerosilR792/polyurethane films have lower agglomeration but the 
UV-curable polyurethane films also have haziness.  The scattering of light by Aersoil 
R972 in the polyurethane films was lower than with Köstrosol or Laponite.  The images 
showed that, increasing of nano-particles increases agglomeration in Köstrosol or 
laponite while in Aerosil R972/polyurethane films, increasing of nanoparticles increases 
of agglomeration at 0.5%, 1%, 2%, 3% (w/w) but at 5% or 7% the Nanoparticles are 
close packed. The scattering light was lower at higher percentages but the films were 
having haziness.  The Aerosil/polyurethane dip films were imaged by confocal 
microscope Fig. (1.15).   The confocal microscope emphasise the same behavour.  UV-
curable anti-fog Laponite/polyurethane films show higher agglomeration than 
Köstrosol/PU or Laponite/PU films.  This may attributed to the significant chemical 
structure plates of the laponite clay.  The images for UV-curable anti-fog polyurethane 
based on matrix from PEG1000 and PEG400 at ratio (1:2) at different thicknesses (blank) 
and UV-curable nano-filled/ polyurethane at different nano-filler type, different 
thicknesses or different percentages of nano-fillers were imaged and represented in 
figures (4.9 to 4.14).  The nano-fillers have almost the same hardness values or 
agglomeration of UV-curable anti-fog polyurethane based on matrix from PEG1000 and 
PEG400 either at ratio (1:2) or (1:3).  There is no big difference between the networks 
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which resulted from polyurethane based on PEG1000 and PEG400 either at ratio (1:2) or 
ratio (1:3).  Which the structure of the both polyurethane networks based on PEG1000 
and PEG400 either at ratio (1:3) or (1:2) are very close to each other. 
 
 

Table (4.1, 2): The hardness values of UV-curable anti-fog Aerosil R972/PU or 
Köstrosol 2040/ PU films based on (PEG1000/PEG400 = 1/3) at different 
percentages (w/w) on glass substrates 

Samp. 
No 

Nanopa
rt-icles 

Nanoparti
cles 
%(w/w) 

Wet 
thicknes 
μ m 

Har
dne
ss 

Blank 
1 

30 B 

Blank 
2 

  
0 

90 B 

R1 30 HB 
R2 

 
0.5 90 HB 

R3 30 HB 
R4 

1.0 
90 HB 

R5 30 HB 
R6 

2.0 
90 HB 

R7 30 F 
R8 

3.0 
90 HB 

R9 30 HB 
R10 

5.0 
90 HB 

R11 30 HB 
R12 

 
 
 
 
 
Aerosil 
R972 

7.0 
90 HB 

 
 
Table (4.3): The hardness values of UV-curable anti-fog laponite/PU films based on 

(PEG1000/PEG400 = 1/3) at different percentages (w/w) on glass substrates 
 

Sample No Nanoparticles Nanoparticles 
%(w/w) 

Wet thickness 
μ m 

Hardness 

Blank 1 30 B 
Blank 2 

   
0 90 HB 

L1 30 HB 
L2 

 
0.5 90 HB 

L3 30 HB 
L4 

1.0 
90 HB 

L5 30 HB 
L6 

2.0 
90 HB 

L7 30 F 
L8 

3.0 
90 HB 

L9 30 HB 
L10 

5.0 
90 HB 

L11 30 HB 
L12 

 
 
 
 
 
Laponite 

7.0 
90 HB 

 

Samp. 
No 

Nanoparticles Nanoparticles 
%(w/w) 

Wet 
thickness 
μ m 

Hardness 

Blank 
1 

30 B 

Blank 
2 

  
0 

90 B 

K1 30 HB 
K2 

 
0.5 90 HB 

K3 30 HB 
K4 

1.0 

90 HB 
K5 30 HB 
K6 

2.0 

90 HB 
K7 30 F 
K8 

3.0 

90 HB 
K9 30 HB 
K10 

5.0 

90 HB 
K11 30 HB 
K12 

 
 
 
 
 
Köstrosol 
2040 

7.0 

90 HB 
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Fig. (4.3): The images of UV-curable anti-fog Aerosil R972/PU films based on 
(PEG1000/PEG400 = 1/3) at different percentages (w/w) and at 30 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 mm  5 mm 

5 mm  

5 mm  5 mm 5 mm 

5 mm 
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Fig. (4.4): The images of UV-curable anti-fog Aerosil R972/PU films based on 
(PEG1000/PEG400 = 1/3) at different percentages (w/w) and at 90 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 

 
 
 
Fig. (4.5): the images of UV-curable anti-fog Köstroso/PU films based on 

(PEG1000/PEG400 = 1/3) at different percentages (w/w) and at 30 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 
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Fig. (4.6): The images of UV-curable anti-fog Köstrosol/PU films based on 

(PEG1000/PEG400 = 1/3) at different percentages (w/w) and at 30 μm (wet 
thickness) by using canon camera looking into the microscope on glass substrates 

 

 
 
Fig. (4.7): The images of UV-curable anti-fog Laponite/PU films based on 

(PEG1000/PEG400 = 1/3) at different percentages (w/w) and at 30 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 
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Fig. (4.8): The images of UV-curable anti-fog Laponite/ PU films based on 
(PEG1000/PEG400 = 1/3) at different percentages (w/w) and at 90 μm (wet 
thickness) by using canon camera looking into the microscope on glass substrates 
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Table (4.4, 5): The hardness values of UV-curable anti-fog of Aerosil R972/PU or 

Köstrosol /PU films based on (PEG1000/PEG400 = 1/2) at different 
percentages (w/w) on glass substrates 

 
 
 
Samp. 
No 

Nanopa
rticles 

Nanoparti
cles 
%(w/w) 

Wet 
thickness 
μ m 

Hardne
ss 

Blank 
1 

30 B 

Blank 
2 

  
0 

90 B 

R1 30 HB 
R2 

 
0.5 90 HB 

R3 30 HB 
R4 

1.0 
90 HB 

R5 30 HB 
R6 

2.0 
90 HB 

R7 30 F 
R8 

3.0 
90 HB 

R9 30 HB 
R10 

5.0 
90 HB 

R11 30 HB 
R12 

 
 
 
 
 
Aerosil 
R972 

7.0 
90 HB 

 
 
 

 
Table (4.6): The hardness of UV-curable anti-fog of laponite/PU films based on 

(PEG1000/PEG400 = 1/3) at different percentages (w/w) on glass substrates 
 
 

Sample No Nanoparticles Nanoparticles 
%(w/w) 

Wet thickness 
μ m 

Hardness 

Blank 1 30 B 
Blank 2 

   
0 90 B 

L1 30 HB 
L2 

 
0.5 90 HB 

L3 30 HB 
L4 

1.0 
90 HB 

L5 30 HB 
L6 

2.0 
90 HB 

L7 30 HB 
L8 

3.0 
90 HB 

L9 30 HB 
L10 

5.0 
90 HB 

L11 30 HB 
L12 

 
 
 
 
 
Laponite 

7.0 
90 HB 

 
 
 
 
 

Samp. 
No 

Nanopa
rticles 

Nanoparti
cles 
%(w/w) 

Wet 
thickness 
μ m 

Hardness 

Blank 1 30 B 

Blank 2 

  
0 90 B 

R1 30 HB 
R2 

 
0.5 90 HB 

R3 30 HB 
R4 

1.0 

90 HB 
R5 30 HB 
R6 

2.0 

90 HB 
R7 30 F 
R8 

3.0 

90 HB 
R9 30 HB 
R10 

5.0 

90 HB 
R11 30 HB 
R12 

 
 
 
 
 
Köstros
ol 
2040 

7.0 

90 HB 
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Fig. (4.9): The images of UV-curable anti-fog Aerosil R972/PU films based on 
(PEG1000/PEG400 =1/2) different percentages (w/w) and at 30 μm (wet thickness) 
by using canon camera looking into the microscope on glass substrates 
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Fig. (4.10): The images of UV-curable anti-fog Aerosil R972/PU films based on 
(PEG1000/PEG400 =1/2) at different percentages (w/w) and at 90 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates  
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Fig. (4.11): The images of UV-curable anti-fog Köstrosol 2040/PU films based on 
(PEG1000/PEG400 =1/2) at different percentages (w/w) and at 30 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (4.12): The images of UV-curable anti-fog Köstrosol 2040/PU films based on 

(PEG1000/PEG400 =1/2) at different percentages (w/w) and at 90 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 
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Fig. (4.13): The images of UV-curable anti-fog Laponite /PU films based on 

(PEG1000/PEG400 =1/2) at different percentages (w/w) and at 30 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 

 

 
 
Fig. (4.14): The images of UV-curable anti-fog Laponite/PU films based on 

(PEG1000/PEG400 =1/2) at different percentages (w/w) and at 90 μm (wet 
thickness) by using canon camera looking into the microscope on glass 
substrates 
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Fig. (4.15): An optical images of UV-curable anti-fog Aerosil R972 /PU dip films based 
on (PEG1000/PEG400 =1/2) at different percentages of Aerosil R972 (w/w) by 
using Confocal microscope on glass substrates 

 

   

 
  

 
 

  

5 µm 
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4.4 Glass transition temperatures of UV-curable anti-fog nano-filled/polyurethane 
films based on matrix from of PEG1000 and PEG400 at either ratio (1:3) or (1:2)  

 
 The glass transition temperatures of UV-curable anti-fog polyurethane films 
based on (PEG1000/PEG400) at either ratio (1:3) or (1:2) as a blank films and Aerosil 
R972/polyurethane films at different percentages are also measured by Differential 
Scanning Calorimetry (DSC).  The data of the measurements were represented in figure 
(4.15 and 4.16).  We have not seen any noticeable shift in the polymer after showing 
uniform distribution of sphere nano-silica and no agglomeration.  Surprisingly, we found 
no relevant effects when increasing the filler content and this also agrees with Gonzalez-
Irun Rodriguez et. al.[208] 
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Fig. (4.15): The glass transition temperatures of UV-curable anti-fog Aerosil R792/PU 

films based on (PEG1000/PEG400 =1/3) at different percentages of Aerosil R972 
 

 
Fig. (4.16): The glass transition temperatures of UV-curable anti-fog Aerosil R792/PU 

films based on (PEG1000/PEG400 =1/2) at different percentages Aerosil R972 
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4.5 Conclusions 
 
 

 The nano-particles, Aerosil R792 (hydrophobic), Köstrosol 2040 and laponite 
clay increase the hardness values of UV-curable anti-fog polyurethane but not so 
much even at higher percentages and they do not effect on the anti-fog property 
of the resulting UV-curable polyurethane films. 

 

 The previous nano-particles cause agglomeration nano-technology problem in the 
resulting UV-curable anti-fog polyurethane films.  This leads to haziness in the 
resulting nano-particles/polyurethane films. 

 

 There is no noticeable changing of glass transition temperatures of the nano-
particles/polyurethane films. 
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5 Preparation and characterization of Stöber particles, UV-curable anti-fog 
Stöber particles/polyurethane films and preparation of Stöber particles/ 
polyurethane gel 

5. 1 Introduction 

 
 The sol-gel process, as the name implies, involves the evolution of inorganic 
networks through the formation of a colloidal suspension (sol) and gelation of the sol to 
form a network in a continuous liquid phase (gel).[203]  The precursors for synthesizing 
these colloids consist of a metal or metalloid element surrounded by various reactive 
ligands.  Metal alkoxides are most popular because they react readily with water.  The 
most widely used metal alkoxides are the alkoxysilanes, such as tetramethoxysilane 
(TMOS) and tetraethoxysilane (TEOS). 

5.2 Base-Catalyzed Mechanism 
 
 Basic alkoxide oxygens tend to repel the nucleophile, -OH.  However, once an 
initial hydrolysis has occurred, following reactions proceed stepwise, with each 
subsequent alkoxide group more easily removed from the monomer.[204]  Therefore, more 
highly hydrolyzed silicones are more prone to attack.  Additionally, hydrolysis of the 
forming polymer is more sterically hindered than the hydrolysis of a monomer. Although 
hydrolysis in alkaline environments is slow, it still tends to be complete and irreversible. 
[205]   Thus, under basic conditions, it is likely that water dissociates to produce hydroxyl 
anions in a rapid first step.  The hydroxyl anion then attacks the silicon atom.  Again, an 
SN2-type mechanism has been proposed in which the -OH displaces -OR with inversion 
of the silicon tetrahedron as illustrated in Fig. (5.1) 

 

Fig (5.1): The base-catalysis hydrolysis 
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The most widely accepted mechanism for the base-catalyzed condensation reaction 
involves the attack of a nucleophilic deprotonated silanol on a neutral silicic acid.[206] 

 
Fig. (5.2): The nucleophilic attack to form a siloxane bond 
Generally, many factors affect on the resulting silica network, such as, pH, temperature 
and time of reaction, reagent concentrations, catalyst nature and the concentration, 
H2O/Si molar ratio (R), aging temperature and time.  The sol-gel derived silicon oxide 
networks, under acid-catalyzed conditions, yield primarily linear or randomly branched 
polymers which entangle and form additional branches resulting in gelation.   Which 
silicon oxide networks derived under base-catalyzed conditions yield more highly 
branched clusters which do not interpenetrate prior to gelation and thus behave as 
discrete clusters as shown in Fig. (5.3). 
 

 

Acid catalyzed 

Yield primarily linear or randomly branched polymer 

 

 

Based-catalyzed 

Yield highly branched clusters     

 

 

 

 

 

 

                  

Fig. (5.3): The summary of acid/base sol-gel conditions.[207] 
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5.2 Materials 
 
 In addition to the materials which were used in the previous chapters, the 
chemicals which were used in this chapter are tabulated in the table (5.1). 
 
Table (5.1): Materials and their chemical formulae 
 
substance Mol.Formula, M. wt. supplier 
Orthosilicic acid tetraethyl ester, 
Tetraethoxysilane (TEOS) 

Si(OC2H5)4 
Molecular Weight:208.33 

Merck 

(Triethoxysilyl)ethylene, 
Vinyltriethoxysilane (VTES) 

H2C=CHSi(OC2H5)3 

Mol. Wt. 190.31 
Merck 

Ethyl alcohol CH3CH2OH 
Molecular Weight:46.07 

Merck 

Ammonia solution (28% wt.% 
ammonia) 

NH4OH Molecular Weight:35.05 Merck 

Isopropanol  (CH3)2CHOH, Formula Weight: 
60.10 

Merck 

Stearic acid (9) 
 

Linear Formula: 
CH3(CH2)16COOH  Molecular 
Weight: 284.48  

Merck 

 

5.3 Experimental details 

 

5.3.1 The first method to prepare the Stöber particles:  
 
Preparation of the pure silica particles (the ratio between TEOS and H2O was 1/31) 
 
The spherical silica particles were prepared by the modified Stöber method using TEOS 
as precursor [200] according to the following procedures: 

1) 3.81 ml (28% wt.) Ammonia solution and 40.78 ml deionized water and 105.46 ml 
ethanol were mixed in the three necked flask at stirring 150 rpm under nitrogen 
atmosphere. 

 
2) 16.75 ml TEOS and 133.25 ml ethanol were mixed, and subsequently were added 

drop by drop into the above mixture for 1/2 hour under the above conditions. 
 

3) The stirring continued for 3 hours.  The total volume of the resulting solution was 
about 300 ml and the final compositions of the solution are 0.25 M TEOS, 0.188 M 
ammonia, 8 M water and 13.6 M ethanol.  
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4) The particle diameter was determined by using Dynamic Light Scattering (DLS). 
 
5) The stirring  continued to modify the surface of Stöber  particles according to the 

two following modification methods:  
 

5.3.2 Preparation of modified-silica particles by either VTES or Stearic acid  
 
a) The first modification of Stöber particles method: 
  To modify the Stöber particles surfaces, 0.54 ml VTES were added to the above 
prepared pure silica particles solution and the reaction was allowed to continue for an 
additional 19 hours under the above stirring.  The silica particles were separated by 
centrifugation and washed with ethanol for three times.[201] 
b) The second modification of Stöber particles method: 
  0.8 g stearic acid (as long chain fatty acid to modify Stöber particles surfaces)  
were added to the prepared pure silica particles solution and the reaction was allowed 
to continue for an additional 19 hours under the above stirring.  The silica particles 
was also separated by centrifugation and washed with ethanol for at least three times. 
[202] 

5.3.3 The second method to prepare Stöber particles:  
Preparation of Stöber particles colloidal dispersion in acetone (the ratio between 

TEOS and H2O was 1/4) 

1) 60 g acetone and 12.4 g TEOS and 4 g ethanol and 4.3 g distilled water were mixed 

by magnetic stirrer.  

2)  6 g (28% wt.) ammonia solution was added subsequently to the first mixture under 

the magnetic stirrer at 50°C. 

3) The stirring continued for additional 2.1/2 hours to get the silica colloidal 

dispersion. 
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5.3.4 The third method to prepare Stöber particles: 
Preparation of Stöber particle colloidal dispersion in acetone (the ratio between 

TEOS and H2O was 1/4) 

1) 60 g acetone and 12.4 g TEOS and 4 g ethanol and 4.3 g distilled water were mixed 
by magnetic stirrer  

2) 6 g (28% wt.) ammonia solution was added to the first mixture under magnetic 
stirrer at 50°C. 

3) The stirring continued for additional 10 minutes to get silica colloidal dispersion. 

5.3.5 The fourth method to prepare Stöber particles: 
 Preparation of Stöber particles in mixture from Ethanol and methanol (the  
ratio between TEOS and H2O was 1/21) 

 
1) 43.9 g ethanol and 14.6 g methanol and 5.65 g TEOS and 10 g distilled water were 

mixed by magnetic stirrer  
2) 2.9 g (28% wt) ammonia solution was added directly to the first mixture at 50°C 

under magnetic stirrer. 

3) The stirring continued to additional 1/2 hour to get the silica colloidal dispersion. 

 

5.3.6 The fifth method to prepare Stöber particles: 
 Preparation of Stöber particles in isopropanol (the ratio between TEOS and 
 H2O was 1/4) 
 

1) 15 g acetone and 4.1 g TEOS and 1 g ethanol and 1.43 g distilled water were mixed 
by magnetic stirrer  

2)  1.5 g (28% wt.) ammonia solution was added to the first mixture under the 
magnetic stirrer at 50°C 

3) The stirring continued for additional 10 minutes to get silica colloidal dispersion. 

 
 

5.3.7 Determination the particles diameter by using Dynamic Light Scattering 
(DLS) 

 
 The silica particles diameter was measured by dynamic light scattering DLS. The 
measurements were carried out at 25°C on an ALV/SLS system equipped with a 



Chapter Ⅴ    UV-curable anti-fog Stöber particles/polyurethane coatings 

 108

multi-τ digital correlator 5000E (ALV, Germany) at scattering angle of 90°. A solid 
state laser (ADLAS DPY 135, out put power = 100 mw, λ0 = 632 nm) was used as the 
light source.  
 

5.3.8  Preparations of anti-fog Stöber particles/polyurethane films based on (PEG1000 
and PEG400)  

 
a) The first method to prepare Stöber particles/polyurethane films:  
 Different percentages of modified Stöber particles (according to the first method 
of preparation of modified Stöber particles) were dispersed in the polyurethane 
solution by using the Ultra Turrax homogenizer.  The resulting Stöber 
particles/polyurethane dispersion was cast by using applicator on either glass or 
polycarbonate substrate.  The resulting Stöber particles/polyurethane films were left 
to evaporate the solvent for 1/2 hour.  Subsequently, the films were exposed to UV-
lamp to cure. 

 

a) The second method to prepare Stöber particles/polyurethane films:  

 
 Different percentages of Stöber particles colloidal dispersion were dispersed in 
the polyurethane solution by vigorously checked which the Stöber particles. Stöber 
particles were easy dispersed in the polyurethane solution and were still dispersed in 
the polyurethane solution without any sedimentation according to this method.  The 
resulting Stöber particles/polyurethane dispersion was cast by using applicator on 
either glass or polycarbonate substrate.  Then the Stöber particles/polyurethane films 
were left to evaporate the solvent for 1/2 hour and subsequently the films were 
exposed to the UV-lamp to cure. 
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5.4 Results and discussion 

5.4.1 Determination the particles diameter by using Dynamic Light Scattering 
(DLS) 

 The diameters of the silica particles were measured by using DLS as mentioned 
before and the results were inserted in table (5.2).  The diameter of the silica particles was 
varied depending on the preparation method of the silica nano-particles.  The diameter of 
silica particle can be ordered according to the type of the solvent as follows: 

Ethanol/water < Acetone < Isopropanol < Ethanol/Methanol 

 

Table (5.2): The silica particle diameters at different preparation methods 

Preparation method Used solvent  Particle diameter (nm) 
First method Ethanol/Water 177 
Second method Ethanol/Water 177 
Third method Acetone 200 
Fourth method Ethanol/Methanol 256 
Fifth method Isopropanol 248 
 

5.4.2 Preparation of UV-curable anti-fog Stöber particles/polyurethane films 
based on (PEG1000/PEG400 =1/3) according to the first or second preparation 
method of Stöber particles. 

 
 Accordingly to the first method of the preparation of modified Stöber particles the 
sedimentation took place for the resulting modified Stöber particles/polyurethane 
dispersion by time.   The modified Stöber particles were separated from its colloid, and 
then dispersed in the polyurethane solution.  The resulting UV-curable modified 
Stöber/polyurethane films showed also haziness.  Then modified Stöber particles which 
were prepared accordingly to the first method caused the haziness of the resulting UV-
curable anti-fog modified Stöber particles/polyurethane films.  The Stöber 
particles/polyurethane dispersion which was prepared accordingly to the second method 
of preparation Stöber particles was very well dispersed in polyurethane solution without 
any sedimentation of the Stöber particles in the polyurethane solution.  The Stöber 
particles colloid was dispersed in the polyurethane without separating of the Stöber 
particles from the colloid.  But the resulting UV-curable anti-fog Stöber 
particles/polyurethane films also had haziness.  This is attributed to the agglomeration of 
Stöber particles during the preparation of the Stöber particles according to the second 
method.  The images of the UV-curable anti-fog Stöber particles/polyurethane films 
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based on (PEG1000/PEG400 =1/3) at two different percentages of Stöber particles (w/w) 
were imaged by Confocal –Laser-Scanning microscope.  This prepared according to the 
second method preparation of Stöber particles.  The agglomeration can be obviously seen 
in Fig. (5.4).  On the left side, these images were imaged by the normal imaging method 
of confocal microscope method or in the right side which the images were imaged after 
making thin layers of water between the film and the lens of the microscope. 
 

 
                   

                 22 µm 

 

Fig. (5.4): The images of UV-curable anti-fog Stöber particles/polyurethane films based 
 on (PEG1000/PEG400 =1/3) at different percentages (w/w) of Stöber particles at 
 wet thickness 90 μm by using laser Confocal-Scanning Microscope on 
 polycarbonate substrate 
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 5.4.3 Preparation of UV-curable anti-fog Stöber particles/polyurethane films 
based on (PEG1000/PEG400 =1/3) at different Stöber particles without any 
agglomeration or even haziness in the resulting UV-curable Stöber 
particles/polyurethane films 

 
 This was achieved by using Stöber particles colloid which was prepared 
according to the third preparation method of Stöber particles.  Stöber particles were 
prepared in acetone solvent and subsequently dispersed in the polyurethane solution (the 
Stöber particle diameter is 200 nm).   The polyurethane solution was diluted by the same 
solvent (acetone) as well.  The resulting Stöber particles/polyurethane colloidal 
dispersion according to this method was very physically stable without any sedimentation 
of Stöber particles in polyurethane solution.  There is neither sedimentation nor 
agglomeration of the Stöber particles in polyurethane solution.  The resulting UV-curable 
Stöber particles/polyurethane films did not have any haziness.  The images of anti-fog 
UV-curable Stöber particles/polyurethane films based on (PEG1000/PEG400 =1/3) at 
different percentages (w/w) of Stöber particles and at 30 or 90 μm (wet thickess) were 
imaged by using a canon camera looking into the microscope on glass substrate were 
illustrated in the figures (5.5 and 5.6).  The Stöber particles as a nano-filler increase the 
hardness values of the UV-curable anti-fog polyurethane films table (5.2) and it did not 
decrease the anti-fog property of the polyurethane films. 
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Table (5.3): The hardness values of UV-curable anti-fog Stöber particles/polyurethane 
 films based on (PEG1000/PEG400 = 1/3) at different percentages of   Stöber 
 particles  

Sample No Nanoparticles Nanoparticles 
%(w/w) 

Wet 
thickness 
μ m 

Hardness 

Blank 1 30 B 
Blank 2 

   
0 90 B 

S1 30 HB 
S2 

 
0..62 90 HB 

S3 30 HB 
S4 

1.23 
90 HB 

S5 30 HB 
S6 

1.84 
90 HB 

S7 30 F 
S8 

2.43 
90 HB 

S9 30 HB 
S10 

3.61 
90 HB 

S11 30 F 
S12 

 
 
 
 
 
Stöber 
particles 

5.88 
90 HB 

 
Fig(5.5): The images of UV-curable anti-fog Stöber particles /polyurethane films 

based on (PEG1000/PEG400 =1/3) at  different percentages (w/w) of Stöber 
particles and at 30 μm (wet thickess) by using canon camera looking into the 
microscope on glass substrates 

5 mm 

5 mm  

5 mm  

5 mm  

5 mm  

5 mm  5 mm 
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Fig(5.6): The images of UV-curable anti-fog Stöber particles/polyurethane films based on 

(PEG1000/PEG400 =1/3) at  different percentages (w/w) of Stöber particles and at 
90 μm (wet thickess) by using canon camera looking into the microscope on 
glass substrate 

 
 

 

5.4.4 Glass transition temperatures of UV-curable anti-fog Stöber particles/ 
polyurethane films based on (PEG1000/PEG400 = 1/3) at different percentahes 
of Stöber particles 

  

 The glass transition temperatures of UV-curable anti-fog polyurethane films 
based on (PEG1000/PEG400 = 1/3) was measured as a blank film and UV-curable anti-fog 
Stöber particles /polyurethane films based on (PEG1000/PEG400 = 1/3) at different 
percentages of Stöber particles were measured by Differential Scanning Calorimetry 
(DSC) at the scale temperature from (-100 to +100°C).  The data of the measurements 
were represented in figure (4.14 and 4.15).  While shifting of the glass transition has been 
reported by many authors, we have not seen any noticeable shift in the polymer after 

5 mm  

5 mm  5 mm 

5 mm  5 mm 5 mm 

5 mm 
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showing uniform distribution of sphere nano silica and no agglomeration.  Surprisingly, 
we found no relevant effects when increasing the filler content and this also agrees with 
Gonzalez-Irun Rodriguez et- al. [208] 
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Fig (5.7): The glass transition temperature of UV-curable anti-fog Stöber particles/ 

polyurethane films based on (PEG1000/PEG400 =1/3) at different percentages of 

Stöber particles (which prepared according to the third method). 
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5.4.5 The physical stability of Stöber particles/Polyurethane colloidal dispersion 
based on (PEG1000/PEG400 =1/3) in acetone by the time 

 
 According to the third method to prepare Stöber particles, the Stöber particles 
were prepared in the acetone and polyurethane based on (PEG1000/PEG400 =1/3) also 
prepared in the same solvent.  Different percentages of Stöber particles (1%, 3% or 5% 
w/w) were dispersed in the polyurethane solution without any other additives as shown in 
figure (5.8).  At 1% (w/w) Stöber particles/polyurethane dispersion, the Stöber particles 
is still physically stable without converting to a gel.  Sedimentation of the Stöber particles 
did not occur in the dispersion until after four months as shown in figure (5.9).  But at the 
following Stöber particles percentages 3% or 5% (w/w) of Stöber particles/polyurethane, 
the particles started to convert to a gel after few hours from dispersion process time.  The 
gel was completely formed for 3% and 5% (w/w) after three days from the dispersion 
process time.   This is indication to the completely distribution of Stöber particles in the 
network of the polyurethane polymer at higher percentages 3% and 5% (w/w).  It means 
that Stöber particles formed the physical hydrogen bonding with the polyurethane 
polymer 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (5.8): Different percentages of Stöber particles/polyurethane colloidal dispersion 

based on (PEG1000/PEG400 =1/3) after the dispersion process directly. 
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Fig. (5.9): Different percentages of Stöber particles/polyurethane colloidal dispersion 

based on (PEG1000/PEG400 =1/3) at 1% (w/w) Stöber particles after four months 
(from dispersion process time) without any physical changing. 

 

5.4.6 The physical stability of Stöber particles/Polyurethane colloidal dispersion 
based on (PEG1000/PEG400 =1/3) in isopropanol by time 

 
 According to the fifth method to prepare Stöber particles, the Stöber particles 
were prepared in isopropanol and polyurethane based on (PEG1000/PEG400 =1/3) which 
also prepared in the same solvent.  Different percentages (1%, 3% or 5% w/w) of Stöber 
particles were dispersed in the polyurethane solution without any other additives as 
shown in figure (5.10).  At 1% (w/w) Stöber particles, the colloidal dispersion is still 
physically stable without any changing.  Sedimentation of the Stöber particles did not 
occur in the polyurethane solution while at 3% or 5% Stöber particles of Stöber particles 
/polyurethane started to convert to a gel after few hours from the dispersion process time.  
The resulting gel was completely formed after three days from the dispersion process 
time as shown in figure (5.11).  The resulting gel property of the Stöber 
particles/polyurethane in isopropanol seems to be like the Stöber particles/polyurethane 
in acetone, although the curing did not occur for the films which were cast from the 
Stöber particles/polyurethane in isopropanol.  
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Fig. (5.10): Different percentages of Stöber particles/polyurethane based on 
(PEG1000/PEG400 =1/3) dispersion after the dispersion process directly 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (5.11): 3% and 5% of Stöber particles (w/w) of Stöber particles/polyurethane based 

on (PEG1000/PEG400 =1/3) gel (without any other additives) 
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5.5 Conclusions 
 

 The dispersion of Stöber particles as a powder in the polyurethane solution leads 
to the agglomeration in the resulting UV-curable anti-fog polyurethane films 
while the dispersion of the Stöber colloid in the polyurethane solution (the same 
dispersed media) does not do. 

 

 There is no noticeable shift in the polymer after showing uniform distribution of 
sphere Stöber particles. 

 

 The Stöber particles/polyurethane colloidal dispersion at lower percentage (1% 
w/w) of Stöber particles in polyurethane dispersion is very physically stable 
without any changing for more than four months.  At 3% or more than 3% (w/w) 
of Stöber particles, the colloidal dispersion completely converted to gel after 
three days. 
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6 Attachment of inorganic moieties onto polyurethane network 

6.1 Introduction 
  
     Polyurethanes have been used in a series application due to basically their versatility 
in terms of controlling the behavior by altering basically the type of reagents used.  
Inorganic functionalities based on Si-O bonds were incorporated into polyurethane to 
produce structurally designed networks having controlled presence of inorganic entities.  
This type of structurally designed material may display controlled properties suitable for 
a series of important proposed applications such as high performance coating and foams 
with enhanced mechanical properties.[209] 
 In this chapter, the attachment of inorganic moieties onto the aliphatic 
polyurethane chains by 3-aminopropyl triethoxy silane (APTES).  The urethane 
prepolymer was capped by APTES.  This method increases the UV curing time to around 
one hour and decreased the transparency of the resulting films.  The coherence of the 
casting films was not good. 
 When HEA was added to (PEG1000: IPDI: APTES) copolymer according to our 
preparation method, the UV-curing time for the resulting films decreased from one hour 
to the half hour.  The transparency of the resulting films was not good. 

The reaction between the diisocynate groups from the prepolymer (OCN-PEG-NCO) and 
the eithoxy groups from VTES did not occur when acetone is used to dilute of the 
resulting polyurethane solution but it did occur when water was used and the UV-curing 
time was small for this type of the copolymer. 
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6.2 Experimental details 

6.2.1 Preparation of polyurethane based on (PEG1000: IPDI: HEA) copolymer 
solution at ratios 1:3:3  

 
Procedures: 
1) 70 g (0.07 mol) PEG1000 and 30 g acetone were mixed.  The mixture was fed into a 

three-necked flask equipped with a mechanical stirrer.  The stirrer was operated at 
150 rpm.  A reflux condenser was employed.  The temperature was 60°C .The 
reaction occurred under nitrogen atmosphere for 30 minutes. 

2) 46.7 g (0.21 mol) IPDI and 0.5 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 2.1/4 hours.   

3) 10 g acetone was added to the resulting viscous urethane prepolymer. 

4) The system was further reacted under the above conditions for an additional1 hour. 

5) 24.4 g (0.21 mol) HEA were added drop by drop to the reactor at the above 
conditions for one hour. 

6) The reaction mixture was stirred for an additional 30 minutes under the above 
conditions. 

7) The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50 % (w/w). 

 

6.2.2 Preparation of polyurethane based on (PEG1000: IPDI: APTES) copolymer 
solution at ratios 1:2:2  

 

Procedures: 
1) 20 g (0.02 mol) PEG1000 and 10 g acetone were mixed.  The mixture was fed into a 

three-necked flask equipped with a mechanical stirrer. The stirrer was operated at150 
rpm.  A reflux condenser was employed.  The temperature was 60°C under nitrogen 
atmosphere for 30 minutes. 

2) 9.2 g (0.04 mol) IPDI and 0.09 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 30 minutes.   

3) 10 g acetone was added to the resulting viscous urethane prepolymer. 

4) The system was further reacted under the above conditions for an additional1 hour. 
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5) 9 g (0.04 mol) APTES were added drop by drop to the reactor for 30 minutes under 
the above conditions. 

6) The reaction mixture was stirred for an additional 30 minutes under the above 
conditions. 

7) The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50 % (w/w). 

6.2.3 Preparation of polyurethane based on (PEG1000: IPDI: APTES: HEA) 
copolymer solution at ratios 1:2:2:2  

 

Procedures: 
1) 20 g (0.02 mol) PEG1000 and 10 g acetone were mixed.  The mixture was fed into a 

three-necked flask equipped with a mechanical stirrer at 150 rpm.  A reflux condenser 
was employed.  The temperature was 60°C.  The reaction occurred under nitrogen 
atmosphere for 30 minutes. 

2) 9.2 g (0.04 mol) IPDI and 0.09 g DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 30 minutes.   

3) 10 g acetone was added to the resulting viscous urethane prepolymer. 

4) The system was completed under the above conditions for additional1 hour. 

5) 9 g (0.04 mol) APTES were added drop by drop to the reactor for 30 minutes under 
the above conditions. 

6) The reaction mixture was stirred for an additional 15 minutes under the above 
conditions. 

7) The resulting clear and viscous solution was diluted by using acetone to obtain a 
diluted polyurethane copolymer solution with 50 % (w/w). 

 

6.2.4 Preparation of polyurethane based on (PEG1000: IPDI: VTES) copolymer 
solution at ratios 1:3:3  

 

Procedures: 
1) 23.3 g (0.023 mol) PEG1000 and 20 g acetone were mixed.  The mixture was fed into a 

three-necked flask equipped with a mechanical stirrer.  The stirrer was operated at 
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temperature 150 rpm.  A reflux condenser was employed.  The temperature was 60°C 
under nitrogen atmosphere for 30 minutes. 

2) 15.6 g (0.07 mol) IPDI and 80 mg DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 15 minutes.   

3) The system was further reacted for an additional 30 minutes under the above 
conditions. 

4) 13.3 g (0.07 mol) VTES were added drop by drop to the reactor for 15 minutes under 
the above conditions for 1 hour. 

5) The reaction mixture was stirred for an additional 30 minutes under the above 
conditions. 

6) The resulting clear and viscous solution was diluted by using acetone to obtain a 
solution with 50 % (w/w). 

 

6.2.4 Preparation of polyurethane based on (PEG1000: IPDI: VTES) copolymer 
solution at ratios 1:3:3   

 

Procedures: 

1) 23.3 g (0.023 mol) PEG1000 and 20 g acetone were mixed.  The mixture was fed into a 
three-necked flask equipped with a mechanical stirrer. The stirrer was operated.  A 
reflux condenser at 150 rpm.  The temperature was 60°C.  The reaction occurred 
under nitrogen atmosphere for 1/2 hour. 

2) 15.6 g (0.07 mol) IPDI and 80 mg DBTL were mixed.  The mixture was slowly 
dropped into the reactor under the above conditions for 15 minutes.   

3) The system was further reacted for an additional 30 minutes under the above 
conditions. 

4) 13.3 g (0.07 mol) VTES were added drop by drop to the reactor for 15 minutes under 
the above conditions for 1 hour. 

5) The reaction mixture was stirred for an additional minutes under the above 
conditions. 

6) The resulting clear and viscous solution was diluted by using distilled water to obtain 
a solution with 50 % (w/w). 
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6.3 Results and Discussion 
 

 According to the polyurethane preparation, in the first step, the addition reaction 
occurred between PEG1000 and IPDI to form urethane linkages and subsequently, in the 
second step, the resulting urethane prepolymer was capped by the silane 3-aminopropyle 
triethoxy silane (APTES) to form urea linkages.  The anti-fog films which were prepared 
from this copolymer (PEG1000: IPDI: APTES) needed too long time to cure under the 
UV-lamp (around one hour).  This curing time is longer than the required curing time for 
the films which were prepared from polyurethane copolymer (PEG1000: IPDI: HEA).  
Practically, this was not suitable to apply in industry.  The transparency for the films 
which were prepared from (PEG1000: IPDI: APTES) copolymer are not good.  

  When HEA was added to the (PEG1000: IPDI: APTES) under the experimental 
conditions to get (PEG1000: IPDI: APTES: HEA), the films which were cast from this 
copolymer   needed to 1/2 hour under the UV-lamp to cure. 

 When the films were cast from (PEG1000: IPDI: VTES) copolymer which were 
prepared in acetone, the resulting films did not cure under UV-lamp.  This is attributed to 
the capping by VTES for the resulting prepolymer (OCN-PEG-NCO) did not occur 
because the films which prepared from this solution did not cure.  

 When the copolymer (PEG1000: IPDI: VTES) was diluted by water under the 
experimental conditions, the films which were prepared from this solution were 
successfully cured under the UV-lamp.  This is attributed to the hydrolysis of VTES 
occurred in the presence of water to convert from vinyl triexothxy silane to vinyl 
trihydroxy silane then, the addition reaction occurred between the OH groups from VTES 
and -NCO groups from resulting urethane prepolymer.  But the resulting films from this 
solution show wrinkling.  The data of the above different copolymers were inserted in the 
table (6.1)  

 UV curing time of the copolymer (PEG1000: IPDI: HEA) at a ratio 1:2:2 was about 
eight minutes.  After changing the ratios to 1:3:3, the curing time decreased to about four 
minutes which the diisocyanates ratio increased the allophonate linkages in the 
polyurethane coating network. 
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The transparency and coherence of films which were cast from all the following 
copolymer, (PEG1000: IPDI: APTES), (PEG1000: IPDI: APTES: HEA) or (PEG1000: IPDI: 
VTES) were lower than the transparency of the films which cast from (PEG1000: IPDI: 
HEA) copolymer.  The curing times and casting properties of the previous copolymers 
were tabulated in the table (6.1). 

 

 

Table (6.1): Formulation of different copolymer and their curing time 

No Copolymer Ratio Solvent 
Curing 

time min
Casting film 

Transp

arency 

1 PEG1000: IPDI: HEA 1:3:3 Acetone 3.1/2 Coherent film 
Very 

good 

2 PEG1000: IPDI: APTES 1:2:2 Acetone >50 Coherent film bad 

3 PEG1000:IPDI:APTES:HEA) 1:2:2:2 Acetone 30 Coherent film bad 

4 PEG1000: IPDI: VTES 1:3:3 Acetone 
No 

reaction 
--- ---- 

5 PEG1000: IPDI: VTES 1:3:3 H2O 8 
No Coherent 

film 
bad 

 

 

6.4 Conclusions 
 

    The attachment of inorganic moieties in the anti-fog polyurethane chains leads 
to less transparency, less coherent of the resulting UV-curable anti-fog 
polyurethane films. 
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